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Résumé en francais

Développement et caractérisation d’hydrogels formeéisn
situ de chitosane / glucose-1-phosphate pour la libéramn
contrdlée de principes actifs

Contexte et objectifs de la these

Au cours des derniéres décennies, le développerientormulations injectables
formant des dépdbtm situ, «in situ forming depot » (ISFD) en anglais, a suscité ugrat
considérable pour diverses applications pharmapeesi et biomédicales. Ce sont des
formulations liquides qui, aprés injection intraroulsire, sous-cutanée ou intra-tumorale

forment un implant solide ou semi-solighesitu dans les conditions physiologiques [1,2].

Les ISFDs représentent une alternative intéresspmtgermet de remédier aux limites
des formes parentérales a libération immédiatdegtedjue les solutions, suspensions ou
émulsions) de par leur capacité a prolonger ladii@én d’'un principe actif sur plusieurs jours
voire plusieurs mois tout en maintenant des taasrphtiques suffisants pour produire I'effet
thérapeutique souhaité. Ainsi, ces systemes peanetide réduire la fréquence
d’administration du médicament, assurant une meglebservance thérapeutique. Comparé
aux autres formes dépbts telles que les microspheueles implants, les ISFDs offrent
'avantage supplémentaire d’améliorer le confod gatients grace a une administration plus
aisée et peu invasive a travers une aiguille di¢ gietnetre. Le procédé de fabrication de ces
formes galénique est d’'une grande simplicité, cé mprmet de réduire les colts de
production. De plus, l'incorporation du principetifiau sein d’'une matrice polymére permet
de le stabiliser, notamment dans le cas des peptaledes protéines qui sont plus

particulierement sujets a dénaturation dans urempihysiologique [3].

Un ISFD idéal devrait répondre aux criteres suisarfi) Etre composé d’excipients
biocompatibles, biodégradables et approuvés pourusage pharmaceutiqudii) étre
suffisamment stable pour assurer une durée deceaieptable et pouvoir étre présenté dans
des seringues pré-remplies prétes a I'emgln), avoir une faible viscosité permettant une
préparation aisée, une incorporation homogene thcipe actif et une injection aisée a
travers de fines aiguillegiv) présenter un mécanisme de solidificatiorsitu suffisamment

rapide afin d’éviter un temps de latence entrgdition de la solution et la formation de
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'implant qui entrainerait une libération brutal@ grincipe actif et une propagation de la

solution dans les tissus environnants.

Pour ce travail de these, les systemes a baseitdsarte (CS) formant des hydrogels
in situ a température corporelle ont été choisis parmditérentes catégories d’ISFDs, pour
la biocompatibilité et biodégradabilité reconnuecdgolymere ainsi que pour I'absence, dans
leur composition, de solvants organiques et datétirs ou d’'agents réticulants toxiques.
Apres une description de [|'état de I'art concertestdifférents systemes thermo-gélifiants a
base de CS existants et de leurs utilisati@isapitre ), nous nous sommes intéresses en
détail aux meécanismes sur lesquels reposaient rlaatmn des hydrogels de CS/agent
gélifiant et plus particulierement au rble de latipapolyol de I'agent gélifiant dans ce
mécanisme Chapitre 1l). Dans une troisieme partie€Cliapitre Ill), nous nous sommes
concentrés sur le deéveloppement dun nouveau sgstémssociant le CS au
glucose-1-phosphate (G1-P), sélectionné en tantaggat gélifiant alternatif au
glycérophosphate (GP) conventionnellement utiliaésdce type de formulation. Dans cette
méme partie, des essais de tolérance locale starséeudes hydrogels de CS/ G1-P ont été
réalisés sur un modele murin. Enfin, I'objectif ciette thése étant de développer ces ISFDs
pour la libération controlée de principes actiésdérniére partieQhapitre 1\) est consacrée a
I'étude de la libérationn vitro de différents composés modéles incorporés daméskau
polymére de CS / G1-P.

Chapitre 1 : Les hydrogels thermosensibles a base de chitogaet leurs

applications pharmaceutiques et biomédicales.

Développées il y a une dizaine d’années, les solstihermo-gélifiantes a base de CS
ont fait I'objet de nombreuses études depuis last pour comprendre leur mécanisme de
gélification que pour évaluer leurs potentielleplaations dans le domaine pharmaceutique
et biomédical. Le CS est un polysaccharide d’odgiraturelle, obtenu par désacétylation
partielle de la chitine. C’est un hétéro-polyméngaire composeés d’unités de N-acéhyD-
glucosamine et d@-D-glucosamine (Figure 1). De par la présence detions amines
primaire libres, le CS est un poly-électrolyte caifjue (pky de l'ordre de 6,2) soluble
uniquement en milieu acide. Lorsque le pH deviemiesieur au pl, le polymeére précipite
[4,5].
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Figure 1: Structure chimique du chitosane

Cependant, Chenitet al [6] ont démontré qu’'une solution de CS devient riieer
gélifiante a pH physiologique en présence de GHnéeanisme de gélification de la solution
de CS/ GP repose sur la formation d'un réseaimgitsionnel lors de I'augmentation de la
température a 37°C, ceci d0 aux effets synergigedp la réduction progressive des forces
de répulsion électrostatique entre les chaines 8g(iJ la destruction de la couche d’eau
protectrice structurée autour des molécules de & $appartie glycérol du GP éti) la mise
en place de forces attractives (interactions hywbps et liaisons hydrogénes) inter-
polyméres.ll apparait que les caractéristiques 8uels que son degré de désacétylation (DD)
et sa masse molaire (Mw), ainsi que le pH du systéenrapport CS : GP et le type d’acide
utilisé pour la dissolution du polymére influentr $& processus de gélification et/ou sur la
structure de I'hydrogel. Ainsi, le temps et la térgiure de gélification peuvent étre ajustés
en faisant varier le rapport de CS et GP, tandslguurbidité du gel est modulable en faisant
varier le DD et la distribution des monoméres du e $ue la morphologie du gel dépend
fortement de la concentration et du Mw du CS ajju& du type d’acide utilisé. Les études
vitro et in vivo confirment la biocompatibilité et la biodégradébilde I'hydrogel dans les
conditions physiologiques. Par conséquent, les dggls de CS/GP se formaint situ
paraissent prometteurs tant pour la libération rébée de principes actifs que pour
I'ingénierie tissulaire. En effet, la libération dencipes actifs de faible masse molaire est
significativement réduite par leur incorporationndgale systéme thermo-gélifiant par
comparaison avec une solution de CS pure, permettanlibération prolongée par diffusion
sur une période de plusieurs joumsvitro. Les thermogels de CS ont également été étudiés
pour I'administration de peptides ou de protéirtels que I'insuline ou des anticorps anti-
TNFa, de par leur aptitude a prolonger la libération @usieurs semaines tout en protégeant
les macromolécules des dégradations chimiques pyratiques. Enfin, ces systemes ont
également fait leurs preuves dans le domaine dindeapie cellulaire et de l'ingénierie
tissulaire. Pour ces applications, des cellulesclsesi associees a des facteurs de

différenciation et de croissance sont meélangés soliation thermo-gélifiante qui, une fois
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injectée au niveau des tissus endommagés, fornngdmgel dans lequel les cellules peuvent
se différencier et proliférer afin de favoriserrisgénération des tissus. Afin de parer aux
inconvénients du systeme conventionnel CS / GB,geé la libération rapide des composés
hydrophiles de faible masse molaire ou le manquegitdité du gel, différents stratégies ont
été mises en ceuvre. Ainsi, les cinétiques de lilnérpeuvent étre modulées en combinant le
systéme avec des formes vectorisées, telles quedssmes ou des microspheéres, tandis que
I'adjonction d’autres polymeéres (de type gélatieel]lagene ou dérivés de cellulose) au
systeme permet d’améliorer les propriétés mécanigiuegel. Enfin, une derniére stratégie
mise en ceuvre consiste a modifier chimiquement3edans le but d’augmenter sa solubilité
ou sa sensibilité au pH ou encore d’améliorer ¢gdité des hydrogels. Malgré les efforts
déployés pour améliorer les thermogels de CSsiera remédier a certaines limites de ces

systéemes, notamment le manque de stabilité ddutisoa basse température.

Chapitre 1l : Etude rhéologique des systéemes chitosane / pdiaihosphate :
influence de la partie polyol dans le mécanisme dgélification thermo-

induite.

Afin de mieux comprendre le mécanisme de formatles hydrogels a base de CS
ainsi que le réle de la partie polyol de I'agenitfgt, différentes combinaisons de CS / agent
gélifiant ont été soumises a une étude détailléleutecomportement rhéologique. Une étude
préliminaire a été réalisée avec difféerents agegélgiants potentiels tels que des sels de
phosphate inorganiques (MO, (NH;) HPQy), de l'a-méthoxye-phosphate polyéthyléne
glycol et des polyols-phosphates (& savoir fdglycérophosphatep{GP), du glucose-1-
phosphate (G1-P) et du glucose-6-phosphate (G8zej)e étude a permis de démontrer que
la présence d’'une partie polyol est indispensablesda structure de I'agent gélifiant afin
d’empécher la précipitation immeédiate de la solutle CS a pH physiologique et de rendre le
systeme thermosensible. Les polyols sont connus pootéger les protéines contre la
dégradation thermique en stucturant les molécukzudautour de ces dernieres de maniére a
former une couche protectrice. Les résultats d#srents tests rhéologiques (balayage en
fréequence, en température et en temps) réaliseesigystemes CS / polyol-phosphates et
CS / NaHPQ,, complétés par des mesures spectroscopitl?eNMR et des mesures de pH,
ont mis en évidence le rdle protecteur de la pagitieose ou glycérol vis-a-vis des chaines de

CS. Il est Iégitime de présumer que, tout comme fBmuprotéines, cet effet protecteur est di
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a l'effet structurant du polyol sur les moléculésadi environnantes (au travers de liaisons
hydrogénes) a basse température, réduisant aissiinteractions attractives entre les
molécules de CS a pH>pK(Schémal (b)). Sous l'effet de l'augmentation @e |
température, le pi du CS diminue, entrainant une réduction progressigs forces de
répulsion électrostatique entre les chaines de ta@fdis que l'agitation thermique des
molécules du systeme augmente, réduisant ainsiole#sion de la couche protectrice
polyol / eau. Ainsi, lorsque la température du &yst est supérieure a la température de
gélification (Ts/g), les forces attractives entre molécules de C&ierint la formation d'un
réseau tridimensionnel par lintermédiaire d'intdi@ns hydrophobes et de liaisons

hydrogenes (Schéma 1 (c)).

Schémal: Représentation du mécanisme de gélification desi@as de CS / polyol-phosphate.

@
QS Chitosane
@
@-0 Agent gélifiant
Phosphate Polyol
00 ° 50 Molécules d'eau
[~ ]
:'\ Liaisons Interactions
“~ hydrogéne hydrophobes
%0 cs-cs
~ Y.

L’augmentation de la température de gélificatios déférents systemes CS / polyol-
phosphate est observée dans l'ordre suivagic: (f-GP) < Tsic (G1-P) < &6 (G6-P), ce qui
indique une augmentation de la stabilité de la beywrotectrice polyol / eau lorsque la taille

de la partie polyol augmente.
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Chapitre 1ll_: Le glucose-1-phosphate, un nouvel agent gélifiapour les

systemes thermo-gélifiants a base de chitosane

Apres avoir étudié I'influence de la partie polgoir le mécanisme de gélification dans
le Chapitre Il, et au vu des résultats obtenustiéisant le G1-P en tant qu'agent gélifiant, ce
composé a été seélectionné pour poursuivre les meube dans le but doptimiser les
thermogels a base de CS. Dans un premier tempprdesiétés viscoélastiques du systéme
CS/G1-P ont été déterminées par rhéologie. Leslteds montrent que le temps et la
température de gélification varient en fonctiontglye et de la concentration de CS ainsi que
de la concentration en G1-P. Les formulations lks @mdéquates pour une application
parentérale, c’est-a-dire ayant ug,cl~ 37°C et formant un gel relativement rigide en
guelques minutes a température physiologique, imisi pu étre sélectionnées. Le caractére
non réversible de la transition sol / gel, obsgraé rhéologie lors de cycles de chauffage-
refroidissement successifs, a été confirmé paryaeaDSC et peut étre attribué a la
persistance d’interactions attractives entre lesinds polyméeres a basse température. La
détermination de la viscosité et de I'injectabilites solutions de CS / G1-P montrent que ces
solutions sont rhéofluidifiantes et que leur inj@ata travers de fines aiguilles (entre 23 et
30 G) est aisée. La stabilité a long terme de deltions de CS / G1-P (composées de 1,5 %
de CS et de 0,27 et 0,40 mmol/g G1-P respectivem#ane solution de CSE-GP et d’'une
solution de CS pure, a été évaluée dans des comslitéfrigérées et a température ambiante.
Les propriétés physiques évaluées lors de cettie &ont I'apparence, le pH, la viscosité et le
temps de gélification a 37°C des solutions aing lgumasse molaire du CS, déterminée par
chromatographie par perméation de gel (GPC). Uzl#éade la solution dépend fortement de
I'agent gélifiant utilisé et de sa concentratiomg\, la solution de CSf-GP a formé un gel
en moins d’'une journée a 20 - 25°C et en moins@@s a 2 - 8°C, confirmant le manque
de stabilité de cette formulation standard, tandis la solution de CS / G1-P a 0,40 mmol/g
de G1-P a conservé sa stabilité physique 2 maspédrature ambiante et au-dela de 9 mois
dans des conditions réfrigérées. L'utilisation d&-F5comme agent gélifiant permet donc
d’améliorer significativement la stabilité de ldwgmn thermo-gélifiante, de telle sorte qu’'une
présentation en seringues pré-remplies prétesndpl@® pourrait étre envisagée. Enfin, la
derniere partie de cette étude porte sur la tobérdacale sous-cutanée des hydrogels de
CS / G1-P dans un modéle murin. Pour cela, laisolytolymeére a été stérilisée au préalable
par filtration stérilisante et un dosage des endo&s bactériennes selon la méthode LAL

(Lysat d’Amaebocytes de Limule) a été réalisé, nammtque la teneur en endotoxines

10
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bactériennes de la solution est au moins 100 fdé&ieure a la limite. L’'examen des tissus
sous-cutanés entourant I'hydrogel a mis en évidemeeréaction inflammatoire a un corps
étranger, semblable a celle rapportée dans lardlitiee pour des systemes dépots
conventionnels tels que les microspheres de PLGA ks hydrogels de

CS / glycérophosphate. L'injection de la formulatientraine une inflammation aigué puis
chronique, qui s’estompe au cours des trois sermaed'étude, accompagnée de la formation

d’'une capsule fibreuse autour du dép6t.

Chapitre IV : Evaluation in vitro des hydrogels de CS/G1-P pour la

libération contrélée de composés modéles

Dans ce dernier chapitre, I'utilisation des therelegle CS / G1-P pour la libération
prolongée de principes actifs est évalugeitro. Le bleu de méthyléne (composé de faible
Mw, mono-cationique a pH physiologique), le prireigctif A (composé mono-anionique de
faible Mw), I'éosine Y (composé di-anionique debiai Mw), et un peptide faiblement soluble
dans I'eau ont été utilisés en tant que substamoeeles. Ces composés ont été incorporés
dans la solution afin d’étudier linfluence de lsupropriétés physico-chimiques (Mw,
solubilité dans I'eau, charge électrique) sur leuétique de libération dans un milieu de
dissolution a pH 7,4 et a 37°C. La comparaison efils de libération des composés de
faible Mw a mis en évidence I'aptitude de I'hydrbgeréduire significativement la libération
initiale rapide (ou « burst effect » en anglais)ads substances, en comparaison avec une
solution de CS pure. Ainsi, I'ajout du G1-P, endamt la solution thermo-gélifiante, permet
de réduire la libération du bleu de méthylene epiucipe actif A de plus de 45 % au bout de
2 h. De plus, la libération se prolonge ainsi suér 2 jours, comparé a 6 h sans G1-P. Au vu
des cinétiques de libération similaires obtenuex d& bleu de méthylene et le principe actif
A, il semble que les interactions électrostatigpesentielles entre les fonctions aminées
protonées du CS et la charge négative portée pariteipe actif A n’affectent pas le
mécanisme de libération. Une réduction signifiaatou « burst effect » a également été
observée pour les hydrogels contenant de I'éosi(iE7Y5 % en 6 h versus 50,1 % sans G1-P)
pour lesquels la libération est prolongée sur uméalde plus de 11 jours, versus 4 jours sans
agent geélifiant. Cette libération prolongée esilaite aux interactions ioniques entre I'éosine
Y et le CS. En effet, en raison du caractére polyomue du CS, les anions multivalents

peuvent réticuler le polymére au travers d’intaoas électrostatiques. Ce principe est

11
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couramment utilisé pour préparer des hydrogels & @Gotamment en utilisant du
tripolyphosphate ou du citrate en tant qu'agenicuént. Ainsi, comme le démontre le
comportement rhéologique du systeme, I'éosine ¢ jurble d’agent réticulant entre les
chaines de CS, transformant la solution de CS P@h-un gel réversible a basse température.
Des modéles mathématiques ont été appliqués aill geedibérationin vitro de I'éosine afin
d’élucider le mécanisme de libération. Les réssiltEmontrent que la cinétique de libération

est contrélée par la diffusion du composé a tralzensatrice polymere.

En raison de son caractere hydrophobe, le peptioécia a été incorporé dans la
solution de CS/ G1-P par dispersion. Grace a fmdtion du réseau polymeére, le « burst
effect » a été significativement diminué (2,5 %lidération en 6 tversus60,6 % sans G1-P)
et la libération du peptide a été prolongée sus mla 3 mois, comparé a une libération
complete en 3 jours a partir d’'une solution de @& plLe profil de libération peut étre divisé
en 2 phases distinctes : une premiére phase datlio® rapide due a la dissolution et a la
diffusion du peptide durant la gélification du st ainsi que du peptide incorporé a la
surface de I'hnydrogel en contact avec le miliewsolution, suivi par une seconde phase de
libération progressive et contrélée du peptide psgl® dans le réseau macromoléculaire. La
cinétique de libération obéit dans ce cas au madieliguchi. L’addition de lysozyme dans le
milieu de dissolution permet d’augmenter sensiblgnte taux de libération du peptide. En
effet, si quasiment aucune dégradation du CS maoBservée par GPC dans le milieu de
dissolution, I'ajout de 10 pg/mL de lysozyme emteaiune dégradation progressive de la
matrice polymérique (réduction de 20 % du Mw du &% 24 jours) en hydrolysant les
liaisons glycosidiques3-(1-4) entre les unités glucosamine et N-acétylggamine du
polymére. Ainsi, I'évaluation de la libératian vitro des différents composés modeles a
déemontré que le profil et la durée de libératiomiera significativement en fonction des
caractéristiques des substances encapsulés, notarteue Mw, leur pKa et leur caractere
mono- ou multivalent ainsi que leur solubilité ddleau. De maniére générale, des résultats
prometteurs ont été obtenus avec le systeme thgétif@ant CS / G1-P quant a la libération

contrdlée et prolongée de principe actifs pourdigges de quelques jours a plusieurs mois.

Conclusion et perspectives

Ce travail de thése a permis le développement dauveau systeme thermo-gélifiant

a base de CS et de glucose-1-phosphate, destiaéd@livrance parentérale prolongée de

12
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principes actifs. La solution de CS / G1-P de famikcosité est aisément injectable a travers
de fines aiguilles au niveau du site désiré, formeaars un hydrogein situ en quelques
minutes dans les conditions de pH et de températuysiologiques. Cette solution présente
notamment l'avantage d'étre stable sur plus de 8 ndans des conditions réfrigérées,
permettant ainsi d’envisager une présentation gngaees pré-remplies prétes a I'emploi. De
plus, les essai® vivo sur le rat ont permis de démontrer que I'hydragglraisonnablement
bien toléré apres administration en sous-cutangén,Hes profils de libération obtenus
vitro pour différents composés modeles ont mis en évaldaptitude des hydrogels de
CS/ G1-P a prolonger significativement la libératides substances incorporées. Ainsi, la
libération d'un peptide modeéle a pu étre prolongée plus de 3 mois. Ces résultats
encouragent la mise en ceuvre d’études de pharm&tiociein vivo qui permettraient de
confirmer la capacité du systéme a controler la@tmoe de libération du peptide sur des
périodes de plusieurs semaines a plusieurs maerdit également intéressant de compléter
la characterisation physico-chimique des systent@$ @1-P contenant des principes actifs.
Ainsi, les interactions moléculaires entre le CSest composés anioniques pourraient par
exemple étre analysées par titration calorimétrigatherme (ITC). Il serait aussi souhaitable
d’étudier la stabilité a long terme des solutioherio-gélifiantes contenant différents
principes actifs pour déterminer I'influence derkeaaractéristiques physico-chimiques (telles
que leur Mw, leur charge ou leur solubilité). Dumiade vue méthodologique, les essais de
libérationsin vitro pourraient étre optimisés en utilisant par exempiesysteme a flux
continu (USP V) et/ou en modifiant le milieu dessblution. Enfin, des études approfondies
seraient nécessaires afin de comprendre linfluedes caractéristiques des matiéres
premieres (telles que la masse molaire et le D@8yet des parametres de formulation (tels
que le rapport CS:G1-P et le pH) sur les profiles lidérationin vitro des composeés

incorporeés dans I'’hydrogel.
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Introduction

In the last few decades, the development of parantesitu forming depots (ISFD)
has attracted considerable attention as an inn@vdtipe of depot systems for various
pharmaceutical and biomedical applications. ISFslme defined as liquid formulations, that
can be injected into the desired site of the baelg.(intramuscularly, subcutaneously or
intratumorally) via a syringe and turn into a sesoiid depotin situ, under physiological
conditions [1]. ISFD drug delivery systems werstfireported in the late 1980s by Duwetral.

[2] at Southern Research Institute. They develogednnovative injectable and degradable
sustained-release drug delivery platform, base@ @olution of poly(lactic acid) (PLA) or
poly(D,L-lactide-co-glycolide) (PLGA) in a water misciblelgent that generated a solid

implantin situ after parenteral injection via a solvent-exchapigeeipitation mechanism.

Injectable depot systems overcome the limitationsomventional immediate release
parenteral formulations (i.e. solutions, suspersiand emulsions) due to their ability to
prolong the release of the incorporated drug oveveaod of weeks or months, while
maintaining the drug concentration within a desiradge. They allow a reduction of the
dosing frequency and offer thereby a significanbvemience and compliance benefit to
patients. Furthermore, drug entrapment within aymekic matrix often stabilizes the
therapeutic agent, particularly in the case of ipdegtand proteins, and help preventing their
denaturation in physiological environment. As compato other depot technologies, like
microparticles or implants, ISFD systems offer salvbenefits such as simple manufacturing
processes allowing lower production costs, admtisin in a minimally invasive way
through a small gauge needle and potential for-ag#tfinistration via the use of auto-
injectors. Ideal ISFD intended as drug deliverytays should fulfill several conditions:
i) they need to be composed of pharmaceuticallymabte, biocompatible and biodegradable
components, to obviate the need for a surgicalguhoe to remove the empty depot after
drug release completiom vivo degradation products should also be biocompatibi¢he
ISFD solution should be stable enough to ensuracaeptable drug product shelf life and
enable a ready-to-use presentation, to avoid theal rier extemporaneous reconstitution;
iii) the viscosity of the polymeric solution should Ibe&/ enough to allow easy formulation,
homogeneous loading with therapeutic agents ang @gsction through thin needles;
Iv) excipients andn situ solidification or gelation mechanism should be d&®. no toxic
organic solvents or crosslinking agents, no hdaased at the injection site)) they should

solidify rapidly under physiological conditions, avoid any lag time between the injection of
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Introduction

the system and the formation of the implant thatlddead to high initial burst release or
spreading in the surrounding tissues.

According to their mechanism of solidification undphysiological conditions,
injectable depot systems can be classified intbermoplastic pastes, having a solidification
point near body temperature) in situ cross-linked polymer systems, induced either by
chemical-, physical- or photo-initiatiomj) in situ polymer precipitation systems, based on
phase separation, and) thermally induced gelling systems that solidify physiological
temperature [3]. All these systerhave been the subjects of a number of reviews gIL,3-
Recently, Liet al[6] have summarized the progresses on injectalol@egiradable hydrogels
in view of their gelation, biodegradation and biaheal applications, Agarwadt al[7] have
reviewed the use of injectable implants for the@unsd release of protein and peptides while
Fitzpatricket al [8] and Gonget al [9] have focused on temperature-sensitive polyraers

polymeric hydrogel as drug delivery systems.

This thesis is dealing with thermally induced gejlisystems and more precisely is
focusing on chitosan-based thermosensitive hydsogdlich have been recognized as an
attractive depot drug delivery technolog@€hapter | reviews the recent progresses on
injectable chitosan-based hydrogels as ISFD inrpheeutical and biomedical applications. It
introduces the chitosan-based thermogels, showigig $pecific advantages over other ISFD
technologies in the field of sustained drug deljv@ihe standard chitosan / glycerophosphate
system gelation mechanism has been described hasuwble characterization of the hydrogel
properties, depending on the formulation parametppdied. The application of the thermogel
has been detailed for the delivery of various typledrug substances but also as a scaffold for
cell encapsulation and tissue engineering. Imprargnof the conventional system by
addition of carrier particles, use of other gellimgents, incorporation of additional
biodegradable polymers or via chemical modificagiaf chitosan has been subsequently

discussed, highlighting the benefits and drawbatksach approach.

The first objective of this thesis was to get a ptete understanding of the sol / gel
transition mechanism of the chitosan / glycerophasp thermosensitive hydrogels and to
investigate different types of gelling agents dsrahtive to glycerophosphate. Therefore, in
the subsequer@hapter Il the mechanisms inducing thresitu gelation of the chitosan-based
system in response to temperature changes, fromeambo body temperature, were
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investigated. For this purpose, several polyol-phase and polyol-free phosphate salts were
considered, according to their ability to turn tbelymeric solution into a thermogelling
system. Comprehensive rheological studies, contpleie®’P-NMR and pH measurements,
were performed to establish a relationship betwberchemical structure of the gelling agent
and the macroscopic gelling behavior of the sohgjdhat is, transition temperature, gelation
time, and gel strength. These investigations hyhitdid the key role of the gelling agent
polyol part in preventing the interactions betwdes chitosan chains at ambient temperature

or below.

Based on the results of Chapter II, Glucose-1-Patep(G1-P) was selected as an
alternative gelling agent for the optimization bétchitosan-based ISFD system, described in
Chapter IIl. Physico-chemical characterization of the chitds@i-P system was performed,
I.e. viscosity and viscoelastic behavior upon mgaind cooling was assessed using rheology.
Long term storage stability of the solution was leated through the appearance, pH,
viscosity and gelation time of the solution andotlgh the changes in chitosan molecular
weight, determined by gel permeation chromatographe results emphasized an enhanced
stability of the solution containing G1-P, at rodemperature as well as at refrigerated
conditions, compared to the classical chitoggugllycerophosphate solution. Furthermore, the
injectability of the system in the liquid state wasaluated under variable injection
parameters. Following a final sterilization stepd an bacterial endotoxins test, thevivo

tolerability of the optimized placebo formulatiorasvevaluated on a murine model.

Finally, Chapter IV has been dedicated to the investigation ofrthetro drug release
kinetics from chitosan / G1-P hydrogel. Releasdilpsof different types of low molecular
weight hydrophilic model compounds (cationic anébait) are presented and show that the
hydrogel network is effectively able to retard tieéease of the model compounds for several
hours to days by physical entrapment. Comparisai #ie results on a poorly soluble
peptide shows that the solubility and molecularghepf the drug significantly influenced the
drug release.
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Abstract

Introduction: In the last decade, thermogelling chitosan (Gfyderophosphate
(GP) solutions have been reported as a new tygmm@nterain situ forming depot (ISFD)
system. These free-flowing solutions at ambientpemmture or below turn rapidly into semi-
solid hydrogels after parenteral administrationge do the increasing temperature at the
injection site, without requiring the presence 0§ arganic solvent or toxic initiator or cross-

linker.

Areas covered: The mechanisms responsible of the thermo-inducelhtign,
identified as a reduction of electrostatic repuishetween the polymeric chains combined
with synergistic chitosan - chitosan attractivects, are discussed. Formulation parameters
such as CS physico-chemical characteristics, GBihg agent ratio or pH of the system,
were acknowledged as key parameters affectingdhsgien stability, the sol / gel transition
behavior and/or the final hydrogel structure anocbmpatibility. In this review, the use of
the standard chitosan / glycerophosphate thermofgelsvarious biomedical applications,
including drug delivery, cell encapsulation andsuis engineering, is also discussed.
Furthermore, this manuscript reviews the differstrategies implemented to improve or
modify the hydrogel characteristics, such a3¥cg¢mbination with carrier particles;
(ii) replacement of GP by another gelling agent) &ddition of a second biodegradable

polymer andif) chemical modification of CS.

Expert opinion: The recent advances in the formulation of CS-bdketnogelling
systems already overcame several crucial challefagesl by the standard CS / GP system.
Dispersion of drug-loaded carrier particles (e.gpodomes or microspheres) into the
thermogels allowed achieving prolonged releaseilpsofor low molecular weight drugs;
incorporation of an additional polymer enabled t@rsgthen the network while the use of
chemically modified CS led to enhanced pH sensytior biodegradability of the matrix.
Despite these major advances compared to the cbhonahCS / GP formulation, further
investigations are needed to address the remaissugs, such as the lack of stability upon

storage of the ISFD system.
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1. Introduction

The development din SituForming Depot (ISFD) has increasingly gained aitbent
over the last decades as an attractive new clas®rifolled release systems for various
pharmaceutical and biomedical applications (Figdi¢ [1,2]. ISFDs are defined as liquid
formulations which form a solid or semi-solid depositu after injection into the body via a
syringe [3]. As parenteral depot systems, ISFDswak controlled and prolonged release of
the drug substance(s). This grants a reductiohefdbsing frequency while maintaining the
drug concentration within the therapeutic windowd avoiding undesired peak-and-valleys
delivery profiles [4]. ISFDs offer several advargagver other parenteral depot systems (e.g.
microparticles or implants), such as more simplenufecturing processes allowing lower
production costs, more patient convenient admatistn through smaller gauge needles and
potential for self-administration via the use otainjectors. Beside those advantages, these
delivery systems may also show some potential daakdlike stability issues (requiring an
extemporaneous preparation step), high viscosiiging an increased pain during injection,
high initial drug burst due to depot gelation lagd, drug substance dependent release rate
and local tolerability/toxicity [5-8]. ISFD techragies can be divided in four main categories,
based on their mechanism of solidification or geftatunder physiological conditions:

1) thermoplastic pastes, ) situ cross-linked polymer systems, iB) situ polymer

precipitation, and 4) thermally induced gellingteyss [4].

