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General introduction

The aging of the population [1] is leading to health problems that are major medical and
economic challenges for states [2]. Chronic wounds are one of them, affecting 37 million people
worldwide, they represent a growing market of 10 billion dollars in 2019, estimated to reach 16 billion
dollars by 2027 [3]. Chronic wound are those that remain in inflammatory stage, showing no sign of
healing after 6 weeks, potentially associated with complications such as infections, amputation, and
death [4]. Recommendations of treatment are made by the Wound Healing Society [5-9] like using
hyperbaric oxygen therapy to reduce the risk of major amputation or select a dressing that manage
wound exudate to avoid maceration and wound enlargement, but there is currently no efficient
treatment. New wound dressings should be developed to fill these gaps. It should be a dressing which
could prevent and/or treat infections, provide a better comfort for the patient and enhance the wound
healing process.

Dressings can be developed with improved properties, for example, based on advanced porous
materials. A porous material allows gasses such as O, and CO; to go through, allows to absorb a large
amount of exudate from the wound and, depending on the selected material, allows to heal the wound
at the same time. In this regard, aerogels and cryogels are appealing materials because they present a
high porosity (= 90%) which is open and interconnected. These materials are obtained by removing
solvent from gels, either by drying with supercritical CO; to preserve the structure leading to “aerogel”
or via freeze-drying to obtain a porous material with macropores named “cryogel”. Both types of
materials are proposed for wound dressing applications [10,11]. However, considering that dressing
colonization by the cells must be prevented to avoid removal of the new cells at each dressing change,
aerogels appear as a sounder choice. They present two scales of porosity: mesopores and small
macropores, i.e., from 2 nm to few micrometers; such pores sizes are smaller than cell diameter.
Aerogels present a low density (< 0.1 g/cm?3) and a high specific surface area (> 100 m?/g), they can be
made with silica [12], synthetic [13] or natural [14,15] polymers. These properties are obtained thanks
to drying the aerogel precursors with supercritical CO,. During this drying, the capillary pressure, that
leads to the collapse of the gel pore walls, is theoretically zero, and the structure of the gel is kept
intact. This is in contrast with freeze drying where the growth of ice crystals often damages the
structure and leads to the formation of large pores with low specific surface area.

Aerogels have been first prepared by sol-gel method by Kistler et al [1] in 1931 from silica gels,
using supercritical conditions to remove the solvent. In the last twenty years, a new generation of
aerogels was developed: they are based on biomass (bio-aerogels) and are usually based on
polysaccharides. Polysaccharides are abundant, inexpensive and most of them are biocompatible
making them suitable for various biomedical applications. To make a bio-aerogel the polymer is
dissolved, then gelled (this step can be omitted for some polysaccharides); a solvent-exchange step is
often necessary to perform a supercritical drying (usually with CO,). Several polysaccharides have been
used to prepare bio-aerogels such as pectin [16], cellulose [17], starch [18], alginate [15] and chitosan
[15,19,20].

With the aim to develop a dressing to treat chronic wounds, in this work chitosan was chosen
due to unique features compared to most other dressing materials that have a passive role in wound
healing. Chitosan has antimicrobial effects, it participates to the healing process through various
mechanisms including enhanced hemostatis and easier remodeling during the inflammatory and
proliferative phases, and it can be used as a carrier of various drugs of interest for wound healing [21—
25]. Chitosan is a pseudo-natural polysaccharide obtained by the deacetylation of chitin. Composed of
N-acetyl-D-glucosamine and D-glucosamine units linked by glycosidic bonds in B (1-> 4), its amine
groups give it antibacterial, antifungal, and antiviral properties. Porous chitosan is already used in
biomedical field as a hemostatic dressing [26,27] in life threatening situations, but was never employed
for mid- or long-term treatment of wounds. Research is ongoing to develop porous chitosan dressing
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with for examples asymmetric membrane [28] but they present pore size large enough to let the cells
colonize it. Complexes with alginate and chitosan [29,30] loaded with usnic acid or chitosan aerogel
beads loaded with vancomycin [25] were made to treat infection in chronic wounds but 20 to 50% of
the drug is not released and the healing was not improved; no in vivo trials were performed. Despite
the interest in chitosan aerogels for biomedical application [31], none is commercially available to our
knowledge.

The design of a new aerogel dressing improving healing is therefore the topic of the present
work that was financed by the CNRS and took place in the framework of a transversal thesis between
two laboratories, the Center for Material Forming (CEMEF) of Mines Paris in Sophia Antipolis and the
Institut des Biomolécules Max Mousseron (IBMM) of Montpellier university in Montpellier.

The goal of this work is to define a range of targeted properties and then understand the
correlation between the process and the final structure/properties to develop a material with adapted
characteristics. The most optimal materials have to be tested in relation with the targeted biomedical
application first with a drug release and then an in vitro study.

The manuscript is divided into five chapters as following:

The first chapter is devoted to literature review on the topic related to the work. It presents
different pathways to obtain a dry porous material from a polysaccharide network, and the properties
of the final product are described. First, the general pathway to make bio-based aerogels are described
and their applications are presented as a function of the polymer used. The second part of this chapter
is dedicated to the description of chitosan, its physico-chemical properties, the ways of shaping and
the processes to obtain porous dry material based on chitosan. Then, the state of the art of chitosan
aero- and cryogels applications in the three main biomedical domains, e.g., tissue engineering, drug
delivery and wound dressing, is established. The requirements for each application are detailed.
Finally, the skin structure and the wound healing steps are described.

The second chapter describes the materials and experiments. Details on preparation pathways
of chitosan aerogels and cryogels are provided. The methods of characterization are specified. The
mechanical characterization by Dynamic Mechanical Thermal Analysis (DMTA) and uniaxial
compression are described. Finally, the in vitro drug release conditions of dexamethasone phosphate
and ascorbic acid 2-phosphate are detailed, as well as the conditions used for the biological tests.

The third chapter concerns a study of the coagulation kinetics of chitosan solution using two
methods: via optical camera and via DMTA, by following the evolution of the modulus in time. The
influence of the chitosan concentration on the coagulation kinetics is evaluated and a model to predict
the evolution of the mechanical properties during the coagulation from optical data is proposed. This
chapter brings a better understanding of this phenomenon and can gives keys for processing, like 3D
printing, with chitosan solutions with non-optimized rheological properties.

The fourth chapter studies the influence of the process parameters on the morphology and
properties of the dry porous materials. The parameters of interest include the chitosan concentration
in solution, the concentration of NaOH in the coagulating bath, the non-solvent used to be miscible
with CO; for supercritical drying and the type of drying (with supercritical CO; or freeze-drying). We
also look more specifically at the mechanical properties of aerogels and cryogels during cycles of
uniaxial loading. Finally, the influence of the humidity and of the (an)isotropy of the coagulation front
on the mechanical properties is analysed using DMTA.

Chapter five focuses on the biomedical applications of chitosan aerogels and cryogels. The
samples are impregnated with dexamethasone phosphate which is an anti-inflammatory agent or with
ascorbic acid-2-phosphate, two drugs of interest for wound healing. The release kinetics of the drugs
is followed in time and the influence of the chitosan concentration, of the non-solvent used for solvent
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exchange, of the type of drying and of the pH of the release medium are evaluated. Finally, biological
in vitro tests for aerogels loaded with ascorbic acid are presented to demonstrate the absence of
cytotoxicity of the dressing and its ability to promote collagen synthesis and wound healing.

The last part of the manuscript concludes on the work performed and shows the perspectives.

The work on aerogels impregnated by dexamethasone phosphate presented in the chapter V
was performed within “Aeromed” project (n°44898RA) in the frame of PHC Van Gogh program
sponsored by Campus France. We thank all the partners from the Division of Pharmaceutics of the
Utrecht Institute for Pharmaceutical Sciences (UIPS) of Utrecht University (Utrecht, The Netherlands)
that were involved in the project. We would like to thank Pierre Ilbizan and Julien Jaxel (PERSEE, Mines
Paris, France) for drying with supercritical CO,, Christophe Pradille (Mat Xper, Valbonne, France) for
his help on mechanical tests and their analysis, and Audrey Bethry (IBMM, Montpellier, France) for
setting up the biological in vitro tests.
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Le vieillissement de la population [1] engendre des problemes de santé qui constituent des
défis médicaux et économiques majeurs pour les Etats [2]. Les plaies chroniques sont I'un d’entre eux,
touchant 37 millions de personne dans le monde, elles représentent un marché en croissance de 10
milliards de dollars en 2019 et estimé a 16 milliards de dollars en 2027 [3]. Ce sont des plaies au stade
inflammatoire, qui ne présentent aucun signe de cicatrisation aprés 6 semaines. Elles peuvent
entrainer des complications comme des infections, I'amputation du membre, et la mort [4]. La Wound
Healing society recommande plusieurs traitements [5-9] comme utiliser I'oxygénothérapie hyperbare
pour réduire le risque d’amputation, ou sélectionner un pansement qui adapté a la quantité d’exsudat
produit par la plaie pour éviter la macération et I'élargissement de la plaie, mais il n’y a actuellement
aucun traitement efficace. De nouveaux pansements doivent étre développer pour répondre a ce
besoin. Ces pansements devront prévenir et/ou traiter les infections, étre confortable pour le patient
et améliorer la cicatrisation.

Des pansements avec des propriétés améliorées peuvent étre développés, par exemple, sur la
base de matériaux poreux de pointe. Un matériau poreux est perméable aux gaz comme I'O; et le CO,,
il permet d’absorber de larges quantités d’exsudat de la plaie et, selon le matériau choisi, améliore la
cicatrisation en simultané. Dans ce sens, les aérogels et les cryogels sont des matériaux attrayants car
ils présentent une haute porosité (> 90%) qui est ouverte et interconnectée. Les structures sont
obtenues en retirant le solvant des gels, soit par séchage au CO; supercritique pour préserver la
structure, ce qui donne des « aérogels », soit par lyophilisation pour obtenir des matériaux poreux
nommeés « cryogels » avec des macropores. Les deux matériaux sont proposés pour des applications
de pansement [10,11]. Cependant, la colonisation des pansements par les cellules devant étre
empéchée pour ne pas détruire les nouvelles cellules a chaque changement de pansement, les
aérogels semblent étre plus adaptés. lls présentent deux échelles de porosité : les mésopores et les
macropores, avec des tailles de pore, allant de 2 nm jusqu’a quelques micromeétres, qui sont inférieures
a celui du diamétre des cellules d’environ 10 um. Les aérogels présentent une faible densité (< 0.1
g/cm3) et une haute surface spécifique (> 100 m?/g), ils sont fait de silice [12], polymére synthétiques
[13] ou naturels [14,15]. Ces propriétés sont obtenues grace au séchage des précurseurs d’aérogels
avec du CO; supercritique. Durant ce séchage, la pression capillaire, qui engendre un écrasement des
pores, est théoriqguement égale a 0, et la structure du gel est gardé intacte. C’'est en contraste avec la
lyophilisation pour laquelle lors de I'étape de gélation la croissance des cristaux de glace endommage
les structures et mene a la formation de larges pores avec des surfaces spécifiques faible.

Les aérogels ont été pour la premiére fois préparés avec la méthode de sol-gel par Kistler [1]
en 1931 a partir de gels de silice en utilisant les conditions supercritiques pour enlever le solvant. Au
cours des vingt dernieres années, une nouvelle génération d’aérogels obtenus a partir de la biomasse
(bio-aérogels) sont développés; ils sont généralement faits a partir de polysaccharides. Les
polysaccharides sont abondants, bons marchés, et biocompatibles ce qui les rend aptes pour diverses
applications biomédicales. Pour faire des bio-aérogels, le polymeére est dissout puis gélifié (cette étape
peut étre omise pour certains polysaccharides); une étape d’échange de solvant est souvent
nécessaire pour pouvoir réaliser un séchage supercritique (souvent avec du CO;). Plusieurs
polysaccharides ont été utilisés pour préparer des bio-aérogels tel que la pectine [16], la cellulose [17],
I'amidon [18], I'alginate [15] et le chitosane [15,19,20].

Avec I'objectif de développer un pansement pour plaie chroniques, le chitosane a été choisi
pour ce travail pour ses propriétés uniques par rapport a la plupart des autres matériaux de pansement
qui jouent un role passif dans la cicatrisation. Le chitosane posséde des propriétés antimicrobiennes,
il participe a la cicatrisation au travers plusieurs mécanismes tel que I'amélioration de 'hémostase et
un remodelage plus facile au cours des phases inflammatoire et proliférative, de plus, il peut étre utilisé
support pour de nombreux principes actifs pour la cicatrisation [21-25]. Le chitosane est un
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polysaccharide pseudo-naturel obtenu par la désacétylation de chitine. Il est composé d’unités de N-
acétyle-D-glucosamine et de D- glucosamine liées par une liaison glycosidique en B (1 4). C’'est son
groupe amine qui lui confere des propriétés antibactériennes, antifongiques et antivirales. Le
chitosane poreux est déja utilisé dans le domaine biomédical en tant que pansement hémostatique
[26,27] de danger de mort mais jamais utilisé pour des traitements a moyen ou long terme de plaie.
Le développement de pansement a base d’aérogels de chitosane est en cours avec par exemple des
membranes asymétriques [28] mais elles présente une porosité assez large pour que les cellules
colonisent le pansement. Des complexes avec de I'alginate et du chitosane [29,30] chargés d’acide
usnique ou des billes d’aérogels chargées avec de la vancomycine [25] ont été développées pour traiter
les infections dans les plaies chroniques mais 20 a 50% du médicament est piégé dans le réseau et la
cicatrisation n’est pas améliorée et aucun essai in vivo n’a été réalisé. Malgré I'intérét porté aux
aérogels de chitosane pour une application biomédicale [31], aucun n’est actuellement commercialisé
a notre connaissance.

Le développement de nouveaux pansement basé sur des aérogels améliorant la cicatrisation
est donc le sujet de ces travaux qui ont été financés par le CNRS, et réalisés dans le cadre d’une these
transverse entre deux laboratoires, le Centre de Mise en Forme des Matériaux (CEMEF) a Sophia
Antipolis et I'Institut des Biomolécules Max Mousseron (IBMM) a Montpellier.

Pour atteindre cet objectif, nous avons di définir une gamme de propriété a viser et ensuite
comprendre la corrélation entre le procédé et la structure et propriétés finales pour développer un
matériau avec des caractéristiques adaptées. Les matériaux les plus optimisés ont été testé pour
application biomédicale ciblée, avec en premier la libération de médicament et en second une étude
in vitro.

Le manuscrit traite de ces aspects au travers 5 chapitres :

Le premier chapitre présente les différentes méthodes pour obtenir un matériaux poreux sec
depuis un gel de polysaccharide, et les propriétés des matériaux obtenus sont décrites. Brievement, le
procédé général pour obtenir des aérogels biosourcés est décrit et leurs applications sont présentées
en fonction du polymere employé. La seconde partie de ce chapitre est dédiée a la description du
chitosane, ses propriétés physico-chimiques, les méthodes de mise en forme et les procédés pour
obtenir des matériaux poreux secs fait a base de chitosane. Puis, un état de I'art sur les applications
des aérogels et cryogels a base de chitosane dans les trois principales applications biomédicales, c.a.d.
I'ingénierie tissulaire, la libération de médicament, et les pansements est dressé. Les prérequis pour
chaque application sont détaillés. Enfin, la structure de la peau et les étapes de cicatrisation sont
décrites.

Le second chapitre décrit les composés et les méthodes. Les détails sur les méthodes de
préparation des aérogels et cryogels de chitosane sont donnés. Les méthodes de caractérisation sont
précisées. Les caractérisations mécaniques par DMTA et compression uni-axiale sont décrites. Enfin,
les conditions de libération de médicament in vitro de dexaméthasone phosphate et d’acide
ascorbique 2-phosphate sont détaillées, ainsi que les conditions employées lors des test biologiques.

Le troisieme chapitre propose une étude de la cinétique de coagulation des solutions de
chitosane suivi par deux méthodes : via caméra optique et via DMTA en suivant I’évolution du module
en fonction du temps. L'influence de la concentration de chitosane sur la cinétique de coagulation est
évaluée et nous proposons un modele pour prédire I'évolution des propriétés mécaniques au cours de
la coagulation a partir des données optiques. Ce chapitre apporte une meilleure compréhension de la
cinétiqgue de coagulation et peut donner les clés pour faciliter la mise en forme, par exemple
I'impression 3D avec une solution de chitosane aux propriétés rhéologiques non-optimisées.
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Le quatrieme chapitre étudie I'influence des parametres du procédé sur la morphologie et les
propriétés du matériau final. Les parameétres étudiés sont la concentration de chitosane en solution,
la concentration du bain de coagulation, le non-solvant utilisé pour réaliser le séchage supercritique et
le type de séchage. Nous avons également étudié plus spécifiquement les propriétés mécaniques des
aérogels et des cryogels durant des cycles de compression uni axial. Enfin, I'influence de I’humidité et
du front de coagulation (an)isotrope sur les propriétés mécaniques est mesurée par DMTA.

Le dernier chapitre se concentre sur les applications biomédicales des aérogels et cryogels a
base de chitosane. Les échantillons sont imprégnés avec de la dexaméthasone phosphate qui est un
anti-inflammatoire ou d’acide ascorbique 2-phosphate, 2 médicaments d’intérét pour la cicatrisation.
La cinétique de libération est suivie en fonction du temps et l'influence de la concentration de
chitosane, du non-solvant utilisé pour I’échange de solvant, le type de séchage et le pH du milieu de
libération est évaluée. Finalement, les tests biologiques in vitro avec des aérogels chargés en acide
ascorbique sont présentés pour vérifier 'absence de cytotoxicité du pansement et sa capacité a
promouvoir la synthése de collagéne et la cicatrisation.

La derniere partie conclut sur le travail présenté dans ce manuscrit et en montre les
perspectives.

Le travail réalisé sur les aérogels imprégnés de dexaméthasone phosphate a été réalisé dans
le cadre du projet « Aeromed » (n°44898RA) du programme PHC Van Gogh financé par Campus France
et le CNRS. Nous remercions tous les partenaires du département pharmaceutique de Utrecht Institute
for Pharmaceutical Sciences (UIPS) de I'université d’Utrecht (Utrecht, Pays Bas) qui ont été impliqué
dans ce projet. Nous voudrions également remercier Pierre llbizan et Julien Jaxel (du laboratoire
PERSEE, Mines Paris, France) pour la réalisation des séchages supercritiques, Christophe Pradille (Mat
Xper, Valbonne, France) pour son aide pour la réalisation et I'analyse des essais mécaniques, et Audrey
Bethry (IBMM, Montpellier, France) pour la mise en place des essais biologiques in vitro.
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List of abbreviations:

ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)

AgNP: silver nanoparticles

BJH Analysis: Barrett-Joyner-Halenda
BSA: Bovine serum albumin

CA: cellulose acetate

CECS: N-carboxyethyl chitosan

CF: Chitosan/fibroin

CHT-C: Chitosan/Cloisite 30B

CHT-LDH: composite of chitosan with Mg-Al-
PO4-LDH (layer double hydroxide)

CMC: carboxymethyl chitosan
CNF: cellulose nanofibers
CS: chitosan

CS/CaP: Calcium phosphate-containing
chitosan-based composites

HPS-X: CS/HAP in different ratio 100/0, 90/10,
80/20, 70/30, 60/40, 50/50 and 40/60

DA: degree of acetylation
DEAAm: N, N’-diethyl acrylamide

DMAEMA: 2-(dimethylamino)ethyl
methacrylate

DMEM: Dulbecco's Modified Eagle Medium
DMF: dimethyl formamide

DPBS: Dulbecco’s phosphate buffer saline
DPPH assay: 2,2-diphenylpicrylhydrazyl
EC50: half maximal effective concentration
ECM: Extracellular matrix

EGDMA: ethylene glycol dimethacrylate

FITC-BSA: Fluorescein isothiocyanate labelled
bovine serum albumin

FTIR: Fourier transform infrared

G: gelatin
GA: gallic acid

GPTMS: chitosan-3-glycidoxypropyl
trimethoxysilane

GTA: Glutaraldehyde

HAC: hydroxyapatite-alginate-chitosan
HAP: hydroxyapatite

HEMA: 2-hydroxyethyl methacrylate
HP-B-CD : 2-hydroxypropil-B-cyclodextrin
Ibu: ibuprofen

IPN: interpenetrating network

LCST: lower critical solution temperature
MIC: Minimum inhibitory concentration

MTT: (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) assay

NC: chitin nanocrystals

NF: Chitin nanofibers

NGF: Neuron growth factor
NIR laser: Near infrared laser

NMNS: amino-functionalized molybdenum
disulfide nanosheets

NSAID: non-steroidal anti-inflammatory
PBS: Phosphate buffer saline

PCL: poly(e-caprolactone)

PDEAAm poly (N, N’-diethyl acrylamide)
PEC: Polyelectrolyte complexes

PPG: porous polyglycolide

PGA: poly(y-glutamic acid)

pl: isoelectric point

PS: Polystyrene

PVA: Polyvinyl alcohol
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PVD: DMAEMA grafted on PVA
PVP: polyvinylpyrrolidone
QPVD: Quaternized PVD

rBMSC: rat bone marrow-derived
mesenchymal stem cells

scCO,: Supercritical CO;

SEM: Scanning electron microscopy
TEOS: Tetraethyl orthosilicate

UA: usnic acid

WVTR: water vapor transmission rate

Zn-UHANWSs: Chitosan scaffolds with zinc-
containing, nanoparticle-decorated, ultralong
hydroxyapatite nanowires

a-Ais: a-Amylase inhibitors
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Introduction

Chitosan aerogels present interesting properties making them promising biobased materials
for adsorption [1], catalysis [2], thermal insulation [3] or biomedical applications [4]. The material
structure strongly influences the properties and thus the efficiency regarding the applications, hence
a good comprehension of the correlation between the process and the final structure is needed.

This chapter is a review of the state of the art on porous chitosan materials for biomedical
applications focusing on how the properties of the material are tuned to efficiently answer to a medical
problem. In this chapter we will not consider membranes, foams or non-wovens as they present an
“added” porosity.

The first part of this chapter is dedicated to aerogels, the differences between the
porous materials and the main properties and applications of a recent category of
aerogels: the bio-aerogels.

The second part is dedicated to chitosan with first the structure and physico-chemical
properties of chitosan, the different ways of shaping chitosan and how to prepare
porous chitosan.

Then, state of the art concerning the use of porous chitosan in the three main
biomedical applications - tissue engineering, drug release and wound dressing - will be
made. The most important properties for each application will be detailed.

Finally, the skin structure is described, and the several stages of wound healing are
detailed.

The goal of this chapter is to highlight the interest of aerogels’ properties in biomedical
applications and review what is done in the literature to propose a new dressing with tunable
properties that improve healing.
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Résumé

Les aérogels de chitosane présentent des propriétés intéressantes ce qui en fait des matériaux
prometteurs pour l'absorption [1], la catalyse [2], l'isolation thermique [3] ou des applications
biomédicales [4]. La structure du matériau influence fortement les propriétés et donc les performances
pour les différentes applications, il est donc essentiel de comprendre de maniere approfondie la
relation entre le procédé et la structure finale obtenue.

Ce chapitre est une revue de I'état de I'art sur les matériaux poreux a base de chitosane pour
les applications biomédicales. L’accent est mis sur la facon dont les propriétés des matériaux peuvent

étre modifiées pour répondre efficacement a un probléeme médical. Dans ce chapitre, nous
n’aborderont pas les membranes, mousses ou des matériaux non-tissés car ils présentent une porosité

« ajoutée ».

La premiere partie de ce chapitre est dédiée aux aérogels, les différences entre les
matériaux poreux et les principales propriétés et applications d’une catégorie récente
d’aérogel : les bio-aérogels.

La seconde partie est dédiée au chitosane avec en premier la structure et les
propriétés physico-chimiques du chitosane, les différentes méthodes de mise en
forme du chitosane et comment préparer du chitosane poreux.

Puis, un état de I'art sur l'utilisation du chitosane poreux dans les 3 principales
applications biomédicales — ingénierie tissulaire, libération de principe actif et
pansement — est faite. Les propriétés les plus importantes pour chaque application
seront détaillées.

Finalement, la structure de la peau est décrite, et les différentes étapes de cicatrisation
sont détaillées.

Le but de ce chapitre est de mettre en avant l'intérét des propriétés des aérogels dans les
applications biomédicales et d’avoir un regard d’ensemble sur la littérature pour proposer un nouveau
pansement avec des propriétés ajustables et qui améliore la cicatrisation.
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1. Aerogels

1.1. Porous material: drying methods
The simplest ways of evacuation of a liquid from a polymer solution or gel are ambient pressure
or low-vacuum drying. However, it usually gives rather dense materials with almost no porosity due to
the capillary pressure (Figure I.1). Because of the capillary pressure, which develops during evaporation
of a liquid, pores are usually closing, resulting in materials with low porosity. The pressure can be
described with the Young-Laplace equation (eq. I.1). Small pore’s radius, high surface tension and high
wettability of the liquid induce higher pressure.

B | Gas

|
Evaporating liquid

Figure 1.1: Schematic representation of capillary forces

2vycos 6O

R
with Ap the capillary pressure, R the radius of the meniscus, y the surface tension between the gas and

the liquid and 8 the contact angle. The pressure can be strong enough to induce cracks in the material
or collapse of the pores. The materials obtained by this method will be called “xerogels”. There are

I.1

Ap =

different ways to make pores in such a non-porous material, for example, mixing with a surfactant, or
foaming, or adding a sacrificial component that is leached out. Chitosan materials with “added”
porosity will not be considered here as the thesis is devoted to intrinsically porous chitosan.

Another way to remove a liquid from the pores of a gel is to perform freeze-drying, the
materials are called “cryogels” or “cryostructurates” [5]. The most common freeze-drying way is when
water is in the pores of the network. The formation and growth of ice crystals strongly deform pore
walls; this way of drying usually does not preserve the structure of the network (see an example of
freeze-dried chitosan hydrogel in [6]). Such materials usually present a low specific surface area and
high porosity (usually above 90%). It should be noted that if using specific conditions of freeze-drying
which allow suppression of the growth of ice crystals (for example, using tert-butanol/water mixture
[7]), materials with high porosity and high surface area can be obtained.

The best way to preserve the morphology of a gel and limit the shrinkage is to use drying in
supercritical conditions as no capillary pressure exists either by suppressing the liquid-gas surface
tension or make meniscus angle close to 90° by chemical treatment of the pore surface. In the majority
of cases, CO; is used thanks to its mild supercritical conditions (P. = 72.8 bars and T. = 31°C). The liquid
in the pores of the network before drying must be miscible with CO,. The “aerogels” obtained present
a low density (< 0.2 g/cm?3), high porosity (> 90%) and a high specific surface area (> 100 m?/g). The
Figure 1.2 shows the different drying methods and the state of the fluid during the drying.
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Liquid state .
Supercritical

state

Solid state

Pressure

Freeze drying

Gaseous state

c

Temperature

Figure 1.2: Schematic representation of the drying routes on a phase diagram. T. and P. are the critical temperature and critical
pressure point, respectively.

1.2. Bio-based aerogels

Aerogels were first discovered by Kistler in 1931 [8] who obtained transparent silica aerogels
from silica gel by supercritical CO,. Another paper a year later [9] describes aerogels made with
alumina, tungstic oxide, ferric oxide, stannic oxide, nickel tartrate and also bio-based polymers like
cellulose, gelatin, agar, egg albumin and rubber, but the properties were not detailed. Technological
constraint limited the development of this method, and it was not until the 1970’s that silica aerogels
had a renewed interest especially as thermal super-insulators (below the thermal conductivity of air:
0.025 C/m/K). In the end of the XX century, aerogels based on synthetic polymers were made from
polyurethane [10], polyimide [11], and polyamide [12]. These aerogels presented improved
mechanical properties compared to the brittle silica aerogels, and new applications were considered
such as catalysis [13].

In the last 20 years, a new class of aerogels was developed: the bio-aerogels. Made from bio-
based polymers, polysaccharides or proteins, they often present several advantages compared to the
inorganic aerogels such as biocompatibility or environmental friendliness. Here only polysaccharide-
based aerogels will be considered. The properties of bio-aerogels strongly depend on the
polysaccharide and on the processing steps, but they all present a low density (< 0.2 g/cm?) and a
specific surface area of several hundreds of m?/g.

The bio-aerogels preparation shown on Figure 1.3 starts with the dissolution of the polymer,
most of them are water soluble. The second step is solution gelation to obtain a gel, but this step is
not mandatory and depends on the polymer. In this step, a network is created either via chemical or
physical (i.e. ionic bonds) crosslinking. Another way is formation of a polymer network via coagulation
(non-solvent induced phase separation) when put in contact with a non-solvent. For bio-based
aerogels, the drying is always performed with supercritical CO, because the supercritical conditions for
other fluids like water (P. = 22 MPa and T. = 374°C) are degrading the biopolymers. To perform
supercritical drying, the solvent to remove must be miscible with the supercritical fluid; as water is not
miscible with CO,, it is replaced generally by ethanol, acetone, isopropanol, or hexane. The exchange
should be performed gradually to limit the shrinkage of the samples.
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Figure 1.3: Schematic presentation of bio-aerogel preparation.

The most common polysaccharides used to make aerogels are cellulose, alginate, chitosan,
starch and pectin [14]. Recently, protein based aerogels were developed [15-17] but they are not
widespread. The main polysaccharide-based aerogels are briefly presented below, except chitosan,
which will be widely discussed in the next part as it is the polymer of interest in this thesis.

Cellulose is the most abundant natural polymer being the main constituent of vegetal cell
walls. The polymer is composed of D-glucose units linked by B (1->4) bonds forming linear chains. It
was widely used to make aerogels, either using the cellulose | [18], or cellulose Il [19], nanocellulose
[20] forming nanofibers or crystals, or modified cellulose like cellulose ester [21] or cellulose-inorganic
composites [22]. The application of cellulose-based aerogels depends on the type of cellulose used as
it influences the characteristics of the final aerogel. Cellulose aerogels are biocompatible opening the
field of the biomedical applications [23], they can be used as absorbent of pollutants [21].
Nanocellulose aerogels can be used in various applications such as absorbent, insulating materials,
scaffold or as drug delivery system for biomedicals applications, or carbon precursor in electrical device
[24]. Bacterial cellulose is also a form of nanocellulose; aerogel made of it present a very low density
of 0.008 g/cm? thanks to the very limited shrinkage of 7% [25] compared to other bio-aerogels with a
shrinkage from 30 — 90%, 20% and 95%, 40-80% for chitosan [26—29], alginate and carrageenan [28],
and for pectin [30] respectively.

Alginate is a marine polysaccharide produced by brown algae. Alginate is composed of (1-4)
linked B-D-mannuronic and a-L-gluconic. Valentin et al. made one of the first alginate aerogel [31].
Typically, ionic gelation occurs with divalent cations as Ca?* described by the egg-box model [32]. The
gelation can occur with Cu?* [33] or a cationic polymer such as chitosan [34]. Quignard et al. [28]
studied various marine polysaccharides: they prepared alginate aerogel beads with a maximum
specific surface of 570 m?/g to be used as catalytic support. Drug delivery from alginate aerogels was
also widely studied with encapsulation of ketoprofen (anti-inflammatory) and benzoic acid (manages
urea cycle disorder) [35] or ibuprofen [36].

Starch is serving as the energy storage of plants; it is composed of amylose (linear chain of D-
glucopyranose linked in a(1->4)) and amylopectin (ramified a-D-glucopyranose linked in a(1->4)),
present in different ratios depending on the starch’s source. This ratio has an important influence on
the final properties of the aerogels as shown by Garcia-Gonzalez [37] and Druel et al [38]. Starch
aerogels present super-insulating properties with thermal conductivity between 0.021 to 0.023 W/m/K
[38]. Starch aerogel beads can be used as a drug delivery system of ketoprofen [35,39] or vitamin E
and Kz [40].

Pectin is mainly found in vegetables and fruits. It is composed of D-galacturonic acid linked in
a(1->4) with different degree of methyl esterification of carboxyl group depending on the preparation
process. Pectin aerogels can be prepared with or without gelation leading to aerogels with different
properties but always very high specific surface area from 300 to 650 m?/g and density between 0.06
and 0.12 g/cm? [30]. Pectin aerogels were the first bio-aerogels to present impressive properties for
thermal insulation [41] with a minimal conductivity of 0.0015 W/m/K which can be tuned by the
preparation methods [42], making super-insulating materials with a non-brittle mechanical behavior
[43]. As the above-mentioned bio-aerogels, biomedical applications were also proposed as drug
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delivery of theophylline [44], ketoprofen or benzoic acid [35] or nicotinic acid [45]. TiO, nanoparticles
inside a pectin network improve the mechanical, thermal and antimicrobial properties of the aerogel,
making it a promising material for thermally sensitive food packaging [46].

2. Generalities on chitosan, its shaping and ways to make porous materials

2.1. Generalities on chitosan
Chitosan is a semi-natural polymer synthetized from chitin which comes from crustacean shells
and some fungi. Chitin and chitosan are linear copolymers of D-glucosamine and N-acetyl-D-
glucosamine linked by B (1->4) glycosidic bonds [47], as shown in Figure 1.4.

CH,OH
% HS - -
\ S CH,OH
\0 o
\ OH \
NH
| 0
c=0 \
| NH;
CH, L Jm
. Jn

n > 50%: chitin
m > 50%: chitosan

Figure 1.4: Structural formula of chitin and chitosan. Reprinted with modifications from [47]

Chitin is the second most abundant natural biopolymer; it exists in 3 polymorphic forms (a, B
and y-chitin) organized in microfibrils. Chitin, due to its high crystallinity, is not soluble in common
solvents and can only be solubilized in strong acids, organic solvents and in hot aqueous solutions with
a high concentration of salt (LiCNS, Ca(CNS),, Cal,, CaBr,, CaCly).

In order to obtain chitosan from chitin, acetyl groups are partly removed. To achieve this, two
processes are usually applied. One is the process developed by Broussignac [48]: chitin is mixed with
potassium hydroxide, ethanol, and monoethyleneglycol, and the whole is heated. The other is the
process developed by Kurita [49]: under a nitrogen stream, a suspension of chitin in an aqueous
sodium hydroxide solution is heated to high temperature. In both cases the time of reaction depends
on the desired degree of acetylation (DA). The reaction is stopped by precipitating chitosan in aqueous
NaOH, chitosan is subsequently filtered, washed and dried.

a and B chitin do not undergo deacetylation in the same way; a-chitin has chains stacked in
anti-parallel configuration, with deacetylation occurring only in the amorphous parts leading to a block
distribution of the N-glucosamine and N-acetyl glucosamine units in chitosan. The B-chitin has chains
stacked in parallel direction; after deacetylation chitosan becomes fully amorphous with statistically
distributed glucosamine groups.

Chitosan has a DA below 50%. It is insoluble in water at neutral pH, in alkaline solutions and
organic solvents, but can be solubilized in acidic media. Chitosan is the only pseudo-natural cationic
polymer. Thanks to its amino function, chitosan has antiviral, antibacterial and antifungal properties
[50]. The antimicrobial activity is due to two mechanisms: the first one is the interaction between
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anionic groups at the surface of the cells with the cationic groups of the polymer chain which leads to
an alteration in the permeability of the bacterial membrane. The other mechanism is induced by the
bonding between chitosan and cellular DNA via the amino groups, resulting in an inhibition of the
synthesis of the microbial RNA. This antimicrobial activity of the chitosan depends on its molecular
weight, DA, the presence and concentration of the cationic NHs;* group.

