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Summary in french

Summary in French
Contexte scientifique

Le cartilage articulaire et I'arthrose:

Le cartilage articulaire est un tissu conjonctif avasculaire et non innervé. Situé
entre deux surfaces osseuses et baignant dans le liquide synovial, il se caractérise par
ses propriétés mécaniques en permettant le glissement des piéces osseuses grace a
un coefficient de friction trés faible et en amortissant les contraintes liées aux
mouvements et au poids du corps qui s’appliquent a sa surface. Le cartilage se
compose d’un seul type cellulaire : le chondrocyte, et d’'une matrice extracellulaire
spécifique contenant: des collagénes (de type Il, IX, X ou encore Xl), des
protéoglycannes (agrécannes, décorine...), de petites protéines telles que la COMP
(Cartilage Oligo Matrix Protein), des ions et de lI'eau. Ces éléments matriciels
organisés de facon zonal depuis la superficie jusqu’en profondeur conférent au tissu
sa résistance a la contrainte mécanique pouvant atteindre 20 MPa au cours d'une
activité physique intense (Grodzinsky AJ et al, 2000). Lorsque le cartilage articulaire
est exposé a des sollicitations répétitives ou excessives, il se fragilise et laisse
apparaitre des fissures puis des lésions. En raison de son avascularisation et du faible
métabolisme cellulaire, la capacité d’auto-renouvellement du cartilage est limité et
le tissu cicatriciel, qui dans un premier temps comble la lésion chondrale, reste un
tissu fibro-cartilagineux, dont les propriétés mécaniques sont faibles par rapport a
celles du tissu natif. Un cartilage |ésé évoluera a plus ou moins long terme vers un
cartilage arthrosique. L’évolution de la pathologie, se caractérise par une
dégradation progressive et irréversible de la matrice cartilagineuse et peut se
résumer en trois stades (Gomoll AH et al, 2010).

+ stade 1: Le tissu cartilagineux perd son aspect lisse et des microfissures

apparaissent.
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Summary in french

+» stade 2 : Les microfissures s’approfondissent perpendiculairement a la direction
des forces de cisaillement et le long des fibres de collagénes mais ne s’étendent

pas jusqu’a la plaque sous-chondrale.

X/
°e

stade 3 : La lésion est dite ostéochondrale car les microfissures s’étendent sur
toute la profondeur du cartilage jusqu'a l'os sous-chondral. A ce stade, une
inflammation synoviale peut alors étre observée.

Ces stades sont associés a (i) une modification du phénotype chondrocytaire,
avec l'expression de marqueurs hypertrophiques, (ii) un processus inflammatoire
médié par différents tissus articulaires tels que I'os sous chondral qui présente une
densité minérale anormale. Par conséquent, I'arthrose induit non seulement des
modifications au niveau des cellules cartilagineuses (chondrocytes) mais aussi au
niveau des ostéoblastes. Il existerait une synergie entre ces 2 types cellulaires dans
ce processus pathologique.

La prévalence de 'arthrose peut dépasser 90% chez les personnes de plus de
70 ans, altere leur qualité de vie, et constitue une des principales causes de
consultation médicale, de consommation médicamenteuse et de handicap. Les
données médico-économiques frangaises les plus récentes sur I'arthrose datent de
2010 et situent le colt annuel de la maladie autour de 5 milliards d’euros avec plus
de 90 000 patients hospitalisés dans des établissements médico-chirurgicaux pour
une coxarthrose et plus de 80 000 pour une gonarthrose (Bertin P et al, 2014).

Les principaux traitements actuels sont les traitements pharmacologiques
antidouleurs et anti-inflammatoires ou des approches chirurgicales (autogreffes de
cartilage ou de chondrocytes, greffes de tissus synthétiques, stimulation de la
réparation spontanée par microfractures). Cependant, aucune thérapie ne permet la
régénération d’un véritable tissu fonctionnel (Orth P et al, 2014). Depuis quelques
années, le développement de travaux de médecine régénérative constitue une
ouverture prometteuse notamment avec lingénierie tissulaire. Ce concept
permettrait de traiter les lésions cartilagineuses en développant des biomatériaux
contenant des cellules encapsulées dans des matrices support d’origine naturelle ou
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synthétique. L’ingénierie tissulaire permettrait ainsi de produire in vitro des biotissus

ayant les mémes propriétés physiques et physiologiques que le tissu natif.

Les cellules souches mésenchymateuses:

Les études publiées sur I'ingénierie du cartilage, au cours des dix derniéres
années, utilisent le plus souvent des cellules stromales mésenchymateuses (CSM)
adultes.