180 | M Number of articles

160 - & Number of patents

140
120
100

Number of publications

Figure I-1: Number of publications an situforming depot systems over the years.
(Sources: Web of Knowledge and PatBase; End da&e2D12)
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Among the thermally induced gelling systems, clatebased thermogelling solutions,
that undergo sol / gel transition upon temperaituceease, have been extensively investigated
in the last decade. Chitosan (CS) is a naturahfip®lysaccharide, obtained from the partial
deacetylation of chitin, which is extracted frone texoskeleton of crustaceans or insects and
from the cell walls of fungi [9]. It is a heteroyaher of glucosamine unit$ (1-4)-linked 2-
amino-2-deoxy-D-glucopyranose) and N-acetylglucasanunits (2-acetamido-2-deoxy-D-
glucopyranose) (Figure I-2). Due to the presenceheffree amino groups, CS is a cationic
polyelectrolyte (pk, of about 6.2), which can be dissolved in aqueaidi@solutions in the
ionized state. At pH higher than the gKthe neutralization of the CS chains induces the
formation of gel-like precipitates [10]. The physichemical properties of CS, like molecular
weight, deacetylation degree (DD) (i.e. the praporbf glucosamine unit) and distribution of
glucosamine and acetylglucosamine units mainly dépeon the source and preparation
process of CS. CS is of great interest for the ypctdn of hydrogels for pharmaceutical and
biomedical applications due to its intrinsic prdps such as its non-toxicity,
biocompatibility, biodegradability, bioadhesivityhacteriostatic effects and penetration
enhancer properties [11]. CS is not a thermoseesitblymer on its own, but as demonstrated
by Cheniteet ala CS solution becomes thermoresponsive at physaalogH upon addition
of glycerophosphate (GP) [12]. CS-based thermoseasihydrogels present specific
advantages over others ISFD systems, including rmgutasafety thanks to the absence of
organic solvents or toxic initiators or cross lirkeind easy entrapment of cells and/or of

various types of drugs (small molecules, peptigesteins, etc.).
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Figure I-2: Chemical structure of chitosan

This review article focuses on injectable thermsgere CS-based ISFD solutions,
which form semi-solid hydrogels after administration response to temperature increase
from ambient to physiological temperature. In thetfchapter, the synergistic mechanisms

involved in the thermo-induced sol / gel transitiminthe CS / GP system are discussed. The
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main impacts of the formulation parameters on te&atgpn behavior and final hydrogel
characteristics are highlighted. The use of thentlbgelling system for pharmaceutical and
biomedical applications, as an injectable drugvee)i system or a cell carrier in tissue
engineering, is also described. Finally, the sgiate implemented to improve or tailor the
hydrogel properties (e.g. through the combinatiathwarrier particles, the use of other
gelling agents, the addition of another biodegrélablymer or the chemical modification of

CS) to meet the needs of the different applicatamesdiscussed.

2. Thermosensitive chitosan / glycerophosphate saion

CS-based thermogelling systems were first repone@000, when Chenitet al
developed an innovative injectable, neutral andntladly sensitive gel-forming aqueous
solution, made of CS and glycerophosphate [12]w@S dissolved in a diluted acidic solution
and was chilled in an ice bath together with a GRt®n. The cold GP solution was then
added dropwise to the CS solution under stirringe Tesulting clear and homogeneous
solution remained liquid at physiological pH asdaems it was kept at low temperatures, but
turned quickly into a gel upon heating at aroundybtemperature. This technology was
registered under the name BST-Beby BioSyntech (Canada) [13]. Three types of pdssib
interactions were presumed to be involved in thatheduced gelation process, namely
(1) electrostatic attraction between the amino gsoof CS and the phosphate groups of GP,
(2) hydrogen bonding between the CS chains thamkiset decrease of electrostatic repulsion
induced by the neutralization of the polymer by #mition of GP and (3) hydrophobic
interactions between the CS molecules. It was pissiulated that the polyol part of GP
slowed down the gelation process at low temperdiyggromoting the protective hydration of
the CS chains [14]. Nevertheless, further studiesewnecessary to elucidate the exact

gelation mechanism.

2.1. Synergistic interactions promoting CS / GPteduced sol / gel transition

Several literature reports focused on understandhg thermo-induced gelling
mechanism of CS-based ISFD solutions. The effecteaiperature on CS/ GP sol/ gel
transition was first investigated by Cho and coweosk[15]. Based on pH measurements of
the CS / GP system and evaluation of CS and GPvpKes as a function of temperature, CS
and GP degree of ionization and CS / GP solutiaicistrength were calculated. The authors

reported a significant decrease of the degreervtabion of CS upon heating, which suggests
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a reduction of CS solubility and possible ioniehaictions between the CS positively charged
glucosamine units and the negatively charged GRerdggndispersive X-ray analysis of
phosphorous, performed on washed hydrogel, confirthat GP was not bound to CS and
diffused freely out of the gel [16,17]. Therefoi@ic bridging between CS and GP is not the
main driving force for the sol / gel transitionstead, synergistic effects between CS chains
hydrophobic interactions and hydrogen bonding aseimed to play a key role in the gelation
mechanisms. Furthermore, Chbal also expected an increase of the CS/ GP systeim ion
strength with temperature, due to an increaseaabioin of divalent GP anions upon heating
[15]. The presence of a higher number of GP anerables a reduction of the electrostatic
repulsion force between the positively charged anfiimctions of CS. Moreover, increasing
the ionic strength and temperature create favorabilitions for hydrophobic interactions

between CS chains, presumed to be the main drfencg of the gelation mechanism [18].

However, in an additional attempt to understand uh&ue CS / GP thermogelling
process, Filioret al also characterized the ionization and solubilighévior of CS upon
temperature increase [19]. Their results questiadhedimpact of the ionic strength on the
gelation mechanism. The study revealgd(temperature-dependent reduction of the proton
dissociation constant of CS (g of 0.023 units per degree Celsius amyithat the pKa of
GP was temperature-independent. That finding iosg@ to the hypothesis made ®fo et
al in the previous study, where a significant deaeafsthe pKa value of GP upon heating
was assumed for the calculation of the ionizatiegrde of the gelling agent [15]. Therefore,
an alternative hypothesis was proposed for the amesin of sol / gel transition, where the
temperature increase induces a transfer of probmm CS amine groups to GP, thereby
leading to a progressive neutralization of CS. Téauction of the CS ionization degree
would result in a lower electrostatic repulsionvign CS chains and would allow the
attractive hydrophobic interactions and hydrogendaag to occur, inducing gel formation.
To confirm this hypothesis, and based on experiatiergsults, a theoretical model was
developed to calculate the CS degree of ioniza®m function of temperature. This model
allowed predicting a significant proton transfeorfr CS to GP upon heating. These results
were corroborated by'P-NMR measurements, which showed that the proportd
monovalent versus divalent GP anions in the theatliag solution increased upon heating
due to proton uptake [20]. Therefore, as opposéchimet al conclusions, the CS / GP system
ionic strength does not increase, but rather slighecreases, upon heating [15]. As a

consequence, based on this theoretical and expaamapproach, electrostatic repulsion,
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rather than ionic strength, was identified as baimgst impacted by the CS/GP system
temperature. The thermosensitive behavior of tiseeay was explained by CS - CS interchain
attractive forces (i.e. hydrogen bonding and hybatyic interactions) kicking off the gelation

mechanism.

Additional studies including laser scanning confaoé&roscopy (LSCM) analysis of
the CS/GP hydrogel, aimed to gain a better utaledsng of the gelation mechanism
through the observation of the hydrogel morpholagyts native hydrated state [21]. The
images displayed a heterogeneous microstructutieeofiydrogel. The network was found to
result from the agglomeration of polymeric aggregatwvhich suggested that the mechanism
of gelation may be nucleation and growth. Afterrakaation of the molecular conformation
of CS chains by small angle neutron scattering (SAENd ultra SANS, Cromptoet al
reported that the polymeric chains were effectivaiganged into solvent-rich domains and
polymer-rich aggregates of about 1-2 um diamet2}. [@n the nanoscale, a second level of
two-phasic structure was also disclosed within éheslymer-rich aggregates, composed of
hydrophobic domains (having a characteristic lemgthpproximately 350 A) and hydrophilic
domains (with a correlation length of about 120 Ajomic force microscopy observations
and dynamic light scattering measurements of dili@& / GP solutions at 34°C evidenced as
well the formation of submicrometric chain aggregatdriven by hydrophobic interactions
and hydrogen bonds. These analysis confirmed #@weutar nanostructure of the system at the
initial stage of the sol / gel transition, due e tassembling of CS molecules into polymeric

aggregates, which then form larger CS agglomefagjs

More recent studies from Qet al allowed concluding on the CS/GP system gelation
mechanism [23]. Urea (a hydrogen bonding disruptiggnt) or isobutanol (a non-solvent of
CS) were added to the CS/ GP solution. The gelatiocess was slowed down with urea
addition whereas it was accelerated with isobutahereby confirming a synergistic effect of
hydrogen bonding and hydrophobic interactions & dgklation process. Investigation on the
influence of the GP polyol part on the gelation hreeasm revealed that the glycerol-moiety
plays a protective role at low temperature by a@ngat hydration layer around the CS
molecules [24]. This water shield inhibits the CS-@ttractive interactions at ambient
temperature or below, thereby preventing the gelathechanism. The removal of the water
shield upon heating allows the sol / gel transitionoccur via the synergistic mechanisms

disclosed above.
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2.2. Impact of formulation parameters on CS/GP bgdr characteristics

The effects of the formulation parameters on tharatteristics and structure of the
CS / GP hydrogels have been widely evaluated. Duké different interactions taking place
during the sol/ gel transition, the gelation pecand/or the final hydrogel network was
significantly affected by the following parametepsi of the CS / GP system, concentration
of GP, deacetylation degree, molecular weight amtentration of CS and acidic solution
used for CS dissolution.

2.2.1. Gelation time and temperature

The gelation time and temperature are crucial patars of CS-based ISFDs since
gelation should occur rapidly at physiological tergiure in order to limit the diffusion of the
solution from the injection site and to avoid agudtal high initial drug burst [25]. These two
parameters can be measured through a simple ambtesp tube inverting method, or, in a
more accurate way, via rheological analysis ofviseoelastic properties of the sample. The
gelation time and temperature could be adjusteddying the GP and CS ratio [26-29].
Raising the GP concentration leads to an increb#e@H value of the system which in turn
induces a reduction of both the CS protonation mwermolecular electrostatic repulsion,
thereby promoting the sol / gel transition. Furthere, increasing the polymer concentration
from 1.0 to 2.0 % w/v allows faster gelation, due dn increased number of CS-CS
entanglements [30]. However, a further increaseC8f content leads to a highly viscous
solution, hindering the diffusion of CS and GP ahmlving down the gelation process [31].
Equally, a reduction of the gelation temperaturebtained by lowering the viscosity of the
solution using lower molecular weight CS. At higl® @oncentrations and pH values, the
effect of CS molecular weight becomes negligible2,83]. The thermosensitive
characteristics of the CS / GP solution is alsaifgantly influenced by the CS deacetylation
degree (DD), i.e. lower gelation time and tempemtare obtained with an increased DD
[14,28]. Cheret al demonstrated that CS chains with higher DD (i.erarglucosamine and
less acetylglucosamine monomers) showed more flegyjbfacilitating therefore the
molecular rearrangement during the gelation prof®$s The gelation temperature was also
affected by varying the acid used as solvent fer gblubilization of CS. Monovalent acid
solutions (e.g. formic, acetic, propionic, hydramid or lactic acid) were appropriate for the
preparation of thermogelling CS / GP solutions, sghe multivalent acids failed in turning
the system into a gel upon heating at physiolog@alperature [35]. Furthermore, at the same
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solution concentration, the highest and lowest tgglatemperatures were reported when
using acetic acid and lactic acid respectively [$lidies on the influence of drug loading on
the gelation kinetic showed different behavior depeg on the physico-chemical
characteristics as well as on the concentratiorthef incorporated compounds. Thus, no
significant change of the gelation properties weeported upon addition of dextran,
betamethasone sodium phosphate or silver nandpartio the CS/ GP solution [28,32],
while the incorporation of meglumine antimoniateodrincreasing concentrations of iodine
contrast agents substantially slowed down the igelairocess [37,38]. Finally, the structure
of the GP used as gelling agent, eithe&sP orp-GP, did not significantly affect the gelation
behavior, corroborating the findings that ionicsginking between CS and GP are negligible
in the sol/ gel transition process [31]. The poifity to fine tune the time scale and
temperature of gelation of the CS / GP hydrogeVénying the above mentioned formulation

parameters makes it particularly attractive as ISf&em for various applications.

2.2.2. Gel strength

The mechanical strength of the CS/ GP hydrogets b evaluated by rheological
frequency sweep tests, through the value of theagéomodulus (G’) (which represents the
elastic behavior of the gel) and by the differetiedween G’ and the loss modulus G”
(reflecting the viscous behavior of the gel) [3O)erall, CS / GP systems display strong gel
behavior with G’ values comprised between 1 an#R& and with G’ >> G” over the whole
frequency range [26,29,40]. As long as the GP camagon was sufficient to induce gel
formation at a given temperature, the strengtthefthree-dimensional network was found to
be independent of the gelling agent concentratddi. [As the gel network is formed through
intermolecular interactions of CS chains, the GRt&at was not expected to influence the
final gel state. However, Kempsat al reported a slight increase of the gel strengthnupo
doubling the GP content from 8 to 16 % [29]. Thiaynbe attributed to an incomplete heat-
induced sol / gel transition process, since theldggcal characterization was performed at

25°C whereas the gelation temperatures were 50d@G3&C respectively.

2.2.3. Thermoreversibility

The thermoreversibility of the CS-based hydrogedsild be investigated through
rheological thermoanalysis, via heating and cooloygles. The evolution of the storage

modulus G’ and the loss modulus G” upon heatinghef CS / GP system showed a clear
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transition from the solution state to the gel statewever, even if a gradual decrease of the
gels strengths was observed upon cooling, no ievget/ sol transition could be observed
down to 5°C. The hydrogels obtained after heat¢edu gelation are therefore not
thermoreversible [12,15,29]. The incomplete themwersibility of the gel could be attributed
to the two types of attractive interactions invalviem the gelation process, since CS-CS
hydrophobic interactions may be weakened during abeling cycle whereas inter-chain
hydrogen bonding are not affected by the tempegathanges.

2.2.4. Turbidity

The gelation process turns the homogeneous and €& GP solution into a turbid
hydrogel. The reduction of CS solubility and themiation of CS-CS interactions lead to an
increase of the optical density of the system, ughothe formation of hydrophilic and
hydrophobic domains with different refractive index Therefore, the change in turbidity of
the system was sometimes used as an indicatorea$dh/ gel transition [27,30,36]. Berger
et al reported that the gel turbidity could be modulatgdrarying the DD and the distribution
of the CS monomers [41]. The authors demonstrdtad ttansparent hydrogels could be
achieved by homogeneously re-acetylating the palyma DD of 50 %.

2.2.5. Morphology

The morphology of the CS/GP hydrogels has beeam@ed using various
microscopy techniques, scanning electron microsd&iM) being the most widely used.
SEM micrographs of freeze-dried CS / GP hydrogelealed a porous structure [14,42-44]
that became more compact and regular upon incig&mconcentration and Mw whereas an
increase of the DD induced a more compact but uteggstructure [30]. The gel matrix
structure was also shown to be strongly dependeth® type of acid used in the preparation
of the CS solution. For instance, hydrogels pregpausing acetic or hydrochloric acid
displayed an open, interconnected highly porouscgire on SEM micrographs. In contrast
the hydrogels obtained with propionic acid anditaatid exhibited a flake porous structure
and much bigger pores diameters [36]. Furtherntbeepore aperture size was also related to
the ionic strength of the acidic solvent [35]. et characterization was carried out by
environmental SEM (ESEM), which allows investigatiof the hydrogel structure details in
hydrated conditions. Thus, potential artifacts el by freeze-drying of the sample are

avoided. ESEM imaging confirmed the uniform poraamtinuous network showing pore
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diameters between several micrometers and 20 pin [BCM investigations revealed a
polymeric aggregates based network structure withcal-like morphology [21].

2.2.6. Storage stability

The stability of the CS-based solutions is a altgarameter that needs to be assessed
during pharmaceutical drug product developmentrguee an acceptable shelf life. Despite
its importance, there are limited reports in theréiture on the CS/ GP solutions stability.
Viscosity changes were monitored over 3 months ag®rat room temperature and
refrigerated conditions and revealed that the gel transition occurred at higher temperature
and also with time [14]. The stability was maineated by the DD of the polymer. When
using 84 % deacetylated CS, the viscosity remagwtstant over 3 months, whereas the
solution based on a mixture of 84 % and 95 % dgktet! CSs evolved to the gel state in
less than 7 days at a temperature as low as 4°@n latempt to define storage approaches
which would prevent the sol / gel transition, Sdiawet al compared refrigeration, freezing or
lyophilization of CS-based thermogelling solutigerepared with different polyols as gelling
agents [45]. The formulations’ injectability and seoelastic behavior upon raising
temperature from 4 to 37°C were evaluated. As presly observed for the CS / GP systems,
gelation occurred in less than 1 month storage’@t donfirming the lack of stability of the
solutions at refrigerated conditions. As for theelring approach, a significant reduction of
the gelation time and a viscosity increase wereedesi for a thawed versus a freshly
prepared solution. Thus, this storage method i® a@st considered as an appropriate
alternative. Finally, depending on the polyol usasl gelling agent, the reconstituted
formulations obtained after freeze-drying were @itlin the gel state immediately after
reconstitution or in the solution state but showimgher viscosities, shorted gelation times
and increased gel strengths compared to the frephdpared solutions. In summary,
lyophilization was also not able to maintain thecaelastic properties of the CS-based
thermogelling solution. Thus, further investigascare needed to improve the stability of the
CS / GP formulation, e.g. by the use of alternage#ling agents or additional stabilizing

compounds.

2.2.7. Sterilization

Sterility of the CS-based ISFD solutions is a pyersite for parenteral administration.

Terminal sterilization processes requiring high penatures, such as steam or heat
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sterilization, cannot be applied due to the irrei@e thermogelling properties of the CS / GP
solution upon heating [46]. Gamma irradiation, &eotpotential final sterilization technique,
results in an important decrease of the CS solstiaiscosity due to polymer chain
degradation, even when performed at -80°C [47,B8{thermore, terminal sterilization by
sterile filtration through 0.2 um porosity membranmay be difficult, depending on the
viscosity of the polymeric solution, or not feasilil drug substances or cells are dispersed in
the solution. Therefore, the CS and GP solutioegganerally sterilized separately and mixed
under aseptic conditions. Steam sterilization ef@% solution, prior to the addition of GP, is
the most commonly used technique [38,42,49-51]. él@w, this method induces significant
CS depolymerization, directly impairing the hydrbggharacteristics (e.g. decrease of
viscosity, gelation rate and gel strength) [52].da&idn of polyols, such as glycerol, glucose
or poly(ethylene glycol), to the CS solution in erdo protect the polymer from hydrolysis
upon autoclaving showed only a modest inhibitionhef heat-induced depolymerization [48].
Sterile CS powders or solutions were also obtaittedugh ultraviolet, gamma or beta
irradiation, but all these methods resulted in ingrat degradation of the polymer. Thus, they
were not deemed appropriate for CS sterilizatid)93,54]. The most convenient technique
appears to be steam sterilization of the CS powdgersed in water. Therewith, the polymer
Mw is preserved. Subsequently, CS is dissolved dditian of acidic solvent under sterile

conditions.

2.2.8. Biocompatibility

CS is generally regarded as a non-toxic, biocorbfgtpolymer for parenteral
applications [55,56]. Equally, GP is a biocompatibbmponent naturally present in the body,
approved by the U.S. Food and Drug AdministratiéibA) as a phosphate source in
emulsions for parenteral nutrition [57,58]. Howeude safe use of the CS / GP hydrogels as
parenteral ISFD systems required a thorough assesghrough comprehensiwe vitro and

in vivo biocompatibility studies.

Cytotoxicity may be investigated via several vitro techniques, however results
comparison and interpretation is challenging dueht variety of testing conditions (i.e.
hydrogel prepared using different Mw and DD CSfedént acidic solvent, variable GP
concentrations, and use of different cell type tfog in vitro assays). The most commonly
used cytotoxicity assays are the MTT (3-(4,5-Dimkthazol-2-YI1)-2,5-Diphenyltetrazolium
Bromide), MTS (3-(4,5-Dimethyl-thiazol-2-YI)-5-(3&boxymethoxyphenyl)-2-(4-Sulfo-
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phenyl)-2h-Tetrazolium) or Alamar Blue assays, Wwhises the mitochondrial activity as an
indicator of cell viability. Ahmadet alreported, based on an Amalar Blue assay, thataxtra
from 0.5 to 2 % CS with 5% GP is biocompatible amhances mesenchymal stem cells
proliferation, whereas higher GP content reducesctil growth compared to cell culture in
control medium, presumably due to the high osmiadsliof the extracts [51]. These results
were confirmed by an MTS test on human fibroblagtgch showed that hydrogels prepared
with 0.088 M of GP allowed the growth and prolifgwa of the cells, whereas a cytotoxic
effect was observed when increasing the GP contprio 1.155 M [42]. Using the MTT
assay, relative growth rates between 80 and 100ére wbserved for mouse embryo
fibroblasts in contact with CS / GP hydrogel extsgarepared with acetic acid, lactic acid or
hydrochloric acid and therefore a good biocomphtybivas claimed. On the other hand,
extracts of hydrogels prepared with formic acid @ndpionic acid were reported to induce
significant cytotoxicity [36]. The compatibility vgaalso tested via an hemolysis test that
showed no hemolytic activity of the thermogel [5Bhe overall trend indicates that CS / GP
hydrogels show a certain level of cytotoxicity winis dependent on the GP and acid content.
It has been generally reported that the selectidheoappropriate formulation conditions led

to goodin vitro biocompatibility [33,35,53].

In spite of the good results observed throughitro assaysin vivo biocompatibility
studies remain essential to establish the safet@ieofCS-based hydrogels. vivo toxicity of
the depot system was mainly assessed through atetpgical evaluations of the tissues in
contact with the hydrogel. Chenig¢ al reported that the CS / GP solution turned rapicliy
a gel after subcutaneous injection in rats andtti@ahydrogel biocompatibility depended on
the deacetylation degree of CS, with higher DDsuaitly less inflammatory response [12].
The increased degradation rate of CS with lowerMd3 presumed to lead to the generation
of polymer fragments promoting the inflammatoryatézn [49]. It was demonstrated as well
that the importance of the inflammatory effect iltkéd to the injection site, e.g. a more
pronounced reaction was observed after injectiorthm hind paw of rats compared to
subcutaneous injection in the dorsal region. Inegan in vivo administration of the
thermogels generated no or only minimal toxic é&¢27,60]. Even though an inflammation
of the depot surrounding tissues was reported mesoases, no significant difference was
observed when compared to the body response inducedrgery thread as negative control

[59]. Furthermore, the inflammatory response deszdaafter the first week post-injection,
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indicating therefore a good biocompatibility of thgdrogels [36,43]. Drug-loaded depots’
safety remains to be further evaluated on a caseabg basis.

2.2.9. Biodegradability

Biodegradation of the depot system presents a lewgeenience advantage compared
to not biodegradable systems which need to be callgiremoved after release duration
completion. CS is known to be degradedvivo by specific hydrolytic enzymes, mainly
lysozyme [55,61]. Lysozymes can be found in varibusman body fluids and tissues, with
concentration between 4 mg/L and 13 mg/L reportedgarum [62]. Several investigations
were published on thm vitro degradation behavior of CS-based hydrogel in @bntath
lysozyme. Monitoring of the hydrogel degradationdogtvimetric analysis and gel permeation
chromatography demonstrated the dependency bettheedeacetylation degree of CS and
the enzymatic degradation, since lower degradattes were observed for higher DDs [28].
Similarly, slower degradation occurred when inciegshe CS concentration from 1 to 2 %.
Analysis of the remaining depots after 21 days lbatwn with lysozyme revealed that
degradation occurred via the hydrogel surfacesaddition, the use of a ninhydrin assay to
determine the amount of free glucosamine unitsh& ibcubation medium demonstrated a
continuous degradation of the hydrogel through oldis of acetylated residues [42]. A
further evaluation of the degradation rate of tl&/@GP hydrogel showed about 5 % weight
loss after 10 days in PBS compared to about 50 % waddition of 500 mg/L lysozyme,
indicating that a complete degradation of the depmild be achieved with time [63].
However, in view of the lower lysozyme concentratin serum, completi& vivo degradation

of the hydrogel could take several months.

Biodegradation of CS thermogels after vivo administration has been little
investigated.In vivo data following subcutaneous injection in mice hamwn a 75 %
decrease of the volume of the depot after 50 d2yp Bunet al corroborated these findings
by comparing the hydrogels’ morphology after vitro incubation in PBS orin vivo
subcutaneous implantation [43]. The porous strectidirthe hydrogel network was preserved
during 7 daysn vitro while it was significantly modifieah vivo, displaying a more compact
structure over time with a reduction of the pomesPositive results have also been reported
recently by Zhou and coworkers, who observed adloing of the structure on the hydrogel
surface after 8 weeks intra-muscular implantatiod a start of disintegration after 12 weeks,
thereby confirming the gradual biodegradation @f flydrogel over time [59]. The variations
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of the network structure observedvivo should be taken into consideration when studying
the pharmacokinetic profiles obtained from drugdieé hydrogels, as they may impact the

long-term drug release.

2.3. Pharmaceutical and biomedical applications G8/ GP thermogelling

systems

From the above mentioned characteristics, CS / @Rolgel appears as a promising
ISFD system. The gelation kinetic as well as thdrbgel morphology can be controlled by
selecting the most suitable polymer (Mw and DD) bBgdrarying the formulation parameters
(e.g. ratio of CS and GP, pH, acidic solution). Btmrer, by selecting the appropriate
formulation parameters, the hydrogel exhibits gdmacompatibility and biodegradability
results. Consequently, the use of this thermogethfe controlled release of various types of
drugs (e.g. hydrophilic and hydrophobic small males, proteins and peptides as well as
vaccine delivery) and also cell encapsulation esue engineering has been extensively

studiedin vitro as well asn vivoin the past few years.

2.3.1. CS/ GP systems for the delivery of low moleculaigit compounds

Ruel-Gariepyet al first described thén vitro release of model compounds loaded into
the CS/ GP system and demonstrated its abilitgigaificantly reduce the initial burst of
chlorpheniramine maleate compared to a CS solutitimout gelling agent [14]. The release
of this positively charged low Mw compound was reeldl from 53 % to 15 % after 4 h by
addition of GP to the CS solution. Furthermore,rlease of the compound was sustained by
the CS / GP hydrogel over 2 days, whereas a compétase was achieved in less than 1 day
from the pure CS solution. Comparison of positiveliyarged methylene blue and negatively
charged calcein revealed that the release wadfected by the drug electrostatic charge. The
two compounds displayed similar profiles, charazegt by a small burst of less than 20 %
within 4 h, followed by a sustained release ovéo 2 days, thereby showing that there was
no ionic bonds between the compounds and the CBxmRy increasing the compound Mw,
the release duration could be extended to sevesa, cas observed for albumin- or dextran-
loaded gels, whereas addition of lysozyme increéisedelease rate due to degradation of the
network. Interestingly, addition of low Mw modelmpounds in the CS solution (before GP
addition) rather than in the final CS / GP solutled to slower release rates, likely due to a
different distribution of the compounds into thd getwork [30]. It was also surprising to
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notice that the hydrophilic adriamycin showed slowe vitro release kinetics than the
hydrophobic 6-mercaptopurine [30]. However, almoshplete release was achieved in less
than 1 day for both compounds. Additionally, sloweleases were observed when increasing
the CS Mw from 1130 to 1360 kDa, due to the compaadf the hydrogel structure induced
by higher Mw.

Comprehensive investigations of the release meshafiom CS-based hydrogel were
performed using venlafaxine hydrochloride (VH),ighty water soluble compound [64]. By
applying several mathematical models toitheitro data, it was found that the release kinetic
was best described with the first-order model drat the release was diffusion controlled.
Evaluation of the effect of several formulationiabies through a Box-Benken experimental
design showed that an increase in drug load anddaient led to higher initial release and
rate constants, whereas CS concentration did mstautially affect the release. Additionally,
in vivo pharmacokinetic studies demonstrated a reductfoth® maximum plasma drug
concentration (Gay and a prolongation of the mean residence time {M& the drug after
subcutaneous administration of the optimized VHi&xh hydrogel compared to a VH
solution. Thus, the delivery of low molecular weigihugs may be prolonged for few hours to

few days when the compounds are entrapped in GShy@rogel.

The use of CS/GP hydrogel for the local delivefyanti-cancer drugs after intra-
tumoral injection has been actively investigate8:liased thermogels sustained the release of
paclitaxel or camptothecin over more than 1 mantbitro [50,65]. The paclitaxel release rate
was inversely correlated to the initial drug loagirsince hydrogels loaded with 6.4 and
64 mg/ml paclitaxel resulted in release rates »f%4.and 2 % per day respectively. Paclitaxel
is a hydrophobic molecule, which is therefore dispd in the hydrogel. Thus, the
concentration-dependent release rate is attribitedtie necessity of a first dissolution step
prior to diffusion from the matrixn vivo efficacy of the CS / GP / paclitaxel formulatioasv
assessed on an EMT-6 murine mammary carcinoma modedre one injection of the
hydrogel showed similar inhibition of tumor growthan four intravenous injections of
Taxol® while inducing less toxicity. Evaluation of tirevitro proliferation of two cancer cell
lines (human U87 glioblastoma and rat C6 gliomagantact with ellagic acid-incorporated
CS/ GP hydrogel demonstrated a significant ancce&atnation-dependent reduction of the
cell viability after 3 days incubation [42]. Anothstudy tested the intratumoral injection of a
doxorubicin-loaded CS / GP hydrogel in combinatath a vaccinia virus-based vaccine as

chemoimmunotherapy and showed improved antitunmedfatt compared to monotherapy in
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mice [66]. It may be noted that CS / GP hydrogéde demonstrated sustainedvitro release
andin vivo activity of low Mw drugs in other applications thaarenteral depots systems, in

particular for wound dressing and inner ear drugiadstration [32,33,67,68].