Chitosan is also a hemostatic agent as it stimulates the formation of a blood clot [51]. The
amine functions are protonated in a physiological environment and interact with the red blood cells
which are negatively charged, resulting in clotting. This property is already exploited in commercial
wound dressings as HemCon® and Thermoguard® used to stop hemorrhages.

Importantly, chitosan-based materials are biocompatible, biodegradable, and non-allergenic.
Chitosan also presents bioactivity by speeding up wound healing, stimulating the immune system and
decreasing the cholesterol level.

The B-1,4-linkage between D-glucosamine units or between N-acetyl-D-glucosamine and D-
glucosamine units can be hydrolyzed by chitosanases (EC 3.2.1.132, [52]) named chitosan N-
acetylglucosaminohydrolases. In the human body, lysozyme and colonic bacterial enzyme can also
degrade chitosan. An enzymatic activity has been demonstrated for some human glucosidases [53] as
well as proteases [54] and they can degrade chitosan to various degrees. During the degradation of
chitosan, N-acetyl-B-D-glucosamine is formed which is helping wound healing by stimulating the
proliferation of fibroblasts and the formation of collagen as well as hyaluronic acid. It induces the
activation of macrophages that will inhibit the abnormal growth of tissues, which decreases the risk of
scare. Chitosan is a suitable biomaterial for tissue regeneration as it can be used as a matrix for growing
new cells.

The presence of hydroxyl, amino and N-acetyl groups allows for intra- and intermolecular
hydrogen bonds which leads to the formation of chitosan aggregates with a high crystallinity. The
crystallinity [55,56] depends on the DA and molecular weight, for example, maximum crystallinity is
achieved for fully deacetylated chitosan due to the high chemical regularity. For example, the degree
of crystallinity for a chitosan of 400 000 g/mol (in powder) and a DA of 12% is around 57% [57],
whereas the degree of crystallinity of chitosan fibers of molecular weight of 150 — 300 KDa is in the
range of 35-50% [58]. High crystallinity decreases the degradation rate of chitosan [59].

Chitosan monomer units possess several functions such as a primary amine as well as a primary
and secondary hydroxyl function which can be chemically modified without decreasing the degree of
polymerization [60,61]. These chemical modifications can increase the hydrophilicity of chitosan and
improve the properties of chitosan-based materials for drug delivery and chelation of metal ions.
Phosphorylation is possible on all the mentioned functions whereas thiolation can be done on the
amine function. Crosslinking of chitosan is possible through the amine function with aldehydes like
glutaraldehyde or through the primary hydroxyl group with chlorine compounds like epichlorohydrin.
Grafting of acrylonitrile or methyl methacrylate onto chitosan was performed using a radical initiator
[62] (such as azobisisobutyronitrile or potassium persulfate), or a redox system [63] (like Fenton’s
agent, Fe?*/H,0,) or Ce(IV)).

2.2.Shaping of chitosan

Chitosan can be processed into different shapes for biomedical applications: monoliths, films,
beads, fibers, etc., and it can be kept in a “wet” state (usually, hydrogel with water in the pores) or
dried, using various drying routes. Similar to the processing of cellulose, the first step is to dissolve
chitosan as degradation occurs before melting. Chitosan can be crosslinked or not; in the latter case
immersion precipitation (or non-solvent induced phase separation) is applied to “regenerate” chitosan
from solution.
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The classical shapes of chitosan materials are films and fibers made by film casting optionally
followed by solvent evaporation (Figure 2a) [64] and wet spinning [65,66], respectively (Figure 2b).
Chitosan nanofibers can be made by electrospinning (Figure 2c) [67,68].

Figure 1.5: Photos of differently shaped chitosan biomaterials:

(a) O-carboxymethyl chitosan/Tannic acid/1,4-benzenediboronic acid hydrogel film stained with rhodamine [69] Adapted with
permission from H. Geng et al., ACS Appl. Bio Mater. 3 (2020) 1258—1266. Copyright 2023 American Chemical Society.;

(b) Chitosan fibers obtained by wet spinning [65], Reprinted from Acta Biomaterialia, Vol 44, Gossla et al., Electrostatic flocking
of chitosan fibres leads to highly porous, elastic and fully biodegradable anisotropic scaffolds, Pages 267-276., Copyright 2023,
with permission from Elsevier;

(c) SEM picture of chitosan nanofibers obtained by electrospinning [67], Reproduced with permission from Springer Nature;
(d) freeze dried chitosan graft-poly(acrylic acid)/Hydroxyapatite nanocomposite scaffolds [70] Adapted with permission from
Asadian-Ardakani et al., journal of biomedical materials research part A (2016), Vol.104, Issue 12, Pages 2992-3003. Copyright
2023, with permission from John Wiley & Sons;

(e) SEM image of chitosan aerogel beads obtained by jet cutting. Adapted from [71];

(f) Chitosan scaffold obtained by 3D printing [72], Adapted with permission from Heuzey et al., Advanced Biosystems (2017),
Vol.1, Issue 6. Copyright 2023, with permission from John Wiley & Sons.

Chitosan materials can also take 3D shapes: monoliths, beads and complex forms made by 3D
printing. To make monoliths, chitosan is often crosslinked to form a gel; to prevent the collapse of the
pores and preserve gel shape during drying, either freeze-drying or drying with supercritical CO; is
applied (Figure 2d) [6,73,74]. Beads can be made using classical ways of making gel particles
(atomization, prilling, jet-cutting) via dropping chitosan solution into a coagulant (for example, NaOH-
water) or into crosslinker bath (for example, sodium tripolyphosphate solution) (Figure 2e) [71,75].
Recently, additive manufacturing started to be used for making chitosan scaffolds for tissue
engineering (Figure 2f) [72].

2.3. Preparation of porous chitosan materials

As stated in the Introduction, we will focus on intrinsically porous 3D chitosan materials. To
make such materials, whatever are their shapes, chitosan must be first dissolved (Figure 1.6). Usually,
an acidic medium is used so that the amine functions are protonated (pKa = 6.2). Chitosan can be
crosslinked to form a gel [27,73], or a non-solvent can be added to form a network of coagulated
polymer with non-solvent in the pores [71,76]. In the latter case aqueous NaOH is often used. The
presence of a basic non-solvent results in deprotonation of the cationic groups decreasing chitosan
solubility. In both cases, either after chemical crosslinking or non-solvent induced phase separation,
chitosan 3D network is formed from which the liquid should be evacuated if willing to make a dry
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material. Chitosan materials with “added” porosity will not be considered as the thesis is devoted to
intrinsically porous chitosan.

Chemical crosslinking Freeze-drying
or non-solvent > Cryogel
induced phase
separation Coagulated
Chitosan solution | =——————>| chitosan
network Superecritical

drying with CO,
Solvent —_—
exchange Organogel Aerogel

Figure 1.6: Schematic representation of the preparation of porous chitosan materials: cryogels and aerogels.

Uncommon options of freeze-drying, can be applied directly to chitosan solution which is
frozen, placed in coagulation bath and dried at ambient pressure [77]. Additional pores can be created
from air bubbles that are made, for example, by sonication [78].

Despite some shrinkage of chitosan network during solvent exchange, supercritical drying
allows a reasonably good preservation of the gel structure. This pathway can be applied to chemically
crosslinked chitosan gels and to networks obtained via non-solvent induced phase separation.
Chitosan materials with high porosity (> 90%) and very high internal pores surface area (> 200 m?/g),
aerogels, are obtained [3,4,26,29,75,79-81].

In this chapter, two types of intrinsically porous chitosan materials for bio-medical applications
will be considered: aerogels and cryogels, that we define as follows:

e Acryogelisadried gel presenting a high porosity (>80%), a low density and low specific surface
area (usually around few to few tens of m?/g) due to very large macropores (> 1 um). Such
materials are usually obtained using freeze-drying.

e An aerogel is a dried gel presenting a high porosity (> 80%), low density, and high specific
surface area (> 100 m?/g) due to pore sizes in the region from micropores to small macropores.
In most cases these properties are reached thanks to drying with supercritical CO,, however,
freeze-drying or even ambient pressure drying may also lead to such unique properties.

3.  Biomedical applications of chitosan aero- and cryogels

Statistics concerning published articles and patents on porous chitosan materials for different
biomedical applications are shown in Figure I.7A and B. Research has mainly focused on tissue
engineering, as presented in Figure I.7A. Figure 1.7B shows that in comparison with scientific papers, a
relatively high proportion of patents deals with wound healing. Very few patents concern porous
chitosan as a drug carrier. These data clearly show that porous chitosan is a very attractive material
for biomedical applications, constituting a rather new research field as it has only been explored for
the past 20 years. Figure 1.7C shows the number of patents distinguishing three types of porous
structure as determined above: aerogels, cryogels and xerogels. The number of patents clearly
increases over the years, showing the interest of industry for these materials. It is worth noting that
because of not well-established terminology (for example, IUPAC determines aerogels as microporous
materials only [82] which is now not accepted in the community of aerogel researchers [83]), the
number of patents shown in Figure I.7C is underestimated, and search with keywords for articles does
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not give a representative result. This absence of clear terminology by the scientific community also
demonstrates the novelty of these materials and their broad spectrum of tunable properties.
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biomedical applications for the 3 main preparation methods of porous materials: “xerogels”, “cryogels” and “aerogels”.
Statistics gathered with Scopus in December 2022 using the combination of the indicated keywords.

This chapter focuses on 3 biomedical applications of porous chitosan materials: tissue
engineering, drug delivery and wound dressings, each categorized by material property, i.e. “cryogel”
and “aerogel”.

Irrespective of the biomedical application, a biomaterial must present acceptable
biocompatibility [84] with no cytotoxicity, little sensitization and little irritation or intracutaneous
reactivity. Depending on the application as well as the nature and duration of the contact with the
human body, the biomaterial may also have to fulfill other requirements. All essential properties are
listed in 1ISO 10993, [85]. The most important expected properties for each application are detailed in
the beginning of the following sections.

3.1.1.  Porous chitosan for tissue engineering
(1) Expected properties
Porous materials for tissue engineering are expected to facilitate cell ingrowth by guiding them
through or over a polymer network. Ideally, they present dual porosity with pores larger than 100 um
[86,87] to favor cell infiltration and smaller pores (< 10 um) to help cell attachment and increase the
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surface area available for tissue growth [88]. A porosity higher than 70% is also recommended to allow
an extracellular matrix distribution (ECM) similar to native tissues [89]. Contrary to wound dressings,
cells should grow into the material. Stem cells can be added to the material to enhance the cell growing
[90] by maintaining the homeostasis and cells’ differentiation toward the targeted phenotype. Also,
bioactive molecules such as drugs and growth factors are frequently incorporated in the scaffolds to
evoke the desired biological response.

Materials used for tissue engineering should present good bioabsorption [91] and
biodegradation properties [92]: once the material has started to be colonized by the cells, the polymer
network should degrade slow enough to maintain a scaffold for the growing cells but fast enough to
be gradually replaced by cells. One other major requirement is a good implantation of the scaffold
without causing inflammation.

(2) Chitosan cryogels for tissue engineering
Cryogels are more often used for tissue engineering purposes, as the growth of ice crystals
during freezing often provides a pore size in the order of tens of micrometers, which is suitable for
efficient cell colonization and growth.

For example, porous polyglycolide (PPG)/chitosan matrices were developed for tissue
engineering [93]. PPG was solubilized in DMSO and chitosan in acetic acid. The solutions were mixed
in two weight ratios, namely PPG:CS 7:3 (named P/CS-1) and 3:7 (named P/CS-2). The mixtures were
frozen and immersed in NaOH to neutralize acidity and precipitate chitosan. The samples were then
washed with PBS to obtain a neutral pH and limit the degradation of PPG. Lastly the samples were
dried at 25°C. Control samples without PPG were prepared as well. Interconnected pores from 10 to
200 pum could be observed for P/CS-1 matrices and from 10 to 100 um for chitosan and P/CS-2 matrices.
The porosity was 89, 77 and 64% for P/CS-1, chitosan and P/CS-2 respectively. The Young’s modulus
increased with an increase of the PPG concentration, reaching values of 0.15, 1.16 and 9.13 kPa for
chitosan, P/CS-2 and P/CS-1 respectively. As a stronger network better resists extension to absorb
liquid, the swelling ratio in PBS decreased with the increase of PPG content: 410%, 360% and 310% for
chitosan, P/CS-2 and P/CS-1 matrices, respectively. The degradation of the matrices after 35 days in
PBS was 40% for chitosan and 61% for matrices with PPG. In the PPG-containing materials, most of the
weight loss is due to the degradation of PPG. The fibroblast cell density increased with time for the 3
scaffolds in ascending order P/CS-2, chitosan and P/CS-1. However, the cell activity decreased with
time for all the cryogels, authors did not comment on this result, which questions the material for
tissue engineering.

A scaffold of porous chitosan was made for hepatocyte culture, with the ultimate goal of
fabricating artificial liver to compensate the lack of organs donors [94]. Chitosan was dissolved in an
acetic acid solution. The mixture was coagulated with a NaOH solution and freeze dried. The cryogels
were then immersed in sodium alginate solution or heparin solution to induce crosslinking, forming a
polyelectrolyte complex thanks to the ionic bonds between the NHs* groups of chitosan and the COO
or SOs% groups of the additional polymer. If chitosan was complexed with alginate or heparin, a second
freeze drying was done. The cryogels were immersed in ethanol to sterilize them, washed with water
and subsequently with PBS. Lastly, the scaffolds were air-dried and sterilized by UV. The scaffolds
presented a porosity around 90% and a pore size ranging from 50 to 200 um. In the presence of
alginate, the surface became granular and the pore walls were textured. Rat hepatocytes were seeded
within the scaffolds, which could attach to the pore walls thanks to the positive charges of chitosan
and the negative charges of the cell membranes. They also adopted a spherical shape, similar to the in
vivo situation. The presence of alginate or heparin improved the albumin and urea secretion over time,
confirming the good differentiation in liver cells. Heparin had the most important effect due to its
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covalent bonds with a core protein through a serine group: GAGs, attached to the core protein, can
bind to the hepatocytes improving the cell adhesion molecules and matrixes.

Kim et al. [95] developed cryogel composites made from bacterial cellulose and chitosan.
Bacterial cellulose pellicles were obtained from Glucobacter xylium. These pellicles were immersed in
chitosan dissolved in acetic acid and after some time taken out of the solution, followed by removal of
the excess liquid. The pellicles were then freeze dried. SEM images showed an interconnected porous
structure. An increase of the chitosan content resulted in a decrease of the Young’s modulus from 6 to
1.8 GPa. Fibroblast cells seeded on the cryogel showed a good cell attachment with spreading and the
formation of pseudopodia.

Polyelectrolyte complexes (PEC) of chitosan and hyaluronic acid (HA) were fabricated to be
used as scaffold for dental pulp regeneration [96]. Both polymers were solubilized in acetate buffer.
The solutions were mixed in a ratio HA:CS 2:1. PEC formed thanks to the ionic bonds between the
cationic amine group of chitosan and the anionic acid group of HA. The non-complexed chains were
washed out with water and the PEC were freeze dried. The swelling ratio in PBS at 37°C reached a high
value of 1222%, indicating a hydrophilic character of the PEC. Degradation was evaluated under the
same conditions for 5 weeks. Gels lost 35% of their weight in 3 weeks due the dissolution of weakly
bound chains. After this period the degradation stopped as only strong ionic bonds remain. SEM
showed interconnected macropores from 1 to 5 um and a high porosity. Mesenchymal stem cells
adhered to the scaffold and developed filopodia after 24h. The cell viability was around 95% after 24h
and decreased to 70% after 72h confirming the non-toxicity of the scaffold.

Chitosan/hydroxyapatite (HAP) scaffolds were made to control cell differentiation in bone
repair [86]. Chitosan was solubilized in acetic acid. Calcite and urea phosphate were added to the
solution to synthesize the HA. The ratios CS/HAP were 100/0, 90/10, 80/20, 70/30, 60/40, 50/50 and
40/60, named HPS-0, HPS-1, HPS-2, HPS-3, HPS-4, HPS-5 and HPS-6, respectively. The samples were
frozen and neutralized by immersing them in a solution of ethanol and sodium hydroxide, resulting in
the gelation of chitosan. The gel was then dried at room temperature. SEM images showed
interconnected pores and a clear influence of the concentration of HAP as shown in Figure 1.8. Higher
is the quantity of HAP, lower is the pore size. The porosity ranged from 84 to 91%. The swelling ratio
was determined in Dulbecco’s phosphate buffer saline (DPBS) at 37°C after 24h. Higher is the amount
of HAP, lower is the swelling ratio, with values between 2330 and 1360 %. According to the authors,
this decrease is due to the formation of a HAP barrier, limiting the water permeation into the scaffold.
The Young’s modulus decreased with the increase of HAP content from 6.6 kPa to 3.5 kPa going from
HPS-1 to HPS-4. The presence of HAP particle agglomerates, due to the high amount of HAP, weakens
the network as they are weak load-bearing points in the material. HPS-5 formed an exception,
presenting a porosity of 73%, a Young’s modulus of 4.7 kPa and a swelling ratio of 1750%. HPS-6 was
too brittle to perform a compression test. The largest pores were observed for HPS-4, which could
explain the low Young’s modulus and the low water uptake. Cell cultures of mouse MC2T3-E1
preosteoblasts showed a good biocompatibility with cells proliferating up to 7 days. The presence of
HAP favored cell colonization of the scaffold; however, HPS-5 showed a lower cell number at primary
adhesion stage compared to the other scaffolds with HAP which can be attributed to its lower porosity.
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Figure 1.8: SEM images of cross section of (a) HPS-0 and (b) HSP-5 scaffold after 24h of DPBS immersion [86]. Reproduced with
permission from Springer Nature.

Lyophilized polyelectrolyte complex were prepared for applications as an in vitro cell culture
model mimicking organization and function of pancreatic cancers [97]. Chitosan and poly(y-glutamic
acid) (PGA) in different ratios were solubilized in acetic acid and freeze dried, forming a polyelectrolyte
complex (PEC) named PEC-CS:PGA with CS and PGA the ratio of polymer. Pure chitosan cryogels were
also prepared and crosslinked via ionic bonds using sodium tripolyphosphate. The cryogels showed
pore sizes ranging from 50 to 200 um; a smaller pore size was observed for PEC cryogels than for pure
chitosan cryogels. Higher was the concentration of PGA, lower was the absorption of PBS, from 1900%
to 1100%, due to the increasing ionic strength resulting in a higher stiffness of the network. Mechanical
properties were obtained on cryogels in swollen state in PBS at 37°C. The compression modulus of
pure chitosan scaffolds was lower than that of PEC scaffolds, respectively 1.7, 2.5 and 2.2 kPa for pure
chitosan, PEC-80:20 and PEC-70:30 due to the increase of ionic strength. The samples presented a good
thickness recovery from 89 to 95% with a better recovery for pure chitosan. Cell viability and
proliferation of mouse fibroblasts were also assessed. The cell proliferation was approximately 70%
after 14 days. SEM images showed cells with a spherical morphology forming clusters, indicative of a
poor cell adhesion. The reason may be that the substrate is too soft to promote cell spreading.

Chitosan scaffolds were loaded with magnesium gluconate to help tissue remodeling and
development as this element plays an important role in the ECM [98]. Chitosan was dissolved in acetic
acid and carboxymethyl chitosan (CMC) in water at 2, 4 and 5wt% and the solutions were mixed in
1:1wt ratio. CMC is negatively charged allowing for stable network formation via complexation with
chitosan. Magnesium gluconate was solubilized in water at 5, 10 or 20% relative to the total weight of
chitosan and CMC in the scaffold. Solutions were mixed, casted in the wells of cell culture plates and
freeze dried. Excess of acetic acid was neutralized by immersing the scaffold in sodium hydroxide
solution. SEM images showed a uniform and interconnected porosity with a pore size ranging from
150 to 250 pum and from 50 to 150 um, respectively, for 2% and 4 - 5% of chitosan. The presence of
magnesium did not influence the pore size. Higher was the concentration of chitosan and magnesium,
lower was the water sorption with values of 2600 and 1200% for 2% chitosan and 5% chitosan,
respectively, both containing 20% Mg. Mechanical properties were evaluated via compression tests.
As expected, higher was the concentration of chitosan, higher was the compressive modulus with
values ranging from 0.45 to 3.2 MPa. An increase of the modulus upon the addition of magnesium was
observed, with a minimal value of 5.2 MPa. Between 5 and 10% of magnesium there was no evolution
of the modulus, but an important increase was observed between 10 and 20% to 7 MPa. The release
profile of Mg?*in PBS at 37°C was studied as well. A quick release was observed during the first 10
hours up to 50% of cumulative release, after which it stabilized around 75% after 160 hours. Higher
was the amount of magnesium in the scaffold, faster was the release. The cytotoxicity of the scaffold
was evaluated with fibroblast and osteoblast cells. After 3 days, scaffolds showed a cell viability ranging
from 88 to 95% compared to the control cryogel without magnesium, demonstrating the absence of
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cytotoxicity. With osteoblast cells, the cell viability ranged from 119 to 101% for 5% Mg to 20% Mg,
showing that scaffolds promote osteoblast development.

Kurup and Sumayya [92] prepared a hydroxyapatite-alginate-chitosan (HAC) blend for tissue
engineering. Alginate was dissolved at 5%w/v in water and hydroxyapatite was added. A solution of
3%w/v chitosan in 2%v/v of acetic acid was added to the alginate solution. Condensation between the
OH groups of chitosan and the COOH groups of alginate and ionic interactions between the amine
groups of chitosan and COOH groups of alginate occurred, and hydroxyapatite (HAP) was physically
trapped in the network. After homogenization, 3% Na,HPO. and 2% CaCl, were added to crosslink the
chitosan and the alginate respectively. The scaffold obtained was cast, dried overnight and crosslinked
again with 10% CacCl; solution for 30 min. The scaffold was washed to remove residual sodium acetate
and CaCl, and finally freeze dried. Fucoidan, an anionic polysaccharide obtained from brown seaweeds,
was incorporated in the scaffolds by adding it to the alginate solution prior to crosslinking. It has an
anti-inflammatory effect and improves the cellular activity for tissue regeneration. The scaffold
presented a pore size of 74 and 95 um and a porosity of 65 and 77% without and with fucoidan
respectively, indicating an effect of the drug on the network creation which can be explained by
hydrogen bond formation between the HAP and the drug. The cryogels presented a water absorption
ratio of 290 and 360%, respectively, in 30 minutes without and with the drug. Fucoidan induces a
higher hydrophilicity of the material potentially facilitating nutrient transport and cell growth. Both
materials exhibited degradation in DMEM and PBS over 30 days, but the drug loaded scaffold degraded
slower than HAC. An MTT test did not show any cytotoxicity and the hemocompatibility was confirmed.
The absence of inflammatory markers (TNF-a, IL-6 and NF-kB) allowed to conclude that the material
does not induce an inflammatory response. These properties make HAC scaffolds loaded with fucoidan
interesting materials for tissue engineering applications, with a better physiological acceptation.

Calcium phosphate-containing chitosan-based composites [99] were made by unidirectional
freeze drying with the aim of mimicking the properties of living bone. Chitosan was solubilized in acetic
acid and mixed in different weight ratios with a dispersion of hydroxyapatite (CS/CaP): 56/3.75, 56/14
and 56/26.3. The solution was then unidirectionally frozen and freeze dried. SEM images showed a
pore size ranging from 20 to 50 um. The CaP content did not influence the porosity, which ranged from
80.1 to 84.6%. This porosity is similar to the one found in cancellous bone tissue. The sample showed
no crystallinity despite the semi-crystalline nature of chitosan and the presence of CaP. The absence
of crystallinity for chitosan was ascribed to the presence of acetic acid, hindering the formation of
inter- and intramolecular hydrogen bonds, thus limiting the organization in the material. The absence
of crystallinity for CaP was explained by its amorphous nature. The biocompatibility of the composite
was assessed using two cell lines: premyoblasts and preosteoblasts. Higher is the amount of CaP, better
is the biocompatibility after 7 days. At a low concentration of CaP, the cells showed a round
morphology indicating a poor adhesion to the material. For an elevated concentration of CaP, a high
density of cells growing on the surface and inside the scaffold was observed.

Chitosan/fibroin (CF) cryogels with hydroxyapatite (HAP) [100] were prepared for cell
transplantation and tissue engineering purposes. Fibroin is a natural biopolymer, which has good
mechanical properties and blood compatibility. HAP was dispersed in acetic acid solution and chitosan
was added. Fibroin in aqueous solution was added to the mixture of HAP and chitosan with a weight
ratio of 0.2 fibroin/chitosan. The ratio CF/HAP was varied from 100/0 to 30/70. The solutions were
freeze dried and then dried again under vacuum to eliminate residual solvents. Higher was the amount
of HAP, higher was the density (with values from 0.81 to 1.20 g/cm?3) and lower was the porosity (with
values from 98% to 94.4%). IR spectroscopy demonstrated the presence of hydrogen bonds between
the amino groups of chitosan and the hydroxyl groups of HAP as well as chelation of glucosamine
amino groups by Ca?*. SEM images near the surface showed an interconnected porosity with pores
from 40 to 200 um. The pore size decreased with an increasing HAP content. SEM images deeper inside

33



Chapter I. State of the art on porous chitosan for biomedical applications

the material revealed an oriented porosity, according to the authors the internal apertures correspond
to the morphology of solvent crystals. A protein permeation test with FITC-BSA showed a better
permeation of cryogels with a balanced amount of HAP, as the cumulative release after 24h was 1 and
10 pg/mm? for cryogels with CF/HAP ratios of 80/20 and 50/50, respectively.

Chitosan scaffolds with enhanced mechanical properties were made via a compression
method [101]. An acidic chitosan solution was frozen and immersed in a saturated NaCl solution at -
20°C for 48h, inducing screening of the chitosan NHs;" groups by CI. After thawing the gel was
compressed at different strains and simultaneously immersed in a NaOH/NaCl solution to induce
coagulation. The obtained gel was washed and stored in PBS. The scaffolds presented a porosity from
55 to 92% and a pore size from 30 um to 60 pum, whereby the porosity and the pore size decreased
with increasing compression ratios. The materials exhibited an elastic modulus from 2 to 500 kPa which
could be controlled via the initial polymer concentration and the compression ratio. The absence of
cytotoxicity was shown and a good adhesion of human adipose-derived stem cells was observed.
Higher was the compression ratio, higher was the density of adherent cells and the cells were
colonizing the pores as demonstrated by confocal micrograph images.

Scaffolds of chitosan with nanochitin were prepared to support the growth of human adipose
stem cells [89]. Chitosan was dissolved in acetic acid and genipin was added to crosslink NH, groups.
Chitin nanofibers (NF) or chitin nanocrystals (NC) were added as nanofiller in several
chitosan/nanochitin ratios (1/0, 1/0.5, 1/1 and 1/2) and the mixtures were freeze dried. Higher was
the concentration of nanochitin, higher were the porosity and pore size; porosity values were 67%,
97% and 94% and pore size values were 90 um, 300 um and 400 um for scaffolds without nanochitin,
1/2 NC scaffolds and 1/2 NF scaffolds, respectively. The authors explained this increase by a lower
degree of crosslinking between chitosan and genipin due to the presence of nanochitin. This pore size
is adequate for nutrient and oxygen diffusion. SEM images showed macropores with a rough surface
due to the presence of nanochitin. The compressive modulus increased with the amount of NC and NF,
from 0.16 MPa for scaffolds without chitin to 0.96 MPa and 0.92 MPa for 1/2 NC and 1/2 NF scaffolds
respectively. The strain recovery after 72 hours was 23%, 32% and 28% for materials without chitin,
1/2 NC composites and 1/1 NF composites respectively. The presence of nanochitin reinforced the
network; the NF showed generally better mechanical properties than NC indicating a stronger
entanglement with the chitosan. Chitosan cryogels exhibited a water sorption of 97%. Higher is the
amount of chitin, lower is the swelling, 45% and 49% respectively for 1/2 NC and 1/2 NF scaffolds. The
cryogels showed a low water uptake compared to other gels in the literature due to the crosslinking.
Murine fibroblasts and hematopoietic stem cells (hASC) were used to investigate the cytotoxicity and
the cell adhesion. The cell viability varied from 73% to 92% with fibroblasts and 82% to 100 with hASC.
Higher is the amount of NC or NF, lower is the cell viability, due to a higher release of chitin, according
to the authors. SEM images showed hASC cells attached to the cryogels, developing cytoplasmic
projections.

Chitosan scaffolds with resolvin D1 were prepared for in vivo bone healing [102]. Resolvin
controls neutrophil recruitment and differentiation of macrophages, thereby facilitating bone healing.
Chitosan was dissolved in acetic acid and freeze dried. The material was cut in cylinders and sterilized
by immersion in ethanol. After washing with distilled water, the gel was freeze dried a second time.
Resolvin was dissolved in ethanol and added dropwise onto the scaffold and then freeze dried. A rat
femoral bone defect model was used to evaluate the healing capacity in vivo. Cryogels were implanted
in the defect with or without resolvin. Histological sections of the femur performed 2 months after
implantation showed a layer of newly formed bones being thicker in the presence of resolvin.
Identification of collagen fibers was done with the picrosirius-polarization method in transmitted and
polarized light. Animals with an implant containing resolvin developed more collagen type | fibers and
the ratio Coll I/Coll Il was higher than the animals that received scaffolds without resolvin. Evaluation
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of bone formation was done by micro-computed tomography. It showed a higher ratio bone
volume/tissue volume and a thicker trabecular compared to scaffold without drug. It indicates a high
strength of the bone, and it is an important factor for the success of implant-supported rehabilitation
as the healing occurs at the interface of the bone and the implant.

Chitosan scaffolds with zinc-containing, nanoparticle-decorated, ultralong hydroxyapatite
nanowires (Zn-UHANW) were prepared for application in bone defects [103]. Zinc was incorporated as
it has important roles in bone metabolism such as promoting cell proliferation, inhibiting osteoclast
differentiation and enhancing osteogenic response of osteoblast. To synthetize Zn-UHANW, sodium
hydroxide, ZnCl,, CaCl,, NaH,PO,, methanol and oleic acid were mixed in water. The resulting
suspension was heated to 180°C and washed with ethanol and water. The formed meshes were then
dispersed in water. Control UHANWSs were prepared without Zn nanoparticles. The scaffolds were
prepared by dissolving chitosan in an acetic acid solution, followed by addition of the nanowire
suspension with a ratio UHANW/chitosan of 8:2. The mixture was freeze dried, immersed in sodium
hydroxide, washed with water and ethanol and dried at 37°C. The chitosan monoliths presented a
higher shrinking compared to the composite monoliths, indicating that the UHANW improve the
mechanical properties as they increase the resistance to swelling. The presence of UHANW induced a
higher pore size, with values between 50 and 170 um, 100 and 260 um and 120 and 430 um for
chitosan, UHANW/Cs and Zn-UHANW/Cs cryogels, respectively (Figure 1.9). Scaffolds with nanowires
presented a rough surface with entangled fibers of UHANW of several hundreds of micrometers in
length. The scaffolds exhibited a high porosity, between 90 and 95%, which is in the range of human
cancellous bone. Swelling ratios in water of 1365, 868 and 929% were found for Cs, UHANW/Cs and
Zn-UHANW/Cs cryogels, respectively. The lower swelling ratio of the cryogels with nanowires can be
explained by the ability of the networks to better resist deformation compared to the CS cryogels.
Mechanical tests confirmed that nanowires reinforced the network as the Young’s modulus ranged
from 5.5 kPa for the CS scaffold to 12.5 kPa and 10.8 kPa for UHANW/Cs and Zn-UHANW/Cs cryogels,
respectively. The hierarchical fabric-like pore wall with a strong adhesion between chitosan and
UHANW explains the improved mechanical properties. SEM images showed rat bone marrow-derived
mesenchymal stem cells (rBMSC) with cytoplasmic extensions on UHANW/Cs and Zn-UHANW/Cs
cryogels, indicating a good adhesion and proliferation of the cells in comparison with the Cs scaffold
where just a few spherical cells were observed (Figure 1.9C and F). This indicates that the presence of
nanowires improves the biocompatibility. Cell proliferation experiments confirmed the previous
observations. After 14 days, with UHANW/Cs and Zn-UHANW/Cs scaffolds, the rBMSCs showed an
enhanced expression of 4 osteogenesis-related genes, indicative of a higher osteoinductive ability.
These results were confirmed by in vivo bone regeneration tests showing a better regeneration of the
bone after 8 weeks for cryogels with UHANW.
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Figure 1.9: SEM images of the (A and B) chitosan porous scaffold; (D and E) the Zn-UHANW/Cs porous scaffold. Cytoskeleton
staining of rBMSCs cells on the (C) chitosan scaffold and (F) Zn-UHANW/Cs scaffold after 7 days of culture. [103]. Adapted
with permission from Sun et al., Chemistry - A European Journal (2018), Vol.24, Issue 35, pages 8809-8821. Copyright 2023,
with permission from John Wiley & Sons.

Mahanda et al. [104] developed hybrid chitosan scaffolds for bone tissue engineering. Two
types of nanofillers were used: Mg-Al-PO4-LDH (layer double hydroxide) and an organically modified
nanoclay (Cloisite 30B). The resulting composite materials were named CHT-LDH and CHT-C
respectively. 5% wt of nanofiller was dispersed in 0.1M acetic acid with dissolved chitosan at
concentrations from 1 to 6%w/v, followed by freeze-drying. The presence of nanofiller modified the
hydrophilicity of the scaffold according to its nature with CHT-C cryogels being more hydrophobic and
CHT-LDH cryogels being more hydrophilic than pure chitosan cryogels as shown by the different
swelling ratios after immersion for 5 min in water: 2200, 2700 and 2300%, respectively. Scaffolds with
nanofiller presented a higher compressive modulus than pure chitosan scaffolds with values of 23, 30
and 65 kPa for chitosan, CHT-C and CHT-LDH, respectively, making the composite scaffolds structurally
more stable to withstand in vivo mechanical stresses. The higher modulus of CHT-LDH can be explained
by the hydrogen bonds formed between the OH groups of LDH and the NH, groups of chitosan, while
only Van Der Waals bonding occurs between clay and chitosan. A broad-spectrum antibiotic,
tetracycline hydrochloride, was encapsulated in the scaffold at 6 and 10%wt. The incorporation of
nanofiller decreased the drug release rate as 90, 69 and 56% of drug was released in 15h from pure
chitosan, CHT-C and CHT-LDH scaffolds, respectively. This is ascribed to the nanofillers acting as barrier
to the drug diffusion. The antibacterial activity in vitro against E. Coli was assessed and an inhibition
zone was observed for all scaffolds. The MTT test showed the absence of cytotoxicity and proliferation
tests showed clusters of cells proliferating on the scaffold but also inside the pores. Bone healing
efficiency was assessed in a bone defect model in rats. After 8 weeks, only bones treated with CHT-
LDH showed a complete healing of the bone, whereas the other materials demonstrated partial
healing. Bones treated with CHT-LDH presented a higher number of osteoblast cells and no
inflammation in the surrounding tissues was observed.