Ces CSM sont des cellules souches d’origine mésodermique qui donnent
naissance aux différentes composantes du tissu conjonctif et généerent également la
composante stromale de la niche hématopoiétique. Dans un souci d’harmonisation,
le comité de I'ISCT (International Society for Cellular Therapy) a proposé des
standards de caractérisation des CSM (Dominici M et al, 2006), établissant des
critéeres minimums de définition : (i) I'adhérence cellulaire au plastique dans des
conditions de culture in vitro, (ii) I'expression de certains marqueurs de surface tels
que CD73, CD90, CD105 et I'absence d’expression des marqueurs CD34, CD45, CD14
ou CD11b, CD79a ou CD19, (iii) la capacité de différenciation en ostéoblastes,
adipocytes et chondrocytes (cellules d’origine mésodermique).

De plus, des effets immunomodulateurs des CSM ont été démontrés aussi
bien in vitro qu’'in vivo. Les CSM possedent, en effet, des propriétés
immunosuppressives tres vastes liées a la production de facteurs solubles inductibles
qui inhibent I'activation des principaux effecteurs de I'immunité. Les CSM ont la
capacité de protéger les lymphocytes T de I'apoptose tout en inhibant leur activation
et leur prolifération en réponse a de nombreux stimuli (Benvenuto F et al, 2007). In
vivo, les propriétés immunosuppressives des CSM ont également été prouvées. Chez
I’'animal, I'administration de CSM induit la tolérance d’organes lors d’allogreffes et
chez 'homme, un réle bénéfique comme traitement préventif ou curatif de la
maladie du greffon contre I’'h6te (GvHD) a été observé (Tisato V et al, 2007). Les CSM
sont également utilisées dans prés de 720 essais cliniques et dans des indications

trés variées telles que les lésions osseuses et cartilagineuses, linfarctus du
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myocarde, des maladies auto-immunes ou encore dans des pathologies
neurodégénératives. (www.clinical trialgov, consulté le 22/05/17)

Actuellement, les critéres de choix du tissu d’origine des CSM pour les essais
cliniques reposent essentiellement sur la richesse des prélevements et leur facilité
d’acces. L'isolement des CSM a partir de prélevements de tissus adultes (moelle
osseuse ou tissu adipeux) reste la méthode la plus employée. Cependant, il est
nécessaire d’avoir recours a un geste invasif potentiellement douloureux
(anesthésie) et associé a un risque plus élevé de contamination virale des
prélevements. De plus, les CSM issues de tissus adultes a partir de donneurs agés
présenteraient une nette diminution de leur prolifération (Katsara O et al, 2011;
Choudhery MS et al, 2014). Le potentiel de prolifération limité in vitro est le résultat
de la sénescence associée a l'arrét de la croissance, un phénoméne connu comme
sénescence réplicative. Cette forme de sénescence est causée par plusieurs facteurs,
notamment le raccourcissement progressif des téloméres au cours de la culture
continue in vitro attribuable a l'absence d'activité télomérase. Il a également été
décrit que la capacité de différenciation in vitro et de régénération tissulaire in vivo
des CSM issues de tissus adultes diminuent avec I'age.

C’est pourquoi, les chercheurs se sont tournés vers d’autres sources de CSM,
notamment la gelée de Wharton (GW) du cordon ombilical. Leur obtention est
relativement simple et non invasive. Bien qu’ayant des caractéristiques comparables
aux CSM issues de tissus adultes (moelle osseuse ou tissu adipeux), les CSM
provenant du cordon semblent plus immatures sur le plan immunologique, ont un
potentiel de prolifération plus élevé et peuvent se différencier en un nombre de
tissus plus important (elles peuvent se différencier en adipocytes, ostéocytes ou en
chondrocytes et méme dans certaines conditions en cellules cardiaques ou
hépatiques) (Zheng L et al, 2010).

Tous ces avantages font que les CSM-GW représentent une source
potentiellement inépuisable de CSM, leur conférant ainsi une place de choix en
ingénierie tissulaire. Cependant, leur utilisation ne peut se faire qu’en situation

Page | 13


http://www.clinical/

Summary in french

allogénique et nécessite, de ce fait, une connaissance précise de leurs propriétés
immunomodulatrices.

Les propriétés immunomodulatrices des CSM reposent sur trois principaux
mécanismes : I'arrét du cycle cellulaire en phase G1 chez les cellules immunitaires,
un contact cellule-cellule entre CSM et cellules immunitaires et un effet paracrine
des CSM. Les principaux facteurs exprimés par les CSM en réponse a une stimulation
des cellules immunitaires sont : les microARN (en particulier miR-155), PD-L1, HLA-G,
la prostaglandine E2 (PGE2), des cytokines (TGFR, IL6, IL10, HGF, VEGF...) et une
enzyme (Indoleamine 2,3 -dioxygenase : IDO). Ces propriétés immunomodulatrices
sont largement décrites, dans la littérature, pour les CSM issues de tissus adultes et
commencent a I'étre pour les CSM-GW. Cependant, le maintien de ces propriétés au
cours de la différenciation chondrogénique reste peu connu en particulier lorsque les
CSM sont maintenus en culture dans un biomatériau. De plus, certains des facteurs
impliqués dans les propriétés immunomodulatrices sont connus pour jouer,
également, un role dans la chondrogenese. Ainsi, le TGF-B est impliqué dans l'une
des étapes les plus importantes de la chondrogenese : I'étape de prolifération et de
condensation, et le VEGF intervient pendant la phase d'ossification (Barry F et al,
2001; Dai J et al, 2007).