2.3.2. CS/ GP systems for the delivery of peptides aoteprs

CS-based thermosensitive systems have also beéiedtior parenteral delivery of
therapeutic peptides or proteins, due to theirqmgéd release properties but also due to their
ability to protect the macromolecules against eratyardegradation [12,69]. It was found that
insulin loaded in the gel was released in its mafirm over about 2 weeks in phosphate
buffer by diffusion [29]. A seconth vitro release study of insulin-loaded CS / GP hydrogel
confirmed this result, since a controlled releakéhe peptide over more than 10 days could
be achieved [70]. The burst release of about 1(M%emed in the first hours of the vitro
test was assigned to the lag time before completgign and to the immediate release of the
insulin at the surface of the gel. Bovine serumuallm (BSA), used as a model protein
encapsulated in CS-based hydrogel, showed a segtairvitro release over about 2 weeks
[71,72]. Shamjet al demonstrated that CS / GP thermogels can proluagelease of several
anti-tumor necrosis factor alpha (TH)F proteins, like soluble TNF receptor Type I
(18.9 kDa) and a monoclonal anti-TNF antibody (kB@), up to 10 days while preserving

their therapeutic activity in murine fibrosarconels [72].

2.3.3. CS/ GP systems for the delivery of vaccines

Gordonet al compared the potential of CS nanoparticles and GB thermosensitive
hydrogels for vaccine delivery, using ovalbumin (@®\Vas a model protein antigen [73h
vitro OVA release from CS hydrogel was slower than filé8 nanoparticles (10 % versus
50 % release respectively in 10 days), presumabé/td electrostatic interactions between
the protein and the matrix. Raman spectroscopycated the existence of physico-chemical
interactions between OVA and CS, in contrary todhservation of Ruel-Gariept al for the
low Mw negatively charged calcein [14]. The elestatic interactions between OVA and CS
may be favored by the increased size and the higiber of negatives charges of the protein
compared to calcein at pH 7.4, which could behava eross-linker forming ionic bonds with
the positively charged CS chains. Subcutaneous rastnation of OVA-loaded CS depot
system induced both CD4and CD8 T cells proliferation and OVA-specific antibody

production in mice. Therefore, as opposed to OVadled CS nanopatrticles which showed no
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substantial immune stimulation, CS / GP system ainimtg the antigen showed promising
results in the field of vaccines delivery.

2.3.4. CS/ GP systems applications in cell encapsulaiahtissue engineering

CS / GP hydrogels may be applied as injectabldadafmimicking the extracellular
matrix. Cell encapsulation and tissue engineeffimgugh the use of CS-based thermogels has
been investigated due to the proven biocompabltiiodegradability, high water content and
porosity of the system [74]. Dangt al reported the use of the hydrogel for the three
dimensional culture of lymphoid cells, which showgmbd activity after 20 days [53]. The
CS-based system was examined for the co-deliveryhushan mesenchymal stem cells
(hMSC) and desferrioxamine (DFO) as a pro-angiagémerapy for the treatment of critical
limb ischaemia [75]. The formulation allowed threvitro proliferation of the encapsulated
hMSCs together with a sustained release of DFO owys, resulting in an increased VEGF
expression in human cells. Furthermore, signifidgamirovement of stem cell engraftment,
survival and homing by the use of CS / GP hydrogslsarriers were also reported [76]. This
confirmed the feasibility of using CS-based gelscal delivery vehicles. Therefore, CS-
based thermogels have been extensively studidabfoe and cartilage tissue engineering [77-
80]. Hoemanret al showed that injecting a mixture of CS / GP analagous whole blood in
microfracture defects in sheeps significantly inya cartilage repair compared to control
defects [81]. These results were confirmed in rablvhere the injection of CS / GP / whole
blood into marrow-stimulated chondral defects regsliin an increased synthesis of chondral
repair tissue [82]. This innovative bio-orthopaegdroduct for cartilage repair, named BST-
CarGel®, has received the European market approv&012. In the bone regeneration
context, CS-based thermosensitive gels loaded butthctive glass nanopatrticles also proved
their ability to induce the formation of bone-likgatite after immersion in simulated body
fluid [83]. In a different approach, Kim and cowerk reported the use of the hydrogel for the
local and prolonged delivery of osteoinductive gifovactors [84]. Furthermore, CS / GP was
recently reported for the delivery of demineralizsthe matrix (DBM) powder [63]n vivo
studies in rats demonstrated a correlation betwB&M content and inductive bone
formation. Thus, biocompatible CS / GP hydrogelsemeentified as a promising material
having the suitable properties for bone and cgsil@egeneration applications, and can also be

used as an appropriate depot that can stimuldtprodiferation and delivery.
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3. Improvement of chitosan-based thermogelling sysins

Since the discovery of the CS / GP system and tbef wf its suitability in various
pharmaceutical and biomedical applications, differstrategies have been implemented to
improve or modify the characteristics of the staddgystem. Depending on the intended use
(e.g. drug delivery system, biomimetic scaffold;.gtthe thermogelling system properties
could be varied byi)the combination with carrier particlesi) the replacement of GP by
other gelling agents (Figure I-3)ii | the addition of another polymer to the systenfi\grthe

chemical modification of CS.

3.1. CS / GP systems combined with carrier padicle

CS hydrogels may be coupled with drug-loaded capaaticles, i.e. microspheres,
nanoparticles or liposomes, as a smart approadhrttver prolong the release period of the
entrapped compound while maintaining the drug eaat the desired site [85]. This approach
is of particular interest for low Mw hydrophilic sgpounds, for which the delivery period
from the standard CS / GP hydrogel is typicallythe order of few hours to few days [14].
Ruel-Gariepyet aldemonstrated good compatibility between carboxy#ésoein (CF)-loaded
liposomes and the CS / GP hydrogel [86]. Additibtimpsomes slightly reduced the sol / gel
transition time and increased the hydrogel strerigthitro studies showed a sustained release
of CF from the liposome / hydrogel system over mitvan 2 weeks, compared to 1 day for
CF-loaded hydrogel. The release profile was maidigpendent on the liposomes
characteristics (e.g. size and compositidm)vivo pharmacokinetics studies in rats showed a
prolonged cytarabine delivery from liposome / hygeb mixtures over more than 60 h,
compared to shorter mean residence times (MRTs¥#7ofand 10 h from conventional

liposome suspensions or from CS / GP hydrogelemsely [87].

In a similar approach, the incorporation of megluenantimoniate (MGA)-loaded CS-
microspheres into the CS / GP system also signifigaslowed down then vitro release in
PBS, with 22 % lower MGA released in the first 2édmpared to CS / GP hydrogel alone
[37]. In another recent study, the vitro release profiles of free insulin, insulin-loaded
CS/GP and CS/GP containing insulin phospholipidnplex-loaded PHBHHXx (poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate)) nanopasic(NP-CS/GP) were compared [44].
Complete release of the free insulin was achievéldim8 h, whereas the incorporation of the
peptide into the CS/GP hydrogel or within nantipks entrapped in the hydrogel
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significantly reduced the release rate, with respely 30.45 % and 5.64 % of the total

insulin released within 8 h. The same trend wasesl after subcutaneous injection of the
three formulations in diabetic rats. While the tieka blood glucose level decreased to 70 %
for only several hours with free insulin, the thpatic effect was prolonged over 17 h for
insulin-loaded CS / GP and over more than 5.5 tbgyssing the NP-CS/GP system [44]. As
part of the investigation of OVA-loaded CS/ GP rthesensitive hydrogels as vaccine
delivery system, the formulation was optimized hgarporating silica nanoparticles (SNP)

containing OVA into the CS/ GP solution [73]. Thegstem demonstrated increased cell-
mediated and humoral immune resporisesvo compared to OVA-loaded SNP administered
in PBS, confirming therefore the ability of the doimation of the CS / GP system with SNP

to act as an effective vaccine delivery system.[88]

Intratumoral injection of radioactive agents ha®rbevidely employed for cancer
treatment. One of the major drawbacks associatdla tvis approach is the leakage of the
radionuclides from the tumor site to non-targetaoigy or tissues. In order to overcome this
problem, the combination of Rhenium-188 colloid amditu gelling CS / GP solution for use
in local radiotherapy was investigated [89,90]. Rbm-188 colloid entrapped into the
hydrogel was maintained at the injection site witheemarkable diffusion after injection in
rats, thereby reducing systemic exposure and adsdcitoxicity. Furthermore, the intra-
tumoral delivery of the isotope significantly reedcthe hepatic tumor size from 1.5%tm

around 0 crwithin 4 weeks.

3.2. Combination of CS and other gelling agents

3.2.1. Inorganic salts

The first attempt to replace GP by an inorganic sphate salt was made with
ammonium hydrogen phosphate (AHP) [91]. Viscosigasurements at 37°C confirmed the
occurrence of the sol/gel transition in few mesjt depending on the AHP content.
Furthermore, at equivalent molar concentrationatymh at body temperature was faster when
using AHP compared to GP. CS / AHP was not a deartion like the CS / GP, but rather
translucent [92]. The delivery of a local anesthetopivacaine, using a CS / AHP thermogel
showed effective nerve blockade for up to 48 hais {60]. In a similar approach, dipotassium
orthophosphate (DPO) also induced the thermo-geladi CS solutions, while no sol / gel

transition could be observed with monobasic phosplsalt and immediate precipitation
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occurred with tribasic phosphate, due to the inayppate pH ranges of these solutions [93].
CS /DPO solution loaded with doxorubicin succedsfashowed anti-tumor activity in a
murine model [94]. Interestingly, the combinatioh@S and sodium hydrogen phosphate
(SHP) underwent two phase transitions upon hedi¢hjy. The system displayed a gel
behavior below 30°C and above 43°C, and turned @ngolution in between. Despite this
unfavorable thermogelling behavior, camptothecimatalloids loaded-CS / SHP hydrogel
could be formed 2 h after subcutaneous injectionmite [96]. Further investigations
questioned the potential of CS / inorganic phosplsatts as ISFDs. Microscopic analyses of
these systems recently showed inhomogeneous dmpermrather than clear solutions at low
temperatures, with the formation of gel-like praé@fes instead of homogeneous gel upon
heating [97]. Indeed, addition of dibasic phosplsatis to CS solutions resulted in a salting-
out effect (i.e. CS solubility was decreased, tasglin its precipitation). This effect was
observed for different CS : phosphate salt rati@neat low temperatures [98]. These results
highlight the essential role of the polyol-moiety GP in preventing immediate CS
precipitation at physiological pH. Liat al adopted a different approach by adding sodium
bicarbonate (NaHC$) to the CS solution. Bicarbonate ions increase ke of the CS
solution by reacting with Hions and by releasing G@99]. Therefore, sol / gel transition
occurred due to the slow CS neutralization indubgdCQO, generation at physiological
temperature. Thus, the CS / NaH{$0lution remained stable in sealed and, C@hcentrated
vials and turned into a gel once £€Was released. Despite the long gelation time @ksén
vitro for this system, subcutaneous injectionvivo in rats confirmed itan situ gelling

behavior.

3.2.2. Polyols and polyoses

Several phosphate-free polyols have also been a&eallas gelling agents [45,100].
Addition of sodium hydroxide was necessary to iaseethe pH in the vicinity of 6.8, since a
pH value above the CS pKa is essential to the igalaif the polymeric solution. This way,
the addition of 1,3-propanediol, 1,2-propanedidycgrol, mannitol or trehalose to the CS
solution led to thermally-induced gelation. Howewde gelation times at 37°C observed for
these systems varied between 60 min and 120 mikihngnghem inappropriate as ISFD drug
delivery systems. It can be noted that CS / mahaid CS / trehalose solutions allowed to

improve the shelf-life of the formulations by lyajuation, but with significant changes in
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the thermogelling behavior (e.g. gelation time, ggength) compared to freshly prepared
solutions.

3.2.3. Polyol-phosphates

Beside the widely used GP salt, only few other pbphosphate salts have been tested
with regards to their capacity to induce thermosmmesgelation of CS-based solutions for
parenteral applications. Recently, CS /glucosehdsphate and CS /glucose 6-phosphate
disodium salt solutions were reported as thermogglfystems. However, these systems
displayed longer gelation times at 37°C compare€ %/ GP solution of equivalent molar
concentration, due to the stabilizing effect of thleicose-moiety on the polymer [24].
Thermogelling CS solutions have also been prephyeddding glucosamine carbonate or
glucosamine phosphate solutions as gelling agé®|.| However, these solutions, prepared
by co-dissolving glucosamine hydrochloride with isoa carbonate or tribasic potassium
phosphate, were unstable and potentially underiMeiltard reaction at room temperature, as

indicated by the brownish coloration of the solofio
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Figure 1-3: Molecular structures of various gelling agents uiedchitosan-based thermogelling
solutions.

3.3. Combination of CS / GP and other polymers

3.3.1. Natural polymers

Several groups evaluated the benefits of the aatddf a second biocompatible natural
polymer to the CS-based solution. Indeed, CS/ G#/ rack appropriate mechanical
properties for given applications, especially fail acarrier systems. To circumvent this
limitation, blending the CS / GP system with anoth@lymer has been proposed. Due to their

well-known biocompatibility, biodegradability an@ifity to support cellular growth, collagen

and its derivative, gelatin, were among the firstlymers tested. Thermosensitive hydrogels
based on CS/ gelatin/ GP blends have been staltgassed for nucleus pulposus (NP)
regeneration, either as a cell carrier for NP celisas a controlled release system for ferulic
acid delivery [102,103]. Addition of 2 % gelatin the CS / GP solution reduced the gelation
temperature from 36 to 31°C and shortened theigeléime from 10 min to 2.3 s at 37°C.

Mechanical strength of the hydrogel also incregsegortionally to the gelatin concentration.
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For instance, the gel strength increased 600-falth whe addition of 2 % gelatin in the
CS/GP system, due to the enhanced molecularactiens between gelatin and CS.
Furthermore, the CS / gelatin / GP hydrogel keptsiime good biocompatibility properties as
the CS / GP hydrogel, as demonstrated via cytotgxstudies on NP cells. Nevertheless, the
addition of gelatin reduced the stability of thdusion at ambient temperature. No gelation
occurred within 15 min for the CS / GP solution ehaddition of 2 % gelatin led to sol / gel
transition within 8 min at 25°C, thereby impedinigethandling of the solution before
injection. Yang and coworkers added mouse insulmaogncapsulated as microspheres, in the
CS / gelatin / GP solution [104,105]. Subcutanemjsction in diabetic rats led to insulin
secretion and allowed maintaining the non-fastiigoth glucose concentration below
200 mg/dL for 25 days. Therefore, CS / gelatin /i§#@rogel has the potential to be used as

cell carrier for an injectable bioartificial panase

Similarly, CS/collagen/ GP solutions also turnedbre rapidly into gels at
physiological conditions than CS / GP. For instartbermogelling solutions composed of a
65 : 35 CS : collagen ratio showed a gelation tohabout 5 min, versus 18 min for CS / GP.
Additionally, the stiffness of the hydrogel contaip collagen was 3-fold higher than CS / GP
gels, due to the collagen fibrillogenesis inducgdhe addition of GP as a weak base and the
temperature [106,107]. SEM images showed the catfidipers inserted in the CS network,
resulting in narrower pore size than pure CS-bgstslIn vitro studies demonstrated that the
addition of collagen enhanced the proliferationseferal types of human stem cells within
the matrix [108]. The feasibility of using CS/lamjen/ GP system as injectabte situ
forming scaffold for cell delivery was assessedaits, where the encapsulated cells survived

over at least 28 days in the matrix [109,110].

Due to its natural origin and presence in manyuéss hyaluronic acid is also well
suited for biomedical applications. Biodegradatistudies showed a slightly slower
degradation rate for CS/oxidized hyaluronic a¢HDA)/ GP hydrogels compared to
CS / GP. However, the addition of HDA into thermusgve CS / GP solutions induced an
almost instantaneous gelation, due to the formatfochiff's base links between CS amino
groups and HDA aldehyde groups, as confirmed bryaiefl spectroscopy [111]. The lack of
thermosensitivity of the HAD-containing hydrogelsde them unsuitable fan situ forming
depot applications. Nevertheless, the covalentstirkéng between CS and HAD increased
the stability of the hydrogel, which can supportl @capsulation and growth for up to

1 month.
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CS / starch / GP combinations with a CS : star¢io raf 4 : 1 exhibited a reduced
gelation temperature of 37°C compared to the 4F¥€4observed for CS/ GP solutions
[112]. However, addition of higher starch contesd to an immediate precipitation of the
polymeric solution upon GP addition, thereby supgiry the thermosensitivity of the
system. Pre-gelatinized starch addition signifisaatfected the structure of the hydrogel by
enlarging the average hydrogel pore size (26.4 pgmsug 19.8 um without starch).
Consequently, the water absorption capacity ineé®om 13 to 20 % when starch is added
to the hydrogelln vitro enzymatic degradation test in PBS containing 0.@4mh lysozyme
showed a decrease of the wet weight of the C3dtstaGP hydrogel from 100 % to 67 %
within 56 days, compared to 79 % observed for thadard CS / GP. These results suggest a
higher degradation rate for the system combinedh wiairch, due to the looser polymeric
network and, as consequence, enhanced accessitilitysozyme.In vitro cell culture
indicated that CS/starch/GP hydrogel could mtemthe proliferation of chondrocytes
while maintaining their phenotype. Furthermore,cuéineous injection in rats confirmed the
ability of the solution to form a depat situ. In view of the good cell viability results, faste
gelation kinetic and higher degradation rates ofegkrfor the CS/ GP system containing
starch as an additional polymer, this hydrogel gmesdesirable properties for use as an
injectable scaffold for tissue engineering. Nevelegks, due to the looser network and larger
pore size compared to the standard CS / GP hydritgelsystem may not be appropriate for

sustained drug delivery, especially for low Mw carapds.

3.3.2. Synthetic polymers

The incorporation of a synthetic polymer into th8 OGP system also demonstrated
slightly modified physical properties of the hydetgy Concentrated methylcellulose solutions
underwent gelation on their own upon heating, @umtra- and inter-molecular hydrophobic
interactions. However, due to sol/ gel transittemperatures in the range of 50 — 70°C,
methylcellulose solutions are not appropriate d&DISystems. Addition of methylcellulose
solution to the CS/ GP solution did not changeificantly the gelling behavior of the
system, since only a slight sol / gel transitiomperature increase from 32°C to 33°C was
observed [113]. High mechanical strength and umifamicroporous network structure of the
CS / methylcellulose / GP hydrogel were showed hgological and SEM microscopic
analysis. Cell viability assay indicated that thegalling CS / methylcellulose / NRO,
blend is promising as a suitable injectable scdffol chondrocytes for tissue engineering. In
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a similar approach, CS / hydroxyethyl cellulose GJEGP thermosensitive solution have
been developed and tested as a cell carrier foitacgr repair by Hoemanet al [114]. The
study compared the thermogelling behavior of C®/a8d CS / HEC / GP solutions prepared
with similar CS and GP concentrations and withestght grades of HEC. The results showed
that no sol / gel transition occurred for the G& solution at 37°C, due to the low level of
GP which did not allow sufficient neutralization tie solution (pH 6.8). Interestingly,
gelation of the system could be induced by commkgrade HEC in 10 to 30 min, whereas
medical-grade HEC also failed to induce gelationtlud system. Further investigations
revealed that glyoxal, an additive commonly useddtay hydration and prevent lumping of
HEC during industrial processing, was responsibblthe CS / HEC / GP system gelation by
covalently cross-linking CS. Therefore, in contressthe standard CS / GP solution, gelation
did no longer occur only through physical interact (i.e. hydrogen bonding and
hydrophobic interactions) but via chemical cros&ilng. Moreover, this system might not be
suitable as parenteral ISFD depot system due tordgperted cytotoxicity of glyoxal on

fibroblast cell.

CS / poly(vinyl alcohol) (PVA) blends, mixed withodium bicarbonate as
thermogelling agent, were also reported as forrhiydrogels under physiological conditions
[115]. PVA is a hydroxy polymer that can stabil2& at low temperature by the formation of
a water shield around the polymer chains, simileslyhe glycerol part of GP. Upon heating,
the water molecules protecting CS are removed afdcl@ains associate via hydrophobic
interactions, leading to gel formation. Due to {h®tective effect of PVA, the gelation
temperature and time increased with the PVA confémd addition of 1 to 5 wt.% PVA into a
1 wt.% CS solution raised the gelation temperaftom 21 to 34°C, extended the gelation
time from few seconds to about 8 min and decretsedel strength from around 2 to 0.3 Pa
at 40°C, indicating the formation of relatively vkeaels. SEM imaging showed that
increasing PVA concentrations from 0.2 to 5 wt.%oadignificantly reduced the pore size of
the hydrogel, due to physical entanglements betvi@erand PVA. Owing to the increased
lag time for gelation when PVA is added to the @&itson, this system revealed an initial
burst of the entrapped compounds. For instance,-B8ded CS / PVA / NaHC{Ohydrogel
showed a release of around 40 % of the entrappsdiprin 5 h [115], whereas less than 5 %
release was observed from a BSA-loaded standardGFShydrogel within the same time
frame by Kimet al[71]. Nevertheless, the protective effect of PVAghtibe able to prolong

the stability of the system at ambient temperatarerefrigerated conditions. Further
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investigations would be needed to determine therorgd stability properties of CS / PVA
compared to the pure CS-based system. As previaisgrved for the standard CS/ GP
system, the addition of a drug carrier, like CS apmaticles or hydroxyapatite, to the
CS / PVA system reduced the burst and prolongeddlease of several model compounds
[116,117]. For example, the release of dicloferaitan decreased from 19 % to 10 % in 5 h
when the drug was loaded into positively charged@a8oparticles before addition to the
hydrogel, and CS / PVA hydrogels containing hydapatite prolonged the release of BSA
over more than 48 h, versus 24 h for the pure lgard 17].

3.4. Modified-CS / GP thermogelling systems

Chemical modification of CS has been reported aadtitional way to improve the
physico-chemical properties of CS-based thermoseasihydrogels (Figure 1-4). As
mentioned previously, quaternized CS, also named2Mydroxy-3-trimethylammonium)
propyl] chitosan chloride (HTCC), was synthesizeg the reaction of CS and
glycidyltrimethylammonium chloride [118]. HTCC shed enhanced properties compared to
CS, e.g. water solubility, permeation enhancinge&f and bioadhesive properties.
Furthermore, in contrast to the turbid CS/GP bgédls obtained when using highly
deacetylated CS, HTCC / GP hydrogel prepared watPo8deacetylated CS were transparent.
HTCC / GP hydrogels also exhibited improved pH #fity due to the increased amount of
amino groups on CS [119]. pH-sensitive swellingdsts showed that standard CS/GP
hydrogel shrank when placed either in acidic oidsalutions, whereas HTCC / GP hydrogel
dissolved quickly in acidic solutions and swelldijtgly in basic solutions. The solution
could therefore be used as an intelligent carrigstesn which turned into a gel at
physiological temperature and released the incatpdrdrug substance in a pH dependent
manner. This was confirmed by release studies pedd with doxorubicin (DOX) as model
drug. While almost 80 % DOX was released in 6 buffer solution at pH 5, only 9 % was
release within the same period of time at pH 8hwatprolonged release over more than
4 days. However, the viscosity of the hydrogel oiagd after 30 min at 37°C decreased 5-
folds when using HTCC instead of CS. This may rertde HTCC / GP hydrogel unsuitable
for specific applications, like the use as scaffédd tissue engineering, where high gel
strength is required. Therefore, mixtures of CS HiA€C with GP have been developed and
the obtained thermosensitive hydrogels demonstraecellent in vitro and in vivo

biocompatibility. In vitro release profiles obtained for ornidazole-loadedrbgels in buffer
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pH 6.8 showed about 60 % and 90 % of drug rele&sed the CS/HTCC /GP and the

CS / GP hydrogels respectively within 3 h, demaitstg that the addition of HTCC slowed

down the release, presumably due to enhanced Hyolbopinteractions in the system [120].

Furthermore, basic fibroblast growth factor loadedhe gel showed enhanced periodontal
regeneration of the tissues in dog compared taCthé HTCC / GP hydrogel alone, thereby
confirming the potential of this system as a tissmgineering scaffold for periodontal

treatment [121].

Thiolated CS (CS-TGA) / GP thermosensitive hydrogels also investigated as a
double crosslinking hydrogel with improved mechahiproperties [122]. CS-TGA was
obtained by the covalent binding of TGA to the Gfiree functions. The system combined
physical crosslinking via CS / CS hydrophobic iatgions and hydrogen bonding, governed
by the gelling agent GP and temperature, and claraiosslinking via the disulfide bonds.
The cumulative effect of this double crosslinkimanfers an increased mechanical strength to
the hydrogel compared to the reference CS/GP @8LTGA / GP hydrogel exhibited a
sol / gel transition within 2 min at physiologid@imperature and sustained the release of the
model protein BSA over about 2 weeks, similarlywtbat has been observed for standard
CS / GP hydrogel by Shamgit al [72]. In vitro cytotoxicity andin vivo biocompatibility
studies revealed a durable and biocompatible gl good potential as an injectable ISFD

drug delivery system.

Finally, CS modification by partial substitution ttvi hydrophilic carboxymethyl
groups and hydrophobic hexanoyl groups allowed ioioig amphiphilic carboxymethyl-
hexanoyl-CS (CHC). CHC / GP mixture was investigdte the formation of a thermogelling
network [123]. Due to its amphiphilic nature, CHElfsassembled into positively charged
nanocapsules in aqueous solutions. In the pres#r@® and upon increasing the temperature
to 37°C, the CHC-nanocapsules aggregated to fayel s few minutes. Microscopy analysis
confirmed the presence of nanocapsules in the frimgdrogel. Thus, the CHC/GP
hydrogel structure is considerably different conegato the conventional CS / GP network.
Unlike the standard CS / GP hydrogel which remairstable depot, the CHC / GP nanogels
disintegrated into small fragments upon additioragqueous media, thereby questioning the
ability of the CHC / GP system to be used as parahtSFD drug delivery system. However,
CHC / GP nanocapsule-based hydrogel loaded witbsat#timide, a highly water-soluble
antiepileptic drug, was subcutaneously administaredats and a therapeutic effect was

evidenced up to 4 days. Furthermore, a simultanelmaance of the gel from the injection

58



Chapter |. Thermosensitive CS-based hydrogelsampaceutical and biomedical applications

site was revealed by noninvasive magnetic resonanaging. This result, together with the
fast disintegration observexal vitro in aqueous media, suggest that CHC / GP systenadieg

much faster than the reference CS / GP hydrogeldalits nanocapsule-gel structure.
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Figure I-4: Molecular structure of modified-chitosans usedCi-based thermogelling solution

(N-[(2-hydroxy-3-trimethylammonium) propyl] chitasachloride (HTCC), thiolated
CS (CS-TGA) and carboxymethyl-hexanoyl-CS (CHC)).

4. Conclusion

In this review, the recent advances in the devetaypnof injectable thermosensitive
CS-based hydrogels were summarized. The aqueoym@at solutions obtained at room
temperature or below undergo sol / gel transitipnruheating at physiological temperature.
This thermogelling property led to extensive inigegions as suitablm situ forming depots
systems for various pharmaceutical and biomediggli@ations. The polymeric solution
could be easily mixed with drug substances andétls @t low temperature, and formed a
semi-solid depot after injection. The standard @G¥/system showed prolonged release from

several hours to days for hydrophilic and low malac weight compounds, and up to weeks
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for poorly water soluble drugs, peptides and pratewith the additional benefit to protect
macromolecules against physiological degradatiof./ GP hydrogels may also serve as
scaffold for tissue engineering, due to their bimmiic properties, porous structure and
biodegradability. Implementation of several stregegto improve the conventional system
(e.g. use of different gelling agents or chemicaflgdified CSs, addition of carrier particles
or a second biodegradable polymer in the systemyast great potential, notably in the field

of drug delivery.

5. Expert opinion

Parenteral injectable formulations which turn irdepotsin situ by temperature
modulation are interesting technologies for variopearmaceutical and biomedical
applications. Among these systems, CS / GP theritmgesolutions, that undergo sol / gel
transition at physiological temperature, have bedensively investigated for their interesting
characteristics, including the absence of orgaaieesits or of toxic crosslinking agents, the
biocompatibility and biodegradability of the systemd its use for various applications such
as drug delivery, cell encapsulation and tissuenemging. As reported in the current review,
the solutions properties (e.g. viscosity, stahilitjectability), thermogelling properties (i.e.
sol / gel transition time and temperature) and final hydrogels characteristics (e.g. gel
strength, morphology, turbidity, biodegradabilitirug release profile) can be fine-tuned by
varying the Mw and DD of the polymer as well asvayying the formulation parameters (e.g.
ratio of CS and gelling agent, pH, acidic solutiorlowever, further adaptations of the
conventional thermogel release properties or mechboharacteristics might be necessary
for specific applications. For instance, combimatiovith PHBHHXx-nanoparticles, CS-
microspheres or liposomes allowed prolonging thease of low Mw compounds from
several hours or days to weeks, while reducingifstgmtly the initial drug burst. Thus,
continuous delivery over a period of several monthay be achieved by entrapping
drug-loaded long-term sustained release carriarsh |as polyD,L-lactide-co-glycolide)-
microspheres, in the CS/ GP depot system. Likewaselition of a second biodegradable
polymer, natural or synthetic, could improve thechramnical strength of the hydrogel, making

it more suitable as cell delivery or tissue engimgescaffold.

In spite of the considerable efforts made recertly improve the CS-based

thermosensitive depot system, several limitatimmain to be overcome. CS, as a natural
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polymer, is subjected to batch to batch variabilitgt should be controlled, in view of the
major role of the polymer characteristics (e.g. DDy, viscosity) in the gelation mechanism
and final hydrogel attributes. Furthermore, CSas yet approved by the FDA for parenteral
applications although it has shown great potefbiamedical/pharmaceutical applicatioms,
vitro as well asn vivo. As for all ISFD systems, the control of the shapd size of the final
depot formed at the injection site remains a chgke and may lead to heterogenewugivo
drug delivery kinetics and degradation rates. Im opinion, the combination of several
strategies, such as the use of additional polymaersbined with carrier particles and / or
chemically modified CS, could be a smart approacfutther optimize the stability, gelling
behavior and drug release properties of these giogisystems.

6. Article highlights

* Thermosensitive CS-based hydrogels are of greatestt as drug delivery systems or tissue
engineering scaffolds since they are water-basemh-toxicity, biocompatible and

biodegradable.