Chitosan/agarose scaffolds containing extracellular matrix (ECM) extracted from human nose
were developed to mimic nasal cartilage [74]. Thanks to the presence of collagen, ECM enhances
cellular adhesion and chondrogenesis. Agarose was dissolved in water and chitosan in acetic acid.
Chitosan and agarose solutions of different concentrations were mixed in equivalent volumes and ECM
was added to the mixture. Glutaraldehyde was used as crosslinker. The samples were washed with
water, immersed in 0.1M of glycine and freeze dried. The cryogels were then sterilized using ethanol
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and UV. The compressive modulus increased with increasing agarose content and decreasing chitosan
content. The presence of ECM decreased the modulus from 0.77 MPa to 0.18 Mpa for ECM
concentrations of 0 and 0.75%wt/v respectively. According to the authors, ECM is physically included
in the network, thereby decreasing the interactions between chitosan and agarose. The mean pore
size varied from 65 to 258 um, which corresponds to the optimal pore size for the growth of cartilage
cells (70 — 120 pm). The cell viability of mesenchymal stromal cells varied from 37 to 98% after 5 days.
The degradation of the gels was evaluated for 19 days at 37°C in PBS at pH 7.4. It was found that 12 -
30 % of the gel remains, with a more pronounced degradation for materials without ECM. The optimal
scaffold composition selected by the authors for nasal cartilage applications was at a
chitosan/agarose/ECM ratio of 0.75/1/1 which offers a compromise between mechanical properties
(modulus of 0.569 Mpa), pore size (109 um), cell viability (98%) and good adhesion of the cells on the
cryogel. For this composition, the scaffold exhibited a swelling ratio of 1400% at 37°C in PBS at pH 7.4.

Chitosan cryogels reinforced with electrospun fibers composed of cellulose acetate (CA) and
poly(e-caprolactone) (PCL) [105] were developed for bone tissue engineering. Fibrous mats were
electrospun from CA/PCL hexafluoroisopropanol solutions and dried in vacuum. After coagulation with
ethanol the mats were cut into small pieces. Ball milling was used to grind the nanofibers, which were
then dispersed in a solution of 1%w/v chitosan in 1%v/v acetic acid. The mixture was subsequently
injected into a 48-well culture plate and freeze dried. The mean diameter of fibers in the cryogels was
1.5 um. The presence of nanofibers decreased the average pore size from 17 um for pure chitosan
cryogels to 11 um for composite cryogels. The presence of fibers enhanced the compressive modulus
from 12.5 kPa for chitosan cryogels to 45, 35 and 23 kPa for composite cryogels with 13, 15 and 17 mL
of chitosan solution, respectively. A higher fiber concentration induced a higher stiffness. However,
the achieved moduli are lower than the mechanical properties of bone, indicating that the stiffness of
the proposed scaffolds needs to be further improved. The absence of cytotoxicity was shown and the
presence of fibers in the cryogels facilitated cell adhesion and infiltration. Immunohistochemistry
demonstrated a faster collagen | production and more markers of osteogenic differentiation for cells
in contact with composite cryogels.

Chitosan cryogels with cellulose nanofibers (CNF) [106] were prepared using a crosslinker-free
approach to be used as scaffolds for tissue engineering. Four percent by weight of CNF was
homogenized in distilled water. Chitosan was dissolved at 5%wt in 1% acetic acid solution. The CNF
dispersion and the chitosan solution were mixed in different ratios (60/40 CNF-CS and 40/60 CNF-CS)
followed by freeze drying of the mixture. 60/40 CNF-CS and 40/60 CNF-CS cryogels presented a density
in between those of the pure cellulose and pure chitosan cryogels, with values of 0.043, 0.111, 0.0081
and 0.141 g/cm3, respectively. An increase in the chitosan concentration increased the density and the
mechanical strength of the scaffolds. 40/60 CNF-CS cryogels presented a slightly enhanced hardness
compared to the hardness of pure chitosan cryogels (0.3946 N/mm?2 and 0.38113 N/mm? respectively)
probably due to interactions between the nanofibers and chitosan. As expected, the porosity followed
the inverse order of the density with values of 91, 93, 97 and 99% for chitosan, 40/60 CNF-CS, 60/40
CNF-CS and CNF cryogels, respectively. The water sorption for both CNF-CS cryogels was lower than
the water sorption for pure CNF cryogels due to the decreasing affinity with the water due to chitosan
presence. Pure CNF cryogels induced a 0-log reduction of E. coli and S. aureus whereas 40/60 CNF-CS
cryogels presented a 2-log reduction like pure chitosan cryogel, highlighting the antibacterial
properties of chitosan.

(3) Chitosan aerogels for tissue engineering
Chitosan-gelatin aerogels [73] were prepared for bone tissue engineering. Chitosan (CS) and
gelatin (G), separately dissolved in acetic acid solution, were mixed in different proportions (CS/G: 1/1,
1/4 and 4/1). Thanks to the interactions between the cationic charge of chitosan and the anionic charge
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of the acidic functions of gelatin the gelation is facilitated. Glutaraldehyde (GTA) was used to crosslink
amines groups of chitosan and gelatin. Solvent exchange with ethanol was performed and the gels
were dried using supercritical CO,. SEM images showed a homogeneous and nanoporous structure
with no significant difference between the CS/G ratios. The specific surface area ranged from 225 to
254 m?/g. The release of unreacted GTA from samples was followed by UV/Vis in PBS at pH 7.4 with
0.1M glycine. Higher is the amount of chitosan in the composite aerogel, higher is the amount of
released GTA with values of 0.31, 2.10 and 2.32 ppm for CS/G ratios of 1/4, 1/1 and 4/1, respectively,
due to a higher affinity of gelatin with GTA compared to chitosan. 3 ppm is the toxicity limit above
which cell growth is inhibited. The Young’s modulus of CS/G, around 173 kPa, was higher than the
modulus of single component aerogels, 120 kPa and 54 kPa for chitosan and gelatin respectively,
suggesting that an interpenetrating polymer system formed with ionic interactions between chitosan
and gelatin chains. These composite aerogels are promising for bone tissue engineering thanks to their
Young’s moduli suitable for bone regeneration (above 150 kPa).

Silica (SiO2)/chitosan (CS) composite aerogels were proposed by Perez-Moreno et al. [107] as
bioactive scaffolds for bone tissue regeneration. A heterogenous solution of TEOS (tetraethyl
orthosilicate) in aqueous HCl was mixed with a HCl solution of chitosan in different ratios to obtain 1.7,
6.5 and 10.3 % of chitosan in the gel. Hydrogen bonding between the OH groups of silica and the NH;
groups of chitosan was shown by FTIR. The gels were aged in ethanol for 28 days and finally dried with
supercritical CO,. Uniaxial compression revealed a viscoelastic behavior with a Young’s modulus
decreasing with increasing CS content, with values of 11.6 and 0.7 MPa for SiO; aerogels and composite
aerogels with 10 % chitosan, respectively, due to the lower modulus of pure chitosan. Fickian diffusion
of water inside the aerogel could be observed. After immersion in PBS for 4 weeks, hydroxyapatite
crystallites formed at the surface of the cryogel (Figure 1.10), having a Ca/P ratio of 2 which is similar
to the value of tetracalcium phosphate used in cement for bone repair. Human osteoblasts placed in
contact with the scaffold survived for a short period (98% of cell viability after 48h) but the material
presented cytotoxicity after 1 week with only 64% of living cells left. The authors did not give any
explanation for this cytotoxicity; clearly this issue needs to be solved as the biomaterial is intended for
long term application i.e. bone tissue engineering.

o) — AR £y, - ST R
Figure 1.10: SEM images of a 6.5% chitosan-silica aerogel after (a) two weeks and (b) four weeks. Picture (c) shows the needle-
like surface crystallites of spherulite. Adapted from [107].

Reyes-Peces et al. [108] prepared chitosan-3-glycidoxypropyl trimethoxysilane (GPTMS)-silica
aerogels via a sol-gel method for bone tissue engineering. A suspension of TEOS in aqueous HCl was
mixed with a GPTMS-containing solution of chitosan in acetic acid, resulting in gelation via hydrogen
bond formation between TEQOS and chitosan. The gels were left aging for 10 days at 50°C and the
solvent was replaced by ethanol, followed by supercritical drying with CO,. The final chitosan
concentration was between 1.7%wt and 10.3 %wt. A decrease in the TEOS/CS ratio from 150 to 30
generally resulted in a decrease of the density from 0.38 to 0.17 g/cm®. Despite a decrease of the
density and an increase of the porosity with decreasing TEOS/CS ratio, the specific surface area
decreased suggesting the pore size increased, which was corroborated by BJH measurements. The
compressive modulus could be tuned from 1.9 to 50.3 MPa by increasing the GMTPS/CS ratio.
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Hydroxyapatite spherulites formed after 7 days on the aerogel immerged in SBF. Osteoblasts were able
to adhere and divide on the aerogel, showing the potential of this material for bone tissue reparation.

To the best of our knowledge, no porous chitosan biomaterial for tissue engineering has been
commercialized yet.

Research on porous chitosan for tissue engineering mostly targets bone and conjunctive
tissues (Figure 1.11). The incidence of bone fractures is increasing due to the aging of the population
[109]. Depending on the fracture area, the treatment is different. For example, a fracture of the ulna
or radius can be treated with classical methods such as fracture reduction and casts for external
fixation. However, for example for tibia, ankle, scapula, or humerus fractures, healing can be delayed
or result in a non-union without surgical treatment. For these fractures, a porous chitosan material
could improve healing by providing a support for cell growing.

. Bone 58%
" Hepatocyte 4%
Conjunctive Skin 4%
tissue 30% Neuronal
tissue 4%

Figure 1.11: Pie chart of the different applications targeted for porous chitosan scaffolds in tissue engineering.

Figure 1.12 shows the range of porosity (A) and modulus (B) values as a function of the pore
size for porous chitosan biomaterials developed for tissue engineering. All these properties can be
tuned by adapting the chitosan concentration, by changing the type of drying, by adding other
components allowing crosslinking (such as genipin) or by making a hybrid material (with for example
hydroxyapatite). Most of the materials present a high porosity (>60 %) with a pore size ranging from
10 um to 400 um, which is the pore size to target for osteoconduction. The modulus ranges from 1 kPa
to 100 MPa which can provide different support for cell growth depending on the cell type.
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Figure 1.12: Variation of the porosity (A) and the modulus (B) as a function of the pore size. Methods of drying are represented
by triangles for freeze drying and circles for supercritical drying. The colored bands indicate ranges of interesting properties
to aim for.
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Chitosan scaffolds for tissue engineering can be prepared with the desired properties
depending on the targeted tissue to regenerate. It should be noted that aerogels usually present a
pore size too small for most of the tissue engineering applications, cryogels pore sizes are much larger
and thus more adequate material for these applications. The modulus of these materials is generally
lower than the one of the tissues, so improvements have to be made to approach mechanical tissue
properties.

3.1.2. Porous chitosan for drug delivery
(1) Expected properties
In controlled drug delivery, a drug is delivered locally or systemically at a predetermined rate
for a specific period of time. Controlled drug delivery facilitates keeping a drug level within a desired
range, optimizes drug utilization, allows for fewer administrations, and may increase patient
compliance.

Potential disadvantages include toxicity of the used material, undesirable by-products from
degradation, the necessity for surgery to implant or remove the device, possible discomfort for the
patient from the delivery device, and higher costs compared to classical drug administration. To
prevent these drawbacks, the ideal drug delivery system should be inert, biocompatible, mechanically
strong, comfortable for the patient, easy to administer and remove and straightforward to prepare
and sterilize. The drug release should be controlled, ideally following a zero order release i.e.
independent of the drug concentration [118], thereby avoiding a burst in drug concentration which
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may lead to toxic effects for surrounding cells. At the same time, the device should release a sufficient
amount of drug to achieve the minimum effective concentration.

Specific requirements for drug delivery systems depend on the route of administration, the
targeted site and the minimum effective concentration.

The drug carrier, here the porous chitosan, should be able to accommodate and release the
drug. Parameters that influence drug release include the carrier porosity, drug-polymer interactions,
temperature, pH and degradation/erosion of the matrix. Porosity seems to play an important role: for
example, macropores promote drug diffusion resulting in a fast release rate [26].

(2) Chitosan cryogels for drug delivery

Drug release of teicoplanin and vancomycin from crosslinked chitosan beads was studied.
Chitosan was dissolved in acetic acid, glutaraldehyde was added as a crosslinker, and the solution was
dropped into a sodium hydroxide solution and left 15min to crosslink and gel. The chitosan beads [119]
were collected and immersed either in vancomycin hydrochloride solution or in teicoplanin solution.
Both drugs have antibacterial properties. The beads of a few millimeters were then freeze dried.
Prolonging the time of immersion significantly increased the time to achieve 50% of teicoplanin
release, but this was not the case for vancomycin. The time to release 50% of antibiotic load was
shorter for vancomycin (Mw= 1449 g/mol) than for teicoplanin (Mw= 1879 g/mol), which can be
explained by the higher electrostatic and hydrogen binding capacity of teicoplanin thanks to more
lipophilic groups, according to the authors.

Hybrid cryogels of chitosan-g-glycolic acid and Au-Fe304 nanoparticles [120] were synthetized
by Singh et al. for controlled delivery and tissue engineering applications. Glycolic acid and an anti-
cancer drug, cyclophosphamide, were added to an aqueous chitosan dispersion. Au-Fes;Oa
nanoparticles were also included with the aim of controlling the drug release. Glycolic acid was grafted
on chitosan through the formation of amide bonds between the amine groups of chitosan and the
acidic function of the glycolic acid. The solution was cast onto tissue culture plates and freeze dried.
The pore size was 3.4 — 4.9 um. Scaffolds dissolved completely in acidic media within 3.5 h, but were
stable in basic or neutral solutions. The acidic solution protonated the amine functions of chitosan and
solubilized the polymer. The drug release in 0.1M phosphate buffer at 37 °C was fast in the first hours
as the drug present on the surface of the sample was released. Later on, the release slowed down as
the drug located deep inside the pores was released. The proliferation of fibroblast cells on the scaffold
was evaluated by an MTT assay. No cytotoxic effect was observed as the cell growth was almost 100%
after 70h compared to a control without chitosan.

Thermo- and pH-responsive, poly (N,N’-diethyl acrylamide) (PDEAAm) coated chitosan-
collagen cryogels [121] were prepared for the controlled delivery of therapeutic agents. Chitosan and
collagen were dissolved in acetic acid solution. Bovine serum albumin (BSA) or ibuprofen (lbu) were
added, and the solution was freeze-dried. The cryogel was crosslinked by reaction of the amine
functions with glutaraldehyde to varying extents via saturated supercritical CO,. PDEAAmM was
polymerized in situ using supercritical CO;, containing the monomer DEAAm, the cross-linking agent
N, N'-methylenebisacrylamide and the initiator the 2,2’-azobis(isobutyronitrile). PDEAAm is a thermo-
sensitive polymer with a lower critical solution temperature (LCST) around 34°C. Below this
temperature the polymer forms a swollen gel in aqueous solution, above this temperature the gel
dehydrates and collapses. The cryogels exhibited a porosity between 54 and 92%, a Young’s modulus
between 1.8 and 20.6 MPa and a degradation by lysozymes between 15 and 71 % after 40 days of
incubation. Porosity and Young’s modulus increased with increasing gluturaldehyde concentration
whereas the degradation became less pronounced. The matrix becomes more hydrophobic due to the
crosslinking and hence has more affinity with scCO,, leading to a higher porosity. The pore size (10 —
37 um) decreased in the presence of PDEAAm, as the polymer covered uniformly the walls of the
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scaffold. Swelling properties were determined at different temperatures and for different pH and
glutaraldehyde concentrations. Increasing the pH or the temperature decreased the swelling ratio,
which had values between 150 and 750%. At pH 5, the amino group of chitosan is protonated, resulting
in increased hydrophilicity and swelling. Below its LCST, PDEAAm establishes hydrogen bonds with
water, transforms into a swollen gel and makes the scaffold permeable which results in a high swelling
ratio. When the temperature is above the LCST of PDEAAm the gel collapses leading to a decrease in
the swelling ratio. An increase in the crosslinker concentration decreases the ratio due to the increase
of stiffness. The mass loss of the cryogels in 40 days via enzymatic degradation in PBS by lysozyme
decreased with increasing crosslinking degree. The PDEAAmM coating did not seem to have an influence
on the degradability. The cytotoxicity of PDEAAm solutions was assessed on fibroblast cells, the cell
viability decreased to 40% for high concentration (10 mg/mL) and 70% for low concentrations (0.1 and
1 mg/mL) compared to fresh medium. The solutions are therefore considered cytotoxic according to
the ISO standard [85]. A high crosslinking degree led to a slow drug release profile, as expected.
Increasing the pH increased the drug release rate. At pH 5.5, collagen (pl = 7.8) and chitosan (pKa =
6.2) are protonated whereas BSA (pl = 4.8) and Ibu (pKa = 4.8) are deprotonated, resulting in
electrostatic interactions and slow drug release. At pH 7.4, all the molecules are deprotonated, so there
are no more interactions and the drug release is faster. Ibu release was faster than BSA release due to
the smaller molecular weight of Ibu. The coating of PDEAAmM on the cryogel provided an on/off
character regarding drug release which could be controlled via the temperature. Below the LCST there
was a burst in the drug release, at a temperature above the LCST the release was almost zero.
Chitosan-graft-poly(acrylic acid)/nano-hydroxyapatite cryogels were prepared by Asadian-
Ardakani et al. for application as drug-releasing bone tissue engineering scaffolds [70]. The non-
steroidal anti-inflammatory (NSAID) drug naproxen sodium was selected as a water-soluble model
drug. Poly(acrylic acid) was grafted on chitosan via free radical polymerization in a solution of chitosan
with potassium persulfate as initiator and N,N’-methylene-bis-acrylamide as crosslinker. Heating the
mixture resulted in the formation of a free radical on the chitosan Cs, initiating the polymerization of
acrylic acid. Hydroxyapatite (HAP) powder was added in various amounts (1:0.25, 1:0.5, 1:0.75, and
1:1 chitosan/n-HAP ratio) to the blend and was trapped in the network. The polymerization and
crosslinking were stopped before the gelation point and the suspension was dried in an oven. The
obtained powder was then dissolved in acetic acid, cast in a mold and freeze dried. The gelation
percentage was estimated between 12 and 27% depending on the concentration of HAP. The naproxen
was incorporated by soaking the scaffolds in a drug solution. The scaffold, containing interconnected
pores ranging from 145 to 213 um, had a porosity between 48 and 74%, SEM images are shown Figure
[.13. The increase of the ratio of HAP decreases the percentage of acrylic acid grafted onto chitosan
and of HAP trapped inside the network. The pore size decreases and the porosity increases with the
increase of HAP content, authors suggest that higher crystallinity of the network was the reason. HAP
also influenced the mechanical properties such as the elastic modulus, which increased from 0.52 GPa
to 1.52 GPa with an increase in HAP concentration. This was ascribed to ionic interactions with the
polymers, resulting in physical crosslinking strengthening the network. According to the authors, the
formation of hydrogen bonds and ionic interactions during the graft polymerization and the addition
of HAP lead to a decrease of the crystallinity of chitosan and therefore to a lower compressive modulus,
which ranged between 1.65 and 5.85 MPa. Mechanical properties were similar to those of trabecular
bone. The swelling ratio (30 — 78%) decreased with an increase in HAP concentration. Higher amounts
of HAP induced a higher loading capacity (22 — 34%) and encapsulation efficiency (45 — 69%), which
was explained by the increase in porosity and the increased possibility of electrostatic and hydrogen
interactions with the drug through ionic groups such as Ca?, PO*>and OH". The drug release was
controlled by Fick diffusion. On the first day, a burst release was observed with 20 — 33% of the
cumulative release, which was followed by a relatively constant release up to 40 — 70% on the 14" day.
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Figure 1.13: SEM images of the nanocomposite scaffolds with chitosan/HAP ratio of (A) 1:0.25; (B) 1:0.5; (C) 1:0.75 and (D) 1:1
[70]. Reproduced with permission from Asadian-Ardakani et al., Journal of biomedical materials research part A (2016),
Vol.104, Issue 12, pages 2992-3003. Copyright 2023, with permission from John Wiley & Sons.

Chitosan-alginate cryogels [122] were made for postprandial glucose management via the
release of a-Amylase inhibitors (a-Als). An acetic acid solution of chitosan and calcium chloride was
mixed with an aqueous solution of sodium alginate. Gelation occurred via ionic interactions; the
obtained hydrogels were washed several times with water and freeze dried. a-Als was incorporated
via impregnation of the networks in an aqueous drug solution. The loaded gels were subsequently
freeze dried a second time. The drug-loaded aerogels presented a density of 0.274 g/cm? with a specific
surface area of 105 m?/g. In vitro studies showed that placing the cryogels for 2h in simulated gastric
fluid results in inhibition of a-Als activity. However, after moving the networks to simulated intestinal
fluid the a-Als became active and exhibited a high inhibition rate of 80%. This drug carrier was tested
on rats via intragastric administration and showed a high potential to limit hypoglycemia with an
increase of postprandial blood glucose levels of 11.5 mg/dL instead of 30 mg/dL for a control
formulation.

(3) Chitosan aerogels for drug delivery

Chitosan aerogel microparticles [75] for pulmonary drug delivery were prepared by adding an
aqueous solution of chitosan dropwise to an aqueous solution of sodium tripolyphosphate to induce
ionic interactions between NHs* groups of chitosan and O groups of tripolyphosphate anions. Water
was replaced by ethanol to facilitate supercritical CO, drying. Salbutamol, a bronchodilator, was
incorporated in the chitosan microparticles by dispersing the drug in the ethanol prior to the drying
process. The size of the particles was between 8 and 240 um and the density ranged between 0.07 and
0.32 g/cm?3. Increasing the concentration of chitosan increased the particle size and density. The
specific surface area for aerogels based on chitosan with a molecular weight of 250 kDa was around
102 m?/g and according to the authors, total pore volume was 0.29 cm3/g. Lower values were found
for aerogels made from chitosan with a lower molecular weight (16 kDa): 73 m?/g and 0.20 cm?/g,
respectively. The values of the specific surface area are relatively low for aerogels, but no explanation
was proposed. The release of salbutamol into PBS was controlled by diffusion and erosion of the
polymeric matrix, as shown by the Korsmeyer-Peppas model, except for low concentrations of
crosslinker where only Fick diffusion took place. The aerogels demonstrated a good stability over time
as 3 months of storage did not affect their properties.

An emulsification-gelation method was used to prepare chitosan-alginate nanoporous carriers
loaded with cisplatin to treat lung cancer [123]. An oil phase composed of paraffin oil and 4% of
sorbitane trioleate as a surfactant. After homogenization, an aqueous 2% chitosan (13 kDa) solution
was added to the oil phase. One percent of an aqueous alginate solution was added, resulting in
polymer complexation thanks to positive amine groups of chitosan and negative carboxylic acid groups
of alginate. The hydrogel microparticles were then dried with supercritical CO, and supercritically
impregnated with cisplatin. Particles of 430 nm in diameter were obtained; they presented a specific
surface area of 86 m?/g and a pore size of 13 nm. Cisplatin was partially released (60%) in 2 h in PBS
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(pH 7.4) at 37°C. Cisplatin is known to induce nephrotoxicity, hepatic toxicity, and lung toxicity. In vivo
studies on rats showed a reduction of the lung toxicity and of the mortality rate when the drug is
carried by the chitosan-alginate aerogel particles. A reduction of the toxicity is needed to pursue a
biomedical application.

Diosa et al. [124] developed a chitosan-silica hybrid material support for antimicrobial peptide
KR-12 loading and delivery. Sodium silicate was dissolved in sodium acetate solution and the pH of the
mixture was adjusted to 6, 7 or 8 with acetic acid. Chitosan, dissolved in acetic acid, was added to the
silica mixture. The pH of the system was re-adjusted to the original value, left reacting, washed with
water and dried in open air. Chitosan-silica materials were subsequently soaked in a solution of KR-12
(25 mg/L—1000 mg/L) in phosphate buffer at pH 8. The specific surface area decreased with increasing
solution pH from 745 m?/g to 345 m?/g. The high specific surface area was explained by the absence
of a chitosan pore-templating effect implying that chitosan and silica species are randomly associated
during the gelation, according to the authors. SEM images showed a material composed of
nanoparticles (100 nm) and their agglomerates (583 — 766 nm). BJH analysis demonstrated pore
diameters around 3 nm, corresponding to the interstices between the nanoparticles. KR-12 peptide
adsorbed as a monolayer on chitosan materials prepared at pH 6 following the Langmuir model thanks
to the large specific surface area and total pore volume (0.58 g/cm3). In contrast, materials prepared
at pH 7 or 8 followed the Freundlich model with adsorption of KR-12 as multilayers on the surface, as
these materials are less porous and quickly saturated. The release profiles of KR-12 showed a burst
during the 1%t hour. A higher pH of the initial solution resulted in a faster release confirming that
electrostatic interactions are more implied in the adsorption. The MIC against S. aureus increased with
the pH of the initial solution from 128 to 256 pug/mL. The monolayer of drug formed at pH 6 on a large
surface area made the drug more available to interact with bacteria compared to small surface areas
with multiple layers of drug formed at higher pH values.

An aqueous sodium alginate solution and an acetic acid chitosan solution were mixed to
prepare alginate — chitosan IPEC [125]. After solvent exchange and supercritical CO, drying, the aerogel
was impregnated with levomycetin in an aqueous solution. The IPEC presented a specific surface area
of 260 m?/g with an average pore size of 16 nm. The morphologies obtained are illustrated on Figure
1.14. Absorption of PBS at pH 5.5, 6.4 and 8.5 was evaluated at 20, 30 and 35 g/g respectively. In 5 h,
95% of levomycetin was released into PBS. First order kinetics as well as the Higuchi model were used
to describe the release.

Figure 1.14: SEM images of aerogels of alginate/chitosan in different ratios (A) 0.8, (B) 1.0 and (C) 1.2 [125]. Adapted with
permission from Gorshkova et al., Polymers for Advanced Technologies (2021), Vol.32, Issue 9, pages 3474-3482. Copyright
2023, with permission from John Wiley & Sons.

To the best of our knowledge, no commercial drug delivery system based on porous chitosan
exists.

Most of the drugs that have been incorporated in porous chitosan have antibiotic or anti-
inflammatory properties (Figure 1.15A). Chitosan is not only employed as drug carrier, most of the time,
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its mechanical and absorption properties are exploited for wound healing applications or for tissue
engineering, for example to enhance new tissue formation or prevent infection. To compare the
systems with each other, the drug release rate was used: it is the maximum release achieved by a
system divided by the time needed to reach this release. For example, a system which has a maximum
release of 80% in 2 h will have a drug release rate of 40%/h. A high specific surface area is generally
associated with a lower drug release rate (Figure 1.15B). Figure 1.15C shows two distinct groups for drug
release rates: cryogels with a large pore diameter in the micrometer range and aerogels with a pore
diameter below 100 nm. However, despite the small pore size exhibited by aerogels, the drug release
is faster compared to cryogels which is surprising. An adequate comparison between cryogels and
aerogels can only be done when the materials are from the same precursor and present the same
density. An important parameter, that is not considered here, is the possible interactions and the
affinity of the drug with the matrix, possibly slowing down the drug release.
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3.1.3. Wound dressings
(1) Expected properties

Although wound dressings have been used since 2000 BC, it was not until 1962 that Winter
[127] proved that wound healing is more efficient in moist conditions. Under such circumstances, there
is no scabbing, the wound is not dehydrated, and wound healing is twice as effective. There are many
types of wounds, each of which is very specific depending on the etiology, the location of the wound,
the patient, and the stage of healing. There is no universal dressing and, consequently, each dressing
needs to be adapted to the situation. Nonetheless, several general requirements can be defined for
wound dressings. The ideal wound dressing [128] is described as a dressing that creates conditions
which promote wound healing, including a moist wound environment and the possibility for gas
exchanges. This dressing should absorb the exudate, increase the temperature at the wound site, be
impervious to liquids and bacteria, be comfortable and sterile. It should not stick to the wound and
not degrade being on the wound. New cells should not be able to colonize the dressing to ensure an
atraumatic removal. The dressing should also be adaptable to the shape of the wound, absorb the
odour of the wound and be cost effective [129]. Pusateri and al. [130] described the ideal hemostatic
dressing for prehospital use. The dressing should be easy to use with minimal training and not require
any preparation or mixing. A dressing safe to use with no risk of injury for the tissue nor bacterial or
viral transmission is needed. The dressing should be lightweight, durable, stable between
10°Cand 55°C, and inexpensive. Its most important quality is to be able to stop, within 2 minutes,
large-vessel arterial and venous bleeding.

Ideal values for several important dressing-related properties, which facilitate an efficient and
safe use, have been identified and will be discussed below.

The water vapor transmission rate (WVTR) [131] is 204 g/m?/day for intact skin, but for an
injured skin it can go from 279 g/m?/day for a first degree burn to 5138 g/m?/day for a granulated
wound. To maintain ideal moist conditions, the rate for a dressing should be around 2500 g/m?/day to
allow for sufficient drying to avoid bacterial proliferation; at this value, excessive drying, which may
favor the formation of scab, is avoided. To facilitate the absorption of wound exudate, material
porosity should be in between 60 to 90% [132]. As dressings are directly in contact with the wound,
they must be compatible with red blood cells, to prevent interference with hemostatic activity.
Materials with hemolysis values lower than 5% can be safely used, according to ISO 10993-4 [133]. The
pH of the wound during healing varies from 8.9 in a chronic wound, to 6 in an epithelized wound, to 5
for intact skin. The pH variation should not induce the release of toxic compounds from the dressing
into the wound; ideally the dressing should be ‘smart’ and adapt its properties to the state of healing
to always have optimal properties. According to the French High Authority of Health (Haute Autorité
de Santé [134]) the sorption properties of hydrocellular primary dressings, composed of polymers,
must be superior or equal to 30 g/100cm?2/24h for films and three-dimensional shapes and 8 g/g/24h
for dressings intended for filling cavity wounds.

(2) Chitosan cryogels for wound dressings

Most of the cryogels for wound dressing applications reported in literature are composite

materials to obtain better mechanical properties compared to pure chitosan.

Cryogels consisting of a semi-interpenetrating network (IPN) [135] were prepared by UV
polymerization after mixing two solutions in various ratios: N-carboxyethyl chitosan (CECS) and 2-
hydroxyethyl methacrylate (HEMA) aqueous solutions, the latter containing a UV photoinitiator and
the crosslinker (ethylene glycol) dimethacrylate (EGDMA). A free radical polymerization took place via
the double bonds of HEMA and of EGDMA. The xerogel was washed and dried under vacuum. The
maximum swelling ratio in water was achieved in 25 h for all semi-IPNs; it was from 65% up to 85% for
semi-IPNs containing a lower concentration of crosslinker, leading to a more loosely crosslinked
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network. SEM images showed a porosity of a few micrometers. Markedly, the pores did not collapse
during the drying thanks to the solid network formed after crosslinking. The semi-IPNs showed a lower
in vitro cytotoxicity than pure chitosan and CECS.

A genipin-containing porous chitosan-collagen-gelatin scaffold [136] was prepared by
blending an aqueous solution of gelatin and collagen with an aqueous solution of chitosan. Genipin at
different concentrations was added as crosslinker to the aqueous blend and the degree of crosslinking
between collagen and chitosan -OH groups was respectively 7%, 13% and 28%. The samples were
subsequently freeze-dried. A higher degree of crosslinking resulted in a higher porosity (values were
between 25 and 45 %) and a larger cross-sectional area of the pores (values between 187 and 1066
um?2) shown on Figure 1.16. The swelling properties were investigated as function of the genipin
concentration and the composition of the absorbed fluid. The presence of genipin resulted in a higher
swelling (2400 — 2760%) compared to non-crosslinked cryogels (2000%) because of weak mechanical
properties of the non-crosslinked scaffold leading to an unstable 3D structure. Increasing the
concentration of genipin decreased the swelling ratio. The composition of the absorbed fluid also had
an influence on the swelling ratio: for a sample crosslinked with 0.5% of genipin the absorption of
water was around 6250% whereas a medium with a salt composition similar to wound exudate
resulted in a swelling ratio of 2760%. A higher concentration of genipin allowed for a better stability in
wound exudate (23 —33% of dissolution in 120 h). An enzymatic degradation of 6% in 168h was induced
by lysozyme. The concentration of genipin did not influence the WVTR which was around 410 g/m?/day
for every sample. The cryogel showed better anti-oxidative properties than commercial wound
dressings (alginate hydrocolloid dressing and cotton gauze dressing). The presence of genipin did not
induce cytotoxicity.
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Figure 1.16: (A) Pictures of the chitosan-protein scaffold crosslinked with different degree of genipin. (B) Cross sectional SEM
images of the chitosan-protein scaffold with (B) no crosslinking and (C) 2% of genipin [136]. Reprinted from Carbohydrate
Polymers, Vol 102, Gorczyca et al., Preparation and characterization of genipin cross-linked porous chitosan—collagen—gelatin
scaffolds using chitosan—CO; solution, Pages 901-911., Copyright 2023, with permission from Elsevier.

A porous cryogel of chitosan and keratin [137] was prepared to accelerate wound healing and
skin regeneration. Chitosan was dispersed in a keratin aqueous solution and was freeze-dried. The
concentration of chitosan was varied from 50 to 1000 pg/mL and the properties of the cryogels were
compared with those of pure chitosan and keratin. SEM images showed a porous material (70 — 90%)
with a pore diameter between 80 and 125 um. The cryogel hydrophilicity could be tuned via the
concentration of chitosan as shown by the water contact angle which increased from 60° to 100° with
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an increase of the chitosan concentration. The swelling properties were reported in between 120 —
220%. The mass loss in PBS and in lysozyme solution was respectively 20 — 50% and 25 — 50% after 30
days. Higher was the concentration of chitosan, lower were the swelling ratio and the mass loss, which
was explained respectively by the decrease of the hydrophilicity and the poor degradation properties
of chitosan. Pure chitosan material showed a higher swelling ratio and lower or equivalent contact
angle in comparison with the composites. Antibacterial properties were assessed in vitro against S.
aureus and E. Coli. All composite scaffolds presented better antibacterial properties than pure keratin
but lower antibacterial activity than pure chitosan. It is supposed that the NHs;* groups of chitosan are
complexed by the anionic charges of the keratin and therefore not available to interact with bacterial
walls. The antibacterial properties improved with higher chitosan concentrations. The
cytocompatibility was investigated with MTT assays on fibroblast cells and evaluated at the 1st and
3rd day. The cell growth between the 15t and 3™ day was between 50 and 230% whereas a cell viability
up to 95% was observed.

Chitosan-based silver nano-biocomposites [138] were synthesized with different
concentrations of chitosan and AgNOs via a solution plasma process. Two electrodes placed side by
side in the solution, delivered a discharge of plasma to disperse silver nanoparticles (AgNP). The
solution was freeze-dried and crosslinked by UV irradiation. The viscosity of the solution increased with
the concentration of chitosan. The cryogels presented a pore size in the range of 6 — 150 um. The AgNP
were homogeneously dispersed in the material and exhibited a diameter of 2.5 —27.5 nm. The cryogels
showed good antimicrobial properties against several bacteria and fungi including E. coli,
P. aeruginosa, Vibrio vulnificus, Vibrio parahaemolyticus, S. aureus, Bacillus cereus, Candida albicans
and Aspergillus parasiticus. MIC for several pathogens were determined, a higher AgNp concentration
induced a higher MIC. At high concentration, the AgNP were more agglomerated, decreasing the
effective surface to interact with micro-organisms.

A matrix composed of chitosan and a N-propylphosphonic acid chitosan derivative was
prepared starting from aqueous solutions saturated with gaseous CO, [139]. The pure chitosan and
modified chitosan were solubilized at 1% and 2%, mixed in different ratios and freeze-dried. The
cryogels presented a relatively high porosity (55 -77%) and high swelling (3000%) in media similar to
wound exudate. Some degradation (6 -11%) was observed after 7 days in these media. Mechanical
properties could be tuned via the composition of the initial solution. Increasing the concentration of
chitosan increased the hardness (2 — 65 kPa). The flexibility first increased with the concentration of
chitosan up to 0.65 and then decreased, starting from 1% w/w of chitosan, to a flexibility of 0.15. For
equivalent hardness (55 kPa), the sample flexibility decreased when the amount of chitosan derivative
increased. The antioxidant activity was assessed by 3 tests: DPPH, ABTS and metal (Fe?*) chelating
activity. The EC50 was in the mg/mL range, which indicates a relatively low free radical scavenging
capacity compared to natural antioxidants which have EC50 values in the pg/mL range. Antimicrobial
properties were evaluated against 2 bacteria, E. coli and S. aureus, and one fungus, C. albicans. All
cryogels showed a reduction of the antimicrobial activity superior to 88% compared to non-modified
chitosan cryogels. Pure chitosan did not show any antimicrobial properties in neutral pH. MTT assays
showed 50-80% growth of fibroblasts in the presence of the solution before freeze-drying. According
to the authors this indicates that fibroblasts kept their capacity to proliferate; however, cryogels
exerted a cytotoxic effect for a low concentration of modified chitosan according to 1ISO 10993-5[85].

Polyelectrolyte-complex multilayer membranes [140] composed of alternating layers of
chitosan and alginate were reported by Sun et al. A 2%wt alginate solution was poured into a mold,
after which a 2%wt chitosan solution was poured onto the alginate layer. This operation was repeated
to obtain materials with 3, 5, 7 or 9 layers. After freeze drying, the material was immersed in a calcium
chloride/ethanol solution to crosslink. The crosslinked material was then dried in open air. Thanks to
their high porosity (75-93%) and their large pores (50 — 200 um), cryogels reached their maximum
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swelling (1750 — 2250%) in 40 minutes. Good antimicrobial properties against E. Coli were confirmed
which improved when the number of layers of chitosan increased. The cryogels showed a stimulating
effect on in vitro cell proliferation.

Chitosan cryogels with amino-functionalized molybdenum disulfide nanosheets (CS/NMNS)
were prepared by Zhang et al. [141] as a photothermal antibacterial agent. Chitosan was solubilized in
acetic acid solution and freeze dried. NaOH solution was used to neutralize the excess of acid and the
NaOH was washed away with water. The neutralized and purified gel was then immersed in NMNS
solutions and freeze dried again. The cryogels presented a large pore size, around 10um, with a
porosity of 82 %. Under NIR laser exposition, the cryogel temperature increased up to 60°C. Higher is
the concentration of NMNS and longer is the exposition time, higher is the achieved temperature. This
conversion of NIR light into thermal energy provides an antibacterial effect, which was confirmed for
high NMNRS concentrations on two strains: E. Coli and S. aureus. An in vivo study was conducted on
mice with circular wounds infected by S. aureus. Wounds were covered by the cryogel and a NIR laser
was applied. After 10 days, a faster healing was observed for laser-irradiated composite cryogels in
comparison with CS/NMNS or CS and histology revealed almost no inflammatory cells as well as a
better organization of the tissues.

Cryogels made of chitosan and chondroitin sulfate [142] were applied on an open
transmetatarsal amputation of the forefoot of a person with diabetes. Chitosan and chondroitine
sulfate were solubilized in water and freeze dried. The wound was cleansed with saline and treated
with the antibacterial betain polyhexanide for 10 min before applying the cryogel. A secondary
dressing was used to keep the cryogel in place. The cryogel was renewed twice a week. By taking
pictures of the wound at regular intervals, it was possible to evaluate its closure. The initial wound
area of 38 cm? encountered in this study is the largest wound on which this team applied the cryogels,
previous studies were on wounds of 2 to 6 cm? [143]. The surgical wound area was 50% closed after
28 days. A complete closure was achieved after 94 days with a well-structured epithelial tissue and
favorable cosmetic results. No complications were encountered and no additional surgery was
required. The total costs of the dressing for the 3 months of treatment were only $30, suggesting a
good cost-effectiveness. This clinical case shows promising results, but it needs to be repeated on
larger groups of patients to further prove its effectiveness and applicability.

Cryogels based on chitosan and modified PVA (polyvinyl alcohol) were prepared for wound
dressing applications offering an accelerated wound healing and protection against bacterial infection
[144]. 2-(dimethylamino)ethyl methacrylate (DMAEMA) was grafted on PVA via potassium persulfate-
initiated free radical polymerization in water. The final product was named PVD. Quaternized PVD
(QPVD) was obtained by dissolving PVD in DMSO and adding 1-bromobutane. QPVD was dissolved in
water and chitosan was dissolved in acetic acid, followed by mixing of these solutions, freeze drying
and crosslinking using glutaraldehyde vapor. SEM images showed an open, interconnected porosity.
Thanks to their high porosity, around 80%, the cryogels presented high PBS absorption values, from
1300% to 2300%, for high ratios of QPVD. Antibacterial activity against E. coli and S. aureus was
confirmed with a minimum of 88% of the bacteria eliminated. The presence of QPVD greatly increased
this activity compared to CS cryogels thanks to its disruptive effect on bacterial cell membranes. The
hemolysis ratio was around 0.8%, demonstrating a good blood compatibility, and the materials
presented no cytotoxicity.

Cryogels generally exhibit a high swelling capacity and a good biocompatibility. However, the
main drawback of these materials is the large size of the pores which is often above 10 um. This allows
for colonization of the dressing by cells, and removing the material may damage the newly formed
tissue and induce pain.
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(3) Chitosan aerogels for wound dressings
Chitosan aerogels for biomedical applications is a very recent approach, only few articles are
dedicated to wound healing.

Valchuk et al. [126] developed aerogel materials based on polyelectrolyte complexes
composed of sodium alginate and chitosan. Chitosan and sodium alginate were dissolved in acetic acid
solution and water, respectively. After mixing the solutions in equimolar proportion, physical
crosslinking by complexation of the anionic carboxylic acid groups of the alginate and the cationic
amine groups of the chitosan resulted in a PEC gel. The aqueous phase was substituted by acetone and
the samples were dried using supercritical CO,. The aerogel was subsequently impregnated with an
aqueous solution of the antibiotic agent levomycetin. The maximum drug release was achieved in 5 h
but represented only 70% of the drug absorbed by the aerogel. The average pore size of 15 nm seems
adapted to limit cell colonization during wound healing. The swelling degree in water vapor was around
180%wt, indicating a high sorption capacity for exudate, which also suggests potential application as
wound dressing.

Lépez-Iglesias et al. [26] prepared chitosan aerogel beads as drug delivery system to prevent
infections in chronic wounds. The selected drug was vancomycin hydrochloride, which is highly soluble
in water (> 100 mg/mL) but poorly soluble in ethanol. It is a glycopeptide antibiotic used against Gram-
positive bacteria, especially methicillin-resistant S. aureus, and administered parenterally or locally.
Chitosan was dissolved in acetic acid and vancomycin hydrochloride was dissolved in the chitosan
solution at different concentrations. This solution was added dropwise through a syringe to a NaOH
bath in which chitosan underwent non-solvent induced phase separation, resulting in transformation
of the droplets into beads. These beads were left in the bath for different ageing times ranging from
0.5 h to 24 h. Solvent exchange was carried out by replacing water with ethanol and the beads were
then dried with supercritical CO,. Nitrogen adsorption-desorption analysis revealed a specific surface
area of 479 m?/g and SEM images showed a high porosity (>95%). Pores were bounded by intertwined
bundles of polysaccharide fibers. Different scales of porosity could be observed: mesoporosity (2-50
nm) and macroporosity (> 50 nm). The vancomycin release profile from chitosan aerogels was
investigated in PBS at pH 7.4 and 37 °C. For the first hour, a fast release of the vancomycin was
observed, which concerns drug that is weakly bonded to the aerogel. This phase was followed by a
slower release during the next 48 h reaching a plateau, which concerns vancomycin that interacts with
the polymer chains via hydrogen bonds. This last part of the release followed first order kinetics. The
release was not complete as 20% to 50% of the initial vancomycin remained in the bead. The
antimicrobial activity of the beads was tested against S. aureus in simulated body fluid (pH 7.35-7.45,
37°C) in contact with the vancomycin loaded aerogels. The amount of bacteria decreased after 6 h of
incubation for each medium containing vancomycin, showing a time-dependent survival rate for
bacteria in contact with vancomycin. No bacteria could be observed after 48 h of incubation for all
tested drug loadings. As expected, formulations with free vancomycin reached the MIC faster than the
controlled release formulations of vancomycin-loaded chitosan aerogels. Chitosan aerogels without
vancomycin showed no antimicrobial effect despite the reported antimicrobial properties of chitosan,
which may be ascribed to the low amount of cationic NHs* groups at this pH. A small increase of the
collagenase activity was recorded in the presence of chitosan beads, but it was not significant, leading
the authors to conclude that the chitosan aerogels do not hinder wound healing. The PBS absorption
was studied at pH 6, 7 and 8. The weight of chitosan aerogel beads increased 200% - 300% and 300%
- 400% at pH 6 and pH 7-8, respectively, after 30 min in contact with PBS. With this high absorption,
the material meets an indispensable criterium for dressings for exuding wounds. Aerogels presented
a good cytocompatibility (85% to 99% fibroblast viability after 48 h).
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The same group produced vancomycin-loaded chitosan aerogel microparticles [71] via
jet cutting for wound dressing purposes. Chitosan dissolved in acetic acid was extruded through a
nozzle and the filament was cut by a disc. The droplets were collected in a coagulant bath containing
ethanol and NHs and left aging for 1h, followed by solvent exchange to ethanol and supercritical CO,
drying. A high porosity (96 %) and large specific surface area (188 m?/g) led to a significant exudate
sorption capacity, up to 900% in 24 h. The particles and the internal structure are shown on Figure 1.17.
This was explained by the physical crosslinking allowing the loose network to swell considerably in
water. The hemolytic activity of -7.7% showed that microparticles are fully hemocompatible, even
preventing the destruction of red blood cells. Vancomycin HCl was dissolved in the initial chitosan
solution. The entrapment efficiency in chitosan aerogel microparticles was only 25%, which was
ascribed to drug loss during the solvent exchange from water to ethanol. Vancomycin release tests
were carried out in PBS and the particles were applied as layer to simulate an application on a wound.
In 4h, the microparticles released 50% of the drug payload, whereas complete release was observed
after 24h. Concentrations of vancomycin were above the MIC (2 ug/mL) during a short time, which was
confirmed by an antimicrobial test performed in simulated body fluid (SBF) against S. aureus.
Vancomycin-loaded aerogels showed an antimicrobial effect, inhibiting the bacterial growth
completely in 6h; this inhibition was maintained up to 48 h. Non-loaded aerogels did not present any
antimicrobial activity, due to the pH of SBF (7.4) which is above the pKa of the chitosan amino function
(pKa NH; = 6.2). The microparticles, thanks to their small diameter (0.7-0.9 um), could be in contact
with the entire surface of a wound even in a restricted space, which could favor healing. Furthermore,
the particles cannot go through the main biological barriers such as the skin and the blood brain barrier
and remain at the location of interest, which favors local drug delivery instead of systemic delivery,
avoiding a possible toxic effect. The results in [71] and [26] demonstrate that vancomycin-loaded
chitosan aerogel microparticles hold great promise for wound healing applications.

Figure 1.17: SEM images of (A) chitosan aerogels particles processed with a nozzle diameter of 500 um at 4000 rpm and (B)
the associated structure. Adapted from [71].

Gurikov and coworkers prepared hybrid aerogel fibers based on chitosan and alginate [145]. A
water in oil emulsion was made with the aqueous phase containing alginate and the oil phase
containing a surfactant. An acidic solution of chitosan was slowly added to the emulsion to form a
hybrid hydrogel. The ratio of alginate/chitosan was varied as well as the molecular weight of chitosan.
After purification, solvent exchange and supercritical drying, a fibrillar structure was obtained with a
specific surface area between 162 and 302 m?/g. The material presented no cytotoxicity and exhibited
an antibacterial effect from 60% to 90% of initially present bacteria on S. aureus and K. pneumoniae.
During a scratch test, wounds covered with aerogels presented a wound closure around 80% which is
better than the control (60%).

Wound dressings based on aerogel IPNs of chitosan and alginate were developed by
Gorshkova et al. [146]. An aqueous solution of sodium alginate and a solution of chitosan dissolved in
acetic acid were mixed. The gel was dried via supercritical drying after solvent exchange with acetone.
The antibacterial agent usnic acid (UA) was incorporated via impregnation of the organogel. The
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aerogels presented a mesoporous structure with a specific surface area of 260 m?/g and an average
pore diameter of 16 nm. Aerogels presented a high-water absorption ratio of 4500%. Antibacterial
activity against the most common bacteria responsible for wound infection (E. coli, S. aureus and B.
subtilis) was confirmed. In 5 h 60% of the UA was released from aerogels. Analysis of these kinetics
using the Korsmeyer-Peppas model revealed that anomalous transport predominates.

Chitosan aerogels for biomedical applications present the same interesting properties as
cryogels but they have a smaller pore size (< 1 um), which limits cell colonization. This could avoid
tissue detachment and, consequently, pain during removal of the wound dressing.

Figure 1.18A shows that aerogels have a porosity above 80% and that their absorption values
are generally below 1000%. Cryogels have a variable porosity from 25% up to 98% and present the
higher values of absorption, between 2000 and 3000%. However, the trend of fluid sorption vs porosity
is not very clear as fluid sorption depends not only on porosity but on the intrinsic swelling properties
of each polymer, and in the majority of cases discussed above chitosan is mixed with another
component. In addition, the “second” polymer may be soluble in water which should create additional
porosity which increases in time. Supercritically dried gels present a pore size below 1 um (Figure 1.18B)
which is also the case for a few cryogels (these are, however, exceptions in their class). Most of the
cryogels have pore diameters above 10 um and present higher absorption values than aerogels, which
can be attributed to their higher porosity. Here again, the comparison between different materials is
not simple as the majority are composites.
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Figure 1.18: Influence of the porosity and the pore size on the fluid sorption (summary of data collected from literature). Open
symbols represent water, closed symbols represent PBS, exudate or another salt solution, triangles represent cryogels and
circles represent aerogels.

Correspondence letter-reference of Figure I.18:

A: [26]; B: [71]; C: [101]; D: [139]; E: [140]; F: [136]; G: [111]; H: [29]; I: [144]; J: [146].
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(4) Commercial dressings

Commercial wound dressings based on chitosan are available, which are mainly used for their
antithrombotic properties: Chitoseal™ [147], HemCon® [51,130], QuickClot® [130], Celox® [148] and
Thermoguard®. They were all developed for first line use on the battlefield. Another application is for
dermis regeneration (Vulnosorb® and Chotodine®). Most of them are either non-woven materials or
made by freeze-drying. However, these dressings have several disadvantages such as ingrowth of
regenerating cells inside the pores, destruction of the newly formed tissue upon removal of the
dressing and pain for the patient. None of the commercial chitosan-based dressings is recommended
for infected wounds.

4.  Wound healing

The skin is the largest organ of the human body. It has a surface from 1.5 to 2 m? and its
thickness is around 2 mm [149]. The skin is a physical protection of organs and tissues against the
outside environnement, mechanical agressions, UV radiations, heat, cold and microorganisms. This
organ is in constant renewal as cells from the deepest layer migrate to surface in 45 days and peel off.
Skin is composed of three layers (from the surface to the interior): epidermis, dermis and hypodermis,
completed with skin appendages: the dander (hair and nails) and the sebaceous and apocrine glands
as shown in Figure 1.19.
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Figure 1.19: Structure of the human skin [150]. Reprinted from European Polymer Journal, Vol 117, Rushikesh S. Ambekar
and Balasubramanian Kandasubramanian, Advancements in nanofibers for wound dressing: A review, Pages 304-336.,
Copyright 2023, with permission from Elsevier

The epidermis helps to maintain the body temperature and is mainly composed of
keratinocytes and then melanocytes, langerhans and merkel cells. This layer is composed of stratified
and squamous epithelium in constant renewal. The epidermis can be divided into 5 layers (from surface
to depth): stratum corneum, stratum lucidum, stratum granlosum, stratum spinosum and stratum
germinativum.

The dermis is a vascularized and innervated connective tissue, it protects the body from
external stress and strain. It is composed of fibroblasts, mastocytes, macrophages, dermal dendritic
cells and fundamental substances made up of polysaccharides, including hyaluronic acid and proteins.
Fibers are also present as elastin, collagen and reticulin.
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The hypodermis is a subcutaneous tissue constituted of fibroblasts, macrophages and
adipocytes. It assists in coupling of dermis with bone and muscles. Hypodermis protects the body from
the external temperature by an insulating mechanism. The main function of the hypodermis is the
lipogenesis, which consists of storing energy in form of lipids.

The nerves in the skin allow the body to perceive different sensations such as touch, vibration,
temperature, pressure or pain through different receptors. The high vascularisation plays an important
role in thermoregulation and nutrition. The epidermis is covered by bacteria, e.g. non-harmful
Staphylococci species can be found in low numbers. However, gram-negative bacteria can be harmful
and in case of ruptured skin can cause infection. As soon as the integrity of the skin is ruptured the
wound healing process starts.

Wound healing can be divided in 4 stages [150] as shown in Figure 1.20:

e The hemostasis stage,
e The inflammation stage,
e The proliferation stage,
e The remodeling stage.
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Matrix
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Figure 1.20: Wound healing stages: (a) Hemostasis stage, (b) Inflammation stage, (c) Proliferation stage, (d) Remodeling stage.
[150]. Reprinted from European Polymer Journal, Vol 117, Rushikesh S. Ambekar and Balasubramanian Kandasubramanian,
Advancements in nanofibers for wound dressing: A review, Pages 304-336., Copyright 2023, with permission from Elsevier.

The hemostasis stage is an immediate response towards a skin injury. The main goal is to stop
the blood loss to assure that other organs can maintain their function despite the wound.
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Thrombocytes and inflammatory cells will accumulate in the extracellular matrix (ECM) and bind with
structural proteins (such as collagen). Vasoconstriction also occurs to decrease blood loss.
Thrombocytes secrete clotting factors, that help with post-hemostasis and ensure the stability of
temporary scaffolds by stimulating the deposition of a fibrin matrix. It creates a suitable environment
for the next stages of wound healing.

The inflammation stage lasts 3 days. During the first 24 h-48 h, mediators and chemotactic
factors, coming partly from thrombocytes, attract leukocytes in the injury. Redness is caused by the
dilatation of blood vessels; this dilatation is due to the presence of enzymes, like histamine, coming
from mast cells by exocytosis. Neutrophils migrate efficiently towards the injury thanks to the
vasodilatation. These neutrophils clean the wound by phagocytosis of foreign and dead cells as well as
pathogens. Neutrophils also release proteinases and antimicrobial substances. After 48 h, granulation
tissue formation starts. Macrophages and cytokines produce growth factors which are used later for
the proliferation of fibroblast and endothelial cells.

The proliferation stage consists of transforming the temporary scaffolding into a permanent
tissue by combining different processes as angiogenesis, granulation tissue formation, re-
epithelialization and wound contraction. This stage begins with the migration of fibroblasts and
myofibroblasts and it lasts 7 days. After this step, the accumulation of ECM can support the migration
of the cells. Endothelial cells start angiogenesis which consists of the restoration of new arterioles. This
process is important because the new arterioles bring nutrients and oxygen to the wound site that are
used for the formation of granulation tissue and the onset of re-epithelialization. Wound contraction
is the wound closing process by bringing the wound edges together using a combination of fibroblasts
and myofibroblasts.

The final stage, remodelling, starts two weeks after the injury and can last over a year. All the
processes initiated in the inflammation and proliferation stages are going to terminate. Small arterioles
aggregate into larger vessels, that induce a diminution of the metabolic activity of wound healing.
Macrophages, endothelial cells and myofibroblasts undergo apoptosis or leave the wound site.
Reticular collagen (type Ill) in the ECM is replaced by fibrillar collagen (type |) which increases the
tensile strength of the new tissues up to 80% relative to unwounded tissue. A lack of anchoring
between the epidermis and the dermis leads to scarring. A proper balance between synthesis and
degradation can avoid scar formation. After serious wound damage, sweat glands and hair follicles do
not have the ability to heal.

Healing of an acute wound takes about 14 days followed by a remodeling step of
approximately a year. However, in some cases the wound healing is delayed by factors coming from
the wound or elsewhere in the patient. When a wound does not show signs of healing after 4 to 6
weeks, it is a chronic wound [151]. Chronic wounds are a major public health problem, affecting 37
million people worldwide and generating very high costs for their treatment.

In a chronic wound, the wound healing remains in the inflammatory stage. A chronic wound
can have different etiologies like: diabetic foot wounds, amputation stumps, burns with extensive
healing, pressure ulcers (bedsores) and leg ulcers. Despite different causes of these wounds, there are
common characteristics like excessive levels of pro-inflammatory cytokines, proteases, aging cells and
the existence of cells susceptible to infection. A high level of protease degrades the ECM and growth
factors. Aging cells are not able to proliferate anymore.

As wound healing is a complicated process, it is necessary to help protecting the wound and
promote healing: dressings have been developed for this purpose. However, nowadays there is no
recommended dressing for chronic wound ensuring a complete healing process.
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5. Expected properties of the dressing and solutions adopted in this

work
In order to develop an effective dressing to treat chronic wounds, constraints and needs have
been identified and the solutions adopted to address them in this work are detailed in the table below.

Table I.1: Summary of the constraints and needs identified for a dressing design treating chronic wounds and solutions
adopted in this work to address them.

Constraints Needs Solutions
Prevention and treatment of Antibacterial material or . .
. . . Chitosan based material
infections addition of drugs
Absorption of exudate Porous hydrophilic material Aerogels and cryogels

No colonization of the dressing

by the cells Pore size below 10 pm Aerogels

Addition of ascorbic acid 2-phosphate
Induce collagen synthesis, (AAP) to induce collagen synthesis,
Decrease the inflammation Addition of dexamethasone phosphate
(Dex-P) to reduce the inflammation

Elasticity coming from the material (Tune
Modulus close to 1 MPa, on the process and formulation, addition of

Elasticity around 10% a crosslinker) and/or from the object
structure (3D printing)

Improvement of healing for
chronic wound by going
further the inflammatory state

Mechanical properties close to
the one of the skin for a better
adaptation and control
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Conclusions

The main focus of this chapter was on intrinsically porous chitosan materials for biomedical
applications. These recent materials are very attractive, and their development and optimization are
ongoing.

First, a brief overview of bio-based porous materials, aerogels and cryogels, was presented.
Then the main properties of chitosan, its shaping, the specificities of the different ways to prepare
porous chitosan and the properties of the final material were described.

An overview of porous chitosan developed for tissue engineering, drug delivery and wound
dressing were widely reviewed, and the commercial products were mentioned, if any. The main
properties needed for each application were discussed. A large range of properties can be reached
thanks to the different processes such as mixing, physical or chemical interactions or chemical
modifications. Some proposed materials are with good results in vitro, but only few reach the in vivo
stage, and they are only cryogels. The main parameters to tune the structure are the polymer
concentration, the drying method and the possible crosslinking or association with another material.
For this thesis, we decided to work with pure non-crosslinked chitosan. The following chapters will be
dedicated to a better understanding of the correlations between the process and the properties of
chitosan porous materials. A particular attention will be given to the coagulation step in which the
network is created.

Chitosan cryogels has several advantages compared to other porous materials used for wound
dressings, such as biocompatibility, bioactivity, and capacity of high absorption of aqueous media.
Chitosan aerogels possess all these properties but also provide high specific surface area and allow
tuning material pore size from few tens of nanometers to few microns. Thus, chitosan aerogels can be
used not only as wound dressings but also as a drug delivery system at the same time. Their high
porosity, large specific surface area and possibility of functionalization allow the impregnation and
release of the drug in a controlled way and the material can be simultaneously used as exudate
absorbent. The open and interconnected pores allow gases to go through the dressing to obtain an
optimal condition for the wound site. As demonstrated in this chapter, the development of chitosan
aerogels for wound healing is at the very beginning of a long way to do.

In the final section, the skin structure and the steps of wound healing were described. The
understand the problematic of a chronic wounds is on-going. They are one of the major health
problems. They are painful with an acute risk of infection. Healthcare related to chronic wounds is
expensive due to the long duration of its application. Existing dressings are not always adapted to the
wound but still are applied despite the absence of data demonstrating effectiveness. Few research
papers propose dedicated dressings but none of them reach the in vivo stage. Chronic wounds need
wound dressings which can treat at the same time the etiology and the inflamed wound. To improve
patient care and wound healing, new dressings must be developed.
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List of abbreviations:

AAP: Ascorbic acid 2-phosphate

BET: Brunauer, Emmett and Teller method

DA: Degree of acetylation

Dex-P: Dexamethasone phosphate
DIC: Digital image correlation

DLC: Drug loading capacity

DLE: Drug loading efficiency
DMTA: Dynamical thermal analysis
Ea: Activation energy

HDF: Human dermal fibroblast
S/E: Solvent exchange

ScD: Drying with supercritical CO;

SWE: Simulated wound exudate
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1. Materials

Chitosan of high molecular weight were purchased from Acros. Molecular weight of
600 — 800 KDa was given by the manufacturer, no precision on the determination method was given,
and the degree of acetylation (DA) is in the range 10 2 % as determined by FTIR.

Glacial acetic acid, ethanol (299%), acetone (=99%), isopropanol (>99.5%) and sodium
hydroxide pellets (analytical reagent grade) were supplied by Fisher Chemical. 10X PBS was supplied
by Fisher bioreagents (Pittsburgh, PA, USA). All chemicals were used as received. Water was distilled.
L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (AAP) and dexamethasone phosphate
(Dex-P) were supplied by Sigma. The solutions used for biological in vitro are listed in the corresponding
section.

2. Methods

2.1. Preparation of chitosan aerogels
The Figure Il.1 is the general scheme of the preparation of aerogels, xerogels and cryogels. This
figure will help to understand the following parts.

Drying with
supercritical CO, |
Solvent Organogel | ———?| Aerogel
exchange 7

Immersing in  Washing in

.
Chitosan |aqueous NaOH  water Chitosan Evaporative
lution hydrogel drying Xerogel
SO Aging to remove ydrog \ P,

NaOH

IS
Freeze drying

Cryogel
-~

Figure I.1: Schematic representation of the preparation of chitosan aerogels and cryogels

2.1.1.  Chitosan dissolution
Chitosan was dissolved in a solution of 2% v/v of acetic acid under mechanical stirring for
several hours. The concentration of chitosan was varied from 1 to 10% wt/v. Chitosan solution was
cast into plastic molds of 27.5 mm in diameter and 68 mm of height with 1 mm holes drilled in the
walls. The molds filled with chitosan solution were immersed in NaOH-water solution (0.1 — 4 M) for
non-solvent precipitation to fix sample shape. This coagulation step takes 24h.

2.1.2. Solvent exchange step
To perform drying with supercritical CO,, solvent exchange must be done as water is not
miscible with CO,. Therefore, coagulated chitosan was carefully demolded, washed in water to remove
the NaOH and immersed in solutions of organic solvent/distilled water. The organic solvent ratio was
gradually increased from 0/100, 10/90, 25/75, 50/50, 75/25, 90/10 to 100/0 to slowly replace water
by the non-solvent. This solvent exchange step resulted in a chitosan organogel. To ensure a complete
solvent exchange, several “washing” steps with the organic solvent were performed.

2.1.3.  Supercritical drying using CO;

Organogels were dried with supercritical CO; in the center PERSEE of Mines ParisTech in Sophia
Antipolis. The laboratory scale device is shown in Figure 11.2. Organogels are placed in a 1 L autoclave
and immersed in ethanol. The system is closed and pressurized at 50 bars and 37 °C with gaseous CO,.
The pressure is increased to 80 bars making the CO, supercritical (ScCO; is obtained at a pressure of
72.8 bar and T=31.1 °C). This scCO; solubilized the residual liquid inside the sample. A dynamic washing
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step at 80 bars, 37°C with an output of 5 kg CO,/h is carried out for 1 hour, then the system is put in
static mode to allow ScCO; to diffuse and solubilize ethanol in nanopores for 1-2 hours. Dynamic
washing is performed again in the same conditions for 2 h. Finally, the system is slowly depressurized
at 4 bar/h and 37 °C and cooled to room temperature.

Figure 11.2: Laboratory-scale supercritical CO; drying device in PERSEE Mines Paris. (1) COz supply, (2) feeding valve, (3)
autoclave, (4) depressurization valve. Courtesy of Pierre llbizian, PERSEE Mines Paris

2.1.4. Alternative drying method
a. Freezedrying

To obtain “cryogels”, hydrogels were freeze-dried by immersion in liquid nitrogen (- 196°C) for
5 min and then freeze-drying (in Cryotec Cosmos 80 equipment) for 48 h.

b. Evaporative drying
“Xerogel” was obtained from a hydrogel made from 5% wt/v chitosan solution coagulated in 4
M NaOH, aged for 24 h and dried at 55 °C under vacuum until constant weight.

2.2.Characterization methods

2.2.1.  Viscometry
The viscosity of solvent and dilute chitosan solution was measured using a LAUDA iVisc
viscometer equipped with an Ubbelohde-type viscometer capillary at 10 °C and 50 °C and using the
Mark-Houwink equation with 0.1M of acetic acid and 0.2M of NaCl at 25°C. Flow time for the solvent
-2% of acetic acid is 115.4 s and 54.5 s at 10 °C and 50 °C, respectively.

] = KppM& IL1

with K = 1.81 x10° dL/g and a = 0.93 Roberts and Domzy.

2.2.2.  Rheological tests
Solution behavior was studied with a Gemini rotational rheometer with Peltier temperature
control system using a 2° cone-plate geometry of 60 mm in diameter at 20 °C in the linear viscoelastic
domain at 5% of strain.
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2.2.3.  Fourier Transformed Infrared spectroscopy (FTIR)

Chitosan degree of acetylation (DA) was determined by infrared spectroscopy with the method
described by Moore and Roberts [1]. The chitosan powder (4 mg) and 100 mg of KBr were dried for 4h
at 80 °C and mechanically blended to make a disk. Then the degree of DA was determined with the
equation:

DA (%) = (A1655/A3450) X (100/1.33) I1.2

with Aiess the absorption at 1655 cm™ of the amide | band and Aasso the absorption at 3450 cm™ of the
hydroxyl groups.

2.2.4.  Sample shrinkage, bulk density, and porosity
The evolution of sample volume at each processing step (for aerogels: from solution to alcogel
and from alcogel to aerogel; for cryogels: from solution to hydrogel and from hydrogel to cryogel) and
total shrinkage (from solution to dry material, see Figure Il.1) was monitored. As samples were of
cylindrical shape, their diameter and height were measured, and volume shrinkage was calculated
according to the following equation:

Shrinkage (%) = (V; —V;) x 100/V; 1.3
where Vi and Vf are sample volumes before and after the step, respectively.

The bulk density poux Was measured with an Envelope Density Analyzer Geopyc 1360
(Micromeritics) with a calibrated chamber using DryFlo fine powder. Porosity was calculated from bulk
and skeletal density (pskeletal, 1.446 + 0.116 g/cm? for chitosan [2]) with Eq.Il.4.

- 1.4
POT‘OSity (%) — (pskeletal pbulk) % 100

Pskeletal
2.2.5. Pore specific volume

Pore specific volume was estimated using bulk and skeletal densities:

Vpore = (1/pbulk) - (1/pskeletal) IL5

2.2.6.  Specific surface area measurement (BET method)
The specific surface area was measured using a Micromeritics ASAP 2020 employing the
Brunauer, Emmett et Teller (BET) method. Prior to measurement the samples were degassed in a high
vacuum at 70 °C for 10 h.

2.2.7. Scanning electron microscopy
The morphology of the aerogels was studied with a scanning electron microscope (SEM) field
emission gun (FEG) MAIA at an accelerating voltage of 3 keV after platinum coating (14 nm) with Q150T
Quarum rotating metallizer.

2.2.8. X-Ray diffraction
X-ray diffraction patterns were obtained on powder samples with a ‘XPERT-PRO’
diffractometer from PANalytical equipped with a 6/6 3050/60 goniometer, a CuKa source operated at
40 kV and 30 mA, and the measurement program ‘ScanPixcel’. The diffraction angle 26 was from 5° to
40° with a 0.08° step.

2.2.9.  Fluid sorption
Dried samples were immersed in simulated wound exudate (SWE) composed of 8.3 g/L of NaCl
and 0.37 g/L of CaCl, at 31 °C (no viscosity modifier was used in agreement with the EN 13726-1
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standard). The evolution of sample weight with time (w;) was measured during 48 h, and SWE
absorption was calculated with the following equation:

Absorption(%) = ((w, —w;) x 100)/w; 1.6
where wi is sample initial weight.

2.2.10. Shore hardness measurements
The shore hardness measurements were done with a durometer Sauter HBA 100-0, type
shore A.