*Synergistic mechanisms (electrostatic repulsiondréwhobic interactions, hydrogen
bonding) are involved in the thermo-induced sal/tgansition of the CS / gelling agent
systems.

*Thermogelling behavior and hydrogel characteristesi be fine-tuned by varying the
formulations parameters such as CS Mw and DD, mati€S and gelling agent, pH,

acidic solution.

*The major impediments of these systems are the tdcktability at or below room
temperature, the high release rate observed fornhmhecular weight hydrophilic drug

substances and the weak mechanical strength bfyttregel.

*Use of other gelling agents than the conventionBl Gombination of the system with
additional biodegradable polymers or use of chellyicaodified CS are smart
approaches to overcome the limitations of the C&thdhermogels.
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Abstract

Thermo-sensitive gelling systems, like chitosanlypl-phosphate, are candidates
with a high potential for the design of biodegradatrug delivery systems, notably faorsitu
forming depots. They consist of stable and low agsty aqueous solutions, liquid at room
temperature, which turn into a gel state upon atresse of temperature (e.g. after
subcutaneous administration). This technology esalal sustained release of potentially
encapsulated active substances. Despite thesedtgaiing solutions being widely studied
for the development of parenteral drug delivery texyss, most commonly using-
glycerophosphate{GP) as gelling agent, the mechanism inducing #latign and the role
of the polyol part in this mechanism has not bdearty elucidated. In order to investigate the
mechanism of the gelation process, comprehensieelabical studies were performed,
comparing different chitosan / polyol-phosphateteys varying in the chemical structure of
the polyol parts of the gelling agents. As refeeerf&GP was compared to glucose-1-
phosphate (G1-P) and glucose-6-phosphate (G6-R),t@na polyol-free phosphate salt,
NaoHPO,. Frequency sweep experiments at different temperaitor different gelling agent
concentrations, temperature and time sweep tesimpleted by *P-NMR and pH
measurements, were performed as complementary ieygyegal approaches. The results
disclosed significant trends with widespread imgtdiiens, establishing a relationship between
the chemical structure of the polyol part and thacroscopic gelling behavior of the
solutions, i.e. transition temperature, gelatiometiand gel strength. The new results presented
in this study show that increasing the size ofggblyol part prevents the interactions between

the chitosan chains, strongly influencing the gellprocess.
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1. Introduction

The development of thermo-sensitive gelling systdmas received considerable
attention in recent years. Typically, these forriatess are polymeric aqueous solutions of
low viscosity at room temperature, and undergo lagalotransition upon a temperature rise,
intrinsically induced by thein vivo parenteral injection. These systems offer several
advantagedi) ready-to-use formulation§j) easy administratior{jii) easy and cost-effective
manufacturing(iv) absence of any organic solvents, and mgsfiyhese are simple systems
to control the sustained release of drugs or tanibeed with cells for tissue engineering
applications [1-3].

Chitosan (CS) is a biopolymer obtained by partiebaktylation of chitin from
crustacean shells. It is a linear polysaccharidepmsed of glucosamine unif$ (1-4)-linked
2-amino-2-deoxy-D-glucose) and N-acetyl glucosamimeits (2-acetamido-2-deoxy-D-
glucose). CS possesses well-known beneficial bicdédgproperties like low toxicity,
biocompatibility and biodegradability and has tliere attracted a lot of attention in the
pharmaceutical fielde.g.for the design of drug delivery systems [4-6]. 8S3ypically only
soluble in acidic aqueous media, at a pH lower thanCS pK, around 6.2. At low pH, the
free amine functions are protonated, giving riseléxtrostatic repulsion between the polymer
chains, and thus allowing their solvation. In casty at pH higher than 6.2, the neutralization

of the CS chains induces the formation of gel-pkecipitates [7].

In 2000, Cheniteet al. [8] developed a new thermo-gelling system basedhen
combination of CS an@-glycerophosphate{GP). The addition op-GP increased the pH,
but without phase separation or gelation. The tgregstem CS p-GP / water remained in a
liquid state at low temperatures but underwentl@ gel transition when heated at 37°C. This
new gelling system opened new doors for the desigm situforming drug delivery systems,
and has been extensively studied for that purp8sE2]. As well, in recent years, many
research efforts were dedicated to understanddleign mechanism at the molecular level.
Overall, the sol/ gel transition can be summariasdrepresenting a competition between
several intermolecular interactions, includingi) the electrostatic repulsion between
positively charged CS molecule@i) a screening effect on this repulsion, induced Moy t
negatively charge@-GP and(iii) attractive interactions due to hydrophobicity drydirogen
bonding between the CS molecules [13-16]. It isswotrthy that these three points do not
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explain the effect of temperature on the gelatwamch is likely related to the glycerol moiety
of B-GP, and to the thermo dependence of thg, @ CS that allows the proton transfer
between CS angtGP [14,17].

Even though a large number of studies were focasethis CS p-GP system, the
role of the polyol moiety oB-GP in the thermo-gelling mechanism has not beearly
elucidated. Several studies [18-20] assumed that dglycerol part creates a protective
hydration layer around the CS chains, thus premgrttieir self-interactions and aggregation,
at low temperature and even at neutral pH. On tiherohand, other studies [14,21-23]
showed that inorganic phosphate salts alome Without polyol moieties, like ammonium
hydrogen phosphate, dibasic sodium phosphate atadipium hydrogen orthophosphate)
could also confer to the CS a thermo-sensitiveirgelbehavior. Finally, different authors
[24,25] have shown the role of polyols in the thergelling properties of the CS solutions.
They demonstrated that solutions of CS and phosghe¢ polyols (gelling agents), with a
control of pH around 6.5 - 6.8 achieved by additainsodium hydroxide, have a sol/ gel

transition sensitive to temperature as well.

To summarize, even if the physicochemical and dgiohl properties of given
CS/ gelling agent systems are well known and ateraed, the impact of the chemical
structure of the gelling agents, and notably thiggaroup, on the overall gelation behavior,
is still not well understood and elucidated. Thesent study is precisely focused on this open
question, in order to disclose the role of the pbiyoiety in the gelation mechanism at the
molecular level. After a preliminary screening oftgntial gelling agents able to maintain the
thermosensitive behavior of CS-based systems, wgope a comparative rheological study
of different thermo-gelling CS / polyol-phosphatgstems, only varying in the chemical
structure of the polyol groups. The chosen repitasiee gelling agent candidates weeGP
(as reference),a-D-glucose 1-phosphate (G1-P), D-glucose 6-phogph@#&i6-P), and
inorganic phosphate salt (without polyol group),2Zg. The different thermo-gelling systems
were compared and studied through sweep tests,fascaon of several physicochemical
parameters impacting on the gelation mechanism sgcconcentration, temperature and

time.
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2. Materials and Methods

2.1. Materials

A CS of technical grade: Chitosciefic60/50 (deacetylation degree (DD) 89.7 %,
Mw: 122 kDa) and a CS of pharmaceutical grade: dghittical 90/50 (DD 90.7 %, Mw:
135 kDa) were used in this study. Both CSs arevddrirom shrimp shell and were purchased
from Heppe Medical Chitosan (Halle, Germarlling agentgsee formulas in Figure II-1):
ammonium hydrogen phosphate ((NHHPO;,, Mw: 132.1 g/mol), disodium hydrogen
phosphate (N&#HPO;, Mw: 141.96 g/mol)B-glycerophosphate disodium salt hydrgteGP,
Mw: 288.10 g/mol), a-D-glucose 1-phosphate disodium salt hydrate (G1NAy:
376.16 g/mol) and D-glucose 6-phosphate disodiutnhgarate (G6-P, Mw: 358.15 g/mol)
were purchased from Sigma-Aldrich. The variatiorpif with temperature for the polyol-
phosphate compounds have been already reportedteirature [28-30]. The thermo-
dependence of the pKof CS (-0.023 pK units/°C) is significantly highttyvan the ones of the
studied polyol phosphates (< +0.002 pK units/°@l) [&-methoxye-phosphate polyethylene
glycol (MP-PEG, Mw: 500 g/mol) was kindly providdady Chemicell (Berlin, Germany).
Hydrochloric acid was purchased from Merck. All @tiheagents were of analytical grade and
were used without further purification. Ultraptirevater was obtained using a MilffQ

Millipore filtration system (Millipore, Molsheim, rance).

OH

OH o (o]
o
|_oONa oH o I OH
OH P I HO”/ DONH,  HO OH
o ONa OH O—T’—ONa ONH, 4
B-GP OH ONa
G1-P (NH ,),HPO, Glycerol
i
NaO —rl’—o
ONa |t|> g
H3C ~
OH P
OH oH” | MoNa 0 O/Na ONa
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o Na HPO "
G6-P = HPO, MP-PEG

Figure lI-1:  Molecular structures of the gelling agents studfedlycerophosphate{GP), a-D-
glucose 1-phosphate disodium salt (G1-P), {pHPQ, Glycerol, D-glucose 6-
phosphate disodium salt (G6-P), .N&0O, and a-methoxye-phosphate polyethylene
glycol (MP-PEG).
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2.2. Preparation of chitosan / gelling agent sohdi

Effect of gelling agent type on thermogelling bebava 2.2 wt.% CS solution was
prepared by dissolving Chitosciefic80/50 in hydrochloric acid (HCI) 0.1 M overnight a
room temperature under constant magnetic stirfiiie solution was subsequently filtered
through 11 pm pore membranes and precooled to @°C5f minutes. Gelling agent solutions
were prepared in MilliQ water and chilled alonglwihe CS solution. An appropriate amount
of gelling agent solution was then added drop-lmpdio the CS solution under magnetic
stirring and cooling in an ice bath. After mixirthe CS / gelling agent solutions were stirred
for another 15 minutes. The resulting formulatiocsnposed of 1.7 wt.% CS and between
0.2 and 0.4 mmol/g gelling agent, were stored &t Ihe appearance, pH value and thermo-
induced gelation ability were evaluated for each/@8lling agent system.

CS / gelling agent systems used for rheologicalystCS solutions were obtained by
dissolving 3.75 wt.% Chitoceuti¢al90/50 in HCI to a molar ratio of 0.9:1 with CS ami
groups. Gelling agent solutions were prepared itiQlivater. CS and gelling agent solutions
were precooled to 4°C for 15 minutes. Then, sotutaf gelling agent (6 g) at fixed
concentrations (between 50 and 350 mg/ml) was addgulvise to CS solution (4 g), under
gentle magnetic stirring and cooling in an ice-baMter mixing, the CS/ gelling agent
solutions were stirred for another 15 minutes. fidslting formulations were stored at 4°C.
The CS B-GP, CS/ G1-P and CS / G6-P systems were tranmgpatear, and homogeneous
solutions with pH (at 4°Cjanging from 7.2 to 7.5, for concentrations of igell agents
ranging from 0.17 to 0.43 mmol/g. In contrast, 68 / NaHPO, systems appeared as
inhomogeneous white dispersions, with pH (at 4&@gmg from 7.6 to 7.9 for concentrations
of disodium hydrogen phosphate ranging from 0.170.4@ mmol/g.

2.3. Determination of gelation ability

The gelation ability of CS / gelling agents systewas determined in glass vials at
37°C. 1 mL CS/ gelling agent system was injected 10 mL vial (inner diameter: 22 mm) at
37°C, in a temperature-controlled bath. In ordecaatrol whether the solution underwent
gelation, the vial was inverted horizontally ev&@ s (without removing it from the bath)

over 30 min, and gelation was defined as the sthn the solution no longer flowed.

76



Chapter Il. Rheological study of CS/polyol-phodpleystems

2.4. Rheological measurements

The rheological measurements were performed wittaake Rheostressl rheometer
(Thermo Fisher Scientific, Karlsruhe) with a ciratihg environmental system for the control
of temperature. The viscoelastic properties of@&e/ gelling agent samples were assessed by
measuring the storage modulus (G’) representinglidxgtic behavior of the material, and loss
modulus (G”) reflecting the viscous behavior. 8 oflfreshly prepared degassed sample were
introduced between the concentric cylinders and ttw/ered with a solvent trap to prevent
evaporation during processing. The value of thairstamplitude was set at 10 % and was
checked to ensure that all measurements made vt pGlyol-phosphate systems were
carried out within the linear viscoelastic rangéene G’ and G” are independent of the strain

amplitude.

Rheological characterizations of the CS / gelliggrst aqueous solutions consisted of
different experiments as follows. Dynamic frequesgyeep tests were performed at 10, 20,
25, 30, 35 and 40°C at fixed gelling agent con@giumn (0.26 mmol/g) andice versaat fixed
temperature for different gelling agent concentradj 0.17, 0.26, 0.35 and 0.43 mmol/g. G’
and G” were measured over angular frequenaegsricreasing through logarithmic steps,
from 0.1 to 100 rad/s. Likewise, gel strength weal@ated in terms of the value of G’ at low
frequencies. Temperature sweep tests were cartieatoa constant frequency (of 1 rad/s),
according to a temperature increase from 7 to 5@ith, a rate of 0.5°C/min. Gelation time of
the thermo-gelling systems was assessed by timepstests, at constant angular frequency of
1 rad/s and constant temperature of 37°C. Fingllgtmo-reversibility of the hydrogels was
investigated by increasing (from 7 to 50°C) andreasing (from 50 to 7°C) the temperature,
with a rate of + 0.5°C/min. For all experimentse tbol / gel transition temperaturegy or

time point (4e) correspond to the intersection of the curves'cdr@l G.
A remark on therheological behavior of pure chitosan solutions

It is noteworthy that the rheological behavior afinked polymer solutions, like CS in
an acidic aqueous solution, showed the formationa aemporary network in the high
frequency ranges. This phenomenon is not relatéoetonechanisms described here involving
the formation of a gel. Nevertheless, it is impottéo consider it in the discussion. This
phenomenon is due to the fact that, at high fregesnthe CS molecules could no longer
glide along each other, gradually inducing entamglets, giving rise to a temporary gel-like
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rheological behavior. As an illustration, Figure2lireports frequency sweep tests of a CS
solution (1.5 wt.%, at pH 5.8). In the low frequescrange, the curves show the dominance
of the viscous portion (G” > G’), the polymer exitsthe behavior of a viscoelastic liquid. At
higher frequencies (in gray in the figure), theutesindicate a slight dominance of the elastic
portion (G’ > G”). In addition, since similar curvavere obtained for 20, 30 and 40°C, it is
clear that this phenomenon does not influence hieento-gelling process studied herein.
However, it was decided to systematically show trast of the results in the present study

underlayed in grey like shown fgure 11-2.
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Figure II-2:  Storage modulus (G's) and loss modulus (G") of 1.5wt.% CS solution, as a
function of angular frequencyf at 20, 30 and 40°C. The data are shifted aloeg th

vertical axis by a factor of £@o avoid overlapping.

2.5.pH value measurements over the gelation process

The pH values of the CP/GP, CS / G1-P and CS / GésBmples with 0.43 mmol/g
gelling agent were measured as a function of titr&&C using a 780 pH Meter (Metrohm,
Herisau, Switzerland). The cold (4°C) CS / gellagent samples were placed in a water-bath
at a constant temperature of 37°C and pH and teahper values were recorded in a

continuous manner during the gelation process.
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2.6.°'P-NMR measurements

3Ip_NMR spectra were obtained on a Bruker AV-111-8@6iz spectrometer, equipped
with a 5 mm BBO probe. Pulse program: zg30*® experiment with 30 degrees pulse with
no *H-decoupling. Thé'P shifts were referenced internally to the phosighacid signal at
0.0 ppm. The NMR tube containing the CS / polyobgpphate sample was stored at 4°C.
Then, it was introduced into the spectrometer Bistoli at 17°C. The program ran a
temperature gradient from 17°C to 45°C by step®°Qf. After each step, a stabilization time
of 60 s was applied before acquisition. The tinpséabefore the first measurement was about
5-10 min.
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3. Results

3.1. Effect of gelling agent type on thermogellrghavior

Beside the commonly usep-GP, five other potential gelling agents bearing a
phosphate group were evaluated for their abilityinduce a thermosensitive sol/ gel
transition of CS-based solutions with pH valueselto physiological pH (Table II-1). The
standard CS / GP system was a clear solution aaA8iGurned quickly into a turbid hydrogel
at 37°C (Figure 11-3 (a)). Consistently with littmee [22,31], it was found that CS solutions
containing inorganic phosphate salts, i.e. {NHPO, or NgaHPQO, at a molar concentration
of 0.2 mmol/g, were inhomogeneous white dispersanlew temperatures and formed gel-
like precipitates upon heating (Figure 11-3 (b)urthermore, the addition of glycerol prior to
(NH4).HPQO, did neither change the appearance nor the gdiihgvior of the system (Figure
[I-3 (c)). A new low molecular weight polyethylergtycol (PEG) derivateg-methoxye-
phosphate PEG (MP-PEG), was also investigated #mgeagent, due to its structural
similarities with3-GP (i.e. presence of a mono-phosphate head angeoxy the polymer
backbone, as shown in Figure II-1). However, themgttion of a white precipitate was
observed instantaneously following MP-PEG additionthe CS solution (Figure 11-3 (d)).
Finally, two glucose-phosphate salts, G1-P and G@dPe tested and showed their ability to
replacep-GP for the preparation of CS-based thermosensstphations. Addition of G1-P or
G6-P increased the CS solution pH to the physiolgiange while keeping it in a clear
solution state (Figure 1I-3 (e) and (f)). Furthemsosol / gel transition occurred within few
minutes upon heating to body temperature, leadnipé formation of homogeneous turbid

gels.
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Table 1I-1: CS/gelling agents systerpsl, appearance and ability to gel at 37°C

Gelling agent Terminal pH Homogeneous
Formulation concentration po Appearance at 4°C gelation at
value at 4°C o
(mmol/g) 37°C
CS /pB-GP 0.2 7.2 Clear solution Yes
CS / NaHPQ, 0.2 7.0 '“honc].oge”e.ous white No
ispersions
Inhomogeneous white
CS/ (NH),HPQO, 0.2 7.0 dispersions No
CS / Glycerol / Inhomogeneous white
(NH4),HPO, 04704 7.8 dispersions No
CS/ MP-PEG 0.2 n.a.* White precipitate No
CS/G1-P 0.2 7.2 Clear solution Yes
CS/G6-P 0.2 7.3 Clear solution Yes

*: terminal pH value of the CS / MP-PEG formulatioould not be measured due to the formation of a

pasty white precipitate, as can be observed inrEiftB.

Figure II-3: CS / gelling agents systems visualesgppnce at 4°C.
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3.2. Frequency sweep experiments — Effect of thpé&zature

The first rheological results, reported in Figulrd | concern the frequency sweep tests
of CS / gelling agent solutions at different tengteres, and for a constant and representative
gelling agent concentration. The four gelling agesetlected,3-GP, G1-P, G6-P and
NaoHPO,, were compared at the same molar concentratia26 (@mol/g), from 0.1 to
100 rad/s, and from 10 to 40°C. Overall, the ttgeling agents containing polyol functions
present a similar behavior, but with slightly difat Tge. The B-GP induces a gf around
30°C, for G1-P it is shifted to around 35°C, ane@rewigher for G6-P, between 35 and 40°C.
Below these sol/gel transitions temperatures, thetems displayed viscoelastic liquid
behavior, similar to the one of the pure CS 1.8wmgolution shown in Figure 1I-2. Then, at
T > Tgel, the storage moduli G’ were higher than the lossluii G”. The results show values
of G’ and G” in the form of almost parallel straigines throughout the entire frequency
range and the value of G’ was more than one orflenagnitude greater than that of G”.
Thus, it can be concluded that the systems fornredg gels under this conditions [32-34].
This transition is even visible for G1-P at 35°Chere G’ gradually increased to exceed G”,
indicating that a weak gel has been formed. Howeeerhigher temperature,e. 40°C, G’
and G” exhibited straight parallel lines (as fBfGP), indicating that a strong gel is

definitively formed.

In contrast, the CS / NHIPO, system showed G’ > G” in the whole frequency raage
all tested temperatures (Figure 11-4 ¢N®Qy)). This indicates that this gelling agent induces
a gelling of the CS solutions independent of thgeexnental and thermodynamic conditions.
A slight break of the moduli at high frequency abwdlso be observed, likely due to a
structural change of the gel induced by high shear.

These results confirm that all three polyol-phoselsalts are able to neutralize the CS
solution up to physiological pH, while preventing gelation at, or below, room temperature,
thus allowing control of the sol / gel transitionithva temperature rise. When compared to the
behavior of polyol-free phosphate salt (like;,NROy), it is clear that this thermo-sensitive CS
gelation phenomenon is induced by the presencéeopoblyol moiety in the gelling agent

structure.
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Figure lI-4:  Frequency dependence of storage modulus #F’and loss modulus (G"p) of
CS/B-GP, CS/G1-P, CS/G6-P and CS /HNRO, solutions (CS concentration:
1.5 wt.% and gelling agent concentration: 0.26 nig)adt different temperatures. The
data are shifted along the vertical axis by a faofd (" to avoid overlapping.

3.3. Frequency sweep experiments — Effect of tHangeagent concentration

Frequency sweep tests were performed as in theeabestion, but with a constant
temperature, and with increasing gelling agent eotrations. Temperatures were fixed, in
function of the gelling agent and based on the ltesshown in Figure II-4, to allow
observation of the sol / gel transition in the ggddconcentration range. Results are reported

in Figure 1I-5, and, as above, show similar behavir the three polyol-phosphate salts.
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With an increase of the gelling agent concentraftiom 0.17 to 0.43 mmol/g, the CS / gelling
agent systems show a “liquid / weak gel/strondi gensition. The slight differences
observed confirm those previously presented. Theylae to differences in the values g§,T
which varies in function of the gelling agents. Agntioned before, the CS/NPO,
system presents a gel-like behavior whatever thmgeagent concentration, with a structural

break at high frequencies.
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Figure lI-5:  Frequency dependence of storage modulus ¢éF’and loss modulus (G"p) of

CS /B-GP at 25°C, CS/ G1-P at 35 °C, CS / G6-P at 3@rfeCCS / N&HPO, at 40°C
(CS concentration: 1.5 wt.%) at different gellingeats concentrations. The data are

shifted along the vertical axis by a factor of idavoid overlapping.

Moreover, once strong gels are formexg( at higher temperatures than those of

Figure 1I-5), frequency sweep tests show that ttrength of the gels remains constant
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independently of a further increase of gelling agemcentration. A representative example is
presented in Figure 1I-6, with C$/GP at 30°C, giving a G’ value of 220 + 15, 230Qt&and
220 £ 15 Pafor 0.26, 0.35 and 0.43 mmol/g respelgti The same behavior was observed for

the two other CS / glucose-phosphate systems studie
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Figure lI-6:  Frequency dependence of storage modulus ¢F’'and loss modulus (G") of
CS/B-GP at 30°C (CS concentration: 1.5wt.%) at différegelling agents
concentrations. Data are shifted along the vertioad by a factor of fOto avoid

overlapping.

3.4. Temperature and time sweep experiments

Temperature sweep tests were conducted at a gatenand constant gelling agent
concentration. Representative results, obtainedh Wid3 mmol/g, are reported in Figure
[I-7 (a). As expected, the progression of G’ anddBbw a clear sol / gel transition for each
CS / gelling agent system, when G’ becomes highan tG”. The gelation temperatures
increase from Jei = 26.8°C withB-GP, to e = 35.8°C with G1-P, to finally reach the higher
value of Ty = 38.8°C with G6-P. These results disclose tharalefluence of the chemical
structure of the gelling agents on the gelationpermature, confirming the trend shown in

Figure -4 with a complementary approach.

Time sweep tests were performed at 37°C and anstaat concentration of gelling
agents. As for the temperature sweep tests, thegelgent concentration of 0.43 mmol/g
provides representative results, reported in Figlwe(b). Between the different gelling
agents, the difference in the chemical structurtnefpolyol parts results in strong differences
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in the gelation times, withydi (B-GP) =2 min < o (G1-P) = 12 min <g (G6-P) = 24 min.
For given experimental conditions, these time sweqgperiments confirm the impact of the

nature of the gelling agents on the gelation times.
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Figure II-7:  (a) Temperature dependence of storage modulusejGind loss modulus (G) of
CS /B-GP, CS/G1-P and CS/ G6-P solutions for a gglligent concentration of
0.43 mmol/g. (b) Time dependence of storage mod{@ise) and loss modulus (G”,
o) of CS /B-GP, CS/ G1-P and CS/ G6-P solutions for a gglligent concentration
of 0.43 mmol/g, at 37°C. The data are shifted aliwegvertical axis by a factor of 10

to avoid overlapping.
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3.5. Thermo-reversibility

The thermo-reversibility of gelation of CS / gefjiragent solutions was investigated
by performing a heating and cooling cycle betweemd 50°C. As presented in Figure 11-8, a
similar rheological behavior was observed, whatekiergelling agenf}-GP, G1-P or G6-P.
As presented above, the heating process resuliiseiiormation of strong gels. However,
upon cooling, these gels remain stable and doavetrt to the liquid state. Thus, once formed,
the gels are not thermo-reversible. It is to beeddhat during cooling from 50 to 7°C, G’
moduli decreased gradually from about one ordenagnitude i(e. from 1470 to 160 Pa for
CS /B-GP, from 1750 to 90 Pa for CS/G1-P and from 383®60 Pa for CS/ G6-P),

lowering the gels strengths.
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Figure II-8:  Temperature dependence of storage modulus €¥5and loss modulus (G9) of
CS/B-GP, CS/G1-P and CS/G6-P solutions (gelling nageoncentration:
0.26 mmol/g) in a heating and cooling process. ddita are shifted along the vertical

axis by a factor of 1to avoid overlapping.

3.6. pH value measurements along the gelation psoce

pH and actual temperature of the CS / polyol phasplolutions were monitored in
function of time after placing the cold samples3&fC. Results are presented in Figure
[I-9 (a). First, a significant pH decrease of tieertmogelling solutions along the sol / gel
transition from 7.38 £ 0.03 to 6.82 + 0.02 withreasing the temperature from 4 to 37°C is

observed. Once gelation is achieved at 37°C, thevphles of the CS/ gelling agent
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hydrogels are stable over time. In addition, theqoir/es can be divided in two regions, their
limits are indicated in the figure by the arrowslarrespond to the gelation points. This is
confirmed by presenting the pH in function of themperature (Figure II-9 (b)). The
temperature corresponding to these transitioes 26°C, 34.5°C and 37°C, respectively for
CS/B-GP, CS/G1-P and CS/G6-P) appears very closéh¢o gelation temperatures
obtained by rheology (see Figure II-7 (a) 26.8°&.83C and 38.8°C, respectively for C&/
GP, CS/G1-P and CS / G6-P).
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Figure 1I-9:  (a) Time and (b) temperature dependence of pH satfieCS B-GP, CS / G1-P and
CS / G6-P cold solutions for a gelling agent comtredion of 0.43 mmol/g set up at
37°C.
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3.7.3'P-NMR measurements

To complete the characterization of the gelatiamcess*'P-NMR was applied using
the gelling agents as powerful probes. It is comijn&nown that the chemical shift is related
to the temperature, pH, and environment of the jphosis nucleus [13,35,36]. The shift of
the 3P along the gelation processe( in function of temperature) was followed, and
compared the gelling agents alone in solution WithCS / gelling agent systems. The results
are presented in Figure 1I-10. In the case of ggllagents alone, and independent of the
gelling agent, the results show a linear deshigldiithe®'P shift with temperature raise. This
reflects the effect of the temperature on the emvirent of the phosphorus. In the presence of
CS the first linear part of the curve (if any) danattributed to the same phenomen@nthe
effect of temperature on ti& shift. Therefore, the change of the curve prsfiitabilization
and decrease of the shift) in the second partetthve indicates an additional effect due to a
modification of the environment of the phospholused to the decrease of the interactions
between CS and gelling agents. This transitiorecesl the gelation of the CS / gelling agent
systems, showing a similar trend compared to the disclosed by rheology and pH
measurements (i (CS /B-GP) < T4ei (CS / G1-P) < §i (CS / G6-P)). It is to be noted that
due to the very fast gelation of the CBGP system, the first linear part in tHf®-NMR

study was not observed for this system.
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Figure I-10: Temperature dependence of the chemical shifffofiuclei from 17 to 45°C of gelling
agent solutions and CS/gelling agent systemslirfgelagent concentrations:

0.43 mmol/g).
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4. Discussion

Through a comprehensive rheological characterigaticorroborated by pH
measurements aridP-NMR analysis, it could be shown that the chemiealire of the polyol
part of the gelling agent plays an important roléhe gelation mechanism. In this discussion
section, an understanding of this role at a mobcuével is proposed. Overall, the
thermogelling process of CS / polyol-phosphate tsmis is divided in two steps, namely the
maintaining of the CS molecules in solution at redlytH at low temperature and the sol / gel

transition upon heating.

Solubility of CS macromolecules in acidic condisoms ensured by the charge
repulsion of amino groups. Upon addition of gellanggents, the phosphate parts neutralize the
majority of the positive charges on CS. As a resh# charge repulsion between the polymer
molecules are reduced, potentially inducing thenttron of a gel-like precipitate. This was
observed when using (NHHPO, or NaHPQ, (i.e. polyol-free phosphate gelling agents) as
illustrated in Figure 11-3 and 4 (MdPQ,). However, the presence of polyol in the gelling
agent structure prevents or delays the polymerigitaton and the gel formation, the CS
remains soluble even at physiological pH, in fumctof temperature (see Figure 11-3 and
4 (B-GP), (G1-P) and (G6-P)). Addition of glycerol teetCS solution prior to the inorganic
phosphate salt did not suffice to prevent the faionaof precipitates (Table II-1). MP-PEG
did not prevent CS precipitation despite the oxygems present in the polymer backbone
(Figure 1-3 (d)). The hydroxyl groups of the polmbiety are assumed to be key in the
protection of CS chains against molecular inteca&ileading to precipitation.

In literature, polyols (like glycerol) are recogedzto protect proteins against thermal
degradation through adopting a particular confoiomat creating a shell around the
macromolecules [37-39]. In view of the rheologicedults revealed in the present study, it is
legitimate to assume that the polyol part of thiirgeagents plays this protective role on the
CS molecules. Thanks to hydrogen bonds (H-bondshdd with the surrounding water
molecules, and also between each other, glycemblgiucose create a protective hydration
layer around the polymer chains, as illustrate@&aheme 1 (b). This layer remains stable at
neutral pH and low temperature, resulting in thduoion of the self-interactions between the
CS chains, and thus preventing the formation ofagromolecular gel. Owing to the strong

electrostatic attractions of the gelling agentshi® polymervia the phosphate part, one can
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easily imagine that the polymers are surroundedhbypolyol groups (oriented towards the
water phase), and largely hydrated thanks to H-borthe weak interactions between
polymer-linked gelling agents and free gelling ageras well, could contribute to the
formation of a hydrated shell protecting the polymaolecules (see Scheme 1 (b)).
Nevertheless, H-bond based interactions remain waal therefore cannot form a gel
network, even if two polymer chains are linked tigb interactions of polyols groups.