2.2.11. Uniaxial compression measurements

Uniaxial compression tests were performed on 3400 Serie Instron (Norwood, MA, USA)
electromechanical device equipped with a 30 kN load cell. The samples were in the shape of cylinders
with length to diameter ratio below 2 to avoid buckling. The upper and lower surfaces of cylinders
were polished with P320 sandpaper to be parallel and planar. The sensor was calibrated as follows: in
class 0.5 - 0.5 % error above 100 N, and less than 1% error between 10 N-100 N. The tests were
performed with a 5.0x1072 s™! strain rate with a pre-loading of 1N and 3 cycles of loading at 5, 10 and
15% of strain to a minimum of 0.5 N to keep the contact with the sample. A digital image correlation
(DIC) system was used to track the true displacement of the plateau over time. The DIC system was
composed of two cameras in stereo-correlation. The side of each plateau was speckled with black and
white paints. The displacement was calculated by analyzing the evolution of the random speckle
patterns with the analysis software VIC-3D—Correlated Solutions. A tracking line was then positioned
between each plateau. The mechanical behavior was investigated by measuring the strain at the
tracking point, i.e., at the maximum of the strain field. The setup is shown on Figure 1l.3a and a typical
strain field, and the location of the tracking line are depicted in Figure Il.3b. The engineering strain,
stress and the specific stress were calculated according to the following equations:

Engineering strain = &,, = AL/h, I1.7
Engineering stress = oy = F/A, I1.8
Specific stress = ay/p 1.9

With gy, the vertical strain, AL the difference of length between two tracking points from the start and
the time t of the test, ho is the initial height of the sample. on is the nominal or engineering strain in
MPa, F is the strength in newton, Ao is the initial surface of the sample in m?, and p is the density of
the sample.
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Figure 11.3: (a) Set up of the uniaxial compression tests, (b) Typical analysis of a compression test with strain fields measured
by DIC with tracking point between the plateau, (c) typical curve of engineering stress vs strain obtained os, 010 and o35 the
stress at 5, 10 and 15% of strain respectively and €15 the elastic recovery for an unloading from 15% of strain.
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2.2.12. Dynamic thermal mechanical analysis (DMTA)

a. Preparation of the samples:

Chitosan aerogels at different concentrations 4 to 8 %wt/v were used to perform the
mechanical tests. Three kinds of molds were used to prepare the samples depending on the
experiment:

e One mold was a long cylinder tube of polypropylene of 14 mm in diameter and 15 cm
of length. The chitosan solution was poured in this mold filling half of the tube and
the 4M NaOH solution was used to fill the tube. The samples obtained from these
tubes are named UDT (for undrilled tubes).

e The second kind of mold was the same plastic tube but with holes of 1 mm in diameter
in the wall. The samples obtained from these tubes are named DT (for drilled tubes).

e The last one was plastic spectrometer cell of 10.5 mm square and 44 mm of height,
2/3 of the cell was filled with chitosan solution and the top with NaOH solution. Cubic
gels were obtained.

The 4M NaOH solution was renewed 3 times per day until complete coagulation (maximum 2
days for the long tubes), the coagulated gels were demolded and went through the whole process of
aerogel preparation. The non-solvent used during ScD was ethanol. The DT and UDT aerogels were cut
in small discs and the upper and lower surfaces of discs were polished with P320 sandpaper to be
parallel and planar. The samples DT and UDT were used to see the influence of the propagation of
coagulation on the mechanical properties of the network. The cubic aerogels obtained from the
spectrometer cells were polished and used to test the anisotropy of the network.

b. DMA protocol for mechanical tests:
All DMTA experiments were conducted in compression using a Mettler-Toledo® DMA 1,
Greifensee, Switzerland. Two measurements have been performed for each formulation on aerogels.
A preloading was used to avoid losing contact during oscillation.

Protocol to investigate the influence of the water content on the mechanical behavior of
UDT samples:

At a frequency of 1 Hz, two heating runs from 10 to 80°C are realized successively with an
increase of 1°C per minute. The evolution of the elastic modulus as a function of the temperature is
observed.

Protocol to investigate the influence of the humidity uptake and the influence of the
coagulation direction on the mechanical behavior of DT and UDT samples:

1. Heating runinthe DMTA with a temperature scan at 1Hz from 10 to 80°C at 1°C per minute
2. Frequency scan from 0.1 to 10 Hz every 10°C from 10 to 80°C

3. Heating run scan from 10 to 80°C at 1°C per minute and 1 Hz.

4. Humidity uptake in a climatic chamber Binder KBF 115 at 30°C and 50% of relative humidity

(%RH) for a week
5. Redo the steps 1till 3

Frequency and temperature scans are launched as soon as possible after drying to prevent
humidity uptake.

Protocol to investigate the influence of the anisotropy on the cubic aerogels:

All samples were dried at 80°C until no evolution of the modulus was visible. At a frequency of
1 Hz, one temperature scan from 10 to 80°C is performed with an increase of 1°C per minute in the
same direction as the coagulation front (longitudinal direction) and another one is performed
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perpendicular to this direction in the transversal way. The evolution of the modulus as a function of
the temperature is observed.

c. Protocol to follow coagulation kinetics

All DMTA experiments were conducted in compression mode using a Mettler-Toledo® DMA 1,
Greifensee, Switzerland, at room temperature. A chitosan droplet was placed in-between the plates
of 10 mm diameter with a gap of 1 mm. A displacement amplitude of 10 um (i.e. strain of 1%), was
applied during the whole duration of the experiment at a frequency of 1 Hz. This strain was checked
to be within the linear visco-elastic region. The plates together with chitosan solution were gently
immersed in a 4M NaOH-water bath (Figure 11.4), and the elastic modulus evolution was recorded in
time. Each formulation was tested in triplicate. Compressive modulus evolution in time during the
coagulation was recorded.

Lo

Chitosan solution

Figure 11.4: Photos of the set up (a) and zoom on the sample (b)

2.2.13. Coagulation kinetics monitored by optical observations

A droplet of chitosan solution was placed between a microscope slide and a coverslip. A spacer
of 1 mm was used to maintain a height similar to the one in the coagulation kinetics monitored by
DMTA. The sample was placed on a transparent table and illuminated from below. Some droplets of
4M NaOH-water solution were deposited on the microscope slide entering by capillary forces the space
between the slide and coverslip and surrounding the chitosan droplet. A camera (AVT PIKE 5
Megapixels with 2/3’ CCD sensors and 50 mm Schneider Kreuzwach objectives) was recording droplet
evolution in time at 1 fps from the top side, as shown in Figure I1.5. The experiments were performed
at room temperature. Each formulation was recorded in triplicate.
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Figure 11.5: Scheme of the optical experimental set-up.

The kinetics of chitosan coagulation in time was analyzed as follows: the snapshots were taken,
and the total surface of the droplet and the surface of uncoagulated region were measured with
Image) (Figure 11.7). Each was assumed to be spherical and the corresponding radii were calculated.
The width of coagulated layer L was taken as the difference between the two radii values (Figure 11.7a).
In this method, the error is determined by the quality of the optical contrast between coagulated and
uncoagulated chitosan as well as the camera resolution. This error was estimated as the length needed
for the camera to detect a variation between the grey levels; it corresponds to 0.026 cm as shown in
Figure I.6. The peaks correspond to the bright areas (higher grey values) so either the NaOH solution
either the non-coagulated chitosan solution. The valleys are the coagulated areas (darker areas, lower
grey values).
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Figure 11.6: Grey scale profile during coagulation for a 6%wt/v chitosan solution. The picture in the back show to which part
of the picture the grey level corresponds.
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Another method to evaluate the thickness of the coagulation layer was to measure it directly
on the snapshots using Imagel (Figure 11.7); the average of five values was taken. An example of the
comparison of L values obtained with both methods is shown in Figure 11.8; both present very similar
values. To have a consistent error for all measurements, the “surface” approach was chosen.

Figure 11.7: Two methods showing the determination of the coagulated length (a) by “surface approach”, (b) by direct
measurement. The example shown corresponds to a droplet of 6% wt/v chitosan.
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Figure 11.8: Comparison of the evolution of the coagulated layer L in time calculated using “surface approach” (in red) and
measured directly (in black). The droplet was from a 3% wt/v chitosan solution. The error for the “surface approach” originates
from the optical contrast at the border, and for the direct measurement from five values taken at different places on the
snapshot.

2.2.14. Preparation and characterization of drug loaded chitosan aerogels
and cryogels
For a Galenician, the word "drug" defines an active ingredient and its excipient. In this work,

to be consistent with the literature and the vocabulary commonly used in materials science, we use
the word "drug" to designate only the active ingredient.

a. Drugincorporation into chitosan matrices
The hydrogels, washed from NaOH were loaded with the drug by immersing in 100 mL of 0.5
g/L Dex-P for 3 days or 450 mL of 0.5 g/L of AAP for 10 days under magnetic stirring at 100 rpm. For
AAP impregnation, the solution was replaced by a fresh one after 48h. These drugs are well soluble in
water, poorly soluble in ethanol and insoluble in CO; [3].
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b. Aerogels and cryogels’ drug loading capacity and specific loading
The drug loading efficiency (DLE) and the drug loading capacity (DLC) were calculated as
follows:
Actual drug dose (g) IL.10

[ = x
DLE (%) Theoretical drug dose (g) 100

Actual drug dose IL.11
DLC (%) = 9.dose (9) 14
Sample mass (g)
The theoretical drug dose was determined as the corresponding amount of drug when the

concentration of drug inside the sample and the one of the impregnation media are at the equilibrium.

2.2.15. Invitro drug release experiments

AAP release was performed in sink condition in 500 mL of PBS at pH 7.4 and 8.9 at 30°C with a
magnetic stirring of 100 rpm. This temperature was selected in accordance with the skin temperature
to perform the release at conditions close to the application. These two values of pH were selected as
the pH of a chronic wound decreases from 8.9 (inflammation stage) to 7.2 (healing stage) [4—6]. The
dried gel was placed in a tee-ball and immersed in the AAP solution and the release was followed by
UV until constant concentration. The gel was then crushed with mortar and pestle in 20 mL PBS
solution and placed in a sonicated bath for 30 min to ensure a complete release. After filtrating with a
regenerated 0.45 um nylon filter, a last UV measure was performed to quantify any traces of trapped
drug.

Release kinetics of the AAP were followed using a Scanning Spectrophotometer UV-1800
UV/Visible (Shimadzu) coupled with a Peristaltic Sipper Pump 206-23790-91 (Shimadzu) and a Sipper
Unit 160C (Shimadzu) with glass cell presenting an optical path length of 10 mm. Every 10 min a
spectrophotometric measurement from 200 to 800 nm was performed on a freshly collected solution
which was put back in the bath after the measurement. The molar extinction coefficient has been
determined to be 35.72 g/L at pH 7.4 and 33.22 g/L at pH 8.9 for AAP at 30°C. The curves are shown in
Figure 11.9.

1.8 + B Absorbance pH 7.4 N
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16 B
=) y=135,72x - 0,0036
$1 41 f
[
o
c
3
G 1.2 B
(%2}
Qo /
< /" y=33,223x-0,0179
1.0} e -
,/'//
08+ o -
1 1 1
0.02 0.03 0.04 0.05

[Asc 2P] (mg/mL)

Figure 11.9: Calibration curves at 260 nm of ascorbic acid 2-phosphate dissolved in PBS at 30°C. Straight lines are linear
regressions of the data
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The release of Dex-P was performed at the Division of Pharmaceutics of Utrecht Institute for
Pharmaceutical Sciences (UIPS) in Utrecht University at Utrecht in The Netherlands. First, the
calibration curve to be used for the determination of Dex-P concentration in the release bath
(phosphate buffered saline, PBS) was established using an Acquity ultra high-performance liquid
chromatography system (Waters Corporation, Milford, USA) operated by Empower software (Version
3-FRS, Waters Corporation). A BEH C18 column was used at 50°C. The injection volume was 10 pL, with
25 %ACN/75 % MilliQ water as eluent, acidified with 0.1% perchloric acid to yield pH 2.2. The run time
was 5 min, the retention time 0.6 min and the flow rate 1 mL/min. The wavelength was 254 nm. The
peak area was plotted as a function of the known Dex-P concentration (Figure 11.10).

Dex-P release kinetics was monitored under sink conditions in 150 mL of PBS under magnetic
stirring at 100 rpm at 30°C and at pH 7.4 or 8.9. The sample was placed in a tea-bag and immersed in
release medium. 1 mL of the release medium was taken out regularly and replaced by 1 mL of fresh
medium; the dilution was taken into account when calculating the Dex-P concentration. The release
was followed until no evolution of the concentration occurred for several hours. Then, the sample was
crushed with a mortar and pestle and dispersed in 20 mL PBS solution. The dispersion was sonicated
for 30 min to ensure a complete release of the drug from the sample, filtered through a 0.22 um
cellulose acetate filter and the Dex-P concentration was determined using the calibration curve. As no
drug remained in the chitosan matrix, the Dex-P concentration in the matrix before release was
considered to be the one obtained after complete release. All measurements were performed in
duplicate.
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Figure 11.10: Calibration curves (absorbance at 254 nm) for dexamethasone phosphate dissolved in PBS. Straight lines are
linear regressions of the data.

2.3. Biological in vitro tests

2.3.1. Sample preparation
Two cell lines were used, the Human Dermal Fibroblasts (HDF) cell lines at passages 2 and 3
(GIBCO, C-013-5C) and the murine fibroblasts (L929) (ECACC 85011425). The cells were maintained in
DMEM (Sigma Aldrich, D6546) supplemented with foetal bovine serum (5%, v/v) (Gibco, 10270106),
glutaMAX 1X (Gibco, 35050061) and 1% penicillin/streptomycin (Sigma Aldrich, P0781) at 37°C in a
humidified atmosphere containing 5% CO,. All tests, except cytotoxicity assay, were performed with
aerogel extracts made as followed. Aerogels made from 5%wt/v chitosan solution and dried in ethanol
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were used for all the biological tests. The samples were decontaminated with UV-C irradiation at
A =254 nm for several minutes. Extraction was done in a complete cell culture medium at 37°C under
stirring for 3 days and filtrated to remove the aerogel pieces.

2.3.2. Cytotoxicity tests

Cytotoxicity was evaluated on, HDF and L929, using CellTiter Glo assay (Promega G7571).
Extracts of unloaded chitosan were used to perform this test. The extraction ratio was done at 0.1
g/mL for 72h following NF EN 1SO 10993 parts 5 and 12 guidance (2010 and 2021 respectively).
Negative RM-C was high density polyethylene film and positive RM-A was a polyurethane film
containing 0.1% zinc diethyldithiocarbamate supplied as reference materials by Hatano Research
Institute, Food and Drug Safety Center, Japan. Cells were seeded at 1.10% cells per well (96-well plate)
and allowed to adhere overnight. Then extracts were added to L929 and HDF cell monolayers and
incubated for 24h at 37°C under a humidified atmosphere with 5% CO,. An equivalent volume of
CellTiter Glo was added to each well, and the luminescence was measured using CLARIOstar (BMG
LABTECH) plate reader after 10 minutes of incubation.

2.3.3. Collagen detection

The AAP concentration in the aerogel extracts was measured in a UV spectrophotometer and
diluted to the concentrations determined by experiments detailed in Supporting Data (Figure 11.11).
Cells were plated without serum in a 96-well plate in amount of 1.10* cells per well and allowed to
attach overnight. Chitosan extracts and free AAP at 100, 300, 500, and 750 pg/mL were added to the
wells. Medium without drug was used as a control. Collagen was detected at the different steps of its
secretion after 6 and 13 days: insoluble extracellular collagen via Direct Red 80 (Sigma Aldrich,
365548), and extracellular soluble collagen via sircol assay (Biocolor, S5000). For each assay, cell
number quantification was performed using PrestoBlue (Invitrogen, P50201). The reactant was added
into each well at 10% in complete growth medium and the fluorescence at 590 nm was measured using
CLARIOstar (BMG LABTECH) plate reader after 45 minutes incubation. Briefly, after cell fixation with
paraformaldehyde 4% for 30 minutes, 0.1% direct red 80 solubilized in picric acid saturated 1.3% was
applied for 30min then washed with acetic acid 0.5M and NaOH 0.1N was applied, finally the
absorbance was measured after 15 min at 550nm. Sircol assay started with extraction and isolation of
collagen, Sircol dye reagent was added to bind with the collagen and precipitate. After de-binding the
dye, washing sodium hydroxide was added and absorbance was measured at 555 nm.
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Figure 1.11: Intracellular collagen detection after AAP treatment at 6 days (red) and 9 days (bleu) on HDF P4 fibroblasts
seeded at 10 000 cells/well with 5% of FBS (FBS starvation 24h before treatment).

2.3.4. Scratch test

Scratch test was performed in a 24-well plate after cells seeding at 2.5.10* cells per well and
allowed them to attach and grow until confluence was reached. When the desired confluence is
reached, a linear scratch was made in each well with the tip of a micropipette. After 24h, chitosan
extracts and free AAP at 100, 350, and 750 pg/mL were added to the wells. Medium without drug and
extract of unloaded aerogels were used as a control. Pictures of each well were taken over the time,
and the width of the scratch was measured with Imagel software. Each point on the graph count
between 80 to 90 measurements.
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List of abbreviations:

Ce: coagulation coefficient obtained from DMTA data in MPa?/s

DMTA: Dynamic mechanical thermal analysis

E: Elastic modulus obtained by DMTA measurements

G’: Elastic modulus or storage modulus obtained by rheological measurements
G”": Viscous modulus or loss modulus obtained by rheological measurements
L: coagulated width

w: Angular frequency (rad/s)
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Introduction

Coagulation is an important step in the preparation of precursors of porous dry materials. It
allows to transform a solution into a polymer network. It is thus critical to control and understand
coagulation in order to have a better control over the final structure of the material. To induce
coagulation of polysaccharides, a mixture of solvent/non solvent can be placed on top of the polymer
solution leading to a non-solvent induced phase separation, also called immersion-precipitation [1].
The solubility of the polymer decreases with the increase of the non-solvent proportion leading to a
porous network for bio-based polymers. Indeed, synthetic flexible polymers often collapse during this
step as their chains lack rigidity.

The network morphologies obtained via non-solvent phase separation are more or less
well understood [2—8], but not much is known about coagulation kinetics [9-11] and very few papers
report on this topic. Enache et al. [9] followed the NaOH induced coagulation of chitosan via recording
the hydrogel volume and the thickness of the coagulation front. Smith et al. [10] looked at the radial
progression of the coagulation front on a gelled rod of cellulose. Knaul and Creber [11] extruded a
chitosan solution into a different coagulation baths (NaOH, NaOH/ethanol, NH,OH, NasPO,4, KOH, LiOH)
at different temperatures. After different coagulation times, the coagulated rods were removed from
the solution, frozen in liquid nitrogen and the cross-section of the sample was observed microscope to
measure the width of the coagulated layer. But to the best of our knowledge, the evolution of the
mechanical properties during the coagulation has not been investigated yet.

In the present work, for the first time, we looked at the coagulation kinetics of chitosan
solutions via the evolution of the mechanical properties and compared these data with coagulation
kinetics followed by an optical camera. We also analyzed the influence of the chitosan concentration
on the coagulation.

This study was performed in view of processing polysaccharide-based solutions, for example
by additive manufacturing. Indeed, coagulation leads to a structuration of the network inducing
specific morphology and drastically modifying the macro- and microscopic aspect of the gel and the
mechanical properties. The evolution of these mechanical properties plays a critical role when polymer
processing and coagulation occur at the same time. For example, during additive manufacturing,
control over the coagulation kinetics may help to overlay polymer layers without crushing the bottom
layer and without having independent coagulated layers. This study may therefore help in the rational
design of e.g., polysaccharide-based bio-inks.
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Résumé

La coagulation est une étape importante dans la préparation des précurseurs de matériaux
poreux secs. Cette étape permet de passer d’une solution a un réseau de polymere. Il est crucial de
comprendre et maitriser ce processus afin de pouvoir mieux contréler la structure finale du matériau.
Pour coaguler les polysaccharides, un mélange de solvant/non-solvant peut étre déposé a la surface
de la solution de polymeére menant a une séparation de phase induite par le non-solvant, aussi appelée
immersion-précipitation [1]. La solubilité du polymére diminue avec I'augmentation de la proportion
de non-solvant conduisant a un réseau poreux pour les polymeéres biosourcés. En effet, les polyméres
synthétiques flexibles s’écrasent généralement durant cette étape a cause du manque de rigidité des
chaines.

La morphologie du réseau obtenu par la séparation de phase induite par le non-solvant est
plus ou moins bien comprise [2—8], mais la cinétique de coagulation est peu connue [9-11] et tres peu
d’articles abordent ce sujet. Enache et al. [9] a étudié la coagulation du chitosane induite par I'ajout
de soude en suivant I’évolution du volume de I’hydrogel et I'épaisseur du front de coagulation. Smith
et al. [10] a observé la progression radiale du front de coagulation sur un baton de cellulose gélifiée.
Knaul et Creber [11] ont extrudé une solution de chitosane dans des bains de coagulation de
différentes natures (NaOH, NaOH/ethanol, NH,0OH, NasPO,, KOH, LiOH) a différentes températures.
Apres différents temps de coagulation, les batons coagulés étaient sortis de la solution et gelés dans
I'azote liquide puis la section du baton était observée au microscope pour mesurer I'épaisseur de
polymeére coagulé. Cependant, d’apres nos connaissances, I'évolution des propriétés mécaniques au
cours de la coagulation n’a pas encore été étudiée.

Dans ce chapitre, pour la premiere fois, nous avons suivi la cinétique de coagulation des
solutions de chitosane par le biais de I'évolution des propriétés mécaniques et nous avons comparé
ces données avec celles obtenues via caméra optique. Nous avons également analysé I'influence de la
concentration de chitosane sur la coagulation.

Cette étude a été réalisée afin de mettre en forme la solution de polysaccharide, par exemple
par fabrication additive. En effet, la coagulation mene a une structuration du réseau qui induit une

morphologie spécifique et modifie drastiquement les aspects macro et microscopique du gel et ses
propriétés mécaniques. L'évolution de ces propriétés mécaniques joue un rdle important lorsque la
mise en forme du polymére et la coagulation se déroulent en méme temps. Par exemple, pendant un
procédé de fabrication additive, un contrdle poussé de la cinétique de coagulation devrait aider a
superposer les couches de polymeéres sans écraser les couches inférieures, ni avoir des couches
indépendantes les unes des autres. Cette étude peut donc aider a la conception rationnelle d’encre a
base de polysaccharide.
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1. Coagulation recorded by optics

An example of the evolution of the width L of coagulated layer in time is shown in Figure Ill.1
for a droplet of 6% wt/v chitosan solution (see details of the experimental set-up in chapter 11.2.2.11).
Similar images were obtained for the droplets of other dimensions and other chitosan concentrations.
The chitosan solution is transparent, and the coagulated layer is optically dark as in reality it is opaque.
This layer consists of coagulated chitosan macromolecules assembled in a 3D network with NaOH-
water in the pores. The total surface of the droplet did not change during the experiment within the
experimental errors (Figure I11.2); this correlated well with practically no volume shrinkage of chitosan
during coagulation in NaOH-water of various NaOH concentrations [9,12].

Figure Ill.1: Example of the evolution of the coagulated phase in a droplet of 6% chitosan solution coagulated with 4M NaOH
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Figure 111.2: Examples of the evolution of the droplet area during the coagulation performed with 4M NaOH follows by
optical approach

Figure 111.3 shows the dependence of the width L of coagulated layer on time for droplets of
the same chitosan concentration, 3 %wt/v, but of different sizes. Larger is droplet diameter, longer is
total coagulation time, as expected (Figure 1ll.3a). Each curve has three regions: a) an initiation region
with a high coagulation rate which decreases in time, b) the second region with approximately constant
rate and c) “acceleration” region at the end of coagulation. The same trend was obtained for all
coagulating chitosan solutions of other concentrations.
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Figure 11l.3: Evolution of the width of coagulated layer as a function of time for droplets of various dimensions for 3%wt/v
chitosan solution coagulated with 4M NaOH: total droplet surface 0.61 cm? — radius 0.44 cm (1), surface 0.71 cm? — radius
0.49 cm (2) and surface 1.1 cm? — radius 0.62 cm (3)

The first two regions are typical for diffusion-controlled processes (here, NaOH-water diffusion
inside chitosan solution and coagulating chitosan) and have been reported for various coagulating
synthetic and natural polymers [9,13—17]. Fick approach (Equation 1ll.1) can be used until 60% of
coagulation, an example for each concentration is shown in Figure Ill.4a. What is different is the final
“acceleration” region which was not reported for coagulating chitosan solution [9] but shown for
cylindrical filaments of coagulating acrylonitrile/vinyl acetate copolymer [17] and for the diffusion of
Na,S;03 into gelatin/starch gels with iodine or copper ions into cellulose xanthate [18]. In fact, this
acceleration region is due to the geometry of the sample: the increase of the width of coagulated layer
is accompanied by a continuous decrease of the inner interface between the coagulated and non-
coagulated phases (or of the area of coagulating front). The upward trend of the displacement of
coagulation front vs time at the end of coagulation for an infinite cylinder was demonstrated
experimentally and confirmed theoretically by Paul [17]. No acceleration was reported for sample
geometry approximated, for example, by an infinite plane in which the area of coagulating front
remains constant during the whole process [9,13—-15].

Fick law: L;/Lpyq, = K X %5 1.1
where L is the width of coagulated layer at time t, Lmax the radius of the droplet, K the diffusion
coefficient and t the time. The diffusion coefficient K was plotted as a function of the chitosan
concentration on Figure lll.4b and a proportional evolution of this coefficient was observed. This
coefficient only considers the diffusion of the molecules but not the effects of chain organization nor
the effects of NaOH concentration.
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Figure I11.4: (a) Evolution of the normalized width as a function of time®> for all concentrations. The dark lines are the linear
regressions of the curves up to 60% of coagulation, the R? for each line is indicated on the graph. (b) evolution of the diffusion
coefficient as a function of the chitosan concentration. The red line is a linear regression, its equation is written on the graphic.

In addition to the geometrical considerations, the acceleration of coagulation layer width may
be explained by “squeezing-out” the solvent of the minor liquid phase (10 to 20% of the total droplet
diameter) by the increasing “dominating” gel-like coagulated phase, thus accelerating the expulsion of
the rest of the solvent. The expulsion of the solvent is visible at the interface between NaOH and the
coagulated chitosan. The coexistence of different chitosan states in the same droplet, dissolved and
coagulated, could induce the development of internal stresses. This is what was recorded when
observing a coagulating chitosan droplet between crossed polarizers (Figure 111.5): a birefringent layer
corresponding to coagulated chitosan appears with a sequence of colors. The latter correspond to
highly oriented polymer chains. It is supposed that the colors are induced by the stresses at the
interfaces of different phases and different level of stress are visible as the color is not the same
depending on the interface: green for the interface NaOH/chitosan coagulated and red for the
interface between coagulated and uncoagulated chitosan. A similar phenomenon was reported for
sodium polyacrylate microgel particle swelling and contracting in polyvalent metal salt aqueous
solutions: a birefringent layer (sodium polyacrylate crosslinked by metal ions) was formed on the
surface of a microgel [19,20]. After 24 h of chitosan coagulation the colors in the coagulated area
remain and a Maltese cross is visible at the center of the droplet, indicating that stresses are still
present. A similar result was observed for cellulose coagulated in ionic liquid by Plappert et al. [21].

(c) Coagulated

Coagulated &
chitosan

chitosan

Chitosan

solution

Figure I11.5: Images of coagulating chitosan droplet between crossed polarizers. (a) Before the addition of 4M NaOH, (b)
coagulated layer on the surface of chitosan solution droplet, (c) zoom on the birefringent zone in chitosan solution and (d)
Maltese cross observed in the center of the droplet after coagulation
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2.  Coagulation followed by DMTA

Chitosan coagulation was also probed by following the evolution of the elastic modulus E as a
function of time for different chitosan concentrations, see Figure Ill.6a (the details of experimental set-
up are provided in chapter 11.2.2.10.c). With the progress of coagulation, the modulus increases until
it stabilizes to a plateau. The modulus at plateau is plotted vs chitosan concentration in Figure Ill.6b.
As expected, higher is the chitosan concentration, higher is the plateau modulus. The evolution of the
plateau modulus as a function of chitosan concentration C was approximated with a power law E~C"
with n = 2.3. For gelling polysaccharides, the elastic modulus is usually proportional to polymer
concentration in power 2 [22]; for gelling cellulose dissolved in 8% NaOH-water the exponent varies
from 2 to 3.6 [23]. For solid open pores materials such as foams n =2 [24-27], and for inorganic and
organic aerogels n varies from 2 to 4 [1]. Despite that in the case studied here chitosan is a network of
coagulated polymer with non-solvent in the pores, the exponent correlating the elastic modulus and
polymer concentration fits well the prediction for polysaccharide gels.
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Figure I11.6: (a) Examples of the modulus evolution as a function of the time during the coagulation of chitosan solutions by
4M NaOH of different concentrations (%wt/v) and (b) elastic modulus at plateau as a function of chitosan concentration.

Following the approach similar to the optical part, Fick equation was applied until 60% of the
normalized modulus, as shown on Figure Ill.7. All the curves are superimposed with an exception for
8% wt/v chitosan solution. This difference may be induced by the initial concentration of chitosan being
higher than the entanglement concentration as shown with the rheology data on Figure 111.8. On Figure
I11.8A (3wt% chitosan solution), the elastic G’ and viscous G” moduli obtained from dynamic rheological
experiments reasonably well follow the Maxwell approach at low frequency with G'~w? and
G"'~w. The Figure 111.8B (6% solution) and C (7% solution) show the deviation from this approach and
on Figure 111.8C, G’ is overlapping G” with almost the same power law dependence on frequency. It
indicates either solutions are gelling or the chains become strongly entangled. In the view of the
difference in the rheological response of chitosan solutions that undergo coagulation and complexity
of the phenomenon, further analysis using Fick approach was not performed.
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Figure Il.7: Evolution of the normalized modulus as a function of time%> for all concentrations. The dark lines are the linear
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Figure I11.8: G’ (grey) and G” (red) at 20 °C for (A) 5%wt/v solution and (B) 6%wt/v solution of 600K and (C) 7%wt/v solution.
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To further analyze the data obtained with DMTA, a theorical modulus was determined by
interpolation of the modulus curves as a function of the time by the following function

E=,CgXt I1I1.2
with Ce a “coagulation coefficient”. The fit with experimental data was performed up to 70% of plateau
moduli value. The Figure Ill.9a shows the experimental curve and the calculated one are well
superposed. Ce increases with the chitosan concentration (Figure 111.9b). It is increasing as the chains
are closer, resulting in a faster coagulation.
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Figure 111.9. (a) Comparison of the modulus as a function of time obtained experimentally (close points) and by interpolation
(open points) up to 70% of the maximum modulus according to eq. I11.2. (b) Coagulation coefficient Ce as a function of the
chitosan concentration.

3.  Discussion

The coagulation of chitosan was followed by two methods: by optics based on the contrast
between the coagulated and solution phases and by DMTA based on the evolution of the elastic
modulus. These two processes are compared in Figure I11.10 for 8% solutions by plotting the normalized
modulus E(t)/Emax and normalized coagulated width L(t)/Lmax as a function of time. The maximum of
coagulation is reached faster when followed by optical method than by DMTA: the deviation occurs
when “acceleration” (final) phase starts on the optically followed coagulation (recall Figure 3.2). As
explained in Section 1, the “acceleration” phase in L(t)/Lmax is due to sample spherical geometry; visual
observations thus do not coincide with E(t)/Emax recorded by DMTA which provides modulus value
averaged over the sample. Thus, despite a visual complete coagulation, the chains are still being
organized improving the mechanical response of the network.
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Figure 111.10. Normalized modulus (1) and normalized coagulated width (2) as a function of time for 8%wt/v chitosan
solution.

Next, using the evolution in time of the normalized width L(t)/Lmax and approach developed in
the work of Paul et al. [17] on coagulation during wet spinning, an equation 1ll.3 correlating elastic
modulus and L(t)/Lmax was derived:

A L() ?
Epredicted (MPa) = C"X Emax X (ln< + 1)) I11.3

max

with Emax = 9.63 MPa, A = 1.97 and B = 2.30 being the optimized parameters obtained with the least
squares method, and C the chitosan concentration in g/mL. This calculated elastic modulus fits
reasonably well the experimental data as shown in Figure I11.11.
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Figure Ill.11: Experimental modulus (closed points) recorded during coagulation and predicted modulus (open points) for
different chitosan concentrations.
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Conclusions

The kinetics of coagulation of chitosan solution was studied via observations of the coagulation
front in a circular droplet and by the evolution of the elastic modulus. The influence of chitosan
concentration was observed. Optical observations show 3 phases during the coagulation: an initiation
phase, a phase with more or less constant coagulation speed and an acceleration phase due to the
geometry of the sample. Larger droplet volume increases the whole duration of coagulation, as
expected. The acceleration phase was not observed during the DMTA analysis as the elastic modulus
is averaged over droplet volume. For both methods a higher chitosan concentration results in an
increased coagulation rate probably thanks to a closer chain proximity. For the optically followed
coagulation, Fick approach was shown to be applicable for the first 60-70% of the whole coagulation
process. For DMTA-followed coagulation, a coagulation coefficient was introduced.

Lastly, we were able to predict the evolution of the elastic modulus in time using the data
obtained from the optical observations. This prediction opens the way to a better control of the
mechanical properties of a system when processing and coagulation occur at the same time and thus,
for example, a better control during additive manufacturing.
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List of abbreviations:

DIC: Digital image correlation
DMTA: Dynamical mechanical thermal analysis
DT: drilled tube

Ea: Activation energy

FzD: Freeze drying

RH: Relative humidity

S/E: Solvent exchange

Sc: supercritical

ScD: Drying with supercritical CO,
SEM: Scanning electron microscopy
SWE: Simulated wound exudate
UDT: Undrilled tube

XRD: X-ray diffraction
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Introduction

A porous 3D biomaterial can be generated by removing the solvent from a “wet” polymer
network. The properties of the porous material depend greatly on the drying method of the precursor
[1,2]. Aerogels are obtained via drying under supercritical (sc) conditions, most often using sc CO..
Since no liquid-vapor meniscus exists under sc conditions, capillary pressure, which usually leads to
collapse of pore walls under ambient pressure drying, are no longer acting. The structure of the gel is
therefore theoretically kept intact, leading to a nanostructured material with high porosity and high
internal pores’ surface area. This is in contrast with freeze-drying (for simplicity we will call such
materials cryogels), where the growth of ice crystals may distort the network structure and lead to the
formation of larger pores and a lower internal surface area. Aside few exceptional cases such as
silylated silica gels, materials obtained via ambient pressure or vacuum drying, so-called xerogels, often
have a high density and low porosity due to the collapse of pore walls. Both aerogels and cryogels
possess specific properties in terms of density, morphology, pore size distribution and surface area.
The understanding of processing-structure-properties correlations is therefore essential for matching
the requested application.

Several examples of porous chitosan-based biomaterials, including cryogels and aerogels, exist
in literature, as reviewed recently [3,4]. For example, pH-responsive chitosan [5] and hybrid chitosan-
cellulose-graphene oxide [6] cryogels were developed for drug delivery applications. Drug-loaded
chitosan aerogel particles prepared via the dropping [7] or jet cutting method [8] were suggested for
wound healing applications.

In order to obtain chitosan aerogels or cryogels, various approaches exist. In all cases chitosan
is first dissolved, usually in acidic medium. In order to form a network, chitosan can then be either
crosslinked via its amino groups (using formaldehyde [9], urea [10], glutaraldehyde [11] or sodium
tripolyphosphate [12]), or directly coagulated in a non-solvent (for example, in a basic solution). In the
latter case non-solvent induced phase separation (or immersion precipitation) occurs: chitosan forms
a network with non-solvent in the pores. The structure obtained mainly depends of the ratio of the
rate of solvent “out” over the rate of non-solvent “in” as demonstrate for cellulose [13—-17] and of the
coagulation orientation [18] between the polymer solution and the non-solvent. Many articles studied
the structure formation and evolution of crosslinked chitosan [11,19,20], but no work has been done
on the coagulation orientation and its effect on chitosan aerogels properties.

To use drying with sc CO,, the liquid in the pores of a network (crosslinked or not) must be
miscible with CO,, and thus solvent exchange step is often applied. Quignard et al. used the non-
solvent induced phase separation method for the preparation of chitosan beads in NaOH-water; NaOH
was then removed by washing the beads in water followed by exchange of water to ethanol and sc
CO; drying, resulting in chitosan aerogel beads [21]. The same approach was used in refs. [7,8].
Chemical crosslinking is supposed to lead to better mechanical properties and a more homogeneous
network structure [11], but the use of toxic crosslinkers (e.g. glutaraldehyde) may lead to adverse
effects in biomedical applications.

In the vast majority of publications only one method of drying is used for the preparation of
the chitosan porous material, which impedes the in-depth understanding of processing-structure-
properties correlations of chitosan porous materials. To the best of our knowledge, only two articles
compare the properties of sc dried and freeze-dried chitosan starting from the same precursor, and in
both cases chitosan was crosslinked. Obaidat et al. prepared sc CO; and freeze-dried beads based on
chitosan crosslinked with sodium tripolyphosphate [12]. The specific surface area of aerogels was 70 —
100 m?/g and for cryogels it was not detectable. Takeshita et al. made sc CO, and freeze-dried (from
water and from tert-butanol) chitosan crosslinked with formaldehyde and reported a much higher

102



Chapter IV. Tuning properties of chitosan aerogels and cryogels

value for the specific surface area of aerogels, almost 500 m?/g. For the cryogel, as in the case above,
the surface area was not detectable [19].

The structure can also be modified after drying with for example the humidity uptake. Aerogels
are known to be highly sensitive to humidity [22] due to the small pore size leading to water
condensation or important capillary forces like for silica aerogels [23]. The hygroscopicity inherent of
biobased polymers increases this sensibility, changing the morphology or the mechanical properties.

The first part of this chapter is devoted to the understanding of the influence of drying
conditions (freeze-drying versus sc drying) on the structural and physico-chemical properties of non-
crosslinked chitosan porous materials starting from the same chitosan precursor. We also analyzed the
influence of chitosan and NaOH concentrations in the coagulation bath, of aging time and of the non-
solvent used during solvent exchange. In the view of potential biomedical applications of these porous
chitosan materials, the absorption of simulated wound exudate was evaluated. In a second part,
mechanical characterization of the sample was performed and an analysis of the influence of humidity
on the mechanical properties of aerogels and the structure modifications induced were assessed by
dynamic mechanical thermal analysis (DMTA). The influence of the coagulation direction was
evaluated, and the resulting anisotropy of the samples characterized for non-crosslinked chitosan
aerogels.
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Introduction (FR)

Un biomatériau poreux est obtenu en retirant le solvant d’un réseau de polymére humide. Les
propriétés des matériaux poreux dépendent grandement de la méthode de séchage du précurseur
[1,2]. Les aérogels sont obtenus via séchage en condition supercritique (sc), en utilisant le plus souvent
du CO, supercritique. Sous conditions supercritiques il n'y a pas d’interface liquide/gaz, la tension
superficielle qui entraine un écrasement des pores lors du séchage a pression ambiante, n’existe plus.
La structure du gel est donc en théorie gardée intacte, donnant un matériau nanostructuré avec une
haute porosité et une grande surface interne des pores. C’'est en contraste avec la lyophilisation (par
simplicité, les matériaux obtenus par cette méthode sont appelés cryogels), ol la croissance des
cristaux de glace peut déformer le réseau et mener a la formation de pores plus larges et a une surface
de pore interne plus faible. Les matériaux séchés a pression ambiante ou sous-vide sont appelés
xerogels, ils ont souvent une haute densité et une faible porosité a cause de I'écrasement des pores.
Les aérogels et cryogels possedent des propriétés particulieres en termes de densité, morphologie,
distribution des tailles de pores et surface spécifique. Il est crucial de comprendre la relation entre le
procédé de fabrication, la structure obtenue et les propriétés du matériau afin de répondre aux
exigences des applications.

Le chitosane est un polymere semi-naturel qui peut étre obtenu apres dé-acétylation de la
chitine extraite des coquilles de crustacées. C’est un polymere cationique composé de D-glucosamine
et de N-acétyle-D-glucosamine lié par des liaisons glycosidique en B (1->4). Grace a ses propriétés
antivirales, antibactériennes et antifongiques ainsi que sa biocompatibilité, le chitosane est
fréquemment employé pour des applications biomédicales comme les pansements et systeme de
libération de médicament [24—-26]. Plusieurs exemples de biomatériaux poreux a partir de chitosane,
incluant des cryogels et aérogels, existent dans la littérature comme le montre de récentes revues
[3,4]. Par exemple, un chitosane sensible au pH [5] et un cryogel hybride composé de chitosane,
cellulose et oxyde de graphéne [6] ont été développés pour de la libération de principe actif. Des
particules d’aérogels de chitosane chargée en médicament ont été préparées par goutte-a-goutte [7]
ou jet cutting [8] et proposées pour la cicatrisation de plaies.

Pour obtenir des aérogels ou cryogels de chitosane, différentes approches existent. Dans tous
les cas, le chitosane est dans un premier temps dissout, habituellement dans un milieu acide. Pour
obtenir un réseau, le chitosane peut étre soit réticulé par le biais de ses groupes amines (en utilisant
du formaldéhyde [9], de I'urée [10], du glutaraldéhyde [11] ou du sodium tripolyphosphate [12]), ou
directement coagulé dans un non-solvant (par exemple en milieu basique). Dans le dernier cas une
séparation de phase induite par la présence de non-solvant (ou immersion précipitation) a lieu : le
chitosane forme un réseau et le non-solvant se situe dans les pores. Pour utiliser le séchage avec le
CO; sc, le liquide dans les pores du réseau (réticulé ou non) doit étre miscible avec le CO,, une étape
d’échange de solvant est donc souvent nécessaire. Quignard et al. a utilisé la méthode de séparation
de phase induite par le non-solvant pour la préparation de billes de chitosane dans une solution de
NaOH-eau ; la soude était enlevée des billes par de I'eau suivit par un remplacement de cette derniére
par I'’éthanol puis un séchage au CO; sc, donnant des billes d’aérogels de chitosane [21]. Une approche
similaire a été utilisée dans les références [7,8]. La réticulation chimique est censée donner de
meilleures propriétés mécaniques et une structure plus homogéne [11], mais 'utilisation de réticulants
toxiques (comme le glutaraldéhyde) peut entrainer des effets indésirables pour les applications
biomédicales.

Dans la plupart des publications seul une méthode de séchage est utilisée pour la préparation
de chitosane poreux, ce qui limite la compréhension de la corrélation entre procédé, structure et
propriétés des matériaux poreux a base de chitosane. D’apres nos connaissances, seuls deux articles
comparent les propriétés d’aérogels et cryogels de chitosane obtenus a partir du méme précurseur,
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mais dans chaque cas le chitosane était réticulé. Obaidat et al. ont préparé par séchage supercritique
et lyophilisation des billes a partir de chitosane réticulé avec du sodium tripolyphosphate [12]. La
surface spécifique des aérogels était de 70 — 100 m?/g, cependant celle des cryogels n’était pas
détectable. Takeshita et al. ont obtenu des aerogels et cryogels par séchage supercritique ou
lyophilisation (depuis I'eau ou du tert-butanol) de chitosane réticulé avec du formaldéhyde et ont
reporté une valeur de surface spécifique tres supérieure aux précédentes, presque 500 m?/g. Pour les
cryogels, comme dans le cas précédent, la surface spécifique n’était pas détectable [19].

La structure peut étre modifiée apres séchage avec par exemple I'absorption d’eau liée a
I’humidité ambiante. Les aérogels sont connus pour étre tres sensibles a I’'humidité [22] a cause de la
faible taille des pores induisant une condensation de I'eau menant a des forces capillaires importantes
comme pour les aérogels de silice [23]. L’hygroscopie inhérente aux polymeres biosourcés augmente
cette sensibilité, changeant la morphologie ou les propriétés mécaniques.

Cette étude présente pour la premiere fois I'influence des conditions de séchage (lyophilisation
versus séchage supercritique) sur la structure et les propriétés physico-chimiques du chitosane poreux
non réticulé a été étudiée a partir du méme précurseur. Nous avons aussi analysé l'influence du
chitosane, de la concentration de NaOH dans le bain de coagulation et du temps de coagulation mais
également du solvant utilisé pour le séchage supercritique. Dans l'optique d’une potentielle
application biomédicale de ces matériaux poreux, I'absorption d’exsudat simulé de plaie a été évaluée.
Dans un second temps, la caractérisation mécanique des matériaux obtenus a été réalisée et les
modifications de structure induites ont été étudiées par analyse mécanique dynamique en
température (DMTA). D’aprés nos connaissances, c’est la premiére fois que I'influence de la direction
de coagulation et I'anisotropie en résultant a été évaluée pour les aérogels de chitosane non réticulés.
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1. Physico-chemical properties of chitosan aerogels and cryogels

This part was the subject of a publication: Chartier, C.; Buwalda, S.; Van Den Berghe, H.;
Nottelet, B.; Budtova, T. Tuning the Properties of Porous Chitosan: Aerogels and Cryogels. Int. J. Biol.
Macromol. 2022, 202, 215-223. https://doi.org/10.1016/].ijbiomac.2022.01.042.

The results are presented as follows. First, the determination of the molecular weight and
degree of acetylation of chitosan will be shown. Then, each material property, namely volume
shrinkage, density, porosity, morphology, specific surface area and absorption of simulated wound
exudate (SWE) will be presented and discussed for aerogels and cryogels as a function of various
parameters such as the chitosan concentration, the concentration of NaOH in the coagulation bath,
the aging time and the method of drying. In this part if the solvent used for Sc drying is not stated, it
means it is ethanol.

1.1. Determination of chitosan molecular weight and degree of acetylation
The intrinsic viscosity of chitosan was determined as described in the Methods section [27]
and found to be 4.87 dL/g. The molecular weight was estimated to be around 691 000 g/mol, which is
in the range of the molecular weight given by the manufacturer, 600 — 800 kg/mol.

The degree of acetylation was determined as described in the Methods section [28] and found
tobe 10 £ 2 %.

1.2. Visual appearance of chitosan aerogels and cryogels

Photos of chitosan aerogels and cryogels made under different conditions are presented in
Figure IV.1 Higher is the concentration of chitosan, more stable is the shape of the hydrogel (and of
the corresponding aerogel or cryogel), as seen in Figure IV.1. For example, for 1 % wt/v of dissolved
chitosan coagulated in 4 M NaOH, a fluffy aerogel with no distinct shape was obtained, and no
adequate characterization of this sample was possible. A minimum of 3 % wt/v chitosan is necessary
for the sample to keep the shape of the mold upon coagulation; a similar result was observed for
cellulose aerogels despite that the molecular weight of cellulose was much lower, around 30-35 kDa
[2]. No influence on the aerogel shape of NaOH concentration in the coagulation bath above 1 M was
observed. Below 1 M NaOH, the hydrogel was soft and weak and the corresponding aerogel as well.

1 %wt/v 3 %wt/v 5 %wt/v 7 %wt/v

Aerogels
4M NaOH

[CH] 5 %wt/v

Cryogels
4M NaOH

Figure IV.1: Photos of chitosan aerogels and cryogels.

Top line: aerogels made from solutions of chitosan of various concentrations (1 % wt/v, 3 % wt/v, 5 % wt/v and 7 % wt/v),
coagulated in 4 M NaOH and aged for 24 h, ethanol was used as non-solvent.

Middle line: aerogels from solutions of 5 % wt/v chitosan coagulated in 0.1 M, 1 M and 4 M of NaOH and aged for 24 h, ,
ethanol was used as non-solvent.

Bottom line: cryogels from solutions of chitosan of various concentrations (5 % wt/v, 6 % wt/v, 7 % wt/v and 8 % wt/v)
coagulated in 4 M NaOH and aged for 24 h.
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The cryogels have a similar visual appearance as aerogels (Figure 1V.1), but cracks are visible
along the samples. They were formed during freezing because of the growing ice crystals. At higher
chitosan concentrations, the samples present less cracks and are harder.

Xerogel picture is shown on Figure 1V.2. The xerogel is brownish and partly translucent, with
distorted shape and cracks most probably because of the significant and heterogeneous shrinkage.

Figure IV.2: Photo and SEM image of chitosan xerogel made from 5% wt/v chitosan solution, coagulated in 4 M of NaOH
solution and aged for 24 h.

1.3. Shrinkage during solvent exchange and drying
Volume shrinkage at different steps of the process and total shrinkage (eq. 1.2 in Materials and
Methods) are presented in Figure IV.3 for aerogels and cryogels as a function of the chitosan
concentration in the initial solution (Figure IV.3a), of the NaOH concentration in the coagulation bath
(Figure IV.3b) and of the aging time (Figure 1V.3c). Because of a significant total shrinkage of the
xerogel, around 80%, only one sample was prepared and analyzed. Data known from literature for
chitosan aerogels and cryogels are also shown in Table IV.1 for comparison.
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Figure IV.3: Volume shrinkage during the preparation of chitosan aerogels Sc dried, ethanol was used as a non-solvent,
cryogels and xerogel as a function of:

(a) the chitosan concentration in solution (all samples coagulated in 4 M NaOH and aged for 24 h),

(b) NaOH concentration in coagulation bath (chitosan solution was 5 % wt /v, all samples aged during 24 h) and

(c) aging time (chitosan solution was 5 % wt/v, all samples coagulated in 4 M NaOH). Lines are given to guide the eye.
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Table IV.1: Characteristics of aerogels and cryogels as a function of processing parameters, taken from literature. Density values marked with

porosity, with ps = 1.446 g/cm?3 [7]. FzD: freeze-drying, ScD: supercritical drying.

“*” were calculated from the data reported for

Chitosan Acetic Specific
Molecular NaOH Volume Bulk
concentrat acid Aging Drying Porosity | surface | Absorption
DA weight concentrat shrinkage | density Reference
ion concentrat | time (h) ) method (%) area (%)
(kDa) _ ion (M) (%) (g/em?)
(Yowt/v) ion (m?/g)
2.5 10 200 - 400 1% 0.5 0.1 ScD 55.8 0.046 96.8 360 N.A. [7]
380% of
2.5 10 200 - 400 1% 1 0.1 ScD 533 0.046 96.8 343 [7]
PBSin24h
2.5 10 200 - 400 1% 2 0.1 ScD 52.6 0.049 96.6 386 N.A. [7]
2.5 10 200 - 400 1% 4 0.1 ScD 41.3 0.041 97.2 479 N.A. [7]
2.5 10 200 - 400 1% 10 0.1 ScD 38.3 0.041 97.2 257 N.A. [7]
2.5 10 200 - 400 1% 24 0.1 ScD 35.0 0.042 97.1 324 N.A. [7]
2.5 10 200 - 400 1% N.A. 0.1 FzD 95.9 0.535 63.0 N.A. N.A. [7]
900% of
2 10 200 - 400 1% 1 0.2 ScD N.A. N.A. N.A. N.A. [8]
PBSin24h
2.5 5 200 0.055 M N.A. 4 ScD 60 N.A. N.A. 330 N.A. [21]
1 10 500 0.055 M N.A. 4 ScD N.A. 0.0289* 98 175 N.A. [29]
1 15 350 2% N.A. 1.25 ScD N.A. 0.1605%* 88.9 111 N.A. [30]
1 15 350 2% N.A. 1.25 FzD N.A. 0.0216* 98.3 3.6 N.A. [30]
963% of
1 N.A. 111 0.1 M 12 4 ScD N.A. 0.0488 97.94 301 water in 30 [31]
min
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740% of
1 N.A. 125 0.1 M 12 4 ScD N.A. 0.0569 96.77 262 water in 30 [31]
min
589% of
1 N.A. 294 0.1 M 12 4 ScD N.A. 0.0761 95.89 254 water in 30 [31]
min
483% of
1 N.A. 343 0.1 M 12 4 ScD N.A. 0.0802 96.16 243 water in 30 [31]
min
1 N.A. 250 3% N.A. 1 ScD N.A. 0.090 94 115 N.A. [32]
2 N.A. 250 3% N.A. 1 ScD N.A. 0.112 92 125 N.A. [32]
3 N.A. 250 3% N.A. 1 ScD N.A. 0.137 90 110 N.A. [32]
1365% of
3 N.A. N.A. 1% 12 1 FzD N.A. 0.1414* 90.22 N.A. [33]
water in 24 h
310% of
3 6 440 0.2M 0.5 1 FzD N.A. 0.3326 77 N.A. [34]
PBSin13h
250% of
N.A. 10 100 N.A N.A. N.A. FzD N.A. 0.1446 90 N.A. [35]
PBS in 2h
900% of
2 10 50 1% N.A. N.A. FzD N.A. 0.2169* 85 N.A. [36]
water in 24 h
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During coagulation and solvent exchange, a small volume decrease within 20 % was observed
(Figure IV.3). Polymer chains are supposed to strongly contract when a solvent is replaced by a non-
solvent; this is well known for synthetic polyelectrolyte polymer gels [37]. Interestingly, chitosan is not
shrinking much, most probably because the non-solvent used is an aqueous medium which has a high
affinity for chitosan, and also because of polysaccharide chain rigidity. Rather low shrinkage in a non-
solvent was also observed for cellulose, pectin and high-amylose starch [2,38,39]. Shrinkage during sc
CO;, drying is similar to the one during coagulation and solvent exchange, leading to a total shrinkage
around 30 - 40 % which does not depend on process parameters within the intervals studied and
experimental errors. Neither polymer concentration (Figure 1V.3a), which usually strengthens the
network to better resist the shrinkage [2,39], nor NaOH concentration (above 0.5 M NaOH) (Figure
IV.3b) or aging time (Figure IV.3c) influence shrinkage, within experimental errors. At 0.1 M NaOH,
despite that the amount of NaOH is superior to chitosan cationic groups, shrinkage is heterogeneous
not allowing adequate determination of sample volume, see the photo and SEM image in Figure 1V.4.
We suppose that at low NaOH concentrations the chitosan network was not well “stabilized” during
coagulation and partially collapsed. We hypothesize that the time needed for complete gel
coagulation, which is governed by diffusion and polymer/non-solvent interactions, is an important
parameter influencing shrinkage and aerogel properties. Thus the 0.1 M NaOH concentration will not
be used in the following.

100 um

Figure IV.4: Photo and SEM image of a chitosan aerogel sample made from 5% wt/v of chitosan solution, coagulated in 0.1M
of NaOH and aged for 24 h.

It should be noted that our data follow the trend of shrinkage vs aging time reported in [8]:
higher the aging time, lower the shrinkage with no further dependence when aging is longer than 24
h. In the following, aging time is kept at 24 h. Overall, the shrinkage obtained is moderate compared
to that reported for some chitosan aerogels (Table 1V.1) which can be up to 60 % [7,21] and even 90 %
[19], or for some other bio-aerogels, between 50 — 95 % [21]. However, because of the numerous
parameters involved in the preparation of bio-aerogels (polymer molecular weight, charge and chain
flexibility, solvent pH, ionic strength, way of structure formation (via non-solvent induced phase
separation or gelation induced by crosslinking), type of non-solvent, way of coagulation, etc.), there is
still no clear understanding and control of volume shrinkage, and as a consequence, of aerogel bulk
density (see next section).

Cryogels showed no volume shrinkage during freezing and drying, within the experimental
errors (Figure IV.3a). Lower shrinkage for cryogels as compared to that for aerogels has been reported
for cellulose and starch [2,40]. This is an expected result as in the preparation of cryogels there is no
step of hydrogel immersion in ethanol and in CO,, both being non-solvents of native polysaccharides.
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1.4. Density, porosity, specific surface area and morphology of aerogels and cryogels
Bulk density and porosity of aerogels and cryogels are shown in Figure IV.5a, b and c as a
function of chitosan concentration in the initial solution, NaOH concentration in the coagulation bath
and aging time, respectively. The theoretical density, calculated for a hypothetical case of zero
shrinkage, is also shown for comparison. Bulk density of aerogels was between 0.07 and 0.26 g/cm?3,
similar to the values reported in literature (Table IV.1) [7,8,21,29-32]. The density of aerogels is higher
than the theoretical density due to the volume shrinkage during solvent exchange and drying. The bulk
density of cryogels is lower than that of aerogels when made from the same chitosan concentration in
solution (Figure IV.5), it is between 0.03 and 0.12 g/cm? and is almost equal to the theoretical density
thanks to the negligible volume shrinkage (Figure 1V.3a). As expected, higher is the chitosan
concentration, higher is aerogel and cryogel density and lower is the porosity. The density of chitosan
xerogel is around 1.30 +0.15 g/cm3 and thus porosity is very low, around 10% (Figure IV.5a).
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Figure IV.5: Bulk density (in black) and porosity (in blue) of chitosan aerogels (filled circles), cryogels (filled triangles) and
xerogel (filled square) as a function of:

(a) the chitosan concentration in solution (coagulation in 4 M NaOH, 24 h aging, non-solvent: ethanol),

(b) NaOH concentration in the coagulation bath (5% wt/v chitosan solution, 24 h aging, non-solvent: ethanol)

(c) aging time (5% wt/v chitosan solution, 4 M NaOH, non-solvent: ethanol). Solid lines correspond to theoretical density in
case of no shrinkage.
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Dashed lines are given to guide the eye. If error bars are not seen, they are smaller than the symbol.

The sodium hydroxide concentration does not influence density and porosity of aerogels above
0.5 M NaOH (Figure IV.5b). At 4 M NaOH aging time also does not influence the density and the porosity
(Figure 1V.5c), confirming the observations reported in the literature [7].

The specific surface area of chitosan aerogels varies within 200 — 270 m?/g (Figure 1V.6); it
slightly increases with the chitosan concentration (Figure IV.6a). The values obtained are similar to
those reported in literature (Table 1V.1) [7,8,21,29-32]. An increase in NaOH concentration in the
coagulation bath slightly increases specific surface area (Figure IV.6b).
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Figure IV.6: Specific surface area of aerogels Sc dried with ethanol as non-solvent (filled circles) and cryogels (filled triangles)
as a function of:

(a) chitosan concentration in solution (coagulation in 4 M NaOH, 24 h aging)

(b) NaOH concentration (5 wt% chitosan solution, 24 h aging).

Lines are given to guide the eye.

The surface area of cryogels is much lower, around 50 — 70 m?/g (Figure 1V.6a). The reason is
that pores in cryogels are larger as they constitute the space left by sublimated ice crystals.
Nevertheless, the specific surface area of as-prepared chitosan cryogels is higher than that reported in
literature (few m?/g) [7,8,30,34,35,41], and of cellulose 1l and starch cryogels, being within 10 — 60
m?/g and below 20 m?/g, respectively [2,39].

The density and specific surface area of aerogel obtained from ScD with acetone or isopropanol
as non-solvent are plotted on Figure 1V.7. As observed for the previous materials, the density increases
with the chitosan concentration. The specific surface area remains stable with the increase of the
concentration. With similar densities for aerogels made using ethanol as non-solvent, the isopropanol
and acetone aerogels present lower specific surface area, indicating a larger pore size. SEM images on
Figure IV.7b show entangled chitosan fibers forming meso- and macroporosities.
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Bulk density (g/cm®)

Figure IV.7: (a) Bulk density (in black) and specific surface area (in blue) of chitosan aerogels Sc dried with isopropanol as non-
solvent (filled squares), and aerogels Sc dried with acetone as non-solvent (open squares) as a function of the chitosan
concentration in solution (coagulation in 4 M NaOH, 24 h aging) (b) SEM images of chitosan aerogels from 5%wt/v solution
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with different non-solvents.

The inner morphology of chitosan aerogels and cryogels was studied by SEM, representative
examples for each type of material made from chitosan solutions of the same concentration are shown
in Figure 1V.8 at different magnifications. The morphology depends on the drying technique: larger
pores were obtained with freeze-drying confirming the lower specific surface area of cryogels as
compared to that of aerogels. Similar results have been reported for cellulose Il and starch-based
aerogels and cryogels [2,40,42]. A SEM image of the xerogel morphology (Figure IV.4) shows the

Isopropanol

absence of pores, as expected from its very low porosity.
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[CH] 5% wt/v [CH] 7% wt/v

Aerogels

Cryogels

Figure IV.8: SEM images of chitosan aerogels (top line) and cryogels (bottom line). The chitosan concentration was 5 %wt/v
(left column) and 7 %wt/v (right column). Samples were coagulated in 4 M NaOH, and aged for 24 h. The non-solvent used for
solvent exchange was ethanol.

We roughly estimated the pore size of aerogels and cryogels from SEM images; the results are
shown in Figure IV.9. In both aerogels and cryogels, the pore size is slightly decreasing with the increase
of polymer concentration; the same trend was reported for cellulose aerogels and cryogels [2].
Interestingly, the sizes of the pores in cryogels are rather low, from several hundreds of nanometers
to few microns which is much smaller compared to other non-crosslinked chitosan-based materials
which underwent freeze-drying (pores of several tens up to few hundreds of microns [43]). The smaller
pore size of the chitosan cryogels in the current study compared to many other chitosan freeze-dried
materials can be explained as follows. The size of the pores in a freeze-dried material strongly depends
on the state of the matter before drying. For example, a polysaccharide solution (agarose [44],
hyaluronic acid [45]) can undergo cryogelation during freezing resulting in very large macropores of
several tens of microns. Pores and channels from few to several tens of microns were reported for a
freeze-dried nanocellulose suspension [46]. Freeze-dried ultrasonicated chitosan-alginate, chitosan-
collagen and chitosan-gelatin blends also possess pores of several tens of microns [47]. The evolution
of the morphology of a chitosan network (chitosan solution was dropped in tripolyphosphate solution
for different duration, beads post-crosslinked with ethylene glycol diglycidyl ether and freeze-dried) at
different stages of coagulation was demonstrated in ref. [48]. lonic bonds are formed between
phosphate groups of tripolyphosphate and amine groups of chitosan. At the early stage of coagulation
(or phase inversion), when the network is not yet formed, large pores and channels of several hundreds
of microns were obtained; with the progress of coagulation pores became smaller and channels
disappeared. All examples given above demonstrate that in weak gels the morphology of freeze-dried
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matter is adapting to the shape of growing ice crystals. In our case, the network morphology in the
hydrogel is fixed before freezing as coagulation is completed, and growing ice crystals are deforming
and enlarging the pores but not destroying them. Similar results were obtained for cellulose Il and
starch hydrogels: the network is formed either during coagulation for cellulose [2], or during
retrogradation for starch [39].
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Figure IV.9: Box plot of the pore size distribution in chitosan cryogels (a) and aerogels (b) (values obtained from the analysis
of SEM images at 10000x magnification). Samples were coagulated in 4 M NaOH and aged for 24 h. Solvent exchange, for
aerogel precursors, was performed with ethanol.

Buchtova et al. [2] suggested that an increase of the concentration in a cellulose aerogel
decreases the pore size thus increasing the specific surface area supposing that pore wall thickness
remains the same. A very minor decrease in the pore size of aerogels can be seen (Figure IV.9), which
corroborates the slight increase in specific surface area observed in Figure IV.6a, but no particular
trend can be deduced considering a large dispersion of data and the roughness of the approach.

The average size of pore walls in aerogels and cryogels was also estimated from SEM images:
the values are 14.4 £3.9 nm and 32 +14 nm, respectively, which results in approximately 1 nm and 18
nm after subtracting the thickness (14 nm) of the layer of sputtered platinum. These results were
compared with the calculated pore wall thickness D assuming the pore walls are ideal rods of uniform
thickness and having the same skeletal density as chitosan:

D = 4/(pyuir X Sa) V.1
The pore wall thickness for aerogels and cryogels was calculated to be around 1.3 nm and 13 nm,

respectively, which fits well with the experimental observation.

The XRD pattern of the initial chitosan powder and of grinded aerogel and cryogel are
presented in Figure IV.10. The initial powder shows a very broad peak around 10° and a sharper peak
centered around 20°, similar to the ones reported for chitins and chitosan of various degrees of
acetylation and typical for a semi-crystalline chitosan [49-52]. Aerogels and cryogels show peaks at
the same angles but the one at 10° is sharper than that of chitosan powder. This sharp peak is
characteristic of a hydrated crystalline chitosan [50]. As cryogels and aerogels present a higher specific
surface area than that of the powder, we suppose that these porous materials may adsorb more water
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vapours than chitosan powder explaining the sharper peak. Aging time and sodium hydroxide
concentration do not influence the XRD pattern (data not shown) within the experimental errors.

- Chitosan powder

Cryogel T

Intensity (a.u.)

| Aerogel

0 5 10 15 20 25 30 35 40 45
26 (°)

Figure IV.10: XRD diffraction patterns of the initial chitosan powder, cryogel and aerogel. The cryogel and aerogel were made
from 5 %wt/v dissolved chitosan, coagulated in 4 M NaOH and aged for 24 h. The non-solvent used for solvent exchange was
ethanol.

1.5. Absorption of simulated wound exudate (SWE)

In view of the potential application of chitosan aerogels and cryogels as wound dressings, the
absorption of SWE was studied as a function of the chitosan concentration. Moisture balance is
important to guarantee a good healing process and limit infections [53]. The absorption was monitored
during 48 h, which is the duration a dressing is typically used before being replaced [54]. Figure IV.11a
shows that higher is the concentration of chitosan in the initial solution, and thus lower the porosity
(Figure 1V.5) and pore volume (Figure IV.12), lower is the absorption of SWE by both aerogels and
cryogels. In all cases, a plateau value is reached within one hour. The absorption values obtained
correspond to the higher values of chitosan cryogels and aerogels reported in the literature
[7,8,31,34,35,41,43] (Table IV.1). Because of their high absorption capacity, these materials seem
suitable for healing of moist wounds where fluid absorption is necessary to limit bacterial proliferation.
In Figure IV.11b, the amount of fluid absorbed after one hour shows that higher is the porosity, higher
is the absorption, as expected. Cryogels and aerogels of similar porosity show similar values of
absorption.

117



Chapter IV. Tuning properties of chitosan aerogels and cryogels

2400 T T|Cryogels IAerogels T T
2200 (a) _A— [CH] 3 % wiiv |-e— [CH] 3 % wiwv 2000 | (b) 1
i A~ [CH] 5 % wiiv |-— [CH] 4 % wiiv
2000 |- A [CH] 6 % Wtiv |- [CH] 5 % wtiv 1800 | 1
A [CH]7%wtv| ® [CH]7 % wiiv =
\o 1800[ 4 A [CH] 8 % wt/v| ® [CH] 10 % wiv X 1600 - Al
W 1600 | ,‘L < 1400 | i
g / A '““\§ _ a—)
{ ‘ ‘ A
D 1400 ! 1 % 1200 |+ .
c T A T & 1000 | i
.5 A AL A AA A A A = A
= | - = ™
8‘800 A A A A TV S 800F i q
»n | w
foltet o ulle .3 g ol pY ]
a0l 88 s ¢ 400 | ° i
Il @ ®
200 i/ ® ’ : 8' ‘ 4 200 + @ 4
/
0 1 1 1 1 1 1 1 1 1 1 0 1 1
o 1 2 3 15 20 25 30 35 40 45 50 55 70 80 90 100
Time (h) Porosity (%)

Figure IV.11: (a) Absorption kinetics of SWE at 30 °C for cryogels and aerogels made from 3, 4, 5, 6, 7, 8 and 10 % of chitosan
solutions (aging for 24 h in 4 M NaOH), (b) SWE sorption after 1 h as a function of material porosity: blue triangles are for
cryogels and red circles are for aerogels. The non-solvent used for solvent exchange was ethanol.
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Figure IV.12: Specific pore volume in chitosan aerogels (circles) and cryogels (triangles). Samples were coagulated in 4 M NaOH
and aged for 24 h. Solvent exchange, for aerogel precursors, was performed with ethanol. Lines are given to guide the eye.

2. Mechanical properties of porous dried chitosan-based materials

2.1.Influence of the chitosan concentration and drying method on mechanical

properties

Cyclic uniaxial compression tests were performed on aerogels and cryogels monoliths made in
drilled tubes. The compression was performed with 3 cycles up to 5, 10 and 15% of strain. The cycles
were performed keeping in mind that the aerogels should be evaluated for potential dressing
applications and thus be manipulated and slightly compressed when hold or put in the wound. The
dressing should be able to be slightly viscoelastic to be comfortable for the patient. Compression tests
were performed on aerogels obtained from ScD performed with ethanol as non-solvent (Figure IV.13b)
and on cryogels (Figure IV.13c) and the mechanical properties are shown in Table IV.2. A full
compression curve is shown on Figure 1V.13a. We decided to work with the engineering stress and
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strain instead of the true stress and strain because the Poisson’s ratio (calculated with the equation
IV.2) is around O for all the samples.
o o=/l
(L —Lo)/Lo
with lp and Lo the initial width and length respectively, and | and L the final width and length.

Despite a careful preparation of the sample and surface sanding, the surfaces presented some
defects with faces not totally parallel or with small cavities. In some cases, the samples were too soft
to be firmly handled for sanding. A pre-loading (1 N) was therefore applied but was sometimes not
sufficient to compensate these defects. Thus, the very beginning of the curve (up to 1% of strain)
(Figure 1V.13) does not always reflect the real properties of the material. To have a consistent and
coherent measure of the modulus, it was calculated for all samples from the first hysteresis to minimize
the influence of these defects, indeed, the small deformation already applied had solve parallelism
problems and eventually reduced or suppress the small cavities. The strain applied being low, it does
not modify drastically the material and thus the modulus. An increase of the stress is observed with
the strain and with the chitosan concentration for aerogels and aerogels, the latter due to the increase
in material density. The samples did not break until 80% of strain (data not shown). Higher density
induces a higher modulus for aerogels and cryogels as expected and observed in literature for cellulose
porous materials [42]. The moduli obtained for aerogels between 1-4 MPa are similar to the one
observed in the literature for chitosan aerogel composites ([55] (mixed with sodium silicate and
trimethylsilyl), and [9](crosslinked with urea and mixed cetylmethylammonium chloride)), higher than
starch aerogels (0.3-2.5 MPa) [56], but usually lower than cellulose aerogels (0.1-50 MPa) [42] for
similar density. The modulus of chitosan cryogel is in the range of the cellulose one’s (0.1-20 MPa) [42]
for similar density. Cryogels presented an increase of the modulus up to samples made from solutions
of 6%wt/v (0.07 g/cm?®) and then a limited decrease with the increase of the chitosan density from 0.06
to 0.1 g/cm?® (Table 1V.2). This behavior does not seem logical, but one explanation may be the
inhomogeneity of the cryogel samples. It was discovered later that some cryogels exhibited an
extremely hard center (shore 70-80 hardness) compared to the outside layer (shore 54 hardness)
which may be ascribed to a too slow freezing resulting in more important water crystal growth pushing
the chitosan fibers toward the center of the monolith. This was not known when the mechanical tests
were performed, and this morphology may have not been noticed at the time. Overall, it should be
noted that although an impact of chitosan aerogel and cryogel density was obtained for both aerogels
and cryogels on the modulus (Table IV.2), conclusions should be considered with care as large standard
deviations were obtained for some samples.