Scheme 1:  Representation of the gelation mechanism of G8ybpphosphate solutions.
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The apparent proton dissociation constant of CS,,pis known to be strongly
temperature-depend, with reduced ,pKupon heating [17]. Therefore, increasing the
temperature of the CS / gelling agent system cdada proton transfer from CS to the gelling

agent, thereby inducing a further reduction of degree of ionization of CS and leading to
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less electrostatic interactions between the polyamsr the gelling agents [14]. The proton
transfer from CS to the gelling agent is confirnidthe pH decrease measured along the
gelation process (Figure 11-9 (a)), which indicatkat the ratio of gelling agent in their acid
form (B-GP-, G1-P or G6-P) to gelling agent in their base for-GP*, G1-F~ or G6-B")

in the systems increased upon heating. Furthermguen increasing temperature of the
samplesi.e. the thermal agitation of the water molecules, thenber of H-bonds is decreased
along with the cohesion of the polyol protectivelsharound the CS molecules. As a result,
see Scheme 1 (c), at=ITge, the hydration of the CS chains is not strong ghotor
maintaining their solubilization in the aqueous ghand preventing their interactions. In
addition to the screening of the remaining rep@sitiarges of CS, the attractive interactions
between the polymer chains can be achieved viaolgdr bonding and hydrophobic
interactions, leading to gelation [40]. In additioRigure 1I-6 reveals that, at a given
temperature, once the concentration of gelling tagersufficient to induce the sol/ gel
transition, a further increase of the gelling agsmcentration does not influence the strength
of the gels. It follows that the gel strength doex directly appear to be linked to the

concentration of gelling agent.

An increase of Jo between different CS/ gelling agent systems mehaa$ the
protective hydration layer is more stable (for eys$ having higher ¢), and thus its
disruption requires more thermal energy. In Figls the stability of this polyol protective
layer increases in the following ordef:GP < G1-P < G6-P. This hypothesis is also
corroborated by the literature which acknowledgest tthe ordering of the water layer
increases with the polyol size [41]. Likewise, teargiure sweep tests (Figure 1I-7 (a)), pH
following (Figure 11-9 (b)) and’*P-NMR analysis (Figure 11-10) corroborate theselifigs. In
each case, it was observed that the sol / geliti@msemperature is lower for C$/GP than
for CS / G1-P, than for CS / G6-P.

Besides, whatever the gelling agent, an increasemdentration results in lowering of
the transition temperatureyl Indeed, increasing the gelling agent contenestbe pH of
the thermogelling solution, reducing thereby thgidhdegree of ionization of CS and the
possibility of electrostatic interactions betwedre tpolymer and the gelling agent. The
protective hydration layer is thus also diminishea that the sol / gel transition occurs at

lower temperatures.
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Finally, the thermo-irreversibility of the proce@agure 1I-8) clearly emphasizes the
two different sorts of intermolecular interactiogeverning the gelling process. The first
concerns weak hydrogen bonds. They allow the faomatf the protective hydration layer
around CS chains and their number is sensitivertgperature. Then, upon an increase of the
temperature, these weak interactions are brokéavor of stronger hydrophobic interactions
between the CS molecules. Cooling of the formed gedults in a decrease of their strength,
likely due to a weakening of the hydrophobic intdi@ns, but being still strong enough to

prevent their disruption.

To summarize, the physicochemical characterizatfo@S / gelling agent, through a
study of the influence of the chemical nature & golyol group on the gelation process,
disclosed new aspects of the gelation mechanisntseamolecular level. The three polyol-
phosphates tested were selected for their incrgasipe (betweer-GP and glucose-
phosphates), or for the different attachment betwitbe polyol and phosphate moiety (G1-P
and G6-P). It results in different efficiency ofetlCS protection against a temperature rise

(impacting the transition temperaturg)land on the gelation kinetics.

It is noteworthy to remark that despite the clasengical structures of G1-P and G6-P,
they induce significantly different gelation beharg in all the rheological experiments. In
G1-P, the phosphate group is linked to the hemahbsgdroxyl group, whereas, for G6-P, it is
attached to the primary alcohol group if @sition. This difference in structure impliesttha
the distance between the phosphate and the gluitwses slightly increased in the structure
of G6-P. In view of the rheological results, thppeaars to be a decisive factor that improves
the protection of the CS molecules against thdiriseeraction and gel formation.
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5. Conclusion

In this work, rheological properties of CS aquesohitions in the presence of four
gelling agents were investigated as a functionrgfuéar frequency, temperature and time.
The comparison of gelation behavior of CS solutombined with inorganic phosphate salts,
B-GP, G1-P or G6-P, indicated that the glucose-phagpsalts had the same ability as the
commonly used glycerophosphate to turn CS solutintts thermosensitive systems. G1-P
and G6-P could neutralize CS solutions up to phygioal pH while keeping them in the
solution state at room temperature, and gelatiaridctake place upon heating. Our study
suggests that the polyol moiety of the gelling ages responsible for the thermal sensitivity
of the CS solution and that the chemical structuré size of the polyol plays a significant
role in controlling the gelation process. It appgetirat polyols create a hydration protective
layer around the CS chains, largely built througbakv intermolecular interactions, like
hydrogen bounds. A temperature increase disrupsptilyol layer and allows the polymers
to interact with each other through stronger hyHodpc bonding, thus inducing the gel
formation. This study disclosed that the size ef plolyol part has an impact on the stability
of this hydration layer, and thus on the transitiemperature g and kinetics of gel

formation.

Acknowledgments

The authors would like to thank M. Bieber, M. S&iylA. Luneau and L. Oberer
(Novartis Pharma, Basel, Switzerland) for the decgltechnical support on rheological

analysis and'P-NMR measurements.

95



Chapter Il. Rheological study of CS/polyol-phodpleystems

References Chapter |l

(1]

(2]

(3]

[4]

5]

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

A. Hatefi and B. Amsden, Biodegradable Injddtaln Situ Forming Drug Delivery Systems, Jourofl
Controlled Release, 80 (2002) 9-28.

D. Chitkara, A. Shikanov, N. Kumar, and A.Jomb, Biodegradable Injectable In Situ Depot-Forgnin
Drug Delivery Systems, Macromol. Biosci., 6 (2008)-990.

S. Kempe and K. Mader, In Situ Forming Impkantan Attractive Formulation Principle for Parenteral
Depot Formulations, Journal of Controlled Reled$4, (2012) 668-679.

P. Baldrick, The Safety of Chitosan as a Plamsutical Excipient, Regulatory Toxicology and
Pharmacology, 56 (2010) 290-299.

N. Bhattarai, J. Gunn, and M. Zhang, Chitobaised hydrogels for controlled, localized drug\d=ly,
Advanced Drug Delivery Reviews, 62 (2010) 83-99.

A. Bernkop-Schnurch and S. Dinnhaupt, ChiteBased Drug Delivery Systems, European Journal of
Pharmaceutics and Biopharmaceutics, 81 (2012) 483-4

Y. Li, J. Rodrigues, and H. Tomas, Injectabled Biodegradable Hydrogels: Gelation, Biodegradati
and Biomedical Applications, Chem. Soc. Rev., 411@) 2193-2221.

A. Chenite, C. Chaput, D. Wang, C. Combes,M.Buschmann, C. D. Hoemann, J. C. Leroux, B. L.
Atkinson, F. Binette, and A. Selmani, Novel injddtaneutral solutions of chitosan form biodegradabl
gels in situ, Biomaterials, 21 (2000) 2155-2161.

H. D. Han, C. K. Song, Y. S. Park, K. H. Nah,H. Kim, T. Hwang, T. W. Kim, and B. C. Shin, A
Chitosan Hydrogel-Based Cancer Drug Delivery Systexhibits Synergistic Antitumor Effects by
Combining with a Vaccinia Viral Vaccine, Internatil Journal of Pharmaceutics, 350 (2008) 27-34.

S. Kim, S. K. Nishimoto, J. D. Bumgardner, @. Haggard, M. W. Gaber, and Y. Yang, A Chitosan/3
Glycerophosphate Thermo-Sensitive Gel for the [@elivof Ellagic Acid for the Treatment of Brain
Cancer, Biomaterials, 31 (2010) 4157-4166.

E. Khodaverdi, M. Tafaghodi, F. Ganji, K. Atws, and H. Naghizadeh, In Vitro Insulin Releagarir
Thermosensitive Chitosan Hydrogel, AAPS PharmSdiT &8 (2012) 460-466.

E. Ruel-Gariepy, G. Leclair, P. Hildgen, Au@a, and J.-C. Leroux, Thermosensitive ChitosaseBa
Hydrogel Containing Liposomes for the Delivery ofyddophilic Molecules, Journal of Controlled
Release, 82 (2002) 373-383.

X. Qiu, Y. Yang, L. Wang, S. Lu, Z. Shao, addChen, Synergistic Interactions During Thermasire
ChitosanB-Glycerophosphate Hydrogel Formation, RSC Adv2d1() 282-289.

M. Lavertu, D. Filion, and M. D. Buschmanneat-Induced Transfer of Protons from Chitosan to
Glycerol Phosphate Produces Chitosan PrecipitatnmhGelation, Biomacromolecules, 9 (2008) 640-650.

J. Y. Cho, M. C. Heuzey, A. Begin, and PCarreau, Physical gelation of chitosan in the preseof
beta-glycerophosphate: The effect of temperatui@nBcromolecules, 6 (2005) 3267-3275.

F. Ganji, M. Abdekhodaie, and S. A. Ramaz&eation Time and Degradation Rate of ChitosaneBas
Injectable Hydrogel, Journal of Sol-Gel Science @rdhnology, 42 (2007) 47-53.

D. Filion, M. Lavertu, and M. D. Buschmanmpnization and Solubility of Chitosan Solutions Rethto
Thermosensitive Chitosan/Glycerol-Phosphate SystBimsnacromolecules, 8 (2007) 3224-3234.

96



Chapter Il. Rheological study of CS/polyol-phodpleystems

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

J. Wu, Z. G. Su, and G. H. Ma, A thermo- apH-sensitive hydrogel composed of quaternized
chitosan/glycerophosphate, International Journ&hafrmaceutics, 315 (2006) 1-11.

E. Ruel-Gariepy, A. Chenite, C. Chaput, S.irGuis, and J.-C. Leroux, Characterization of
Thermosensitive Chitosan Gels for the SustainedivBxgl of Drugs, International Journal of
Pharmaceutics, 203 (2000) 89-98.

A. Chenite, M. Buschmann, D. Wang, C. Chapmutd N. Kandani, Rheological Characterisation of
Thermogelling Chitosan/Glycerol-Phosphate Soluti@erbohydrate Polymers, 46 (2001) 39-47.

L. S. Nair, T. Starnes, J. W. K. Ko, and C. Jaurencin, Development of Injectable Thermogellin
Chitosan-Inorganic Phosphate Solutions for Biomeddi&pplications, Biomacromolecules, 8 (2007)
3779-3785.

L. Casettari, M. Cespi, G. F. Palmieri, and Bbnacucina, Characterization of the Interacti@ivi&en
Chitosan and Inorganic Sodium Phosphates by Meaiheological and Optical Microscopy Studies,
Carbohydrate Polymers, 91 (2013) 597-602.

H. T. Ta, H. Han, I. Larson, C. R. Dass, dhdE. Dunstan, Chitosan-Dibasic Orthophosphate biyelr
A Potential Drug Delivery System, International dwal of Pharmaceutics, 371 (2009) 134-141.

E. Patois, S. Osorio-da Cruz, J. C. Tille,MBalpoth, R. Gurny, and O. Jordan, Novel Thermoisigns
Chitosan Hydrogels: In Vivo Evaluation, JournaBidmedical Materials Research, 91A (2009) 324-330.

Y. B. Schuetz, R. Gurny, and O. Jordan, A Blo¥hermoresponsive Hydrogel Based on Chitosan,
European Journal of Pharmaceutics and Biopharmase68 (2008) 19-25.

N. Narendra, Seshadri T.P., and ViswamitréMStructure of the Disodium Salt of Glucose 1-§ttate
Hydrate, Acta crystallographica. Section C, Crystalicture communications, 40 (1984) 1338-1340.

S. K. Katti, Seshadri T.P., and ViswamitraAV. The Structure of the Monobarium Salt of Glucése
Phosphate Heptahydrate, Acta crystallographicati®®ed, Structural crystallography and crystal
chemistry, 38 (1982) 1136-1140.

J. H. Ashby, H. B. Clarke, E. M. Crook, andFs Datta, Thermodynamic quantities for the diggam
equilibria of biologically important compounds. Bhe second acid dissociation of glucose 1-phosphori
acid, Biochemical Journal, 59 (1955) 203-208.

J. H. Ashby, S. P. Datta, and E. M. Crookefrhodynamic quantities for the dissociation eqrigitof
biologically important compounds. 2. The acid d@ations of glycerol 2-phosphoric acid, Biochemical
Journal, 56 (1954) 198-207.

C. Degani and M. Halmann, Solvolysis of phusfic acid esters. Hydrolysis of glucose 6-phosphat
Kinetic and tracer studies, Journal of Amercian i@ical Society, 88 (1966) 4075-4082.

D. H. Fan, W. Y. Zhang, Q. S. Gu, and Z. Aihe microstructure and gelling mechanism of thermo-
responsive chitosan hydrogel system, Journal of alubniversity of Technology-Materials Science
Edition, 21 (2006) 109-112.

Thomas G.Mezger, The Rheology Hanbook, 2006.

A. Clark and S. Ross-Murphy, Structural anédianical Properties of Biopolymer Gels, Biopolysner
Vol. 83. Springer Berlin Heidelberg, 1987, pp. 3921

R. Lapasin and S. Pricl, Rheology of IndwdtRolysaccharides. Theory and Applications, 1999.

A. Puppato, D. B. Dupre, N. Stolowich, and Yappert, Effect of temperature and pH on P-31 earcl
magnetic resonances of phospholipids in cholateslfe; Chemistry and Physics of Lipids, 150 (2007)
176-185.

Y. E. Shapiro, Structure and dynamics of logi#ls and organogels: An NMR spectroscopy approach,
Progress in Polymer Science, 36 (2011) 1184-1253.

97



Chapter Il. Rheological study of CS/polyol-phodpleystems

[37]

[38]

[39]

[40]

[41]

J. F. Back, D. Oakenfull, and M. B. Smithcteased Thermal-Stability of Proteins in the Preseof
Sugars and Polyols, Biochemistry, 18 (1979) 5199651

V. Kumar, R. Chari, V. K. Sharma, and D. Saléhia, Modulation of the thermodynamic stabilitfy o
proteins by polyols: Significance of polyol hydraticity and impact on the chemical potential of evat
International Journal of Pharmaceutics, 413 (2aBP128.

V. Vagenende, M. G. S. Yap, and B. L. TroMiechanisms of Protein Stabilization and Preventbn
Protein Aggregation by Glycerol, Biochemistry, £2009) 11084-11096.

X. Li, X. Kong, X. Wang, S. Shi, G. Guo, Fut, X. Zhao, Y. Wei, and Z. Qian, Gel-Sol-Gel Therm
Gelation Behavior Study of Chitosan-Inorganic Plade Solutions, European Journal of Pharmaceutics
and Biopharmaceutics, 75 (2010) 388-392.

F. F. Liu, L. Ji, L. Zhang, X. Y. Dong, and '6un, Molecular Basis for Polyol-Induced Protetatdity
Revealed by Molecular Dynamics Simulations, Jouafi&hemical Physics, 132 (2010).

98



Chapter Il
Injectable chitosan-basedn situ forming
depot - Investigating glucose-1-phosphate

as a new gelling agent

Stéphanie Supper, Nicolas Anton, Nina Seidel, M@iemenschnitter, Catherine Curdy and
Thierry Vandamme

To be submitted t&uropean Journal of Pharmaceutics and Biopharmaceut

99



Chapter Ill. Injectable CS-based ISFD - InvestiggtG1-P as a new gelling agent

Abstract

Chitosan (CS)-based thermosensitive solutions timat into semi-solid hydrogels
upon injection at body temperature have increagidghwn attention over the last decades as
an attractive new type af situ forming depot (ISFD) drug delivery system. Despite great
potential of the standard C3-glycerophosphate thermogelling solutions, theitklaof
stability over time at room temperature as wellahgefrigerated conditions renders them
unsuitable as ready-to-use drug product. In thegmtestudy, Glucose-1-Phosphate (G1-P) is
investigated as an alternative gelling agent foproming the stability of CS-based ISFD
solutions. Furthermore, the local tolerance of sitdreeously implanted CS / G1-P hydrogels
was investigated by histological examination ovee¢ weeks. The thermogelling potential of
CS / G1-P solutions, determined by rheology, isedeent on the polymer molecular weight
and concentration as well as on the G1-P conce@raDifferential scanning calorimetry
measurements confirmed that sol / gel transitikegglace at around body temperature and
is not fully thermo-reversible. The long term styggastability was evaluated through the
appearance, pH, viscosity and gelation time at 33*@e solution and through the changes
in CS molecular weight, determined by gel permeatchromatography. The results
emphasized an enhanced stability of the CS/ Gydtem, at room temperature and at
refrigerated conditions, compared to the stand&8d 2glycerophosphate. CS solution with
0.40 mmol/g G1-P is stable for at least 9 month& a8°C, versus less than 1 month when
using B-glycerophosphate as gelling agent. Furthermore, sthlution is easy to inject, as
evidenced from its low viscosity, its shear-thirmlehavior and injectability evaluation using
23 G to 30 G needles. The inflammatory reactionepked in the tissue surrounding the
hydrogel in rats was a typical foreign body reattisimilar to the one observed for common
PLGA depot systems or standard Bglycerophosphate hydrogels. These features confirm
the potential of CS / G1-P solutions as an injdetadady-to-usén situ forming hydrogel.
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1. Introduction

Among ISFD systems, thermogelling solutions whisinf semi-solid hydrogels after
administration in response to temperature incréase ambient to physiological temperature
are of particular interest. Such injectable situ forming hydrogel, based on CS as
biocompatible and biodegradable polymer, was tletcribed by Chenitet alin 2000 [1],
who reported an aqueous solution of CS pugllycerophosphateg3{GP) at physiological pH
which had the property of turning into an semisajel at temperature around 37°C and
concluded that this polyol-phosphate salt is aldeturn the polymeric solution into a
temperature-controlled pH-dependent gelling systEme. sol / gel transition of the C8-GP
solution, the gelation mechanisms, and their corftyo potential biomedical applications
were extensively investigated in the last decadé] [ hese studies revealed that gelation of
the CS B-GP solution is a consequence of several intermtdecnteractions. In brief, the
effect of B-GP on CS solutions (solubilized in acidic aqueonsdium) is to partially
neutralize the polymer chains along with preventprgcipitation by the formation of a
protective hydration layer around the CS moleculén, increasing the temperature has two
effects:(i) it induces a proton transfer from CSpt&P, thereby promoting CS neutralization,
and (ii) it results in breaking hydrogen bonds at the arigi the protective shell cohesion
around the CS molecules. As a result, polymer sh&iacome hydrophobic and create

physical crosslinking between each other, formifydrogel.

CS / glycerophosphate thermogels have been stadieblug delivery systems for the
controlled release of various types of drugs (& molecular weight hydrophilic and
hydrophobic compounds, proteins and peptidasyitro as well asin vivo and showed
potential to achieve prolonged release over dayseieks [7-11]. Furthermore, the hydrogels
were also reported as promising injectable scagfdidr cell encapsulation and tissue
engineering, especially for bone and cartilage irepdue to the biocompatibility,
biodegradability, high water content and porosityhe three dimensional matrix [12-16].

The feasibility of developing analogous situ thermogelling systems using other
gelling agent thaf-GP, like inorganic phosphate salts, polyols oiypsés, was evaluated in
several studies, with more or less success [17+20yever, storage stability of CS-based
thermogelling solutions has received only littleeation and the few results reported, based

on viscosity changes over the storage period, tetslea lack of long term stability at room
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temperature as well as at refrigerated conditi®he. fact that gelation occurs with time even
at refrigerated conditions is a concern with SGP systems since other storage or
formulation approaches, like freezing or freezeirdyyrespectively, are less suitable and
would not allow the thermogelling system to be pr#ed as a convenient ready-to-use
product in pre-filled syringes [21]. Storage stapiis an essential condition in view of a
pharmaceutical application as situ forming hydrogels, and this point still remainsrye

challenging for such pharmaceutical purpose [19,22]

In the previous chapter, the impact of the chenmmedilre of the gelling agent on the
rheological properties and gelation mechanisms stadied, and Glucose-1-Phosphate salt
(G1-P) showed very similar ability as the commoungedp-GP, to turn CS solutions into
thermosensitive systems [23]. It was emphasizetdGiaP allowed increasing the ordering of
the protective water layer around CS at low temipieea, which could be likely related to the
stability of the thermogelling solution. Thus, ippears that G1-P could be an alternative
gelling agent toB-GP in order to preparén situ forming hydrogels with optimized
physicochemical properties with real potential doug delivery applications. Therefore, the
objectives of the present study are to eval@@tthe feasibility of using G1-P as alternative
gelling agent for CS-based ISFD system for subadas (s.c.) applications, through the
determination of the sol/gel transition tempemtugelation time at physiological
temperature, gel strength, viscosity and injeciigbdf CS / G1-P solutions (ji) the storage
stability of CS/G1-P solutions at room temperatuand refrigerated conditions, in
comparison with the standard CSGP solution, andiii) the histological biocompatibility of
the CS / G1-P hydrogel.
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2. Materials and Methods

2.1. Materials

Two different CS of technical grade: Chitoscieh@/50 (DD 89.7 %, Mw: 122 kDa)
and Chitoscien&&90/200 (DD 89.7 %, Mw: 267 kDa), and two CS of phaceutical grade:
Chitoceutical 90/50(1) (DD 90.7 %, Mw: 135 kDa) and Chitoceufic&0/50(2) (DD
88.7 %, Mw 149 kDa) were used in this study. All &8 derived from shrimp shell and were
purchased from Heppe Medical Chitosan (Halle, Gegh#-glycerophosphate disodium salt
hydrate §-GP, Mw: 288.10 g/mol)a-D-glucose 1l-phosphate disodium salt hydrate (G1-P,
Mw: 376.16 g/mol) and phosphate buffered saline SPBvere purchased from Sigma.
Hydrochloric acid (HCIl) was purchased from MercKl éther reagents were of analytical
grade and were used without further purificationtrappuré® water was obtained using a

MilliQ © Millipore filtration system (Millipore, MolsheimErance).

2.2. Physical characterization of chitosans usiidetdetection GPC

All CS were characterized by triple detection getrpeation chromatography (GPC)
on a Viscotek Triple Detector Array max system @diek, USA) using two ViscoGel
A6000M (mixed Bed) columns (Malvern Instruments Ginksermany). The set up consisted
of a size exclusion chromatograph connected talat Iscattering cell; a refractive index
detector and a viscometer, allowing for simultarsedatermination of the absolute polymer
molecular weight (Mw), hydrodynamic radius and imgrc viscosity {). The analysis were
performed at 30°C with a 0.3 M acetic acid, 0.3 btliam acetate, 1 % ethylene glycol
mobile phase and using a flow rate of 0.7 mL/mid andn/dc of 0.163 mL/g. CS samples
were prepared at concentrations of 1 mg/mL, di€xbl24 h under agitation in the same
buffer and then filtered using a 0.2 um filter prio analysis. The injection volume was
100 pL. Calibration of the system was made usingudulan standard (Mw = 133 kDa,
[n] = 0.515 dL/g, polydispersity index Mw/Mn = 1.0®ptained from Viscotek. For the
evaluation of the physical data OmniSEC softwaremfr Viscotek was used. Each
characterization of CS samples was performed itichip.
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2.3. Preparation of CS / G1-P solutions

CS solutions were obtained by dissolving 3.75 w€% in HCI according to a molar
ratio for CS amine groups/ HCI equal to 0.9/1. 5Ekolutions were prepared at various
concentrations in MilliQ water. CS and G1-P solnsiovere separately cooled to 4°C for
15 minutes. Then, G1-P solution was added droprbpg-ithto the CS solution placed in an
ice-bath under magnetic stirring. The obtained G3+/ solution was further stirred for
15 minutes. The resulting formulations were stosd2 - 8°C. CS B-GP solution was

prepared according to the same procedure.

2.4. Determination of gelation time

Gelation times of CS / G1-P thermogelling solutierese determined in PBS at 37°C.
After 7 min equilibration at room temperature, 1 @IS / G1-P solution was injected in a
10 mL vial (inner diameter: 22 mm) containing 5RBS pH 7.4 at 37°C (in a temperature-
controlled bath). In order to control whether tliduson underwent gelation, the vial was
inverted horizontally every 30 s (without removiitgrom the bath) over 20 min, and the
gelation time was defined as the time at whichstblation no longer flowed.

2.5. Rheological measurements

Rheological measurements were performed using &eH&deostress1l rheometer
(Thermo Fisher Scientific, Karlsruhe) with a ciratshg environmental system for
temperature control. The sample volume was ab&utl, introduced between a cone-plate
geometry (2° cone angle, 35 mm diameter). A solvesyp was used to minimize water
evaporation during all tests. To determine thescogsity at 20.00 + 0.20°C, freshly prepared
degassed samples, prepared with 1.5 wt.% Chitaedut90/50(1) and G1-P concentration
ranging from 0.00 to 0.53 mmol/g, were subjectedotational tests at controlled shear rates,
during which the shear rate was kept constant @os &nd then increased stepwise from 5 to
10° s*. The apparent shear viscosity values were cakmllas the mean of the apparent shear
viscosities determined after 30 s equilibratioeath shear rate. The viscoelastic properties of
the thermogelling solutions were assessed by miegstire storage modulus (G’) and loss
modulus (G”), representing the elastic behavior #m viscous behavior of the material,
respectively. The value of the strain amplitude seisat 1 % to ensure that all measurements

were carried out within the linear viscoelasticganThree kinds of tests were performed:
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(i) temperature sweep tests were carried out at atasdn$requency of 1 Hz, with a
temperature increase from 7 to 50°C and a heattg of 1°C/min to determine gelation
temperatures(ii) time sweep tests, to determine gelation timesewearried out at constant
angular frequency of 1 Hz and constant temperatu8¥.00 £ 0.20°C. The sol / gel transition
temperature () or time (te) correspond to the intersection of the curves bb@l G”;

(ii) the strength of the hydrogels was evaluated byopamg frequency sweep tests on
hydrogels formed either in contact with air or iBS Gels were made as follows, 1 mL
CS / G1-P solution were poured in round shaped snatdl were incubated 6 h, 24 h and 48 h
at 37°C to allow formation of hydrogels, eitheran atmosphere saturated in moisture to
avoid water evaporation or in 1 mL PBS pre-heate@&C. Then, dynamic frequency
sweeps tests were performed on the hydrogels &03¥.0.20°C and G’ and G” were
measured over frequencies decreasing through tbgad steps from 30 to 0.1 Hz. The gel
strength was evaluated in terms of the value oht3ow frequencies. Measurements were
done in triplicate. Finally, the thermoreversilyilaf the CS / G1-P system was investigated in
duplicate through two successive heating and cgotigcles carried out at a constant
frequency of 1 Hz, during which the temperature vmaseased from 5 to 40°C at a heating
rate of 1.0°C/min, maintained at 40°C for 30 mhen decreased from 40 to 5°C at a cooling
rate of 0.5°C/min and maintained at 5°C for 30 min.

2.6. Differential Scanning Calorimetry (DSC) anays

The sol/ gel transition and thermoreversibility @fCS / G1-P solution containing
1.5 wt. % Chitoceutic&l 90/50(2) and 0.40 mmol/g G1-P was further analymsihg a
differential scanning calorimeter Q2000 from TA thusnents (Alzenau, Germany). The
sample was hermetically sealed into a DSC sampte gral an empty pan was used as
reference. The scanning range of temperature was50°C at a heating rate of 1.0°C/min,
followed by a cooling cycle from 50 to 0°C at agraf 10.0°C/min and a second heating cycle

from O to 50°C at a rate of 1.0 °C/min. All measnents were performed in duplicate.

2.7. Osmolality measurements

Measurement of the osmolality of CS/G1-P solgionontaining 1.5 wt.%
Chitoceutical 90/50(1) and concentration of G1-P ranging fro®70to 0.53 mmol/g was

performed using the freezing-point depression ntlalibration of the osmometer (Model
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3320, Advanced Instruments, Inc., USA) was doné weference standards and osmolalities
were recorded using 0.25 mL sample. Measurements pexformed in triplicate.

2.8. Stability of CS / gelling agent solutions

Stability tests were carried out with different G8lutions: (i) a pure CS solution,
1.5 wt.% Chitoceutic&l 90/50(2); two CS/G1-P solution§i) 1.5 wt.% Chitoceutic&l
90/50(1) / 0.27 mmol/g G1-P ariii) 1.5 wt.% Chitoceutic&l 90/50(1) / 0.40 mmol/g G1-P,
and (iv) a CS /B-GP solution, 1.5 wt.% Chitoceuti€ab0/50(1) / 0.40 mmol/§-GP. These
solutions were filtered through 0.22n filters, filled in 2R glass vials and purged with
nitrogen prior to hermetic sealing. Mean headsmaggen content determined by frequency
modulated spectroscopy using the Lighthouse FMSiHisBument (Lighthouse Instruments,
LLC) was 0.70 £ 0.07 %. Samples were stored atgefated conditions (i.e. 2 - 8°C) and at
room temperature (i.e. 20 - 25°C), and analyzeer daft 1, 7, 14, 30, 60, 90, 135, 180 and
270 days for the samples stored at 2 - 8°C and=alt7, 14, 30, 60 and 180 days for the
samples stored at 20 - 25°C respectively. At eaahme tpoint, a panel of different
characteristics were followed for each samp{gsthe formulation was visually inspected for
any change in the physical appearance, i.e., cldsidity, consistency (liquid or gel state);
(i) the pH value was determined using a 691 pH metatrim, Herisau, Switzerland) ;
(i) the viscosity at 20.00 + 0.20°C was measured lsfopaing a step test as described in
“2.5. Rheological measurements(iv) the gelation time was determined by a time swesp t
as defined in “2.5. Rheological measurementgV);the relative molecular weight of the
polymer was determined by GPC. Samples were diltdegpproximately 1 mg/mL CS in
mobile phase. GPC analysis was carried out in aelN2695 series liquid chromatograph
coupled with a 2414 refractive index detector. fil0Qvere injected into a series of two
columns (Viscotek A6000OM General Mixed Aqueous @uhs, length: 300 mm, diameter:
7.8 mm, patrticle size: 13 um) at an oven tempegadfi30°C. The mobile phase consisted of
0.3 M acetic acid, 0.3 M sodium acetate and 1 %lette glycol. The system was calibrated
using Varian polysaccharide standards (708000, @D0R1100, 5900 and 667 Da). Sample
injection was performed in duplicate and weight rage molecular weight (Mw) was
calculated with a Chromeleon 6.8 Datasystem (DioGerporation, Sunnyvale, CA, USA).
The molecular weights of the samples were calcdlatdative to the Mw at t = OAll

measurements were performed in triplicate.
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2.9. Evaluation of injectability

The injection force for a CS/G1-P solution conitaj 1.5 wt.% Chitoceutical
90/50(1) and 0.40 mmol/g G1-P was measured usiredeatronic tensile tester (Zwick Z 2.5,
Ulm, Germany) and analyzed with the testXpert Iftware (version 3.0, Zwick, Ulm,
Germany). 1 mL thermogelling solution was injecte® an empty glass vessel, using a 1 mL
syringe (1 mL Luer-Lok Tip syringe, BD, Franklin kes, NJ, USA). Several needles were
tested: (i) 23 G (HSW FINE-JECY 23 G x 1", Henke-Sass Wolf GmbH, Tuttlingen,
Germany),(ii) 25 G (Terum8 Hypodermic Needles, 25 G x 1" Thin Wall Needleureo
Medical Corporation, Somerset, NJ, USA) &iigg 30 G (BD Microlance™ 3, 30 G x %",
BD, Franklin Lakes, NJ, USA). Before measuremelhsyainges were equilibrated 10 min at
room temperature and primed to expel the air bubblgil a small amount of the solution
came out. Injection force was measured at two miffe injection speeds: 80 and

100 mm/min, for each needle size. All measuremeste replicated 10 times.

2.10.Sterile filtration

CS/ G1-P solution containing 1.5 wt.% Chitoceufic@0/50(1) and 0.40 mmol/g
G1-P were filtered through 0.22 pm syringe filténydrophilic, 33 mm diameter, 4.5 ém
filtration area, Millex-GV Filters, Millipore). Thénfluence of sterile filtration on the solution
characteristics was evaluated on three batchesulyisg the viscosity and gelation time of
the solution at 37°C, determined by rheology asculesd in “2.5. Rheological
measurements”, as well as the molecular weightQfdetermined by GPC, measured before
and after sterile filtration. The molecular weiglitkthe CS in the filtered solutions were
calculated relative to the Mw of non-filtered saduis. All measurements were performed in

triplicate.

2.11.Bacterial endotoxin test

Endotoxin levels in the two pharmaceutical grade(iGS Chitoceuticdl 90/50(1) and
Chitoceutical 90/50(2)) as well as in two batches of CS/GleRition composed of
1.5wt.% CS (either Chitoceuti¢al90/50(1) or Chitoceuticdl 90/50(2)) and 0.40 mmol/g
G1-P were determined using the semi-quantitativelgetechnique (method B) with limulus
amoebocyte lysate (LAL), according to the EuropBaarmacopoeia monograph 2.6.14 [24].
The endotoxins limit (EL), which represents the maxn concentration of endotoxin that is
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allowed in a dose of a specific drug product, wakudated for CS / G1-P solution using

equation 1:
EL=K/M (1)

were K is 5 EU/kg, which represents the maximureried amount of endotoxin for humans
for injectables, and M is equal to the maximum yddibse of product per kg body mass. A
standard body weight of 70 kg is taken into accdonthe calculation.

2.12.Local tolerability of CS / G1-P hydrogel

2.12.1. Animal study

The local tolerability of CS/ G1-P hydrogels owhree weeks was examined in
healthy 10 week old Hans Wistar male rats. 0.5 tekile CS / G1-P thermogelling solution
(1.5 wt.% Chitoceutic&l 90/50(2), 0.40 mmol/g G1-P), equilibrated at rommperature, was
subcutaneously injected using a 23 G needle inirtegscapular region of nine rats under
general anesthesia. The same volume of sterileesatilution was subcutaneously injected in
their caudal dorsal area as a negative control. Adath status and body weight of the
animals were monitored. Blood samples were colteateder isoflurane by sublingual
puncture at day -3 (predose) for hematology anglgsd by vena cava puncture on the day of
necropsy for hematology and biochemistry analy&iter 1, 7 and 21 days, three rats were
sacrificed via exsanguination from vena cava puectfter exposure to isoflurane and the

tissues at the injection sites were excised fdolagical examination.

2.12.2. Hematology

Blood samples for hematology were collected into TEDanticoagulant (BD
Microtainef® tube, K2EDTA, reference 365975). The parametatsdi in Table 1Il-1 were
determined, using an ADVIA 12(analyzer.
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Table 1ll-1:  Hematology parameters

Red Blood Cell Count White Blood Cell Count
Hemoglobin Neutrophil Count
Hematocrit Lymphocyte Count

Mean Corpuscular Volume Monocyte Count

Mean Corpuscular Hemoglobin Eosinophil Count

Mean Corpuscular Hemoglobin Concentration Basdpbiint

Red Cell Distribution Width Large Unstained Cellsunt
Reticulocyte Count Platelet Count

2.12.3. Clinical Chemistry

Blood samples for clinical chemistry were collectetdb plain tubes (SARSTEDT PC
Micro Tube, reference 41.1500.005). The paramdisted in Table 1lI-2 were determined,
using a Synchron CX5analyzer.

Table IlI-2:  Clinical chemistry parameters

Sodium Magnesium
Potassium Glucose
Chloride Cholesterol
Calcium Triglycerides
Aspartate Transaminase Total Bilirubin
Alanine Transaminase Total Protein
Alkaline Phosphatase Albumin

Urea Globulin
Creatinine Creatine Kinase
Phosphorus

2.12.4. Histological examination

Tissue samples used for histological examinatiomewiexed in 10 % v/v neutral
buffered formaldehyde, embedded in paraffin andi@eed at 3 um thickness. The sections
were then stained with hematoxylin and eosin (H&k) with 0.01 % Fast Green in
conjunction with Safranin-O [25]. For histopathalzg assessment, the stained sections were
examined using light microscopy. Each animal serasdtheir own control. Microscopic
findings were entered in Pristima software and gdaagsing a semiquantitative scale (minimal

to severe); minimal (+) change contained one avadmall foci/cells; mild (++) change was
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composed of small to medium size foci/cells; motde(a++) change contained frequent and
moderately sized foci/cells, marked (++++) change lextensive, confluent foci affecting
most of the tissue and severe (+++++) change wWasiefj completely the normal structure of

the tissue.

2.13.Statistical analysis

Data were recorded as mean * standard deviatioa. significance of differences
between groups was assessed using a t test whemgrvaps were compared. ANOVA
followed by Tukey's tests were applied for comparss involving 3 or more groups. All
significance tests were performed in Minitab 16 r{iéb, State College, PA), and a p value

less than 0.05 indicated a statistically significgifference.
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3. Results and discussion

3.1. Physical characterization of CS by triple deten GPC

A preliminary physicochemical characterization dfet polymer concerned the
determination of the molecular weight (Mw), intimiscosity and hydrodynamic radius.
This was achieved by triple detection GPC on the @S batches used in this study. Results
are reported in Table 11I-3. Chitosciefic@0/50 and the two batches of Chitoceufica/50
were supposed to have approximately the same Mdeelh the viscosity of a polymeric
solution depend on the Mw of the dissolved polyf2&] and, according to the supplier, the
viscosity of all CS 90/50 batches (1 % solutiorLi#io acetic acid at 20°C) is about 50 mPas.
As expected, they showed Mws in the same range2@f 135 and 149 kDa respectively,
whereas Chitoscien®e90/200, for which the viscosity is stated aboud BfPas, revealed a
higher Mw of 267 kDa. The molecular weight disttibn, characterized by the polydispersity
index Mw/Mn, is rather broad, ranging from 1.571t®0 for all samples. Furthermore, the
polydispersity index as well as the intrinsic visitp and the hydrodynamic radius increased

slightly with increasing polymer size.

Table IlI-3:  Physical parameters obtained for the differentodaib batches.

Name Abs(c:(lgtae) Mw Mw/Mn i/rl]gclzgzllfy Hydrrg((jj)i/l:? me
(dL/g) (nm)
Chitoscience® 90/50 122 1.57 3.62 18.33
Chitoceutical® 90/50(1) 135 1.61 3.86 19.28
Chitoceutical® 90/50(2) 149 1.62 4.11 20.30
Chitoscience® 90/200 267 1.90 6.01 27.74

3.2. Sol / gel transition behavior

CS / G1-P thermogelling solutions should undergkd gel transitionin situ due to
body temperature; therefore their gelation time determined in PBS at 37°C. The sol / gel
transition should not be too fast to avoid neetbbgging during injection, but should be rapid
enough to avoid drug burst from the liquid formidat [27]. The influence of the CS
molecular weight and of the CS and G1-P concentraton the gelation time (Table IlI-4)

was studied. First, consistently with literaturecckasing the polymer Mw, from 267 to
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122 kDa, resulted in a significant decrease ofgdlation time from 15 to 3.5 min [28]. The
same effect was observed with the CS concentratiengoncentration variation from 2 to
1.5 wt.%, gave rise to a strong drop of the gefhatime from 20 to 2.5 min. However, it is to
be noted that a further decrease of the CS cotaeh5 wt.% did not further accelerate the
gelation. Finally, increasing the G1-P concentratimom 0.20 to 0.40 mmol/g resulted in
reducing the gelation time from 7 to 2.5 min, inremgnent with previous reports on
CS /B-GP systems [6,29]. Actually, the effect of the @#icentration and molecular weight
on sol / gel transition time was likely linked tseosity effects: the higher the concentration
or Mw, the higher the solution viscosity, and tbevér the mobility of the gelling agent and
polymer chains, slowing down the gelation kineti@]. When increasing the G1-P
concentration, consequently higher pH induced aatah of the degree of ionization of CS.
Electrostatic interactions opportunities betweer tiolymer and the gelling agent were
lowered, thereby reducing the protective hydratayer around CS. Furthermore, this leads
also to a reduction of the electrostatic repuldi@mtween CS chains, therefore promoting

gelation at 37°C.

Table IlI-4:  Gelation time at 37°C and pH value of CS / G1-Ritsoh as a function of CS Mw, CS

concentration and G1-P concentration.

CS G1-P CS/G1-P
Mw Concentration Concentration teer (MN) pH
(kDa) (wt. %) (mmol/g) 9
267 15 0.33 15 7.1
122 : 267 (1:1) 15 0.33 7 7.2
122 1.5 0.33 35 7.4
122 2 0.40 >20 7.3
122 1.75 0.40 11 7.2
122 15 0.40 2.5 7.4
122 1.25 0.40 3 7.4
122 15 0.27 4.5 7.3
122 1.5 0.20 7 7.2
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3.3. Rheological characterization

3.3.1. Viscosity of CS / G1-P solutions

Viscosity of injectable ISFD solutions is a key graeter that needs to be assessed to
ensure on the one hand an easy filling of the ggriand on the other hand an easy injection
through thin needles. Apparent shear viscosity.fwit.% CS solutions containing increasing
G1-P concentrations as a function of shear rat20a4C is shown in Figure l1lI-1 (a). In
agreement with previous studies on CS solutionssahples exhibited a shear-thinning
behavior, characterized by a drop of the viscdsdgn around 150 to 80 mPas upon shear rate
raise from 5 to 1000°s[31-33]. Due to the high Mw and the concentratidrthe polymer,
CS macromolecules in solution entangle loosely wdbh other at rest and disentangle upon
applying the shear rate, lowering thereby the \gggoof the solution [34]. This shear-
thinning flow behavior is advantageous for an easdyninistration of the thermogelling
solution. Addition of G1-P concentrations betweea70and 0.53 mmol/g results in a linear
increase in viscosity of the CS solution, witholiaeging the flow behavior (Figure IlI-1 (b)).
Two opposite effects arise from G1-P addition. Bughe phosphate part of the gelling agent,
addition of G1-P increased the pH of the CS satufiom 5.6 to around physiological values
(i.e. 7.35 to 7.49 for G1-P concentration from 0t@0.53 mmol/g respectively). At low pH
conditions (pH < pK,= 6.2), CS behaves as a polycationic electrolytetdube protonation
of the free amine groups. The electrostatic repuoléietween the macromolecules results in
an extended conformation of the polymer. IncreasiiegoH reduces the charge density of CS
molecules, resulting in a more contracted confoionatdf the polymer. Thus, the viscosity of
the CS / G1-P solution, which is related to the mo@olecular volume in solution, should be
reduced compared to the pure CS one [33,35]. Howelue to the glucose moiety of G1-P
and its water-structuring effect (via hydrogen bameractions), the gelling agent increased
the apparent viscosity of the solution in a con@in-dependent manner [36,37]. For G1-P
concentration as high as 0.53 mmol/g, viscosity slasvn to be below 300 mPas at a shear
rate of 58. Since it was demonstrated that ISFD formulatiovith viscosities below
600 mPas were suitable for injection using needlees< 23 G [38], CS / G1-P solutions
seem to be appropriate injectable formulations s Tdiaracteristic will be further assessed
through a comprehensive evaluation of the lead ditation’s injectability in a next part (Part

3.7. Determination of injectability).
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Figure IlI-1:  Influence of G1-P concentration on apparent shisaosities of 1.5 wt.% CS solution
over a step test (a) and at a shear rate of'§0)sfor G1-P concentrations ranging
from 0.27 to 0.53 mmol/gn(= 3).

3.3.2. Viscoelastic properties of CS / G1-P solutions

The viscoelastic behavior of CS solutions with eli@nt G1-P concentration is
summarized in Figure 1lI-2. The sol/ gel transititemperature (&) is defined as the
temperature at which the storage modulus (G’) isa&tp the loss modulus (G”). As shown in
Figure IlI-2 (a), at temperatures belowel CS / G1-P systems exhibited viscoelastic liquid
behavior, with the curves showing the dominancethef loss modulus (G” > G’). Upon
temperature increase, at T gzl the elastic portion of the system became dominant
(G’ > G"), clearly indicating that the solutionsrtied into gels. Following a similar trend, and

corroborating the results of Table IlI-4, the tisweep tests at 37°C (Figure IlI-2 (b)) show a
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decrease of the gelation time along with the iregeaf G1-P concentration. Furthermore,
once the gelation process was initiated, the twduhancrease gradually up to the end of the
test, indicating that the gel network formationpi®gressive and was not completed during
the time of the measurements. Figure I1I-3 shows #ppareance of a 1.5wt.%

CS /0.40 mmol/g G1-P formulation in the solutidats at room temperature and in the gel
state at 37°C. The decrease of the gelation teryseraf CS / G1-P systems goes along with
a reduction in gelation time at physiological temgpere and therefore can be linked to the
increase in the pH value of the thermogelling sotutvhen adding more gelling agent. These
results confirm the trend observed above in vidlse differences in the gelation times

observed by rheology and those determined in wals be attributed to the different

experimental approaches and methodologies.
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Figure IlI-2:  (a) Temperature and (b) time dependence at 37%¥fbcige modulus (G&) and loss
modulus (G”,0) of CS/G1-P solutions (1.5wt.% CS) for G1-P @amtrations
ranging from 0.27 to 0.53 mmol/g. The data aretstiiilong the vertical axis by a
factor of 10 to avoid overlappingn(= 3).
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[
Figure IlI-3: 1.5 wt.%CS / 0.40 mmol/g G1-P formulation in the solutidats at room temperature
and after gelation at 37°C.

Results obtained by frequency sweep experimentsecorthe value of the hydrogels
strength once formed after different incubationetinin a saturated water vapor atmosphere at
37°C. As shown in Figure l11I-4 (a), the system thypG’ > G” over the entire frequency
range, with a value of G’ independent of the freguye Furthermore, G’ and G” curves
exhibit almost parallel lines in the low frequeneyge, and the G:G” ratio is herein higher
than 20:1, which typically indicates a gel-like cheter [26]. In addition, the strengths of the
gel formed after 6 h, 24 h and 48 h in a saturataigr vapor atmosphere at 37°C, appeared to
significantly increase over time (Figure IlI-4 (b)h alignment with the observations made
from the temperature and time sweep tests. Thiaghenon is consistent with the molecular
gelation mechanisms, induced by the temperatureease, and attributed to the gradual
removing of the protective hydration layer formedtbe gelling agent around the CS chains.
Therefore, even if the first hydrophobic attractiméeractions occur between the polymer
chains, inducing the formation of a network, thenber of CS - gelling agent interactions is
still further reduced with time, leading to a gratlincrease of the gel strength. Furthermore,
once the gelation process was initiated, the isg@aiscosity of the system slows down the
diffusion of G1-P away from the polymer and thef-askociation of the CS chains.
Therefore, the number of junction points betweem@fecules rises with time until complete

gelation is achieved.

Additionally, the strengths of CS / G1-P hydrogeisned either in a saturated water
vapor atmosphere or in PBS at 37°C were compargdr@11l-4 (b)). Gelation in PBS led to
significantly stronger gels, with G’ values in thenge of 1000 Pa versus 200 to 400 Pa in a
saturated water vapor atmosphere. Indeed, in thecag media at pH 7.4, G1-P can diffuse
freely out of the gel during the gelation processlevthe pH is maintained higher than the
pPKap of CS [2,39]. Thus, CS - CS attractive interacdicare no longer prevented by the
protective hydration layer and the steric hindranaased by G1-P, thereby creating more
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physical junctions of the polymer network. CS / Bihermogelling solutions are intended to
be administered subcutaneously, where the gellgamtais likely to diffuse out of the depot
and into the surrounding tissue, since fluid flomv d9.c. tissue usually ranges from 7 to
53 mL/100 g per min [38,40]. Thus, strong hydrogaie expected to form progressively at

the site of injection.
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Figure lll-4:  (a) Frequency dependence of storage moduluse)5and loss modulus (G'5) of
CS/ G1-P hydrogel (1.5wt.% CS and 0.40 mmol/gR3lafter 6 h in a saturated
water vapor atmosphere at 37°C. (b) Strength of G&P hydrogels (1.5 wt.% CS
and 0.27 mmol/g G1-P) after 6 h, 24 h and 48 hbation either in a saturated water

vapor atmosphere or in PBS at 377G=(3).
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3.3.3. Thermo-reversibility of CS / G1-P solutions

To investigate the thermoreversibility of the hygleh CS/ G1l-P solution was
submitted to two successive heating-cooling-cyaheshe temperature range of 5 to 40°C
(representative results are shown in Figure 1l143pon the first increase in temperature,
sol / gel transition occurred at around 39°C, aseoked previously in Figure 1lI-2 (a). The
value of the storage modulus kept increasing wihiéetemperature was maintained at 40°C,
due to the growing formation of the three-dimenalametwork of the hydrogel. Cooling to
5°C caused a 10-fold drop of the value of G’ whihe value of G” remained constant,
indicating a transition from strong to weak gel hoitit reversion to the liquid state, in
agreement with previous reports on CS / polyol-phase systems [1,41]. The same behavior
was observed for the second heating-cooling cyoteyhich a sharp increase and decrease of
G’ occurred during the heating and cooling phasspectively, but with G’ remaining above

G”, confirming that CS / G1-P hydrogel is not futhermoreversible.
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Figure llI-5:  Temperature dependence of storage modulus €¥5and loss modulus (G9) of
CS / G1-P solution (1.5 wt.% CS, 0.40 mmol/g GleRaentrations) over heating and

cooling cyclesif = 2).

3.4. Differential scanning calorimetry

DSC has been used to further characterize theigelptocess and thermoreversibility
of CS/ G1-P solutions. The first heating scan (Feglll-6, thermogram a) shows a broad
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endothermic peakAH = 0.30 J/g) between 33 and 48°C, with a maximemperature of

37.1°C. This peak can be related to sol/ gel ttiansof the CS/G1-P solution. This
endothermic process could correspond to both theugtion of the hydrogen bonds forming
the hydration shell surrounding the CS chains, andhe formation of intra- and inter-
polymeric hydrophobic interactions [42,43]. Thisagnfirmed by the fact that the sol / gel
transition temperature disclosed here is consistgtit the gelation temperature given by

rheological experiments at the same heating rateKgure IlI-2 (a)).

Likewise, a second DSC scaire( this time, after gel formation and cooling to 0°C)
was performed on the CS/G1-P sample under idgntaonditions (Figure IlI-6,
thermogram b). The transition appears thermo-inglike since no endothermic peak appears
for the second measurement, confirming therebyebelts of the rheological thermo-analysis

performed previously.

Tmax =37.1°C

I0.0Z mW
thermogram a

thermogram b

<«——Exothermic

15 20 25 30 35 40 45 50
Temperature (°C)

Figure IlI-6: DSC thermograms of a CS/ G1-P solution (1.5 wt.% &d 0.40 mmol/g G1-P)
recorded at a heating rate of 1°C/min. Thermogramdib correspond to the first and

second heating scan respectively=(2).

3.5. Osmolality

Addition of the gelling agent in the CS solutionosigly contributes to the tonicity of
the formulation. As shown in Figure 11I-7, the odaliy of CS / G1-P solutions ranged from
760 to 1520 mOsm/kg, linearly related with the @age of gelling agent concentration from

0.27 to 0.53 mmol/g. The tonicity of parenteral niotations should be as close to
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physiological conditions (e.g. 280 - 300 mOsm/kg) pssible, in order to minimize pain
and/or tissue irritation. However, for subcutane¢sis.) injection, hypertonic solution are
known to facilitate the drug absorption and colldréfore be sometimes even desired [44].
Moreover, preparations with high osmolalities (opltLt00 mOsm/kg) have been reported in
literature for intra-muscular or s.c. administratiavithout causing a significant increase of
the burning or pain sensation [45-47]. Thus, irgbt# CS / G1-P solutions containing up to
0.40 mmol/g gelling agent were postulated to bepiable.
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Figure IlI-7:  Osmolality of CS / G1-P solutiona € 3).

3.6. Storage stability of CS / gelling agent salns#

Storage stability is a crucial parameter that needse assessed during pharmaceutical
development of am situ forming hydrogel system. This type of formulatisisuld have an
acceptable shelf life, i.e. their physical thermitigge properties should be maintained
throughout defined storage conditions up to adrreti®n. This section presents the stability
study of two representative CS / G1-P thermogelofutions (with 0.27 and 0.40 mmol/g
G1-P) along with the comparison with the classic8l/B-GP thermogelling solution (with
0.40 mmol/gp-GP) and pure CS solution (at the same polymeremnation: 1.5 wt.%). The
study included following-up over 6 to 9 months, fiwo different storage temperatures
(2 - 8°C and 20 - 25°C), the appearance, pH, viscasd gelation time of the solutions as

well as CS molecular weight.
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3.6.1. Appearance and pH

Overall, no change in the appearance (liquid stade)n the pH values of the CS and
CS / G1-P solutions were observed over the 6 toofiths storage (for both temperatures).
The pH of the pure CS solution remained 5.2 + Ohllemhose of CS / G1-P solutions were
7.1 + 0.1 and 7.2 = 0.1, for 0.27 and 0.40 mmol/&rF respectively. On the contrary,
CS /B-GP solution turned into a turbid gel in less tlB@days at 2 - 8°C and after only 1 day
at 20 - 25°C, with a drop of the pH value from #@4/.0.

3.6.2. Viscosity

Apparent shear viscosities of the CS solution ar®l/ Gelling agent systems are
reported in Figure 111-8. Results show that forrage periods as long as 6 to 9 months and at
refrigerated conditions, the apparent shear visgadithe pure CS and CS/ G1-P solutions
remained unchanged. On the contrary, the viscasfitS /B-GP increased significantly
within 30 days, from about 180 mPas up to 7500 m#asshear rate of 5 sLikewise, the
viscosity of CS/ G1-P solutions was stable at rammperature over 2 months and only
slightly increases at low shear rates after 6 ngnivhereas the viscosity of the pure CS
solution very slightly reduced over time and thecwsity of the CS-GP solution raised
drastically after only 7 days. These results ally fligned with former observations, i.e. the
pure CS solution as well as the CS / G1-P solutienzained in the liquid state over time for
both storage conditions while the C&GP solution turned into gel with time. Storage end
refrigerated conditions allowed maintaining the /BSGP formulation in the liquid state for
just over 14 days versus less than 7 days at reompdrature. Even, as previously observed
by monitoring the gel strengths (Figure 111-4 (bdnce the sol / gel transition occurred, the
viscosity of the CSp-GP gels continue to increase up to stabilizatiooré appreciable at
2 - 8°C in Figure I11-8 (g)).
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Figure IlI-8:  Apparent shear viscosity at 20.0 £ 0.2°C for CSusoh and CS/ gelling agent
systems stored at 2 - 8°C and at 20 - 25f€ 8).
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3.6.3. Gelation time

The sol / gel transition times of the different Ggelling agent formulations set up at
37°C were followed over the same storage periodrapdrted in Figure 111-9. It appears that
the gelation time of the solution composed of Gritidiol/g G1-P is not stable over time, and
decreases from about 40 min initially, to 35 mind a7 min after 6 months storage at
20 - 25°C and 2 - 8°C respectively, with significarariations observed over time under
20 - 25°C conditions. These variations vanish wtien G1-P concentration is increased to
0.40 mmol/g. Indeed, the gelation time observed tftee CS/ G1-P solution containing
0.40 mmol/g G1-P stored at 20 - 25°C was stabler @months, but slightly decreased
afterwards. However, when stored under refrigerateaditions, this solution displayed a
constant gelation time of 12.2 £ 1.0 min over 9 then With regards to the C$/GP
solutions, the samples underwent a spontaneousagela less than 30 days at 2 - 8°C and
1 day at 20 - 25°C. These observations were coafirtny the rheological measurements of
the gelation time, since the C8-GP system exhibited a gel-like behavior (G’ > @Ym the
beginning of the time sweep test. However alreagfgre these time points, the gelation times
were nevertheless very fast, in the range of 1 mar2 So the CSf-GP solution was not
stable when stored either at room temperature dewrefrigerated conditions. Conversely,
the addition of 0.40 mmol/g G1-P as alternativdigglagent to the CS solution significantly
improved the stability of the system, in particuldren stored at 2 - 8°C.

——0.27 mmol/g G1-P 2-8°C
——0.27mmol/g G1-P 20-25°C

—&—0.40 mmol/g G1-P 2-8°C

——0.40 mmol/g G1-P 20-25°C

—=—0.40 mmol/g B-GP 2-8°C

Gelation time (min)

—&~0.40 mmol/g B-GP 20-25°C

0 30 60 90 120 150 180 210 240 270
Time (days)

Figure 1lI-9:  Evolution of the gelation time, determined by rloegl at 37°C, of CS / gelling agent
solutions stored at 2 - 8°C and at 20 - 251G ).
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The lack of stability of CSff-GP and other CS / polyol thermogelling solutiogxsgn
stored at refrigerated conditions, was already ntepdoy Ruel-Gariepgt al[22] and Schuetz
et al [19]. They concluded that the most appropriate agfer method consisted in
lyophilization of the formulations, to prevent amyolution to the gel state. However, this
approach is expensive and would require a recaotistit step before injection. In addition, it
also induced substantial changes in the gelatimegiand viscosities compared to freshly
prepared solutions. In the present study, incrgatie size of the polyol part of the gelling
agent €.g. using G1-P instead of the commonly uge&P) was shown to improve the
stability of the CS-based thermosensitive solutidnsview of our previous studies on the
gelation mechanism (see Chapter Il), increasingite of the gelling agent polyol part likely
enhances the stability of the protective hydratiaper surrounding the CS chains, thus

allowing extending the shelf life of the CS / gefliagent solution.

3.6.4. CS molecular weight

To complete the stability study, this last partldesith following the CS molecules
integrity along the storage period as a function stbrage temperature, through the
determination of their molecular weight. The two OS1-P solutions were selected for this
study, as well as pure CS solution for compariddre molecular weight were analyzed by
GPC and the results, reported in Figure 11I-10eeded that no significant degradation of the
polymer occurred in the presence of G1-P over 9thwoof storage at 2 - 8°C. Conversely,
around 20 % of the CS is degraded in pure CS solutiithout G1-P after 3 months under
refrigerated conditions. When the same solutionseewept at room temperature, the Mw of

all formulations, with or without gelling agent,ateased by 16 to 20 % within 6 months.

CS degradation is commonly known to occur with timeacidic aqueous solutions,
due to acid-catalyzed hydrolytic chain scissiontleé glycosidic linkages of the polymer
[48,49]. This chain scission results in a decredghe CS molecular weight. In this study, the
addition of G1-P to the CS solution was assumegravent the degradation mechanism
through two complementary effects. First, additodnthe gelling agent, which is a weak base,
increased the pH from 5.2 to 7.2-7.3 and thusygmied the acid-catalyzed hydrolytic
degradation of the polymer [50]. Secondly, as erplh previously in the context of the
comparison of the viscosity of CS versus CS / GdeRitions, in a pure CS solution with
pH < pKa, the polymer is in an expanded confornmatidue to the electrostatic repulsion

between the positively charged glucosamine monamérerefore, acid hydrolysis is
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facilitated in these solutions since the glycosithkages are exposed. Increasing the pH via
G1-P addition led to a partial neutralization of gfolymer and, consequently, to a contraction
of the CS chains, thereby hindering the hydrol{sid. Thus, addition of G1-P prevents the
acidic depolymerisation mechanism of CS over atl®anonths at 2 - 8°C. Increased storage
temperature (20 - 25°C) showed a significant impactCS degradation. These results are
consistent with those of Chest al [51] and Varumet al [52], which showed that the

hydrolysis rate increased with temperature.
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Figure 1lI-10: Evolution of the relative Mw of CS in a pure C3uion, in a CS/ 0.27 mmol/g G1-P
solution and in a CS/0.40 mmol/g G1-P solutiomirdy storage at 2 - 8°C and at
20 - 25°C (mean = SD, SD =5 %= 3).