The shape of the loading-unloading cycle gives information on the elastic behavior of the
material: if loading/unloading curves are not superimposed, it indicates that the viscous term (in
viscoelastic solid) dominates the elastic term. This effect is more pronounced at higher strain (Figure
IV.13), and higher material density indicating that densification of the material tends to decrease the
elastic term.

Iv2
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Table IV.2: Mechanical properties of porous chitosan materials as a function of drying (ScD for aerogels, FzD for cryogels)
and of the non-solvent used. (*no duplicate)

Non-solvent Chitosan . Elastic
Drying before drying concentration Density Modulus recovery at
3 o .
with CO, (%WE/V) (g/cm?) (MPa) 5% o(mi/s)tram
(o)
ScDh Ethanol 5 0.080 + 0.003 1.20+0.04 3.2+0.7
ScDh Ethanol 6 0.097 + 0.005 1.11+0.38 40+1.2
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ScD Ethanol 7 0.126 £ 0.009 2.53+0.94 39+05
ScD Ethanol 8 0.150 £ 0.008 1.82+0.44 45+0.6
ScD Isopropanol 5 0.126 £0.012 0.84 £0.58 29+0.8
ScDh Isopropanol 6 0.144 £ 0.011 1.56 £ 0.67 2.7+0.1
ScD Isopropanol 7 0.156 £ 0.006 1.41+£0.62 1.8+0.2
ScD Isopropanol 8 0.192 £ 0.020 4.14+£1.30 16+0.1
ScDh Acetone 5 0.109 + 0.003 2.10+0.02 1.5+0.5
ScDh Acetone 6 0.076* 1.14* 2.6*

ScDh Acetone 7 0.160 + 0.006 2.08 +1.56 1.8+0.4
ScDh Acetone 8 0.189+0.017 3.78 +3.50 2.0+0.2
FzD Water 5 0.062 £ 0.036 1.35+1.55 1.2+0.8
FzD Water 6 0.071 £ 0.005 9.86 £ 0.33 0.6+0.1
FzD Water 7 0.080 £ 0.040 7.00 £ 3.56 1.1+0.6
FzD Water 8 0.095 £ 0.006 5.03+1.21 1.7+£0.6

Elastic recovery was determined by looking at the difference of strain between the maximum
and the minimum value of a hysteresis. An elastic recovery from 1 to 4% was calculated for all materials
from the first hysteresis. The recovery is low but an increase might be possible with the addition of
crosslinked points in the network via crosslinking with genipin [57,58], for example. However, this
recovery may be enough for the targeted application, we can suppose that patients presenting chronic
wounds limit their movements due to the pain caused by the wound thus the elasticity required for
the dressing may be, in fact, low. One way to approximate the elasticity needed is to look at the
deformation applied on the skin during movements of the joint. Local deformations of the skin during
foot movements were quantified with digital image correlation (DIC) on a healthy foot of a 30- and 60-
years-old person on Figure IV.14. The color indicates the range of deformation. Depending on the
movement, the skin undergoes anisotropic strains under tensile tension and compression. Tensile
tension up to 12% of strain and compression of 9% were observed. These values, higher than the elastic
recovery of the aerogels (2-4%), are still close to the aerogels’ ones and indicate that the elastic
recovery of the material proposed, despite being a bit low, could be suitable for an application as a
dressing. Cryogels, made during this work, may not be suitable for wound dressing applications due to
their low elasticity. In any case, improvements on elasticity by crosslinking or complexation with
another material should be made to ensure a better comfort for patients.
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Figure IV.14: Left picture: Foot with the points indicating the different areas of interest for chronic wound, right pictures:
local deformations obtained by DIC on a foot during movement.

The influence of the type of non-solvent used to be miscible with CO; (final non-solvent before
drying) was investigated on aerogels obtained from ScD with isopropanol used as non-solvent (Figure
IV.15a) and acetone (Figure 1V.15b). The aerogels present a higher stress with higher material density
whatever the non-solvent. The curves present a similar behavior than the ones obtained when ethanol
is used. To be able to compare all the results together and see the influence of the non-solvent on the
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mechanical properties, specific stress (engineering stress divided by the density, Eq. 11.8) was calculated
to consider the different densities between the samples [59]. The specific stress was plotted as a
function of the strain and a typical plot is shown for aerogels made from 5wt/v% chitosan solutions
(Figure 1V.16). For all chitosan concentrations, the specific stress was decreased when changing the
non-solvent from ethanol to acetone and last isopropanol. No chemical modification of chitosan can
occur with these non-solvents, thus we can hypothesize that this difference is likely due to the chitosan
network morphology. The higher specific surface area of ethanol’s aerogels compared to the acetone’s
or isopropanol’s aerogels, but with the same density, indicates a higher number of smaller pores as
observed on SEM images on Figure IV.7b More walls are available to share the load applied on the
sample and thus the force is applied on a larger surface making ethanol’s samples more resistant. The
engineering stress plotted cannot account for this difference of internal surface area as it only
considers the external surface of the sample.
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Figure IV.15: Influence of the chitosan concentration in the initial solution, 5%wt/v in red, 6%wt/v in blue, 7%wt/v in yellow
and 8%wt/v in green, on engineering stress for:

(a) aerogels Sc dried with isopropanol as non-solvent

(b) aerogels Sc dried with acetone as non-solvent on aerogel mechanical properties.
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Figure IV.16: Specific stress of chitosan aerogel made from solutions of 5%wt/v, Sc dried using as non-solvent ethanol in
orange, acetone in red or isopropanol in green.

2.2.Influence of the coagulation orientation, water content and humidity uptake on
mechanical properties

2.2.1.  Influence of the temperature and water content on mechanical behavior
The evolution of the modulus as a function of the temperature has been followed on two
consecutive heating runs between 10 and 90°C, Figure I1V.17a (the details of experimental set-up are
provided in Chapter 11.2.2.11.b ‘Protocol to investigate the influence of the water content on the
mechanical behavior of UDT samples’). Of notice, our experiments were carried out below Tg (reported
for chitosan at ~ 140-150°C [60]) in the glassy state which may limit the impact of the temperature on
the modulus. On the first run, the modulus increases. This was an unexpected behavior as the modulus
is supposed to decrease with the temperature even in the glassy state. However, on the 2™ run, the
modulus is decreasing with the temperature, showing the expected behavior. It is higher than the
modulus on the 1% run indicating modifications of the network upon the first ramp of heating. An
increase of the modulus with the temperature is often associated to crosslinking; however, in our case,
no compound in the aerogel can crosslink. The results obtained for aerogels of other densities (made
from solutions of different concentrations) were similar. The modulus of the 2" run of aerogels from
different chitosan concentrations was compared on Figure 1V.17b. and show an expected result: the
higher the chitosan aerogel density, the higher the modulus.

In the following part we will try to analyze and understand the influence of temperature
increase on the mechanical response of chitosan aerogels. During temperature increase, at least three
phenomena should be considered that are acting at the same time:

1) as it will be shown below, sample volume is changing: it decreases when temperature
increases (i.e. drying and water evaporation),

2) sample mass also changes because of the evaporation of residual (adsorbed) water,
3) plasticizing effect [61] of water on chitosan is reduced

4) increasing the temperature increases the chain mobility, and thus decreases the modulus.
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Because all phenomena are acting at the same time and may counterbalance each other, only
gualitative considerations will be presented.
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Figure IV.17: (a) Evolution of the modulus E’ as a function of the temperature during two consecutive runs for aerogels made
from solutions of 4 %wt/v chitosan concentration. (b) Evolution of the modulus E’ during the 2" run for different aerogel
densities (4%-0.13 g/cm3; 5% - 0.13g/cm?3; 6%-0.11g/cm3; 8%-0.16g/cm?3). Samples were made in undrilled tubes (UDT).

The evolution of the static displacement on Figure 1V.18a gives a hint for the increase of the
modulus during the drying. The static displacement is the position of the plate to be in contact with
the sample, it is automatically adjusted by the machine to keep a constant ‘static force’ on the sample.
Modification of static displacement during the experiment indicates changes of sample size. The static
displacement tends to increase with the temperature, decreasing the distance between the static and
moving plate. It indicates a contraction of the sample and, as a consequence, the decrease of sample
volume (Poisson’s ratio is around 0) and, potentially, an increase of density (if the volume loss is more
significant than the weight loss). This explains why the modulus of the second run is higher than that
of the first one. This contraction is more important during the 1% run than the 2" one for all
concentrations. The results obtained for aerogels of other densities show the same trend.

To compare the difference of the evolution of the static displacement between the runs, a
static displacement difference between the 2 runs was calculated according to Eq. IV.3 and plotted on
Figure 1V.18b:

A —A
%0 (%) = % X 100 V.3

1
with A; and A; the static displacement observed for the first and second run, respectively.

The static displacement difference increases from 80 to 90% for aerogels made from 4 to 6%wt/v of
chitosan, and stabilizes for higher concentrations. Biopolymers are well known to be hydrophilic, the
evaporation of water from the aerogel with temperature increase could induce this shrinkage.
Evaporation leads to pore collapsing [23] due to capillary pressure leading to aerogel densification and
thus inducing modification of the mechanical properties. For example, samples with collapsed porosity
like xerogels present drastically different properties as shown on cellulose [2].
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Figure IV.18: (a) Evolution of the static displacement as a function of the temperature during two consecutive runs for aerogels
made from 4 %wt/v chitosan solution (density 0.13 g/cm?3). (b) Static displacement shrinkage between the 1st run and the 2nd
run for each concentration. Samples were made in UDT.

2.2.2. Influence of the humidity uptake on the mechanical behavior
To verify our hypothesis of water evaporation, the influence of humidity on the mechanical
properties was checked. Mechanical properties were studied before and after humidity uptake and
drying to check the possible structural modifications.

(1) Drying cycles and humidity uptake of aerogels

Figure IV.19 shows the evolution of the modulus as a function of the temperature during an
entire cycle (the details of experimental set-up are provided in Chapter 11.2.2.11.b ‘Protocol to
investigate the influence of the humidity uptake and the influence of the coagulation direction on the
mechanical behavior of DT and UDT samples’). During the first heating run (grey curve), the modulus
increases (Figure 1V.17a), indicating a possible physical crosslinking or loss of plasticizing effect of
water. When the sample is dried, a second heating run is performed (orange curve). These two curves
are the same step already presented in Figure IV.17a. As previously observed, the modulus of the 2™
run is higher than the modulus of the first run (grey curve) and decreases to reach a modulus at 80°C
equal to the one of the first run at the same temperature.

As water evaporation was suspected to be responsible for the increase of modulus during the
first drying, the same samples were put in a climatic chamber at 30°C, the temperature of the skin, and
50%RH for a week. The heating run after this treatment (n°3) (black curve) shows a modulus starting
at the same value as the one of 2™ heating run at 80°C, probably because the network reinforcement
by water condensation was compensate by the plasticization, and increasing strongly with the
temperature. The modulus value is doubled during this run which shows that during the stay in the
climatic chamber the water absorbed lead to a reorganization of the chitosan network due to water
condensation. The last heating run (n°4) (red curve) shows a decrease of the modulus with the
temperature similar to the one observed during the 2" heating run (orange curve) with a final modulus
equal to the one measured at the end of the 3™ run. This increase of the modulus confirms the
presence of water in our sample and its impact during drying on the mechanical properties. Other
chitosan concentrations showed similar trend.
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Figure IV.19: Aerogels modulus evolution as a function of the temperature during all the drying cycle for chitosan aerogels
made from solution of 5 %wt/v (density 0.13g/cm3) made with UDT.

The volume shrinkage and the weight loss after each step of the experiment are shown
on Figure 1V.20. Weight decreases during drying due to the water evaporation and increases when the
sample is placed in the climatic chamber due to the absorption of the humidity (Figure 1V.20a). Volume
shrinkage was observed during each step and was more significant during the first drying and the
humidity uptake (Figure 1V.20b). Volume shrinkage can be explained by two phenomena: capillary
pressure (during aerogel “drying” because of temperature increase) and water condensation (due to
water vapour uptake when aerogel is placed in a chamber at 30°C and 50%RH). It is known that
hydrogels show pore collapsing due to the capillary pressure during water evaporation leading to a
shrinkage. Water condensation [23,62] can also lead to a shrinkage because of the capillary pressure
applied on the pores walls closing the porosity. The RH needed to have condensation can be calculated
with the Kelvin equation 1V.4:

nL o 22 1 V.4
P, RT Tim
with PE the relative vapor pressure in equilibrium with a meniscus having a radius of curvature rm, Vi

S

is the molar volume of the liquid (1.8 .10° m3/mol at 30°C for water [63]), v is the surface tension
between the liquid and gas (0.0712 N/m for liquid/air at 30°C [64]), R the universal gas constantand T
the temperature in kelvin. The polymer nature should have an impact on the affinity between the
polymer and the water and thus be considered as we are at the interfaces between 3 media
(air/water/chitosan). To take into account the interface liquid/solid, the contact angle is needed,
however, this angle is impossible to measure directly on mesopore range, hence it is assumed by
simplicity that the contact angle between the solid and the liquid is equal to O [65]. The water
condensation explained the shrinkage around 40% observed on starch aerogels [22] after storage at
25°Cin 65% of humidity for months, because pore diameters were between 2 and 100 nm according
their BJH analysis. However, when using a radius meniscus of 15 nm, which is the radius of the smallest
chitosan aerogel pores as shown in a previous paper [66], the %RH needed to have water condensation
is around 94%. This value is far from the conditions applied and cannot explain the shrinkage. To
observe condensation at 50 %RH and 30°C, radius of 1.4 nm is needed. It indicates that small porosity
could not be seen with SEM because of the resolution on aerogel is limited by the 14 nm platinum
coating used for metallization that are closing the small pores and by the charge effects making difficult
the image acquisition at large magnification.
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Figure IV.20: Weight loss (a) and volume shrinkage (b) as a function of the chitosan concentration after the 1t drying, the
week in the climatic chamber and the 2" drying. Negative values indicate a volume swelling or a weight intake. Lines are
represented to guide the eyes.

The weight loss during each step (Figure 1V.20a) is almost the same for all concentrations
(except 6 %wt/v) so the relative amount of water in the aerogel whatever is the chitosan concentration
is always the same but the variation of the absolute amount of water increases with chitosan
concentration as shown on Figure 1V.21. The total volume shrinkage, showed in Table IV.3, indicates a
larger shrinkage for high chitosan concentrations. It means high chitosan concentrations are more
sensitive to humidity as they can load larger amount of water.

Aweight (mg)

8l i

[Chitosan] (%wtiv) [4 [5[6[8]4][5]6[8[4]5]6]s
1st drying Climatic chamber 2nd drying

Figure IV.21: Variation of the amount of water in mg during each step for all chitosan concentrations.
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Table IV.3 : Densities and total volume shrinkage as a function of the chitosan concentration for UDT samples

Chitosan
concentration in
the initial solution
(%wt/v)
Initial density
(g/cm?)
Density after the

1°t heating run 0.153 +0.036 0.136 +0.002 0.135 0.225 +0.029

(g/cm?)

Density after 1
week in climatic 0.188 +0.022 0.177 £+0.014 0.183 0.292 +0.047
chamber (g/cm?)
Final density after
the 4™ run (g/cm?3)
Initial porosity (%) 91 91 92 89
Total volume
shrinkage (%)

0.133 +0.023 0.130 +0.001 0.0113 0.161 +0.015

0.192 +0.030 0.175 +0.017 0.187 0.295 +0.039

36 +2 2915 44 48 +2

The evolution of the modulus as a function of the temperature for different chitosan aerogels
after the first drying and the second one after a week in a climatic chamber (t+1week) can be seen on
Figure IV.17b and Figure 1V.22 respectively. A logical order is found, with a higher modulus for higher
aerogel density. An increase of the modulus was observed for all concentrations between t=0 and
t+1week. For each aerogel, the modulus is almost doubled between t=0 and t+1week. In absolute value
of modulus, 8 %wt/v chitosan aerogels show a higher increase due to the higher number of
entanglement points as the rheology showed the entanglement point for 7 %wt/v (Figure 1I1.8)
indicating that critical concentration is exceeded.

The humidity uptake and the drying (due to temperature increases) increase the modulus
indicating the water is at the origin of this increase. Drying leads to interactions in the network acting
as “crosslinking points” because of pores closure. A hypothesis of the process is proposed on Figure
IV.23: before drying, water is present at the entanglement points and the drying induces an
evaporation of the water and a collapse of the pores where the water was. It creates connections
between the chains mimicking a crosslinking. As these new connections cannot be removed, the
modulus increases.
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Figure IV.22: Evolution of the modulus during a temperature scan for chitosan aerogels made from solutions of different
concentrations at t+1week. Samples were made in UDT.
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Figure IV.23: Hypothesis of the creation of network connections during drying

(2) Frequency scans
A frequency scan was performed after the 1 heating run to see the influence of the frequency
on the modulus (Figure IV.22). As expected, the modulus increases with the frequency and decreases
with the temperature. Frequency scans for other chitosan concentrations showed similar trends.
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Figure IV.24: Frequency scan of a 6 %wt/v (density 0.011 g/cm?3) sample after drying. Samples made in UDT.

When comparing the modulus at different temperatures during a frequency scan (Figure
IV.25), the order is kept logical between the aerogels made from solutions of different concentrations,
with a higher modulus for higher chitosan aerogel density. The modulus increases with the frequency.
However, the value of the slope increases with the aerogel density showing a higher sensibility to the
temperature for high chitosan concentration. This is confirmed with Figure IV.26 where all the
evolution of the slopes as a function of the temperature is represented.
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Figure IV.25: Comparison of the modulus evolution as a function of the frequency for 4 concentrations of chitosan (4, 5, 6
and 8 %wt/v) at 3 temperatures (20, 50 and 80°C). The slope is written for each curve. Samples made in UDT.
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Figure IV.26: Slopes of the frequency scan for aerogels from four chitosan concentrations (4, 5, 6 and 8 %wt/v) and
temperatures from 10 to 80°C. Lines are given to guide the eye. Samples made in UDT.

2.2.3. Influence of the coagulation direction with drilled and undrilled mold on
mechanical properties

Coagulation direction may play an important role in the network formation. In many papers
[8,21,30], chitosan solution is added dropwise into the NaOH bath to coagulate resulting in an isotropic
structure. The structure formation has been studied for crosslinked chitosan [19,20], however, to the
best of our knowledge, there is no literature reporting on the structure of non-crosslinked chitosan
coagulated in one direction by NaOH. Plappert et al. [18] studied the impact of the coagulation
direction on cellulose aerogels and obtained an isotropy in the aerogel.

The goal of these experiments was to check the influence of coagulation direction on the final
material. For this purpose, two kinds of tubes were used during the coagulation. The undrilled tubes
(UDT) allow a coagulation only from the top of the chitosan solution and the drilled tubes (DT) allow a
coagulation from all the directions. The latter is supposed to give an anisotropic structure while the
first one may induce an orientation. This difference in the morphology should result in different
mechanical properties of the material. The Figure IV.27 is a schematic representation of the
coagulation orientation and of the orientation of the mechanical tests performed.

As shown previously, the humidity is an important factor for mechanical properties. To
perform all the following experiments, the samples were always dried at 80°C until no evolution of the
modulus was observed.
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Figure IV.27: Scheme of the preparation of the samples with the coagulation orientation compared to the compression
orientation.

The evolution of the modulus during a frequency scan on DT and UDT samples is shown in
Figure IV.28. A higher modulus is observed for UDT samples at the same density. It indicates a different
morphology between both samples indicating the influence of coagulation. Moreover, the modulus
doubled after a week in climatic chamber for UDT samples demonstrating a higher sensibility to the
humidity than DT samples as their modulus show almost no increase. It confirms that depending on
the coagulation direction, the samples present different structures and thus different properties.
Unidirectional coagulation is expected to lead to an anisotropic material thus anisotropic properties,
this was evaluated in the next part.
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Figure IV.28: Comparison of the coagulation orientation on the modulus E’ during a temperature scan for two chitosan
concentrations at t0 and t+1week. The samples made in drilled tubes are represented in red/pink, in undrilled tubes in
black/grey.
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2.2.4.  Anisotropy of chitosan aerogels

The influence of the coagulation direction was shown in the previous part. UDT samples are
expected to present an anisotropic morphology as the coagulation only occurs from one direction. To
check the anisotropy induced by one direction coagulation, cubic samples were prepared and tested
in longitudinal direction (parallel to the coagulation) and transversal direction (perpendicular to the
coagulation) (Figure 1V.29 is a scheme of the coagulation and test directions, more details of
experimental set-up are provided in Chapter 11.2.2.11.b ‘Protocol to investigate the influence of the
anisotropy on the cubic aerogels’). Modulus obtained at 25°C for chitosan aerogels made from
solutions of different chitosan concentrations in the 2 directions were plotted on Figure IV.30. As
shown previously, the modulus increases with the chitosan concentration whatever the test direction.
Modulus in the longitudinal direction is always higher than the transversal one for the samples of the
same density. This is also observed at 50°C and 70°C (data not shown). This difference of modulus as a
function of the test direction indicates an anisotropy of the morphology which is governed by the
coagulation direction. The anisotropy is more important for high chitosan concentrations compared to
lower ones as the difference of modulus between the 2 directions is more important.
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Parallel to the
Coagulation orientation

Parallel to the network

orientation
\ \ Transversal direction
Solvent Perpendicular to the
exchange < coagulation orientation
Coagulation bath: NaOH - e — &
ScD =
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Figure IV.29: Scheme of the coagulation orientation and the compression directions of the sample.
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Conclusions

In this chapter, chitosan cryo- and aerogel monoliths were prepared by non-solvent induced
phase separation (without crosslinker) and characterized. The influence of the process parameters
(polymer concentration, first non-solvent (NaOH-water) concentration, time of aging, non-solvent
before Sc drying and drying conditions) on the morphology and properties of the porous materials was
studied. No influence of the aging time was observed within the time frame used. As long as the
concentration of the coagulation bath is 0.5 M NaOH-water or higher, it also does not have a major
impact on chitosan aerogel or cryogel properties. Chitosan concentration in solution increases density
and decreases porosity of both types of materials, as expected.

The main parameter that changes the properties is the method of drying. Supercritical drying
preserves in the best way the morphology of the hydrogels resulting in a specific surface area of 200-
270 m?/g. Due to the moderate shrinkage of the samples during solvent exchange and drying (within
30 %), the bulk density of aerogels is low, between 0.07 and 0.26 g/cm?3. Freeze-drying distorted the
morphology of hydrogels due to the growth of ice crystals resulting in larger pores compared to
aerogels and in a lower specific surface area (50 - 70 m?/g). Furthermore, cryogels were of lower
density than aerogels and thus of higher porosity. Nevertheless, the pore sizes in cryogels were
surprisingly small (from a few hundreds of nanometers to a few microns) as compared to chitosan
materials reported in literature which underwent freeze-drying. It indicates a strong capacity of the
network to resist to deformations induced by growing ice crystals during freezing.

In view of the high and tunable simulated wound exudate absorption, the well-known
biocompatibility of chitosan and the small pores which prevent cell ingrowth, these porous chitosan
materials are promising materials for wound dressing applications.

Mechanical properties of chitosan aerogels and cryogels were assessed. Increase the chitosan
concentration in the initial solution increases the resistance of the sample to the deformation: higher
is the chitosan concentration in solution, higher is the modulus so stronger is the network. Density is
the main parameter to tune the modulus. Elastic recovery of the aerogels was evaluated, it presents
an elasticity in the same range as of the parts of the skin that are the most commonly affected by
chronic wounds. The structure of the aerogel tuned by the non-solvent used for the solvent exchange
modify the mechanical properties of the aerogels, more pores is leading to samples more resistant to
the deformation.

The last section of this chapter was dedicated to the study of the influence of moisture and
coagulation direction on the mechanical properties. First, the influence of humidity on mechanical
properties was studied for chitosan aerogels for different aerogel densities. The drying leads to an
increase of the modulus and decreases the sample’s volume indicating the creation of new connections
in the network because of the capillary pressure. After removing the water, the modulus decreases
with the increase of the temperature. The hygroscopic properties of chitosan make chitosan aerogels
sensible to humidity. The relative amount of water absorbed is the same for all aerogels, but it
represents larger mass for higher chitosan concentration and thus, induces a larger sensibility to
humidity compared to low chitosan concentration. Humidity intake leads to volume shrinkage due to
water condensation leading to pore collapse.

Finally, the influence of the coagulation direction was assessed. Coagulation performed from
all the sides or in the unidirectional way induces a different morphology in the final material.
Homogeneous coagulation leads to an isotropic structure. Unidirectional coagulation makes the
structure of the sample oriented with anisotropic mechanical properties. This anisotropy was
demonstrated by DMTA compression tests parallel to the coagulation direction and in the transversal
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way. Higher modulus was obtained in the longitudinal direction. Moreover, the anisotropic aerogels
show a higher sensibility to the humidity uptake.

For application as wound dressing, the possibility to have anisotropic mechanical properties is
interesting to orient the dressing according to the area of the wound in order to have properties that
are closer to those of the original skin, making the dressing more comfortable even when the patient
moves.
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List of abbreviations:
AAP: Ascorbic acid 2-phosphate
Dex-P: Dexamethasone phosphate
DLC: Drug loading capacity

DLE: Drug loading efficiency

HDF: Human dermal fibroblast

Sc: Supercritical

S/E: Solvent exchange

TCPS: Tissue culture polystyrene
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Chapter V. Evaluation of drug loaded cryogels and aerogels

Introduction

In general, drug release from a matrix depends on several material properties such as matrix
solubility and the swelling ability in the release medium, potential interactions between the matrix and
the drug, and, if the matrix is porous, on its density, morphology, pore size distribution and internal
surface area. It is therefore important to establish processing-structure-property relationships, as they
allow the design of chitosan materials with tailored characteristics and the desired release behavior.

Several articles reported the use of chitosan-based aerogels and cryogels as controlled drug
delivery systems. For example, chitosan-collagen cryogels coated with poly(N,N’-diethylacrylamide)
were developed for temperature- and pH-responsive delivery of the anti-inflammatory drug
ibuprofen [1]. Furthermore, chitosan-alginate aerogel microparticles were developed for pulmonary
delivery of the anticancer drug cisplatin [2]. The field of porous chitosan-based materials for drug
delivery purposes was extensively reviewed in two recent publications [3,4]. In all articles related to
porous chitosan-based drug delivery systems, only one drying method of chitosan solutions or gels was
employed, which makes it complicated to develop correlations between the drying technique, the
structural and morphological properties of the material and its release behavior.

In the previous chapter, we described the influence of drying conditions (sc drying versus
freeze-drying) on the physico-chemical properties of non-crosslinked chitosan porous materials. In the
current chapter, we investigate the incorporation and the release of two hydrophilic drugs from
chitosan aerogels and cryogels prepared from the same chitosan hydrogel precursor: the
dexamethasone sodium phosphate (Dex-P), a synthetic corticosteroid with anti-inflammatory effects,
and the ascorbic acid-2-phosphate (AAP), which is a stable derivative of ascorbic acid, inducing
angiogenesis and promoting collagen synthesis by fibroblasts [5,6]. For both drugs, the influence of
the material preparation process and material properties on the drug loading and release kinetics from
chitosan aerogels and cryogels is evaluated. The drug loading efficiency, the drug loading capacity and
release kinetics are discussed with respect to the processing conditions, the network morphology of
the materials, their physico-chemical properties, the interactions between the drug and chitosan and
the pH of the release medium. The Korsemeyer-Peppas equation is used to identify the dominant
physical mechanism controlling the release of Dex-P. Non-cytotoxicity of neat chitosan aerogel was
checked on murine fibroblast L929 cell line and primary human dermal fibroblasts (HDF). The capacity
of the AAP loaded aerogels to stimulate collagen expression was assessed during in vitro cell culture
on HDF by quantification of extracellular collagen.

Some parts of this chapter are based on a paper submitted to Biomacromolecules: Chartier,
C.; Buwalda S.; llochonwu B.C.; Van Den Berghe H.; Vermonden T.; Viola M.; Nottelet B.; Budtova T.
Release kinetics of dexamethasone phosphate from porous chitosan: comparison of aerogels and
cryogels.
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Introduction (FR)

En général, la libération de principe actif depuis une matrice dépends des propriétés de la
matrice comme sa solubilité et sa capacité a gonfler dans un milieu de libération, les potentielles
interactions entre la matrice et le principe actif et, si la matrice est poreuse, sa densité, sa morphologie,
sa distribution de la taille de pore et la surface interne. C'est pourquoi il est important d’établir les
relations entre le procédé, la structure et les propriétés. Cela permet de développer un matériau a
base de chitosane avec des propriétés sur-mesure et une cinétique de libération de principe actif
souhaitée.

Plusieurs articles portent sur |'utilisation de d’aérogels et de cryogels a base de chitosane en
tant que systeme de libération de principe actif contrélé. Par exemple, des cryogels de chitosane-
collagene recouvert avec du poly(N,N'-diethylacrylamide) ont été développés pour la libération
controlée d’ibuprofene, un anti-inflammatoire, sur activation avec la température ou le pH [1]. Du plus,
des microparticules d’aérogels de chitosane-alginate ont été développées pour la libération
intrapulmonaire d’un anticancéreux, la cisplatine [2]. Le domaine des matériaux poreux a base de
chitosane pour la libération de principes actifs a été largement décrite dans deux récentes publications
[3,4]. Dans tous les articles traitant des matériaux poreux a base de chitosane en tant que systeme de
libération de principe actif, seulement une méthode de séchage de la solution ou gel était employée
par article, rendant compliqué d’établir la corrélation entre les méthodes de séchage, la structure et
la morphologie du matériau, et sa cinétique de libération.

Dans le chapitre précédent, nous avons décrit I'influence des conditions de séchage (séchage
supercritique versus lyophilisation) sur les propriétés physico-chimiques d’'un matériau poreux a base
de chitosane non réticulé. Dans ce chapitre, nous étudions I'incorporation et la libération de deux
principes actifs hydrophiles d’aérogels et cryogels de chitosane préparés a partir du méme précurseur :
la dexaméthasone sodium phosphate (Dex-P), un corticostéroide synthétique avec un effet anti-
inflammatoire, et I'acide ascorbique 2-phosphate (AAP), un dérivé stable de I'acide ascorbique,
induisant I'angiogenése et promouvant la synthese de collagéne par les fibroblastes [5,6]. Pour les
deux principes actifs, l'influence du procédé de préparation et les propriétés du matériau sur le
chargement des principes actifs et la cinétique de libération depuis les aérogels et cryogels de
chitosane sont évalués. L’efficacité de chargement, la capacité de chargement du principe actif et sa
cinétique de libération sont évaluées en respect des conditions de préparations, de la morphologie du
réseau du matériau, leur propriétés physico-chimiques, et les interactions entre le principe actif, le
chitosane et le pH du milieu de libération. L’équation de Korsemeyer-Peppas est utilisée pour identifier
le mécanisme dominant qui contrble la libération de Dex-P. La non-cytotoxicité des aérogels de
chitosane non chargés a été vérifiée sur lignées cellulaires de fibroblastes murins L929 et des
fibroblastes humains dermiques primaires (HDF). La capacité d’aérogels chargés d’AAP a stimuler
I‘expression de collagéne a été évaluée au travers de culture cellulaire in vitro d’"HDF par quantification
du collagéne extracellulaire.

Certaines parties de ce chapitre sont basées sur un papier soumis a Biomacromolecules :
Chartier, C.; Buwalda S.; llochonwu B.C.; Van Den Berghe H.; Vermonden T.; Viola M.; Nottelet B.;
Budtova T. Release kinetics of dexamethasone phosphate from porous chitosan: comparison of
aerogels and cryogels.
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1. Drug loading and release kinetics

1.1. Influence of aero- and cryogel properties on drug loading efficiency and drug
loading capacity
Addition of a drug in aerogel/cryogel can be performed at different steps of the preparation
process. Each presents advantages and drawbacks and the selection of the addition step depends on
the drug’s solubility, its stability, and size. AAP and Dex-P are water-soluble drugs that are poorly
soluble in ethanol and Sc CO,, making these drugs good candidates to be added to aerogel or cryogel
precursor without performing any chemical modifications or bonding to the polymer. Different ways
can be considered to add AAP or Dex-P during the aerogel or cryogel preparation [7]. The easiest and
fastest is to directly mix the drug with the polymer solution prior to gelation [8], allowing to load
significant amounts of drug. For this, the drug must be soluble in the polymer solvent, and it should
not be altered nor washed out during the subsequent steps of the process. But considering that this
work includes a coagulation step in 4M NaOH solution, that could possibly degrade the drug, and that
NaOH removal steps would also wash it out, this first strategy was not selected. Supercritical
impregnation of the drug during the final drying step [2,9] is interesting to load aerogels as it avoids
degradation/washing of the drug. However, it requires a drug soluble in ScCO, which is not the case of
AAP and Dex-P, and this approach cannot be implemented for cryogels. As this work aims at comparing
the two materials, this option was not chosen. Finally, addition of the drug to the network via
impregnation [10,11], either to the hydrogel or to the alcogel, can be envisioned. Despite the long time
required to impregnate the sample, an efficient impregnation can be achieved with small and highly
soluble molecules. AAP and Dex-P being water-soluble, drugs will be impregnated into the hydrogel by
diffusion (Figure V.1). The dimensions of the samples in this study being relatively small, thus limiting
the time needed for diffusion.
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P Ho B o—gjo
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Chitosan Solvent - 4M  4M NaOH - Chitosan
solution NaOH water hydrogel

Freeze drying

°
Cryogel
®

Figure V.1: Schematic representation of the preparation process of loaded chitosan cryogels and aerogels.

The time needed for impregnation was calculated using Fick diffusion approach with the
following equation V.1:

LZ

timpregnation (S) = V.1

DDrug
with L the half thickness of the gel to impregnate and Doryg the drug diffusion coefficient. The diffusion

coefficient of AAP (Daar) not being found in the literature, that of ascorbic acid, Dascorbic aci¢ = 1.055 .10°
% m?/s, was used [12]. By analogy with previous work published on diffusion of molecules in cellulose
matrices [10,11,13-15], the diffusion was divided by a factor of ten due to the difference between
diffusion in water and diffusion through a matrix. The coefficient used was therefore 1.055 .10"2° m?/s
in chitosan matrices. Considering a half thickness of 0.5 cm for the matrix, the maximum time of
impregnation needed to diffuse to the material center is around 3 days. To check if indeed the drug
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completely diffused in chitosan hydrogel, preliminary studies were conducted on xerogels, i.e.,
matrices loaded with AAP in water and dried in the open air, (Figure V.2.1). To check if any interactions
occur between the AAP and the chitosan, neat alcogels were loaded in AAP-ethanol solution. The AAP,
being poorly soluble, was mostly in suspension in ethanol. The drug loading efficiency (DLE) and the
drug loading capacity (DLC) of xerogels were evaluated as a function of impregnation time. As no
difference was observed between the times considered (Data not shown), 3 days of loading without
renewing the impregnation solution was finally chosen to reduce the processing times.
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Figure V.2: Schematic representation of the preparation process of chitosan xerogels to test the impregnation of chitosan by
AAP from different solvents: water (1) and ethanol (2).