To sum-up, investigating the stability of CS/ gejl agents at different storage
temperatures allowed disclosing the superior ptoteceffect of G1-P compared to the
classicalp-GP. It allowed identifying the optimized formulati and storage conditions to
provide an acceptable shelf life as well. ActualB / G1-P solution with a gelling agent
concentration of 0.40 mmol/g was stable for attl€amonths when stored at refrigerated
conditions. Thus, this thermogelling solution hlas potential to be presented in the solution
state, without requiring any reconstitution stejole administration, and ready-to-use pre-

filled syringes can therefore be considered.

3.7. Determination of injectability

In the development of ISFD systems, an importastigsalso lies in the ease of
injection through the thin needles commonly useadsfo. administration [53,54]. Therefore,

the FDA Guidance for Industry on container clossystems for packaging human drugs and
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biologics requires the evaluation of the perforneant a syringe by establishing the force
necessary to inject the dosage form. Needle sizemmmended for s.c. injection range
between 25 G (outer diameter (O.D.) = 0.51 mm, rich@meter (1.D) = 0.26 mm) and 30 G
(O0.D.=0.31 mm, I.D. = 0.16 mm), and the volumelo$age form injected should be between
0.5 and 2.0 mL [44,55,56]. In this section, thecéorequired to inject 1 mL thermogelling
solution containing 1.5wt.% CS and 0.40 mmol/g R51(chosen as the optimized
formulation) through 23, 25 and 30 G needles wasumesl. The pressure resistance of s.c.
tissue at the injection site was not taken intosabgration. Two injection speeds were
studied, 80 and 100 mm/min, which correspond toad@ 33 seconds for completing the
injection, respectively. It is also to notice thia¢ upper limit of 20 N was set as acceptance
criteria for s.c. injections, according to Schoenhzeret al[38]. The results are presented in
Figure 11l-11, and show that, in the conditionsooir study, only the needle size significantly
impacted the injection force. The force necessamject the CS / G1-P solution was below
5N when using 23 G and 25 G needles, which mayetsted to very smooth injections.
Using a thinner needle of 30 G required an increasgection force of about 17.5 N, which
still did not exceed the upper limit of 20 N. Innt@ary to other ISFD solutions which were
generally administered through large needles db1B3 G due to their high viscosity [57-59],
the CS-based formulation can be considered asteasject through needles as thin as 30 G,
as assumed previously based on the low viscositthefCS / G1-P solution (see Figure
[lI-1 (a)). Administration via small needle size kaown to cause less pain at the injection

site, thereby improving patient comfort and compudia [60].
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Figure IlI-11: Injection forces of 1 mL CS/ G1-P solution (1.5%tCS and 0.40 mmol/g G1-P)
injected in air at two injection speeds with 2328,G and 30 G needles £ 10).
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3.8. Sterile filtration of CS / G1-P solution

Since CS/ G1-P solution is intended for parentejalction, sterilization is essential
for its successful clinical administration. Due ite thermogelling property, the solution
cannot be subjected towards terminal heat or stei@miization. Furthermore, as gamma
irradiation is known to induce CS chain degradattbrs terminal sterilization method is also
not suitable for the CS/ G1-P formulation [61,6Zhus, another potential method is to
sterilize the solution by filtration through a Qu&h membrane and to fill it under aseptic
conditions into presterilized vials. Therefore, thdluence of sterile filtration on the
thermogelling solution was assessed through therm@tation of the viscosity and gelation
time at 37°C of the solution and of CS moleculaight before and after filtration. Sterile
filtration was easily performed on the CS / G1-Ruson. As presented in Figure 1lI-12 (a),
the viscosity of the solution remained unchangeiérafiltration. GPC analysis (Figure
[11-12 (b)) confirmed this result, since only agit decrease of about 1 % of the molecular
weight of the polymer was observed between thefiti@ned and the filtered formulation, this
value being within the accuracy range of the met@o8 %). Thus, no polymeric material
seems to be lost on the filter during sterile difion. On the other hand, as shown in Figure
[11-13, sterile filtration affected the time for Isbgel transition at 37°C, since it increased from
8.9 + 0.8 min for the non-filtered samples to 18.3.4 min after filtration. However, this
slight increase of the gelation time is still adedye for ISFD system. Thus, sterilization via
filtration through 0.2um membrane can be applied to the CS/G1-P solutighout

inducing important variations of the formulatioroperties.
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Figure llI-12: (a) Apparent shear viscosity at 20.0 £ 0.2°C andrébative Mw of CS for three
different batches of 1.5 wt.% CS/0.40 mmol/g G&dtution either non filtered or
sterilized by filtration through a Og@m membrane (n = 3).
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Figure IlI-13: Gelation time, determined by rheology at 37°C,hwéé different batches of 1.5 wt.%
CS /0.40 mmol/g G1-P solution either non filtecedsterilized by filtration through a
0.2 um membranen(= 3).

3.9. Bacterial endotoxin content of CS and CS /Rlutions

Microbiological acceptance criteria need also to dmmsidered in view of the
parenteral administration of ISFD systems. The @ndo content of two pharmaceutical
grade batches of CS and of the corresponding CISP Golutions was determined with a
semi-quantitative LAL assay; the results are pregskm Table 11I-5. The tested CS varied in
endotoxin level; Chitoceutical90/50(1) had an endotoxin level between 0.06 and
0.12 EU/mg whereas Chitoceuti®&l0/50(2) showed a lower level between 0.03 and
0.06 EU/mg. The endotoxin level determined for tine thermogelling solutions were found
to be between 0.0003 and 0.003 EU/mg. Considenhagthe maximum human dosage of the
CS/ G1-P solution is about 1000 mg per patieng, ¢éimdotoxin limit is 0.35 EU/mg of
thermogelling solution, according to equation 1u3hthe maximum endotoxin exposure by
CS / G1-P injections is at least 100-fold lowemthiae limit.

Table Il1-5: Bacterial endotoxin content of CS and CS / G1-Btgwmis.

Detected endotoxin content

Sample (EU/mQ)
Chitoceutical 90/50(1) 0.06 — 0.12
Chitoceutical 90/50(2) 0.03-0.06
Chitoceutical 90/50(1) / G1-P 1 0.0003 - 0.003
Chitoceutical 90/50(2) / G1-P 2 0.0003 — 0.003
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3.10.Histological examination

In order to investigate the local tolerance of iamped CS/G1-P hydrogels, the
solution was injected through a thin needle inte #hc. tissue of nine rats. The injected
solution turned into a geh situ in few minutes under physiological temperatureg(iFé
[1I-14). The histopathological effects resultingiin the contact of the s.c. tissue with the
hydrogel were monitored at 1, 7 and 21 days pgstiion. As expected, the results show a

typical foreign body reaction due to the implardatof the hydrogel.

i

c)lday, x1 ,~cmassnans on

Figure lll-14: (a) and (b) Local tolerance study in the subcutasetissue of rats at 1 day.
(c) Histology of the CS / G1-P hydrogel and surding tissues at 1 day. The arrows
indicate the location of the CS / G1-P hydrogel.

On the first day post injection, moderate to mar&edte inflammatory response could
be observed (see Figure 11I-15 (a) and (b)). Infizatory cells, i.e. neutrophils, eosinophils
and fewer macrophages, were present in the tissueusding the hydrogel. Furthermore,
minimal to slight focal to multifocal hemorrhagecampanied the inflammation. Neutrophils
and macrophages containing intracytoplasmic gramakerial were found at the interface
with the hydrogel, showing that these cells phatipegl the CS-based depot.

After one week post injection, the depot was surdea by necrotic neutrophils and
cellular debris admixed with fibrin. Moderate to mked subacute inflammation was
observed, characterized by the presence of maagephand fewer neutrophils, eosinophils
and lymphocytes in the s.c. tissues, as shownguar€illl-15 (c) and (d). Minimal to slight
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fibrosis consisting in an immature granulationuescomposed of sprouting capillaries and
activated fibroblasts, was located in the surrongdarea of the hydrogeMinimal focal

multifocal hemorrhage accompanied the inflammati®nagocytosis of the depot was
indicated by the presence of granular materialhim ¢ytoplasm of a few neutrophils and

macrophages, as displayed in Figure 111-16 (a).

Finally, after 21 days post implantation, the degoé inflammation of the s.c. tissue
declined significantly compared to the earlier tipgnts (Figure IlI-15 (e) and (f)). A slight
chronic inflammation composed of lymphocytes andaltan amount of macrophages was
present around the hydrogel. Minimal to slight d&is, consisting in a mature less
vascularized granulation tissue, encapsulated #dpotd(Figure 111-16 (b)). As previously,
minimal focal to multifocal hemorrhage accompartieel inflammation and intracytoplasmic

phagocytized material was present in few neutrspdmid macrophages.

The histopathology results, summarized in Tablé Jishowed that the inflammatory
reaction reduced with time, while slight fibrosisogressively surrounded the implant site.
These reactions are comparable to the tissue rsspotypically observed for other
implantable drug delivery systems, like biodegraelaBLA and PLGA microspheres, or
standard CSf-GP hydrogels, which also show acute inflammatiotiofved by chronic
inflammation, granulation tissue formation and d&is [63,64]. This suggests thereby
reasonably good compatibility of the hydrogel ie thc. tissues. For all animals, the hydrogel
persisted over the 3 weeks of study. Furthermaralatrimental effect of the hydrogel on the

body weight or animal behavior was observed.
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Figure IlI-15: Histopathological examination of inflammatory respe (H&E staining) at the
interface between the CS / G1-P hydrogel and thdissue: (a) and (b) 1 day, (c) and
(d) 7 days, (e) and (f) 21 days post-injection.
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7 days

Figure 111-16: Histopathological examination of inflammatory respe (0.01 % Fast Green in
conjunction with Safranin-O staining) at the intaé between the CS / G1-P hydrogel

and the s.c. tissue at 7 days post injection, maiginagnification x40 (a), and 21 days

post injection, original magnification x20 (b).

Table lI-6:  Histological examination of s.c. tissue of rats iamped with CS / G1-P hydrogels.

Time point post injection Inflammation Fibrosis

1 day +++ [ +++4+ i
acute
+++ [ +++4+ +/++
7 days :
subacute immature
++ +/++

21 days chronic mature

For inflammation, “++”, “+++" and “++++" indicatesnild, moderate and marked inflammatory

response respectively.
For fibrosis, “-“, “+” and “++" represents no, mimial and slight fibrosis respectively.
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3.11.Hematological and biochemical examination

The complete blood count (white blood cells (WB@d blood cells (RBC) and
platelet count) of the rats was determined aftef and 21 days post injection and compared
to the pre-test values obtained 3 days before tiojeclt could be observed that, 1 day post
injection, all animals had an increased numbereaftrophils, leading to increased WBC in
2/3 of the animals while the third one showed aekse in WBC due to reduced lymphocytic
counts. At 7 days post injection, animals had deswd RBC mass parameters with increased
reticulocytes. Furthermore, a modest increase uroghils and platelet count was also
observed. Finally, at 21 days, the rats had a niateeseased red blood cell mass parameter
with increased reticulocytes. These slight hematlchanges can be attributed to the
presence of an inflammatory process. The resultsoamhemistry analysis were compared to
reference ranges for Wistar Han rats. Increasettigtycerides was present in all rats at
7 days and one rat at 21 days post injection. Algihathis is likely due to the non fasting state
of the animals, a direct effect of the CS / G1-Padecannot be excluded. At all time points,
all animals presented glucose values in the higeedtrange, likely due to the release of
G1-P from the hydrogel. On the long term, this C&@L/P-related hyperglycemia might affect
the glucose metabolism of the rats and the effedhe insulin should be monitored in follow

up studies.
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4. Conclusion

To conclude, through a panel of different physiberaical characterization methods,
including viscosity and injectability evaluatiorhermo-gelation and stability studies, the
present work demonstrates the feasibility of C2/RGsolution as interesting alternative to
the standard CSBAGP thermosensitive system forming a depot at phygical conditions.
Rheological thermo-analysis and DSC scan confirthedsol / gel transition temperature of
the CS solution containing 0.40 mmol/g G1-P at adbbody temperature and demonstrated
that the strong gel formed was not thermoreversiiereover, the storage stability problem
of the formulation, actually one of the most impott issue of standard CS-based
thermogelling systems, could be solved by usingPGas alternative gelling agent. The
CS/ G1-Pin situ depot forming solution kept its thermogelling prdpes for minimum
2 months at room temperature and over 9 monthsfragerated conditions. Therefore, and in
view of the easy injectability of the formulatiorhough thin needles, a convenient
presentation in ready-to-use prefilled syringes ldobe considered. The inflammatory
reaction observed around the CS/ G1-P formulaiipected subcutaneously in rats was a
typical foreign body reaction, similar to the tisstesponse reported for other depot systems
like PLGA microparticles or standard C8-GP hydrogels. Following the injection of the
formulation, acute to chronic inflammation occuriada sequential order and inflammation
tended to fade with time. Fibrosis accompanieditiiemmatory response and surrounded
the implant site; it started 7 days post injectiath a well vascularized immature granulation
tissue and towards 21 days, it formed a slightlgcuéarized thick capsule composed of
fibroblasts and collagen fibers. Thus, the hydrogexhibited acceptable tissue
biocompatibility.
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Abstract

Chitosan / Glucose-1-phosphate (CS/G1-P) themsitbee solutions showed
suitable properties for the potential developmehnparenteral ISFD formulations. In this
chapter, the feasibility to formulate compoundshwdtfferent physico-chemical properties in
CS / G1-P thermogelling solutions or dispersionsvall as then vitro release performance
of these formulations were addressed. Methylene (WB), drug substance A (DSA) (an
anionic low molecular weight compound), eosin Y JE¥id a hydrophobic peptide were used
as model substances and were either dissolvedBrDSA and EY) or dispersed (for the
peptide) in the thermogelling system.vitro release experiments showed a sustained release
over days to months, depending on the physico-aterproperties of the loaded substance
(i.e. molecular weight, charge, solubility). Sinnitelease profiles were observed for MB- and
DSA-loaded hydrogels, thereby demonstrating that rwersible electrostatic interactions
between the anionic DSA and the cationic CS polyimere no marked influence on the
release behavior. Formulation loaded with EY shoaddwer release rate than DSA-loaded
depots. Further rheological characterization of viseoelastic behavior of CS/G1-P / EY
systems demonstrated that the multivalent EY anemted as cross linkers, forming bridges
between the polymeric chains. Hydrogels loaded waitoorly water soluble model peptide
displayed a small burst and a sustained releasevir 3 months. The release rate could be
adjusted by varying the drug loading. Lysozyme getlidegradation of the polymeric matrix

translated in an increase of the peptide reledsearal reduction of CS Mw over time.
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1. Introduction

In the past few years, CS-based ISFD have beemsaxédy studied as drug delivery
systems for the sustained and controlled releasdrags [1-4]. These systems showed
promising in vitro and/or in vivo results for various clinical applications, inclodi
chemotherapy, diabetes, antibiotherapy, anxietgrdes and vaccination. In literature, drug
delivery from CS hydrogels is reported to be tuedty varying the raw material attributes
such as the deacetylation degree (DD) and molecudaght (Mw) of CS, the formulation
parameters like the ratio of CS and gelling agéret,drug physico-chemical properties as well
as the drug loading [3-8]. In the previous chapmtkthis thesis, thermosensitive solutions
obtained from a CS solution neutralized with Gl4fowged suitable physicochemical
characteristics for use as injectable ready-toSiDis. This last chapter will focus on the
feasibility to formulate compounds in CS / G1-Pusioins yielding in thermogelling solutions
or dispersions as well as the assessment of itheaiitro release performance as controlled
release drug delivery systems. In order to betteletstand the release mechanism(s) and the
interactions between the CS-based hydrogel andotieed substances, different types of
model compounds were studied. Due to its polycatiomture, CS can interact with
negatively charged entities (ions, ionic molecubegpolymers) [9]. This characteristic was
frequently used for the formation of CS nano- anidroparticles by ionic gelation with
tripolyphosphate as cross linker or for the prefamaof CS /siRNA polyplexes [10-12].
Thus, the first purpose of this work was to invgaste the release of CS/ G1-P hydrogel
loaded with three hydrophilic low molecular weighibstances, i.e. methylene blue (MB),
drug substance A (DSA) and eosin Y (EY), and teeeine the influence of the charge of

the ionic molecule on the release behavior.

Due to their short half-life, many authors inveatgd the use of injectable depot
systems for the delivery of peptides [13-16]. Thassa second part of this study, the potential
of the CS-basedh situ forming hydrogel to sustain the release of a poworater soluble
peptide for a targeted period of 3 months was etatlin vitro and the influence of drug
loading on the release behavior was assessed.eFudbe, the influence of the hydrogel
enzymatic degradation on peptide release and C8culalr weight by addition of lysozyme,
recognized to be the main degradation mechanis@toh human serum and tissues [17-19],

was examined.
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2. Materials and Methods

2.1. Materials

CS of technical grade: Chitosciefic0/50 (DD 89.7 %, Mw: 122 kDa), and two CS
of pharmaceutical grade: Chitoceutftal90/50(1) (DD 90.7 %, Mw: 135 kDa) and
Chitoceutical 90/50(2) (DD 88.7 %, Mw 149 kDa) were used in thtady. All CS are
derived from shrimp shell and were purchased froepp¢ Medical Chitosan (Halle,
Germany). a-D-glucose 1-phosphate disodium salt hydrate (GIVRy: 376.16 g/mol),
methylene blue hydrate (Mw: 373.90 g/mol), eosindigodium salt (Mw: 691.85 g/mol),
phosphate buffered saline (PBS), polysorbate 80zdikonium chloride, sodium azide and
lysozyme (from chicken egg white, enzymatic acyivi81989 U/mg) were purchased from
Sigma-Aldrich. DSA (Mw: ~ 330 g/mol) and a modepgtde (Mw: ~ 1400 Da) was provided
from Novartis Pharma AG (Basel, Switzerland). Hyahoric acid (HCI) was purchased from
Merck. All other reagents were of analytical grase were used without further purification.
Ultrapuré water was obtained using a MilffQMillipore filtration system (Millipore,

Molsheim, France).

2.2. Preparation of the formulations

CS solution'CS solutions were obtained by dissolving 3.75 wE&%in HC| according
to a molar ratio for CS amine groups : HCl equad.®: 1.

CS / G1-P solutionG1-P solution was prepared at 350 mg/mL in Milli@ter. CS
and G1-P solutions were separately cooled to 4%fClominutes. Then, 2.571 mL G1-P
solution was poured drop-by-drop into 2.40 g CSutsmh placed in an ice-bath, under
magnetic stirring. The obtained CS / G1-P soluti@s adjusted to 6.00 g with MilliQ water
and further stirred for 15 minutes. The resultimgnfulation, containing 1.5 wt.% CS and
0.40 mmol/g G1-P, was stored at 2 - 8°C.

MB-, DSA- and EY-loaded CS/G1-P solutiontke model compounds were
solubilized at different concentrations in the Gkélution. The G1-P / model compound
solution was cooled down to 4°C for 15 min prioratding it drop-by-drop into the cold CS
solution under magnetic stirring in an ice bathe Tdbtained CS / G1-P / model compound

solutions were adjusted to final weight with Milli@ater and further stirred for 15 minutes.
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The final formulations contained 1.5wt% CS, O#d@ol/g G1-P and different
concentrations of each model compounds, as dedcinb&able 1V-1. All formulations were

stored at 2 — 8°C until use.

Table IV-1:  Overview of the CS / G1-P / low Mw model compoufatenulations.

Model compound Model compound
Formulation Model compound content concentration

(wt.%) (umol/g)
CS/G1-P/MB 0.06 MB 0.06 1.60
CS/G1-P/DSA0.06 DSA 0.06 1.80
CS/G1-P/EY 0.03 EY 0.03 0.43
CS/G1-P/EY 0.06 EY 0.06 0.87
CS/G1-P/EY0.12 EY 0.12 1.73
CS/G1-P/EYO0.3 EY 0.30 4.33
CS/G1-P/EY 0.6 EY 0.60 8.67
CS/G1-P/EY 12 EY 1.20 17.34
CS / G1-P (placebo) / / /

MB-, DSA- and EY-loaded CS solutiof®ositive controls were prepared with the
same protocol but without including G1-P as gelliagenti.e. MB, DSA or EY were

solubilized in MilliQ water before addition to tl&S solution.

Peptide-loaded CS/ G1-P suspensions and partide determinationthe peptide
was added into the G1-P solution, dispersed by etagatirring for 2 h and sonicated 2 min
using an ultrasound probe (amplitude 80 %, cycleHielscher Ultrasound technology
UP400S Ultrasonic processor, Stuttgart, Germanyleumagnetic stirring in an ice-bath.
3.60 g G1-P / peptide suspension was then addguvié® into 2.40 g of cold CS solution
under magnetic stirring in an ice bath. The ob@i®S / G1-P / peptide formulation was
further stirred until a homogeneous suspension whfined, as verified by optical
microscopy and focused beam reflectance measurenfEBRM) (Table IV-2). The final
formulations, containing 1.5 wt.% CS, 0.40 mmol/§-B and 2.5 or 5.0 wt.% peptide, were

stored at 2 — 8°C until use.

FBRM data were obtained using a Lasentec FBRM F2aB!probe (Mettler-Toledo,
USA.) and analyzed with Lasentec FBRM software $imr 6.7.0 09/2005 Mettler Toledo,
Columbia, USA). This light scattering technique swas the backscattered light from a
rotating laser beam focused outside a sapphireomindth contact with the suspension. When
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the laser light scans particles near the probe avindt generates backscattered light signals
whose duration is translated into chord lengthsai@ht-line distance from one edge of the
particle to another). Therefore, even if the chiemth is related to the particle size, it does

not measure directly the particle size distributiont rather the chord length distribution [20].

Table IV-2:  Chord length distribution in the CS / G1-P / pdetsuspensions.

, Median square- Mean square-
Formulation Pept(lv(ill(ta(;c))ntent weighted chord  weighted chord < ?09 )um
7P length (um) length (um) 0
CS/G1-P/ Peptide2.5 2.50 10.27 12.66 94.56
CS/G1-P/ Peptide5 5.00 10.87 12.57 96.61

Peptide-loaded CS suspensions (positive contrdsy / Peptide suspensions as
positive controls were prepared following the sapnetocol but dispersing the peptide in
water instead of G1-P solution.

2.3. Peptide quantification by HPLC

The peptide was quantified using an Agilent 110Q0.ERystem (Agilent, Santa Clara,
CA, USA), with a Waters symmetry shield, RP18 3m, 160 x 4.6 mm column (Waters
Corporation, Milford, USA). The mobile phase A cmted of water, acetonitrile, phosphoric
acid (900 : 100 : 1 V/VIV) and mobile phase B 00@L 900 : 1 V/V/V) at a flow rate of
1.0 mL/min using a 6 steps gradient. 10 pL sampiee injected at an oven temperature of
40°C. The analysis was performed by UV detectioB34t nm. All samples were injected in
duplicate. The resulting chromatogram was analywdth Chromeleon 6.8 Datasystem
(Dionex Corporation, Sunnyvale, CA, USA). The refaze stock solution of peptide was
prepared in methanol and the standard solutiongdiftdrent concentrations were prepared
with release medium of pH 7.4 (see Table IV-3). Témulting calibration curves ranged from

3 to 250 pg/mL with a correlation coefficient ab@:899.

2.4.1n vitro release tests

In vitro release tests were performed in triplicate using tifferent methods. In
method I, an amount of approximately 0.5 g (ac&lyatveighed to 0.001 g) formulation was
injected into a 50 mL tube and incubated 1 h ie@procating water bath (GFL, Burgwedel,
Germany) maintained at 37°C to allow gel formati@b.mL release medium pH 7.4 pre-
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warmed to 37°C was then added slowly to the depetOj and mild shaking (10 %) was
started. In method II, the same amount of formakatvas injected directly into a 50 mL tube
containing 25 mL (50 mL for the peptide-loaded fatations) release medium pH 7.4 pre-
warmed to 37°C, in a reciprocating water bath (GBUrgwedel, Germany) maintained at
37°C (t=0). After 1 h at rest, to allow gel forioa, mild shaking (10 %) was started. For
method | and Il, at defined time points, the tubese gently homogenized, centrifuged and
10 mL samples (25 mL for the peptide-loaded forrioihs) were removed from the media
and replaced with fresh release medium to maintanvolume constant and to maintain the
sink conditions. The amount of compound released manitored by spectrophotometry
using an Agilent 8453 UV-visible spectrophotometdr,a wavelength of 665 nm for MB,
517 nm for EY and 276 nm for DSA. All measuremewexe performed in duplicate. A
CS / G1-P hydrogel (without MB, EY or DSA) was usagla blank control for absorbance
correction. The amount of peptide released wasrmated by HPLC, as described
previously. The composition of the release mediwin/pd used for each release test is listed
in Table 1V-3. The mechanism of drug release fro81/G1-P hydrogel was investigated by
applying the mathematical models presented in T&blé to thein vitro release data. By

comparing the regression coefficienf(Rhe most appropriate equation can be found.

Table IV-3:  Composition of the release media pH 7.4 usedi@intvitro release tests.

Composition ~ CS/GI-P/MB CS/G1-P/DSA CS/GRJEY Ci ! p(t’\iéép /
Na,HPO, 1.09g 1.099g 1.099g 1.099g
KH,PO, 0.32¢g 0.32¢g 0.32¢g 0.32¢
NacCl 8.06 g 8.06 g 8.06 g 8.06 g
Eﬁgﬁ%’gon'“m 0.01g / / 0.01g
Sodium azide* / 0.25¢g 0.25¢ /
Polysorbate 80** / / / 4.00¢g
Lysozyme / +/-0.01¢g / +/-0.01¢g
Water gs 1000.0 mL gs 1000.0 mL gs 1000.0 mL qoI0mL

*. to avoid potential interactions between benzalken chloride and the anionic DSA and EY,

sodium azide was used as an alternative presegevativ

**: polysorbate 80 was added as surfactant to imprtte peptide solubility in the release medium
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Table IV-4 : Mathematical models.

Model name Equation Parameters definitions

Q: : amount of drug released in time t
Qo : initial amount of drug in the release medium
Ko : zero order release constant
t:time
Q. : amount of drug released at time t
First order log (100 — = - Kjt Ky : first order release constant
t:time
Q: : amount of drug released at time t
Higuchi Qt= K, t/? Ky release rate constant for Higuchi model
t:time
Qo : initial amount of drug in depot
Q:: amount of drug remaining in the depot at time t
Kue : release rate constant for Hixson-Crowell model
t:time
Q/Q., : fraction of drug released at timet&0 % data
used for calculation)
Q/Q.. = Kt" Kk : release rate constant for Korsmeyer-Peppas model
n : release exponent
t:time

Zero order @Qu+Kot

Hixson-Crowell QY-QM3= Kyyct

Korsmeyer-
Peppas

2.5. Peptide mass balance determination

At the end of the 3 months vitro release test of peptide-loaded formulations, the
mass balance was determined. The release mediurfilieeed through a 0.2 um membrane
before being removed. The hydrogel particles rethion the filter were dissolved in 0.5 mL
acetic acid 0.3M and 1mL methanol. This solutias well as the remaining
CS/ G1-P / Peptide depot (see Figure IV-7) waadierred into a 100 mL volumetric flask.
The depot was dissolved in 5 mL acetic acid 0.3 25 mL methanol by magnetic stirring
and sonication. The flask was then filled to theknaith release medium. The samples were

filtered through a 0.2 um filter and the peptidea@ntration was determined by HPLC.

2.6. Rheological measurements on CS / G1-P / EMddations

Rheological measurements were performed using &eH&heostressl rheometer
(Thermo Fisher Scientific, Karlsruhe) with a cirgatihg environmental system for the control
of temperature. The sample volume was about 0.5imkoduced between a cone-plate
geometry (2° cone angle, 35 mm diameter). A solvesyp was used to minimize water
evaporation during all tests. The viscoelastic props of the CS / G1-P / EY thermogelling
solutions were assessed by measuring the storagelmso(G’) and loss modulus (G”),

representing the elastic behavior and the viscalmavior of the material, respectively. The
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value of the strain amplitude was set at 1 % taenthat all measurements were carried out
within the linear viscoelastic range. Two kinddedts were performed) temperature sweep
tests were carried out at a constant frequencyHtt,lwith a temperature increase from 7 to
50°C and a heating rate of 1°C/min to determinatgel temperaturegji) time sweep tests
were carried out at constant angular frequency ldz land constant temperature of 37.00 £
0.20°C to determine gelation times. The sol / gahgition temperature ) or time (fe)

correspond to the intersections of the curves ol G”.

2.7. Peptide stability in release medium

The stability of the peptide in release medium HfHdmL lysozyme was determined
by incubating three test solutions at 25, 50 and dg/YmL at 37°C. At defined time points,
the peptide concentration of the test solutions determined by HPLC against freshly

prepared standard solutions and the delta to ttial iooncentration was calculated.

2.8. CS molecular weight decrease

The degradation of CS was studied at physiologptdlin a PBS buffer pH 7.4
(1.03 g/L NaHPQ,, 0,32 g/L KHPQO,, 8.06 g/L NaCl, 0.25 g/L sodium azide) £ 10 pg/mL
lysozyme at 37°C. 1.5 mL of CS/ G1-P solution wgected into 25 mL PBS buffer pre-
warmed to 37°C to form a solid depot. At t = 0,124 days of incubation at 37°C, the
buffer was removed from the sample. The remainggptl was dissolved in 20 mL of mobile
phase and filtered through a 0.2 um filter. The eunolar weight of the polymer was
determined by GPC, using a Water 2695 series lighiwmatograph coupled with a 2414
refractive index detector. 100 pl samples werecteg into a series of two columns (Viscotek
A6000M General Mixed Agqueous Columns, length: 300,rdiameter: 7.8 mm, particle size:
13 um) at an oven temperature of 30°C. The molhiese consisted of 0.3 M acetic acid,
0.3 M sodium acetate and 1 % ethylene glycol. Tysesn was calibrated using Varian
polysaccharide standards (from 667 to 708000 DelptRe weight average molecular weight
(Mw) was calculated with a Chromeleon 6.8 Datasys{®ionex Corporation, Sunnyvale,
CA, USA). The molecular weights of the samples wedeulated relative to the Mw at t = 0.

All measurements were performed in duplicate.
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2.9. Statistical analysis

Data were recorded as mean +* standard deviatiansifimificance of differences between
groups was assessed using a t test when two gneaps compared. ANOVA followed by
Tukey's tests were applied for comparisons invgivhor more groups. All significance tests
were performed in Minitab 16 (Minitab, State Cole@A), and a p value less than 0.05 indicated

a statistically significant difference.
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3. Results and discussion

3.1.In vitro release of water soluble low Mw model compounds

CS / G1-Pin situ gelling systems were tested fior vitro release using three water
soluble low molecular weight model compounds, ngndB, DSA and EY. Influence of
several factors, like test method, charges of tedehcompounds and drug loading, on the

release behavior were evaluated.

3.1.1. Influence of than vitro release test method

The release behavior of MB from the CS / G1-P smuappears slightly affected by
in vitro release method used, i.e. formation of a hydrdgpgbre addition of the release
medium (method 1) or injection of CS / G1-P / MBugmn into the release medium followed
by sol / gel transition in the medium (method Figure 1V-1). The hydrogel formed before
addition of the medium released MB statisticallgndiicantly faster only during the first
2 hours than the solution that underwent sol tigeisition in the medium (respectively 38 %
versus 30 %). After this time point, the MB releaseere comparable for the two methods.
This slight difference might be explained basedm gelation mechanism (as described in
Chapter Il and Chapter Ill). CS/ G1-P solutionned into a stronger gel in PBS than in
saturated water vapor atmosphere (Chapter Il rEifji+4), due to the diffusion of the excess
gelling agent in the buffered medium during the/gg@l transition, allowing enhanced CS —
CS attractive interactions. Thus, it is hypothedizhat in method I, the CS/G1-P/ MB
hydrogel network formed at 37°C might have beingjecied to further strengthening upon
addition of release medium, associated with enltaGeP and MB diffusion in the medium.
Since method Il was considered to be closen tavo conditions, where gelation takes place
locally after injection, this method was selectedftirther investigations.
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Figure IV-1: Cumulative release of MB from CS / G1-P hydrogedsgin vitro release method |
or Il (mean £ SDn = 3).

3.1.2. Influence of the charge of the low Mw model compasin

Due to the polycationic nature of CS, electrostatieractions (attractive or repulsive)
may occur between -Nf groups of CS and negatively or positively chargethstances.
Evaluation of the influence of the electrical cheaaf the model compounds loaded into the
CS/ G1-P system was performed by comparingrthetro release profiles of MB and DSA
(Figure IV-2). Under the experimental conditionsi(pf 7.4), MB is positively charged (pKa
of 3.8) whereas DSA is negatively charged (pKa df) ~Addition of the gelling agent to the
CS solution substantially reduced the release of Bl DSA from 98 % and 76 %
respectively to about 30 % after 2 h. The releas®abior of MB and DSA appear almost
similar, showing a high burst (> 50 %) in the fiésh, followed by a sustained release over 1
to 2 days. The high initial burst can be explaibgdhe lag time between the injection in the
release medium and the complete gelation, whileftfiewing sustained release can be
attributed to the diffusion of the compounds thitouge polymeric matrix. These results
confirm that the hydrogel network is able to effesly retard the release of the model
compounds by physical entrapment. Furthermoreoagh the release after 6 h and 24 h was
slightly affected by the model compounds (with abd3 more MB released at these time
points than DSA), the overall release rate of ttmovalent anion DSA was comparable to

the one of the monovalent cationic MB. Thus, singtéc interactions between DSA and CS
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did not seem to affect substantially the releasehaeism, in agreement with previous reports
on CS-based thermogelling systems [21,22].

100
S
o 80
(%2}
i
< 60
g 0 —4—CS /G1-P / MB 0.06
® ——CS / MB 0.06
g 20 —=-CS/G1-P/DSA0.06
3 —s—CS / DSA 0.06

0 I 1 1 1 1 1 I 1 I 1 1 )

0 12 24 36 48 60 72
Time (hours)

Figure IV-2: Release profiles of MB and DSA from CS / G1-P log#hls (mean + SDh = 3) versus

pure CS solutionsi(= 1).

The cumulative release of EY (a multivalent aniowler the experimental conditions)
from the CS / G1-P hydrogel is shown in Figure IVA3 observed previously, the hydrogel
considerably reduced the EY burst (7.3 % in thst ft h instead of 63.3 % without G1-P).
Furthermore, the depot induced a sustained release 11 days (versus 3 days without
gelling agent). The release pattern was triphasimprising an initial burst (20 % release in
6 h), followed by a linear phase from 1 to 4 dapsta 78 % release, and a third phase of
slower release after 4 days. As for MB and DSA, itiigal burst can be assigned to the
immediate release of EY during the gelation procass to the rapid diffusion of the EY
accumulated on the surface of the hydrogel. Conaptar¢he release profiles observed for the
DSA-loaded hydrogels, the sustained release of tivetya charged EY from CS/G1-P
hydrogel over more than one week suggests thatcttens take place between the molecule
and the polymeric network. This hypothesis will tuether discussed later based on the
outcome of the CS / G1-P / EY system rheologicatatterization.
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Figure IV-3: Release profile of EY from CS/ G1-P hydrogel (m&aSD,n = 3) versus pure CS

solution = 1).

3.1.3. Influence of drug loading

Six CS/G1-P formulations with EY loading varyifigpm 0.03 to 1.2 wt.% were
investigated in order to define the impact of dlogding on then vitro release behavior, as
displayed in Figure IV-4. The release profiles bé tformulations loaded with 0.03 to
0.3wt.% EY were similar, showing a triphasic relearom 0 to 11 days, as described
previously for CS/ G1-P / EY 0.06. In contrasi flormulation with 0.6 wt.% EY showed a
slightly lower burst (10 % released in 6 h) and tme with 1.2 wt.% EY exhibited a more
pronounced burst of 30 % during the first 6 hotodpwed by a phase of constant release and
a third phase of slower release. The higher buattevfor CS/G1-P/EY 1.2 might be
attributed to the increased portion of EY which viasnediately accessible by the release
medium at the surface of the depot.

100
S —a—EY 0.03%
v 80
b —a—EY 0.06%
[J]
5 60 —o—EY 0.12%
>
® --+--EY 0.3%
s 40
£ --o--EY 0.6%
(8]
> 20 —-%--EY 1.2%
Time (hours)
O 1 1
0 2 4 6 8 10

Time (days)
Figure IV-4: Cumulative release of CS/G1-P/EY hydrogelshwid.03 to 1.2wt% EY
(mean + SDp = 3).
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3.1.4. Release kinetic from CS/ G1-P / EY hydrogels

To study the release mechanism and predict thesel&inetics of EY from the
hydrogel, different mathematical models (i.e. zexder, first order, Higuchi, Hixson-Crowell
and Korsmeyer-Peppas) were applied to the dataineotafor thein vitro release of
CS/G1-P/EY 0.12, according to the equationpldiged in Table IV-4. The release constant
and regression coefficient {Rvalues calculated by these models are shown ineT&/-5.
The data obtained show that the overall EY reldéese fitted in first order model, with &R
value of 0.995 (Figure IV-5), suggesting a diffusicontrolled release mechanism [23,24].
These results are in alignment with the ones ofgRstnal [5] on CS / glycerophosphate
hydrogel, where it was found that the release lanef the highly soluble venlafaxine
hydrochloride was best described with the firsteonshodel and that the release was diffusion

controlled.

Table IV-5:  Release parameters of EY from CS / G1-P hydrogel

Release constant (K) or Regression
Model -
exponent (n) coefficient R
Zero order i (day?) 8.943 0.871
First order K (day") 0.126 0.995
Higuchi Ky (day™?) 0.695 0.942
Hixson-Crowell Kic (day") 0.275 0.969
Korsmeyer-Peppas n 0.521 0.982
< 25 -
< y =-0.126x + 1.959
g 2 R?=0.995
£
g 1.5
g
E 1
b0
S 05 -
O 1 1 1 1 1 1 1 1 1 1 )
0 2 4 6 8 10
Time (days)

Figure IV-5:  First order release profile of EY from CS / G1#Y 0.12 hydrogel.
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3.1.5. Rheological behavior of CS/ G1-P / EY

To examine the influence of EY loading on the thegelling behavior of the

CS / G1-P solution, the changes in gelation tentperand gelation time with the EY content
were investigated. In Figure IV-6 (a), a clear tebel transition can be observed for the
reference CS / G1-P solution without EY, which éxisi a typical solution-like behavior with
G’ <G” below 39°C and a gel behavior with G’ > Glbove this gelation temperature.
Addition of 0.03 wt.% EY led to a sol-gel behavioom 5 to 28.7°C, with Gx G”, and to the
formation of a weak gel upon further temperaturaase. For higher EY loadings (0.3 and
1.2 wt.%), the formulations exhibited a weak gelhdegor (G’ > G”) over the whole
temperature range. Corroborating these resultdjrtteesweep tests at 37°C (Figure 1V-6 (b))
show a decrease of the gelation time from 8.8 &nfln along with an increase of EY
concentration from 0 to 0.03 wt.%. A further ingeaf the EY loading to 0.3 and 1.2 wt.%
led to weak gel behavior from the beginning of tbst. Formation of ionic bridges between
CS molecules via the use of negatively charged coumgs is a well-known process for the
preparation of CS hydrogels for pharmaceutical hinanedical applications, especially by
using tripolyphosphate or citrate as cross link&2%,26]. Due to the multivalent anionic
nature of EY at the studied pH, this compound dap Aehave as a cross linker, binding
reversibly the polycationic CS chains through ianieractions. This ionic crosslinking leads
to the formation of a weak network, as demonstratethe viscoelastic behavior of the EY-
loaded hydrogels versus blank CS/ G1-P solutioowéver, the CS/G1-P/EY systems

could still be easily injected through 23 G needles
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Figure IV-6: (a) Temperature and (b) time dependence at 37°6tashge modulus (G’, closed
symbols) and loss modulus (G”, opened symbols)®f G1-P / EY solutions for EY

concentrations from 0 to 1.2 wt.%. The data ar#teshialong the vertical axis by a

factor of 10 to avoid overlapping(= 1).

3.2.In vitro release of poorly water soluble peptide

The successful prolonged delivery of several pegtidlike triptorelin acetate,
buserelin acetate, insulin and enfuvirtide, oveekgeto months from ISFD systems was
reported in literature [27-30]. Therefore, as aosecpart of this study, the application of
CS / G1-Pin situ forming hydrogels for the delivery of a poorly wasoluble peptide drug

was investigated.
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3.2.1. Sustained-release behavior of peptide-loaded CEP @epot

As shown exemplary in Figure 1V-7, all CS / G14peptide formulations turned into
solid depots after injection into the release medpH 7.4 at 37°C. In contrast, the peptide-
loaded CS solution (without gelling agent) progresy solidified into numerous aggregates,
due to the pH of the medium. The CS/ G1-P / peptidpots maintained their shape and
structural integrity over the 90 days of releas# {excluding for CS / G1-P / peptide depots
in release medium containing lysozyme, where depugs detached after 62 days).
However, the slight volume reduction of the depoticates that degradation of the surface
of the polymeric matrix occurred with time, notalotythe presence of lysozyme. Timevitro
degradation behavior of CS-based hydrogel in releasdium with or without lysozyme is
further investigated in part 3.3 of this chaptdreTthange in the color of the upper part of the
depot with time is attributed to degradation of pleptide in contact with the release medium.

2h 20 days 55 days 90 days

Release
medium

Release
medium
+ lysozyme

Figure IV-7:  Peptide-loaded CS/ G1-P depots in release meghdni.4 +£10 pg/mL lysozyme at

different time points post injection.

The release profile of the peptide-loaded CS / Giyérogel is displayed in Figure
IV-8. Addition of G1-P to the CS solution signifitdy reduced the initial burst (2.5 £ 2.1 %
release within 6 h), compared with the peptide snsppn without gelling agent (60.6 *
16.8 %). Furthermore, CS / G1-P / peptide2.5 foatoih showed a sustained release of the
peptide over more than 3 months, whereas 80 %sedleaas achieved in about 3 days for the
pure CS-based positive control. Actually, the dsmamprising 2.5 % peptide exhibited 47 %
release within 90 days, following a biphasic reéepattern. It displayed a small burst of about
20 % throughout the first week, followed by a slowsistained release phase. Similar

biphasic release profiles have been observed feulimloaded CS / glycerophosphate
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hydrogels, as reported by Kodaveetial [31]. It can be assumed that, for the positive int
the considerable increase in the contact surfaea laetween the CS / peptide aggregates in
suspension and the release medium allowed an esdha@odvation of the peptide, while the
CS / G1-P / peptide2.5 depot slowed down the pemalvation and diffusion. Furthermore,
due to the formation of the depot at the bottontheftube, peptide diffusion is restricted to
one-site, which also contributes to the sloweraséecompared to the CS / peptide aggregates
in suspension. In view of the conical shape ofdbpot, the release is faster at the beginning
of the test, due to the dissolution and diffusibrthe peptide entrapped on the surface of the
hydrogel in contact with the release medium. Therekse of the release rate over time is
attributed to slower release medium diffusion rate the depot as well as increased length of
the peptide diffusion pathway from the hydrogekrall standard deviation in the quantity of
peptide released, mostly below = 3 %, was obsebetdeen the triplicate samples through
the complete test period, showing that the depohddations achieve good repeatability of

the release over time.
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Figure IV-8: Peptide release profiles from CS / G1-P / peptsié®drogels versus CS / peptide2.5

solutions (mean + SDn = 3).

3.2.2. Influence of drug loading

As shown in Figure 1IV-9, doubling the peptide Iloagli between
CS/ G1-P / peptide2.5 and CS / G1-P / peptidemddations did not significantly affect the

initial burst (2.5 % and 2.3 % respectively in Gamd the overall biphasic release pattern was
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maintained. However, during the phase of slowezas®, the 5 %-loaded hydrogel released
the peptide slower than the 2.5 %-loaded hydrdgaljing to a difference of 18 % between
the two formulations after 90 days. The reductibthe release rate after increasing the drug
load has been observed previously for CS-basedobgts loaded with peptides or
hydrophobic drug substances [1,31,32]. Due to derpwvater solubility, the peptide was
dispersed in the CS/G1-P hydrogel. Thus, theaselemedium needed to penetrate the
hydrogel and dissolve the peptide before diffusibliguchi was the first to develop a
mathematical model to describe the rate of reledsktug dispersed in matrix systems into a

surrounding medium [33]. One form of this modegirgen in the following equation:

Q = J24ADCt

whereQ corresponds to the amount of drug release in tiper unit exposed areA, is the
total drug loadD is the diffusivity of the drug in the matrix ai@ is the drug solubility in
the matrix [1]. Assuming that all parameters stagedstant except the drug loading, the 2-
times increased drug loading would theoreticaliyegise to a 1.4-fold increase of the amount
of released peptide over time. In the case of féatian CS/ G1-P / peptide2.5 versus
CS/ G1-P / peptide5, a ratio of 1.3 - 1.5 betw#asm amounts of released peptide was
observed from 1 to 90 days. Furthermore, the relgafiles were fitted to several
mathematical models to determine the release kmeti the formulations (Table IV-6) and

the R values obtained demonstrate a good fit with thgukhi square root model.
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——CS/G1-P/peptide5
< 80 -
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-
[}
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€ 20
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0 1 1 I 1 1 1 I 1 1
0 15 30 45 60 75 90
Time (days)

Figure IV-9:  Peptide release profiles from CS/ G1-P hydrogalsa function of initial loading
(mean + SDn = 3).
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Table IV-6:  Release parameters of peptide from CS / G1-P lygdiro

CS/ G1-P / peptide2.5 CS / G1-P / peptide5
Model
Release constant (K) or R2 Release constant (K) R?
exponent (n) or exponent (n)
Zero order i (day®) 0.477 0.825 K(day?) 0.286 0.756
First order K (day") 0.003 0.881 K(day™) 0.002 0.786
Higuchi Ky (day™?) 5.106 0.966 K (day*? 3.127 0.928
Hixson- . .
Crowell Kuc (day?) 0.009 0.864 Kc (day™) 0.005 0.776
Korsmeyer- n 0.477 0.950 n 0.452 0.932
Peppas

3.2.3. Peptide mass balance determination

At the end ofin vitro release test after 3 months, only 47 + 3.2 % &hé 2 2.8 % of
the total peptide was released from formulations /G3-P /peptide2.5 and
CS / G1-P / peptide5 respectively and a signifieanbunt of peptide seemed to remain inside
the depots, as shown in Figure IV-7. Therefore,ntass balance of released and remaining
peptide in the hydrogel was determined for these fovmulations. As displayed in Table
IV-7, 16.8 £+ 3.7 % and 39.0 £ 2.6 % of the peptigenained in the 2.5 and 5 % peptide-
loaded depot respectively, resulting in mass basraf 63.8 and 67.9 %. The incomplete
recovery of the peptide from the hydrogels mightcheised by degradation in the release
medium. This hypothesis will be further discussethe next paragraph.

Table IV-7:  Balance of released and residual peptide duningfro release tests.

Formulation Released peptide Residual peptide Sum

(%) (%) (%)
CS/G1-P / Peptide2.5 47.0+3.2 16.8 +3.7 63680+
CS/G1-P / Peptide5 28.9+2.8 39.0+2.6 67.94 5

3.2.4. Peptide stability in release medium

The stability of the peptide at different concetitras in release medium (pH 7.4)
+ 10 pg/mL lysozyme at 37°C was evaluated by HPLI@& degradation profiles are shown in
Figure IV-10. Significant degradation of the peptidas observed over time in the release

medium (100, 59.2 and 56.1 % degradation afterag@ dor solutions initially containing 25,
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50 and 100 pg/mL peptide respectively). Additioysbzyme increased the degradation rate,
since complete degradation occurred in less thata$6 for the 25 pg/mL peptide solution.

Thus, the 36.2 and 32.1 % difference between thieateand recovered peptide from the

CS / G1-P / peptide depots, loaded with 2.5 and @efiide respectively, during the release
study is attributed to the degradation of the mlpin the release medium.

100
80
S
< 60
B
& 40
a
20
0
Time (days)
——100 pg/mL ——100 pg/mL Lysozyme
—a-50 pg/mL —=-50 pug/mL Lysozyme
——25 pg/mL ——25 pg/mL Lysozyme

Figure IV-10: Stability of peptide solutions at 25, 50 and 100nplgin release medium (pH 7.4)
+ 10 pg/mL lysozyme at 37°@ E 1).

3.2.5. Influence of enzymatic degradation

Several authors reported the addition of lysozynge,the CS lytic enzyme, in the
release medium to significantly increase the releaf drug-loaded CS-based matrices
[21,34]. As shown in Figure IV-11, the release pesfof CS/ G1-P / peptide5 depots are
similar up to 55 days in release medium * 10 pghydozyme. After this time point, an
increase of the peptide release can be obserwbeé imedium containing lysozyme (35.5 % at
62 h) compared to the medium without enzyme (28.0i#%6 conjunction with a standard
deviation raise from below +3% to 4.6 —5.5%. Asplayed in Figure IV-7 and
demonstrated by Gangt al [35], enzymatic degradation occurred via the s@fat the
hydrogel in contact with the release medium in acdgylation degree-dependent way: the
higher the DD, the lower the degradation rate. &I88 with a high DD of 88.7 % was used
for the hydrogel formulation, the enzymatic degtemarate of the depot was expected to be

quite slow, thereby having no significant effecttbé peptide release during the first two
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months. After 62 days of exposure to lysozyme, hipdrogels start to loose their structure.
The detachment of some parts is observed, themdrgasing the specific surface of the
hydrogel in contact with the release medium andiltieg in a higher peptide release.
Furthermore, as an enhanced peptide degradatien was observed upon addition of
lysozyme in the release medium, the real cumulatelease of CS/ G1-P / Peptide5 is
expected to be slightly higher than the one digdas Figure IV-11. Thus, by progressively
degrading the polymeric matrix, the presence obZzyme could accelerate the long term

release rate of the peptide from CS / G1-P hydmogel

100 - --4--CS/G1-P/peptide5 + Lysozyme
—e—CS/G1-P/peptide5

80 |
60 |

40

Cumulative release (%)

20

Time (days)

Figure IV-11: Peptide release profiles from CS/G1-P / peptithydrogels in release medium
+ 10 pg/mL lysozyme (mean + SB= 3).

3.3. CS degradation undervitro conditions

The degradation behavior of CS/G1-P depots inegban release medium
+ 10 pg/mL lysozyme at 37°C, was determined by meag the Mw of CS by GPC. The
results, reported in Figure IV-12, revealed no sicgnt degradation of the polymer over
24 days for the depot submerged in release mediunontrast, in the presence of lysozyme,
the Mw reduced by about 20 % during the same pefmhsistently with literature, these
results suggest that the polymer underwent verytdonhydrolysis in pure release medium,
while progressive enzymatic degradation occurrethen presence of lysozyme, due to the
cleavage of the p-(1-4) glycosidic linkages between the glucosamirand
N-acteylglucosamine units [19]. Thus, the slow degtion behavior of the CS-based depot
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in release medium with lysozyme is in line with tekghtly enhanced peptide release

observed over time in Figure 1V-11.

100 %
80
g 60
3
2 40 |
20 L —=—release medium
—&—release medium + lysozyme
0 1 1 1 1 1 1 1 1 1 1 1 |
0 6 12 18 24

Time (days)

Figure IV-12: Molecular weight of CS in CS/G1-P hydrogels inatgnl in release medium
+ 10 pg/mL lysozymen(= 2, SD = 5 %).
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4. Conclusion

Evaluation of the release profiles obtained wittfiedent types of low Mw hydrophilic
compounds indicates that CS/ G1-P thermosensitixdrogels were able to retard their
release for one to several days by physical enteapnNo decrease in release was observed
by loading the hydrogel with the monoanionic DSAngared to the monocationic MB. Thus,
reversible ionic bindings between MB and CS did seem to influence the diffusion
controlled release mechanism. However, as confirrabgdthe viscoelastic behavior of
CS/G1-P/EY systems, EY behaves as a crossrlibggveen CS molecules due to its
dianionic nature. Consequently, timevitro release of this low Mw compound displayed only
a mild initial burst and was extended over morentbae week. As shown in this study, the
incorporation of a poorly water soluble peptidedigpersion in the CS/ G1-P solution was
feasible. The depot system demonstrated a continswstained delivery of the model peptide
over at least 3 months, compared to only few daydHe dispersion in a pure CS solution.
The release could be divided into two phases: @ialibburst attributed to the dissolution and
diffusion of the peptide during the gelation pracesd entrapped directly on the surface of
the hydrogel, followed by a sustained diffusiontloé peptide through the CS-based matrix.
At the end of test period, the peptide was noyfrdleased and recovered, due to degradation
in the release medium. After 2 months, lysozymghsly increased the peptide release rate
compared to the hydrogel in release medium withentyme, demonstrating that the
progressive polymeric carrier degradation couldugrice the long term release rate of the
peptide. In conclusion, CS / G1H® situ forming hydrogels showed promising results for the
controlled and sustained release of model compoawesdays to months, depending on the

physico-chemical properties of the compounds.
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Parenteral injectable formulations which turn irdepotsin situ by temperature
modulation are interesting technologies for variptsrmaceutical applications. The aim of
the present work was to develop an injectable IS{em for the controlled delivery of drug
substances. CS-based thermogelling systems wedestlfor their interesting characteristics,
including the absence of organic solvents or taxasslinking agents, the biocompatibility
and biodegradability of the system and its usevésious applications such as drug delivery,

cell encapsulation and tissue engineering.

In the first part of this work, the recent progessn standard CS / glycerophosphate
thermogelling systems were reviewed. This allowettigg a better understanding of the
sol / gel transition mechanism upon temperaturecase, i{) the impact of the formulations
parameters on the hydrogel propertias,) (the drug delivery mechanisms anid) (the
potential ways to improve the standard system (asg. of different gelling agents or of
chemically modified CS, addition of carrier partiglor of a second biodegradable polymer in
the system). The remaining issues were also higieldy in particular the lack of stability

upon storage of the CS-based thermogelling solsition

The synergistic mechanisms underlying the temperathduced gelation of the
CS / gelling agent systems were then further ingatad through comprehensive rheological
studies, completed bYP-NMR and pH measurements, using different polymigphates and
polyol-free compounds as alternative to glycerophase. These investigations emphasized
the key roles of both the phosphate and the pgigal of the gelling agent. The phosphate
group, in its dibasic form, is needed to incredse pH of the solution in the vicinity of
physiological pH, in order to reduce the chargeilgpn between the polymeric chains, while
the polyol moiety is essential to prevent the imtdons between CS molecules at low
temperatures. This protective effect is due towhéer-structuring properties of glycerol and
glucose, resulting in the formation of a protectiwadration shell around the CS chains.
Furthermore, the stability of the hydration layeasifound to be dependent on the polyol part

size, since it increased when using glucose-phdsmzanpared to glycerophosphate.

The experiments performed throughout this second githe work allowed to
identify Glucose-1-phosphate as a potential altereagelling agent for the formulation of
CS-based thermosensitive systems. Therefore, dthigpound was selected for furthiarvitro

and in vivo investigations. While rheology and differential asoing calorimetry
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measurements confirmed that sol / gel transitiorihef system took place at around body
temperature and was not fully thermoreversible, ltrey term storage stability evaluation
highlighted an enhanced stability of the CS/ G%dttion at room temperature and at
refrigerated conditions compared to the standastiesy with3-glycerophosphate. Actually,
CS solution containing 0.40 mmol/g G1-P is stableatt least 9 months at 2 - 8°C, versus less
than 1 month when usingrglycerophosphate as gelling agent. Viscosity amelctability of
the CS / G1-P solution was determined under difftecenditions (varying the shear rate, the
needle sizes and/or the injection speeds) and shtved it was easy to inject, even through
thin needles of 30 G. Furthermore, the local tdigitsg study performed over 3 weeks in a
murine model confirmed the formation of the CS f&hydrogelin situ at the injection site
in few minutes. The inflammatory response obsematetthe interface of the hydrogel and the
subcutaneous tissues was a typical foreign bodgtioceawhich diminished over time, as
reported for standard CS / glycerophosphate hydsagefor other depot systems like PLGA

microparticles.

In vitro release studies were performed on four model comps i.e. three low
molecular weight hydrophilic substances and a poedter soluble peptide. Release profiles
of methylene blue, drug substance A and eosin Yvedothat the CS / G1-P hydrogel was
effectively able to sustain the release of the bgtilic model compounds for one to several
days, depending on the compounds charges and noomotlltivalent character. In addition,
the release of the hydrophobic peptide could bersldd over at least 3 months. The stability
of the matrix in the release medium was furtheteatad by gel permeation chromatography,
which demonstrated an increased degradation rat€fin the presence of lysozyme,

correlated with an enhanced release of the peptide.

Thus, a successful development ofiarsitu forming hydrogel composed of CS and
G1-P was demonstrated, showing an acceptable |#kelipon storage at 2 — 8°C, a sol / gel
transition under the physiological pH and tempertconditions, acceptabia vivo local
tolerability and prolonged release of hydrophiliedahydrophobic model compounds. The
extended release over at least 3 months achigvedro for the model peptide should be
further confirmed througim vivo pharmacokinetic studies. Other potential next stepdd
include additional physico-chemical characterizaid the drug substance-loaded CS / G1-P
systems. For example, isothermal titration calotignecould be used to determine the

molecular interactions between CS and negativelgrgdd drug substances. Additional
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stability studies should be conducted to confirra #tability of the thermogelling solution
containing a dissolved or dispersed active pharotaiz ingredient. From a methodology
point of view, further investigations could be merhed towards the development of ihe
vitro release tests, e.g. assessing a flow-throughsgstem (USP 1V) and/or adapting the
release medium (pH, temperature, surfactant tygdecancentration, etc.), in order to achieve
> 80 % release in each case and to better mimigvo conditions. Further work could also
include comprehensive studies on formulation pataraeand excipients that are expected to
influence drug release performance, for examplerdehation of the effect of polymer
concentration and characteristics (e.g. Mw, DDjlenrelease profiles. Finally, it would be of
interest to optimize the sterilization processdorg substance-loaded CS / G1-P solutions, to
identify another approach for CS / G1-P / drug s dispersions and to further evaluate
preparation of the formulation under aseptic coodsg.
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Résumé

L'objectif principal de ce travail de thése est de développer une nouvelle formulation formant un dépét in situ
apres administration parentérale pour la libération prolongée de principes actifs. Les systémes a base de
chitosane (CS) formant des hydrogels sous l'action de la chaleur corporelle ont été choisis parmi les
différentes catégories de formulations injectables se solidifiant in situ pour la biocompatibilité et la
biodégradabilité reconnue de ce polymére. Aprés une revue des différents systémes thermo-gélifiants a base
de CS et de leurs utilisations, nous nous sommes intéressés en détail aux mécanismes sur lesquels
reposaient la formation des hydrogels de CS / agent gélifiant. Une étude rhéologique approfondie combinée a
de la **P-RMN a permis de mettre en évidence le réle clé de la partie polyol de I'agent gélifiant dans ce
mécanisme. La troisieme partie a été consacrée au développement d’un nouveau systeme associant le CS au
glucose-1-phosphate (G1-P). Une étude des propriétés physico-chimiques et de la stabilité de ce systeme a
mis en évidence sa gélification dans les conditions physiologiques et I'amélioration significative de sa stabilité
a long terme par rapport au systeme standard CS / glycérophosphate. Des essais de tolérance locale sous-
cutanée réalisés sur un modéle murin ont montré que le systéme est raisonnablement bien toléré. Enfin, la
derniére partie, consacrée a I'étude de la libération in vitro de différents composés modeéles, a démontré
I'aptitude du réseau polymére de CS / G1-P a prolonger la libération des substances incorporées.

Mots-clés : chitosane, délivrance de principe actif, glucose-1-phosphate, hydrogel, thermo-gélifiant.

Résumeé en anglais

The aim of this work was to develop a new parenteral in situ forming depot (ISFD) system for the controlled
delivery of drugs. Chitosan (CS)-based systems that undergo sol / gel transition upon heating at physiological
temperature were selected among the different categories of ISFDs due to their well-known biocompatibility
and biodegradability. After an overall review of the recent progresses on standard CS-based ISFD systems,
the synergistic mechanisms underlying the temperature-induced gelation of the CS/ gelling agent systems
were investigated through comprehensive rheological studies completed by *P-NMR measurements. These
investigations emphasized the key role of the polyol part of the gelling agent. The next step consisted in
developing a new system combining CS and glucose-1-phosphate (G1-P). The physico-chemical
characteristics and storage stability of this system were investigated. The results highlighted a sol/ gel
transition under physiological conditions and improved storage stability compared to the standard
CS / glycerophosphate system. Local tolerability studies of the hydrogels in rats showed that the system was
reasonably well tolerated. Finally, the last chapter, dedicated to the study of the in vitro release behavior of
several model compounds, emphasized the ability of the polymeric CS / G1-P network to sustain the release
of the incorporated substances.

Keywords : chitosan, drug delivery, glucose-1-phosphate, hydrogel, thermogelling.