Various aerogels/cryogels samples, loaded with either AAP or Dex-P, were prepared by varying
three parameters: the chitosan concentration (5 or 8% wt/v), the non-solvent used for solvent
exchange (S/E) in the case of aerogels, and the drying method (freeze drying or supercritical drying
with CO,). The influence of these parameters on material density, porosity and specific surface area
have been extensively described in our previous work [16]. Briefly, a higher chitosan concentration
resulted in a higher density and lower porosity; the surface area was not substantially influenced.
Aerogels were of slightly higher density and with significantly higher surface area as compared to their
cryogels counterparts (Table V.1). Examples of materials’” morphology are shown in Figure V.3.
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8% wt/v
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Figure V.3: SEM images of chitosan aerogels and cryogels made from 5 and 8 % wt/v chitosan solutions and loaded in water
with either Dex-P or AAP. Non-solvent used for ScD of the presented aerogel is ethanol. Their corresponding characteristics
are given in Table V.1.

DLE (eq. 1.9) and DLC (eq. 11.10) of these different aerogels and cryogels, were evaluated as a
function of the material properties (density and surface area) and compared to DLE and DLC of AAP
loaded xerogels (Table V.1).

Table V.1 : Bulk density, specific surface area, drug loading efficiency (DLE), and drug loading capacity (DLC) for xerogels,
cryogels, and aerogels after 3 days of impregnation. * Value obtained for unloaded aerogel, ™ Calculated using the density of
a 5%wt/v chitosan aerogel.

Chitosan

. . Specific
Drug used | Type of sample cgncentrgtlon De““gy surface area DLE (%) DLC (%)
in solution (g/em?) (m?/g)
(Yowt/v)
Xerogel loaded 5 1.30 / 5214580 | 2274025
1n water
Xerogel loaded 5 1.30 / 86+ 16" | 0.380.07
in ethanol

Acrogel S/E 5 0.076+0.002 | 194+9% | 278=3 | 1.83+0.07

with acetone

AAP Aerogel S/E
with 5 0.094 £+ 0.020 175 £ 5% 305+44 | 1.64+0.11

isopropanol
Aerogel S/E 5 0.090 £ 0.029 248 +£0.3 355+146 | 1.95+0.16
with ethanol 8 0.15+0.017 18242 453 +88 | 1.49+0.27
Cryogel 5 0.057 £ 0.010 51+1 276 £72 | 249+ 0.87
8 0.10+0.012 75+2 329+ 19 1.66+0.18
Aerogel S/E 5 0.064 + 0.005 261 + 34 67+2 0.53+0.04
Dex-P with ethanol 8 0.124+0.006 | 245+1.1 68+6 0.28 £ 0.03
Cryogel 5 0.058 +0.004 48 +4 252 + 58 22+045
8 0.098 £0.017 51+4 206 + 27 1.05+0.07

All materials, i.e., cryogels, aerogels and xerogels, loaded with AAP in water presented DLE
higher than 100% showing a good affinity between the drug and chitosan, and a good absorption of
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the drug solution during the hydrogel impregnation. The higher DLE of xerogel loaded with AAP in
water compared to cryogels and aerogels, indicates a loss of the drug during the solvent exchange or
drying steps of the cryogels and aerogels preparation.

Aerogels loaded with Dex-P presented a lower DLE than that of Dex-P-loaded cryogels, around
70% vs 200 - 250%. Despite a poor solubility of the drug in ethanol [17], it was partly washed out during
the step of water to ethanol exchange in the aerogel preparation, as the drugs may still be soluble in
a water-ethanol mixture. Some washing out could have also occurred during supercritical drying of
aerogel preparation. A similar phenomenon was observed for pectin aerogels loaded with theophylline
[18]. However, this difference was not observed when AAP was loaded in the materials since the DLE
of aerogels was similarly to that of cryogel. This can be explained by stronger ionic interactions
between AAP and chitosan as compared to Dex-P and chitosan. AAP structure presents 3 anionic
charges against only 2 for Dex-P, which favors interactions between AAP and chitosan when the latter
is positively charged (pKa ~ 6.3-6.4 [19]). These interactions could counteract the AAP washing out
phenomenon for aerogel preparation.

Regarding the loading efficiency of aerogels, 70% for Dex-P and 280 — 450% for AAP, values
are high (in particular, for AAP) compared to those of other bio-aerogels reported in the literature for
other drugs: 13-23% for alginate-based aerogels loaded with ketoprofen or benzoic acid [9], 16-80%
for pectin-based aerogels loaded with ketoprofen or benzoic acid or theophylline [9,10], 15-27% for
starch-based aerogels loaded with ketoprofen and benzoic acid [9] and 50-100% for cellulose-pectin
aerogels loaded theophylline [11]. Neither density nor surface area of aerogels or cryogels had a
marked influence on the loading efficiency within the intervals studied, but the latter are too narrow
to deduce trends.

Finally, the impact of the non-solvents used for the solvent-exchange on the DLE was assessed
on the APP-loaded aerogels. The DLE is similar whatever the non-solvent used (acetone, isopropanaol,
or ethanol), which seems logical considering that AAP has no particular affinity for any of them.

DLC (eq. 11.10) follows the same trends as DLE (Table V.1), as expected. Dex-P-loaded aerogels
presented a DLC around 0.25 — 0.50% lower than that of Dex-P-loaded cryogels 1.10 — 2.20%. AAP-
loaded aerogels presented DLC between 1.49 and 1.95, similar to that of cryogels 1.66 and 2.49. A
higher chitosan concentration results in a lower DLC due to a higher chitosan matrix mass. The
obtained DLC of Dex-P are lower than that for other bio-aerogels, for example aerogels based on pectin
(2-37%) [9,10,20], alginate (12-21%) [9,21], starch (10-25%) [9,21] or cellulose-pectin (2-4%) [11] due
to the relatively low Dex-P concentration in the loading bath and relatively high concentrations of
chitosan.

In an effort to limit the drug loss during the solvent exchange and Sc CO, drying steps, it was
decided to add a step of pre-drying before the solvent exchange. The goal of this pre-drying step is to
induce a small shrinkage of the network on the surface (inducing a pore size reduction and an increase
of density) to limit the washing out of the drug, and possibly slow down the release of the AAP. Briefly,
the AAP-loaded hydrogels were putin an oven at 60 °C and let drying for a defined time before applying
the rest of the process. By changing the duration of pre-drying, the shrinkage could be controlled
(Figure V.4). The shrinkage is induced by the collapse of the pores due to water evaporation. Of notice,
the shrinkage should not be too high to avoid closing all pores which would result in trapping the drug
inside chitosan sample. For this reason, the pre-drying time was not pushed over 17h as the resulting
aerogel showed a morphology too close to the one of xerogel due to a loss of its mesoporous network.
Different pre-drying times were evaluated, and the corresponding density, DLC and shrinkage obtained
are summarized in Table V.2. As expected, the longer the pre-drying step, the higher the density as
more shrinkage is observed, from 56 % for 4.5h to 92 % for 17h of pre-drying. Pictures of the samples
in Figure V.4 show the color change from white to yellow and brown as the shrinkage increases. This
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shrinkage indicates a collapse of the pores, thus a network densification and possibly a reduction of
the pore size. As the DLE depends on the dried sample volume that highly depends on the pre-drying
time, no comparison with the data without pre-drying could be made. Thus, only the DLC was
calculated and compared with the one of aerogels prepared without pre-drying. The DLC seems to
slightly increase with the pre-drying compared to the aerogel without pre-drying, confirming that this
step allows to limit the drug loss during the solvent exchange and Sc CO; drying steps. No significant
difference of DLC was observed between the pre-drying durations. This result may indicate that despite
densification, the pores size is still too large to see an impact.

Oh 4,5h 5,5h 17h
. D n n -

Figure V.4 : Pictures of the pre-dried aerogels as a function of pre-drying time.

Table V.2: Bulk density, DLC and shrinkage rate of 6% AAP loaded aerogels with a step of pre-drying. * No duplicate

Time of pre-drying (h) Density (g/cm?) DLC (%) Shrinkage (%)
0 0.12%* 1.02* 22%
4.5 0.11+£0.015 1.26 £ 0.27 56 £ 14
6.5 0.14 £0.039 1.27£0.19 51+22
17 1.12 £0.68 1.17+0.41 92+6

1.2. Kinetics of dexamethasone sodium phosphate and ascorbic acid 2 phosphate
release from chitosan aerogels and cryogels

Drug release studies were carried out for both drugs in PBS at pH 7.4 and 8.9, and 30°C
(temperature of the skin). Of notice, in the first minutes after immersion of the samples in the buffer,
a shrinkage of about 30% for aerogels and 20% for cryogels was observed, due to the pores collapse
resulting from capillary pressure. No dissolution or erosion of the matrix was observed during all the
release.

Figure V.5 shows Dex-P release kinetics, with Figure V.5a and b illustrating the Dex-P release
as a function of the density of chitosan aerogels or cryogels, respectively. The comparison of Dex-P
release from aerogel and cryogel of the same density is shown in Figure V.5c. The same is illustrated
for AAP in Figure V.6.
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Figure V.5: The kinetics of Dex-P release in PBS at pH 7.4 and 30°C from:

(a) chitosan aerogels made with ethanol as non-solvent of density 0.06 g/cm? (blue) and 0.11 g/cm? (red),

(b) chitosan cryogels of density 0.06 g/cm? (blue) and 0.09 g/cm? (red),

(c) from aerogel (red) and cryogel (blue) of density 0.06 g/cm?3.

Lines are given to guide the eye. Results are expressed as mean +/- standard deviation with n = 2. Corresponding error
bars are provided and may be hidden by symbols in some cases.
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Figure V.6: Influence of the density p on the AAP release kinetics in PBS at pH 7.4 at 30°C:
(a) for aerogels with in blue a density of 0.16 g/cm?3 and in red 0.084 g/cm>,
(b) for cryogels with a density of 0.10 in blue and 0.061 g/cm?3 in red.

(c) Comparison of both materials: cryogels (p = 0.071 g/cm?3) in blue and aerogel (p = 0.070 g/cm?3) in red in PBS at pH 7.4
at 30°C.

Results are expressed as mean +/- standard deviation with n = 2. Corresponding error bars are provided and may be hidden
by symbols in some cases.

The drugs release from aerogels and cryogels can be divided into two phases (Figure V.5, 6, 73,
8, 9 and 10) with an initial burst release, followed by a slower release until plateauing. The duration of
the burst stage is less than one hour for cryogels and lasts several hours (1.5 — 4h) for aerogels. On one
hand, burst release is generally not desired as it can lead to high concentrations and thus toxicity for
the surrounded tissues. It can also be an economical waste as it implies to change the dressing more
frequently to preserve the drug effect [22]. On the other hand, a fast release may help reaching an
effective concentration quickly, e.g., for a pain-killer drug. In this respect, the toxicity and the efficiency
of the drug-loaded materials will be studied (part 2. Biological in vitro tests).

Coming to the influence of the density, it can be observed that the higher the density of the
aerogel, the slower the release, as expected [10], as drug diffusion is hindered by a denser network.
However, density does not influence the release kinetics from chitosan cryogels in the interval studied
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which may be the consequence of the very large macropores present in the cryogels. The influence of
morphology on release kinetics is clearly visible in Figure V.5c and V.6¢ for aerogels and cryogels of the
same density: the release is much faster from cryogels. This can be ascribed to the presence of smaller
pores in aerogels (and thus higher tortuosity) in comparison with cryogels and as demonstrated in our
previous work [16].

The influence of the non-solvent used during solvent exchange on AAP release kinetics from
aerogels is shown in Figure V.7. Faster release was observed in the following order: ethanol, acetone,
and isopropanol aerogel precursors, with 80% of the cumulated drug release achieved in 12h, 4h, and
3h, respectively. This difference in release kinetics cannot be explained by the density as all aerogels
presented a similar density, but by the specific surface area Sa (Table V.1). The decrease in Sa for
materials of the same density indicates an increase in the pore size as confirmed by the SEM images in
Figure V.7, and thus faster AAP release kinetics. These differences in the structures are surprising as
only a minimal impact of the non-solvent on the aerogel network was expected since the network is
already coagulated when both are brought into contact.
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Figure V.7: Influence of non-solvent used for solvent exchange on the kinetics of the AAP release. Release in PBS at pH 7.4
and 30°C from chitosan aerogels made from solution at 5%wt/v chitosan. Results are expressed as mean +/- standard
deviation with n = 2. Corresponding error bars are provided and may be hidden by symbols in some cases.

The influence of the pH of the release medium, 7.4 vs 8.9, on Dex-P release kinetics from
aerogel and cryogel of the same density is illustrated in Figure V.8a and b. Similar results were obtained
for AAP release, with the corresponding graphics shown in Figure V.9a and b. The drugs release from
aerogels is slightly faster at pH 8.9 as compared to pH 7.4 (Figure V.8a and Figure V.9a): for example,
80% of Dex-P cumulative release from aerogels of density 0.06 g/cm?® occursin3 h at pH 8.9 vs5 h at
pH 7.4. As mentioned above, due to the ionic interactions between protonated amino groups of
chitosan and the negative charges of Dex-P and AAP, drugs are likely to be bound to the polymer. The
higher the pH of the release medium, the weaker the ionic interactions and thus the faster the drug
release. In contrast, the pH of the release medium practically does not influence the kinetics of Dex-P
and AAP releases from cryogels (Figure V.8b and Figure V.9b). Although the same mechanism also
occurs in cryogels, its effect on the drugs release is not noticeable because of the fast release caused
by the large macropores and low specific surface area, making cryogels a less “sensitive” matrix. This
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difference of pH sensitivity between cryogels and aerogels may be exploited for wound healing as for
the latter, a faster release would be encountered during the inflammation step (pH 8.9) and a slower

release in the healing stage (pH 7.4).
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Figure V.8: Cumulative Dex-P release into PBS at 30°C as a function of time at pH 7.4 (red) and 8.9 (blue) from (a) chitosan
aerogels (density 0.06 g/cm3) and (b) chitosan cryogels (density 0.06 g/cm3). Lines are given to guide the eye. Results are
expressed as mean +/- standard deviation with n = 2. Corresponding error bars are provided and may be hidden by symbols

in some cases.
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Figure V.9: Comparison of kinetics of AAP release for (a) aerogels (p = 0.084 g/cm?3) and (b) cryogels (p = 0.057 g/cm?3) in PBS
at pH 7.4 (red) and 8.9 (blue) at 30°C. Results are expressed as mean +/- standard deviation with n = 2. Corresponding
error bars are provided and may be hidden by symbols in some cases.

The addition of a pre-drying step modifies the kinetics of drug release as shown in Figure V.10
for AAP. The longer the pre-drying step duration, the slower the release, with 80% of the cumulated
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AAP release reached in 6h without pre-drying against 7, 8 and 16 h for 4.5h, 6.5, and 17h of pre-drying,
respectively. The slower release is induced by the higher density caused by the high shrinkage (Table
V.2) and probably smaller pore size. A pre-drying step can therefore be added to slightly tune the
kinetics of release, but as mentioned previously, drying should be limited to avoid drastic changes of
the porosity and the risk of losing the advantage of having an aerogel.

Cumulated drug release (%)

20 ®— No pre drying
B 4.5h
m—6.5h
g ; ; —m—17h
0 10 20 30 40 50
Time (h)

Figure V.10: Cumulated drug release for 6%wt/v aerogels loaded with AAP with pre-drying in PBS at pH 7.4 and 30°C. The
pre-drying duration is indicated in the legend. Results are expressed as mean +/- standard deviation with n = 2.
Corresponding error bars are provided and may be hidden by symbols in some cases.

1.3. Selection of a kinetics model to describe the release from chitosan aerogels and
cryogels

It should be noted that when drug-loaded chitosan materials were immersed in the release
medium, the samples were shrinking, and this occurred during the first few minutes after immersion.
No dissolution of the matrix was observed, as expected in view of the insolubility of chitosan at pH 7.4
and 8.9. A sharp volume decrease can be one of the reasons for the fast increase of drug concentration
in the release medium. Aerogels are shrinking more than cryogels, around 50 — 60% vs 10 — 40%,
respectively (Figure V.11). The shrinkage is due to the capillary pressure occurring when a porous
material is immersed in a liquid. Capillary pressure is defined by the Young-Laplace equation which
predicts higher pressure, and thus enhanced pore collapse, for smaller pores. The difference in pore
size explains why aerogels are shrinking more than cryogels.
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Figure V.11: Volume shrinkage of chitosan aerogels (circles) and cryogels (triangles) made from chitosan solutions of either 5
wt% (red) or 8 wt% (blue) as a function of (a) their specific surface area and (b) their density.

Various mathematical models are used to describe release kinetics from a solid polymer
matrix [23]. Zero-order model is not applicable as the slope of cumulative release varies during the
release. As chitosan aerogels are not swelling or dissolving in PBS, all models that consider polymer
relaxation and/or erosion should not be considered, nor should be the Ritger-Korsmeyer-Peppas
model which predicts an instantaneous burst release. The Higuchi model is not applicable either as the
main requirement, i.e., the initial drug concentration in the system to be higher than drug solubility, is
not fulfilled. Thus, two models which may describe the first 60% of release were tested to fit
experimental data of Dex-P and AAP release kinetics from chitosan aerogels: first-order kinetics and
the Korsmeyer-Peppas approach. Both models were tested to describe the release kinetics of AAP but
none of them presented a good fit. Regarding Dex-P release from cryogels, as 60 % of cumulated
release from cryogels was reached very quickly, there were not sufficient data points for the modelling
of the release kinetics. The two selected models were used to describe the Dex-P release from
aerogels:

The first-order kinetic model predicts the following dependence of the cumulated release Q as
a function of release time t:

log(1—-Q)~AXt V.2

where A is a constant. An example demonstrated in Figure V.12 shows that the fit of this model to
experimental data is not good, and thus it will not be used.

156



Chapter V. Evaluation of drug loaded cryogels and aerogels

0 0 T T T T
Il m  Aerogel 5% pH 7.4
m Aerogel 5% pH 8.9
0.2¢ y =-0.120x — 0.097 T
R?=0.967
go4t ]
= v s
o
S-06Fy=.0.23x-0.097 , .
R?=0.967= .
. n
08} % |
g
2 im
-1.0 . s . s
0 2 4 6 8 10
Time (h)

Figure V.12: Fit of experimental data by the first order model (lines) for Dex-P release into the bath at pH 7.4 (1) and 8.9 (2)
from aerogels of density 0.064 g/cm?3. Data correspond to mean values +/- standard deviations with n = 2.

Finally, the Korsmeyer-Peppas approach was applied to the first 60% of the cumulated Dex-P
release:

Q~K X t" V.3

where K and n are constants. According to our experimental set-up (see Methods section), thin film
approximation can be used. The results are shown in Figure V.13a, b and in Table V.3, demonstrating
that Korsmeyer-Peppas approach provides the best fit to experimental data with the correlation

coefficient R? = 0.99. In most cases the exponent n is around 0.45 corresponding to Fickian diffusion,
as expected [23].
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Figure V.13: Fit of experimental data by the Korsmeyer-Peppas model (lines) for Dex-P release into the bath of pH 7.4 (a) and

8.9 (b) from aerogels of density 0.064 (1) and 0.124 (2) g/cm3. Data correspond to mean values +/- standard deviations
with n = 2).
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Table V.3: Korsmeyer-Peppas fitting constants (eq.V.3) for the kinetics of Dex-P from chitosan aerogels into release media of

different pH.

Chitosan aerogel

pH of release medium: 7.4

pH of release medium: 8.9

density, g/cm?3 n K R? n K R?
0.064 0.47 0.46 0.99 0.47 0.57 0.99
0.124 0.42 0.38 0.996 0.59 0.24 0.99

2.  Biological in vitro tests

Having demonstrated that chitosan aerogels lead to longer release times with a pH
dependence of potential interest for wound healing applications, they were further tested in terms of
cytotoxicity. The non-cytotoxicity of chitosan itself is already clearly established [19,24], but
considering that during the preparation of chitosan aerogels a solution of 4M NaOH and ethanol are
used, the absence of cytotoxic effects needs to be checked.

Cytotoxicity of chitosan aerogels was assessed on the human dermal fibroblasts (HDF) and
murine L929 fibroblasts. Controls were validated with no cytotoxicity for tissue culture polystyrene
(TCPS) and the negative control material RM-C, but cytotoxicity for the positive control material RM-A
(Figure V.14). For both cell lines, chitosan aerogels presented no cytotoxic effect with a cell viability
above 70% which is the limit of cytotoxicity given by the norm NF EN ISO 10993-5 (2010), which
confirms the results reported in the literature with similar process of aerogel preparation [8,25].
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Figure V.14: CellTiter Glo assay of chitosan aerogels and controls on (a) L929 and (b) HDF. The red line is the limit of
cytotoxicity given by the norm NF EN ISO 10993-5 (2010). Data correspond to mean values +/- standard deviations with
n=23).

AAP is expected to enhance healing through increased production of collagen [26], so the
effect of AAP on collagen production by fibroblasts was evaluated through two tests, Sircol and Direct
red 80, to detect the collagen at the different steps of its secretion by HDF cells. The tests were
performed with extracts from AAP-loaded chitosan aerogels at different concentrations of AAP from 0
to 750 pg/mL. First, preliminary tests were carried out to establish the optimal concentration range of
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free AAP able to induce collagen production (Figure V.15). An optimal range of 100 to 750 pg/mL was
thus determined. All subsequent tests were therefore conducted in this range of concentration.
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Figure V.15: Extracellular collagen detection after AAP treatment of 6 (blue) and 9 days (red) on HDF seeded at 10 000
cells/well with an FBS starvation of 24h before treatment. Data correspond to mean values +/- standard deviations with n
=3.

Sircol test was first used to quantify the extracellular soluble tropocollagen, the fundamental
unit of collagen (Figure V.16a). Tropocollagen in contact with extracts of AAP-loaded aerogel or free
AAP was quantified after 6 and 13 days. An increase of tropocollagen production with increasing
concentrations of free AAP and with time was observed. A decrease of tropocollagen production at
the highest AAP concentration after 13 days was observed. The scenario was rather different for the
AAP released from the aerogel’s extracts. At day 6, no increase of tropocollagen concentration was
observed, whatever the concentration of AAP. After 13 days, tropocollagen production was higher for
concentrations of released AAP superior to 300 pg/mL.

A Direct Red 80 test was run in parallel to detect and quantify extracellular collagen fibrils,
formed from the association of tropocollagen in the collagen production process. HDF cells were put
in contact with free AAP or AAP released from aerogels at different concentrations for 6 and 13 days
(Figure V.16b). Below 300 pg/mL no impact of AAP, free or released form aerogels, was found on
collagen production, for both times. For concentrations of AAP of 300 pg/mL or above, collagen
production increased with increasing concentrations of AAP and increasing time, except for free AAP
where the production of collagen decreased at with the highest AAP concentration (750 pug/mL) for
both times. In this range of AAP concentrations, it was also found that collagen production was higher
for cells in contact with AAP released from chitosan aerogels compared to free AAP. This result may
indicate a possible beneficial effect of the combination of chitosan and AAP on collagen production.

Taken together, these results confirm that AAP released from aerogels is responsible for a
higher production of collagen for AAP concentrations above 300 pg/mL.
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Figure V.16: Quantification of collagen by (a) Sircol assay (n=2) and (b) Direct Red 80 (n=3) on HDF cells after 6 and 13 days

in contact with AAP-loaded chitosan aerogel extracts and free AAP.

Finally, a scratch test was performed on HDF cells to assess the ability of AAP-loaded aerogels
to accelerate the cell migration and thus, the wound closure (Figure V.17). Whatever the conditions,
cells were able to close the scratch, however, clear differences in the closure kinetics were observed.
The cells in the absence of AAP (TCPS), in contact with pristine culture medium, or in contact with the
extract from non-loaded aerogels, were slower to close the scratch compared to the medium with
AAP. In more details, for AAP concentrations of 750 pug/ml, complete scratch closure was observed
after 33 h for cells in contact with free AAP or with AAP from aerogel extracts, against 48 h for cells
without AAP. No difference in wound closure was observed between free AAP and AAP from aerogels
extracts, showing no benefice by the combination of chitosan and AAP contrary to what was observed

for Direct Red 80 test.
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Figure V.17: Scratch test on HDF cells in contact with TCPS, non-loaded aerogels, 750 ug/mL of AAP loaded in aerogel and

750 ug/mL of free AAP, with pictures of the scratch (n=2). The red arrow indicates the width of the scratch. Standard

deviation is the average of 18 to 30 measurements of the scratch width.

160



Chapter V. Evaluation of drug loaded cryogels and aerogels

Conclusions

Chitosan aerogels and cryogels were loaded with Dex-P and AAP and the release kinetics from
materials of different densities and in medium of pH 7.4 and 8.9 was studied. DLE in cryogels was three
times higher than in aerogels and exceeded 200% for Dex-P loading. The DLE of AAP-loaded porous
dried gels was between 280 and 450%. These high DLE are due to the ionic interactions between
positively charged amino groups of chitosan and the negatively charged phosphate group of
dexamethasone phosphate or ascorbic acid 2-phosphate. DLE of Dex-P-loaded aerogels is high, around
70%, but it is lower than 100%, likely due to: potential solubility of the drug in the water-ethanol
mixture during the step of solvent exchange, “mechanical” washing-out during supercritical drying,
and fewer interactions of chitosan with Dex-P compared to AAP.

The release of Dex-P and AAP from porous chitosan materials, aerogels and cryogels, were
investigated in two buffer solutions: one at pH 7.4, approximating the pH value of a chronic wound in
the healing stage, and one at pH 8.9, corresponding to the pH value of a chronic wound in the
inflammation stage. The AAP and Dex-P release kinetics from chitosan aerogels and cryogels was
shown to depend on material density and morphology. Slower release was recorded from aerogels of
higher density, as expected; whereas cryogel density did not influence the release kinetics within the
interval studied. At a same material density, the release of Dex-P and AAP from cryogels was faster
than from aerogels, which was ascribed to the different material morphologies: large pores and
channels in cryogels vs smaller pores with high tortuosity in aerogels. Aerogels exhibited a faster
release at pH 8.9 than at pH 7.4 due to decreased ionic interactions between chitosan and the drugs.
The Korsmeyer-Peppas model showed the best fit to experimental data for Dex-P release from
aerogels, no model fitted AAP release from aerogel or both drugs release from cryogels.

Chitosan aerogels were non-cytotoxic towards HDF and L929 cells. Finally, it was shown that
AAP loaded in aerogels can increase the production of collagen similarly to free AAP and lead to faster
wound closure compared to non-loaded aerogel, making such AAP-loaded chitosan aerogels promising
candidates as wound dressing.

Overall, it was demonstrated that Dex-P and AAP-loaded chitosan porous materials can be
made with various porosity and morphology, which results in different release kinetics. Moreover, the
absence of cytotoxicity, the improved collagen production and faster healing on scratch test are
making these materials promising for biomedical applications.
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The aim of this work was to develop porous biobased dressings for chronic wounds. To fulfill
this aim, we made chitosan porous materials, aerogels and cryogels, and tuned the parameters of their
preparation and understood the correlation between these parameters and the final material
structure and properties. These materials were made by chitosan dissolution followed by coagulation
and drying in different conditions. We focused on a better understanding of coagulation process, which
was required to give new opportunities in material processing. Finally, characterization of the materials
for biomedical applications was needed, with the drug release kinetics and testing material biomedical
properties. Three chapters in this manuscript present these results.

In the chapter 3, which is the first chapter devoted to the results obtained in this work, we
studied the kinetics of coagulation of chitosan solutions in NaOH-water as a function of the chitosan
concentration via i) optical observations of the evolution of the coagulation front in a droplet, and ii)
by the evolution of the elastic modulus. Three phases were visible via optical observations, an initiation
phase, a phase with more or less constant coagulation speed and an acceleration phase, the latter due
to the geometry of the sample. Higher chitosan concentration induces an increase of the coagulation
rate thanks to a closer chain proximity. Fick approach was applicable till 60% of the coagulation process
with optical follow-up. Using DMTA, a coagulation coefficient was introduced. Using data obtained
with optical observations, we were able to predict the evolution of the elastic modulus in time. This
prediction allows having a better control of the mechanical properties of coagulating chitosan. Thus, it
gives the possibility to control processing, like 3D printing, of chitosan solutions with non-optimized
rheological properties.

Chapter 4 was dedicated to the preparation of chitosan cryo- and aerogels monoliths that were
made by non-solvent induced phase separation, without any crosslinker, and characterization of the
dry materials. The understanding of the correlation between the process parameters and the material
properties is a key to tune the material properties. The main parameter to vary the properties is the
drying mode: supercritical drying allows obtaining mesoporous materials with a high porosity and high
specific surface area while lyophilization leads to materials with high porosity but low specific surface
area. Aerogels seem to be more adapted for a wound dressing application as the small pore size
prevents cell colonization.

Mechanical properties of materials were characterized. Density is the main parameter to tune
the mechanical properties. Elasticity of aerogels and cryogels was reasonably close to skin but
improvements still should be made. The influence of moisture on the mechanical properties was
evaluated. The absorption of water molecules plays a plasticizer role; drying induces shrinkage and
increases the density of the material. The coagulation “direction”, isotropic vs anisotropic, also
influences aerogel mechanical properties.

In the last chapter, the release kinetics of dexamethasone-phosphate (Dex-P) and of ascorbic
acid 2-phosphate (AAP) from porous chitosan materials, aerogels and cryogels, was investigated in two
buffer solutions: at pH 7.4, approximating the pH value of a chronic wound in the healing stage, and at
pH 8.9, corresponding to the pH value of a chronic wound in the inflammation stage. The drug loading
efficiency was high, from 70% to 450%, in particular for aerogels. This large range can be explained by
two factors:

e In aerogels, the drug is slightly washed out during the solvent exchange and the
supercritical drying,

e lonic interactions between the negatively charged phosphate group of the drugs and
the positively charged amine groups of chitosan allows obtaining DLE above 100%.
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The release kinetics from aerogels and cryogels depends on material density and morphology.
Slower release was observed for aerogels of higher density, whereas cryogel density did not influence
the release kinetics as the large pore size has a more important effect on the release. At the same
material density, the important parameter is the morphology: cryogels possessed a faster release than
aerogels thanks to their large pore size. The pH of medium has an influence on the release with a faster
release from aerogel at pH 8.9 compared to pH 7.4 due to the decrease of ionic interactions between
the drugs and the chitosan material at higher pH. It is possible to tune the release of a drug from
chitosan aerogel by adding a pre-drying step, increasing the density of the material, and thus slowing
the release. The Korsmeyer-Peppas model showed the best fit to experimental data for Dex-P release
from aerogels, but no model fitted AAP release nor cryogels loaded with both drugs.

Chitosan aerogels presented no cytotoxicity towards HDF and L929 cells. Biological in-vitro
tests showed that AAP-loaded aerogels increase the collagen production and lead to a faster wound
closure compared to non-loaded aerogels, making these materials promising for biomedical
applications.

Overall, we first improve the comprehension of the coagulation process of the chitosan
solution by monitoring optical and mechanical properties in time. We proposed an equation to predict
the mechanical properties of chitosan during coagulation. Then, we made chitosan aero- and cryogels
without crosslinker and studied the influence of the process parameters on their final properties. The
materials were suitable for drug delivery with the possibility to tune the release kinetics. Chitosan
aerogels were non-cytotoxic, they can improve the wound healing and increase the collagen
production. With a careful selection of the process parameters, we were able to make chitosan
aerogels suitable for a wound dressing application.

A lot of perspectives can be drawn from this study. The chapter 3 gives a better understanding
of the evolution of the mechanical properties during coagulation. Observations similar to those
obtained with DMTA could be made with a rheometer to measure the viscosity and the moduli
evolution during coagulation. 3D printing of chitosan solution with simultaneous coagulation could be
performed to assess the validity of our results and identify the new problematics. These experiments
were started but not completed because of time constraints. Another way to print chitosan solution
would be to improve the rheological properties of the solution by mixing it with another polymer that
can be easily removed afterward [1]. This work is ongoing in collaboration with colleagues from
Helsinki university; aerogels obtained with this method should be characterized.

Mechanical properties of aerogels and cryogels could be improved to make them more elastic
to be more comfortable for patients. To achieve this aim, reticulation could be made. The crosslinking
rate should be well controlled, to be not too low to have enough reticulation points to make the
material elastic, but not too high to completely block chain movements and obtain moduli values that
are too high compared to the skin. However, the reticulation on chitosan amine groups may reduce
the antibacterial properties of chitosan. To avoid this problem, genipin could be a good candidate for
chitosan reticulation thanks to its antibacterial properties [2]. We tested the mechanical properties of
chitosan cryogels and aerogels with uniaxial compression in dry state, however, in exudative wound,
the dressing will absorb exudate, and this will change the mechanical properties of the material.
Uniaxial compression could be performed on aerogels after absorption of simulated wound exudate
to characterize the evolution of the mechanical properties and assess if the materials are still adapted
to a wound healing application. A fundamental study on the local deformation at microscopic scale
during indentation tests in SEM could be performed and the mechanical behavior of the material could
be determine.
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Following the in vitro biomedical tests, an in vivo study may be envisioned. This study could be
performed on pigs to have a skin structure similar to the human one. Wound healing could be
evaluated through different ways: the rate of closure of the wound with pictures of the wound taken
at different times during healing, biological tests to detect the presence and to quantify proteins or
immunomarkers characteristics of wound healing, and by the recovery of mechanical properties of the
skin compared to a healthy one with biaxial tensile stress.
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RESUME

Le vieillissement de la population engendre des probléemes de santé majeurs, comme les plaies
chroniques, pouvant engendrer la mort. Afin de traiter ces plaies, nous avons étudié deux types
de matériaux poreux : les aérogels, obtenus par séchage au CO2 supercritique, qui ont une
double porosité méso- et macro- (2 nm -2 ym) et une haute surface spécifique (>100 m?/g), et
les cryogels, obtenus par lyophilisation, qui présentent des macropores (> 50 nm). Ces
matériaux ont été obtenus a partir de chitosane, un polymére biosourcé, ayant des propriétés
antibactériennes. Nous avons défini une gamme de propriétés a viser pour le traitement de
plaies et nous avons étudié le lien entre le procédé de fabrication du matériau poreux et ses
propriétés finales. Les matériaux optimisés ont ensuite été testés dans le contexte de
I'application, avec un focus sur les aspects de chargement et de libération de principes actifs,
ainsi que de lI'impact de ces principes actifs sur la production de collagéne.

MOTS CLES

Aérogel; cryogel; chitosane ; matériaux poreux; libération contrélée de principes actifs ;
pansements pour plaies

ABSTRACT

The aging of the population is leading to major health problems, such as chronic wounds, that
can be fatal. To treat these wounds, 2 types of porous materials are studied: aerogels obtained
by a drying with supercritical CO2, with a meso- and macroporosity (2 nm — 2 ym) and a high
specific surface area (>100 m?#g), and cryogels, made via freeze-drying, and that are
microporous material (> 50nm). These porous materials are based on chitosan, a biobased
polymer with antibacterial properties. The goal of this work is to define a range of targeted
properties and then understand the correlation between the process and the final material
structure/properties to develop a porous material suitable for wound healing. Optimized
materials are tested in relation with the targeted biomedical application in terms of drug loading
and drug release, as well as collagen production.
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