Les matrices support :

La composition des matrices-support permet non seulement d'orienter la
différenciation des cellules, mais aussi de leur donner un environnement
tridimensionnel (3D) afin de guider la différenciation chondrogénique. Etant donné
la finalité de l'ingénierie tissulaire du cartilage, le cahier des charges de ces
matrices-support doit étre précis et respectes les "bonnes pratiques de fabrication".
Ces biomatériaux doivent avoir :

+ des propriétés physico-chimiques :

» structure 3D : les biomatériaux doivent combler la Iésion cartilagineuse par un
échafaudage tridimensionnel et donner aux cellules un environnement similaire
a celui du cartilage natif ;
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» stérilisation: les biomatériaux doivent posséder une excellente résistance a la
stérilisation ;

» porosité : les biomatériaux doivent posséder une haute porosité et présenter une
importante interconnexion entre les pores afin de permettre les échanges de

nutriments, de déchets et d'oxygéne dans toute la structure.

X/
°e

des propriétés fonctionnelles :

Y

biofonctionnelle: les biomatériaux doivent remplir leur fonction afin de s'intégrer

au tissu et d'avoir les mémes propriétés structurelles que le tissu natif ;

» biocompatible: les biomatériaux doivent étre tolérés par I’organisme, au niveau
local et général (non immunogéne, non carcinogene). Cette biocompatibilité du
biomatériau est nécessaire dés le départ de I'étude pour pouvoir y cultiver les
cellules ensemencées ;

» biodégradable pour étre détruit ou dissous une fois que son réle de soutien n'est
plus nécessaire ; lorsque les cellules auront produit leur propre matrice
extracellulaire;

» résistance mécanique pour pouvoir subir des contraintes mécaniques similaires a
celles subies par le cartilage articulaire in vivo et ne pas étre dégradés.

Les biomatériaux utilisés pour l'ingénierie tissulaire du cartilage se présentent
sous plusieurs formes : hydrogels, éponges ou réseaux de maillage et peuvent étre
d’origine synthétique ou naturelle. Des gels polymeéres naturels, tels que l'acide
hyaluronique, le collagene et l'alginate (Atala A et al, 1994), ont été employés avec
succeés (Risbud M et al, 2001). Un essai clinique utilisant un hydrogel d’acide
hyaluronique vient de s’achever, en janvier 2017, aux Etats Unis, pour soigner
I’arthrose du genou (www.clinical trialgov, consulté le 22/05/17).

L'alginate (Alg), d’origine végétale, est un copolymére polyanionique, formé
par des chaines de polysaccharides constituées de groupes acide guluronique et
mannuronique. |l est soluble dans les solutions aqueuses et forme un gel stable. Ce
polymeére constitue un modele de référence pour des études de morphologie
cellulaire, de synthése des protéoglycannes et de collagénes mais aussi, de
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mécanobiologie des chondrocytes articulaires. Bien que l'alginate de sodium ne soit
pas un composant naturel de la matrice extracellulaire, il présente une structure
similaire a celle des glycosaminoglycannes du cartilage (Wang X et al, 2009). Les
hydrogels d’alginate peuvent se présenter sous forme de biomatériau injectable,
sous forme de billes ou de moules aprés polymérisation dans un bain de CaCl,.
Derniérement, une équipe a développé un process de fabrication des hydrogels
d’alginate basé sur la pulvérisation (Jessica Tritz et al, 2010). L’hydrogel contenant
les cellules est ainsi pulvérisé sur un support, afin d’obtenir une colonisation
homogene des cellules au sein du biomatériau.

L’acide hyaluronique (HA) est un des composants de la MEC du cartilage natif.
Pour l'ingénierie tissulaire, il permet d’améliorer la prolifération des cellules et leur
attachement au biomatériau grace a des récepteurs membranaires. Il posséde non
seulement des propriétés rhéologiques remarquables en solution notamment en
termes de viscoélasticité, mais il a aussi une action bénéfique sur l'activité de
prolifération et de synthése des chondrocytes (Gigant-Huselstein C et al, 2004). Ce
biomatériau, extrait de tissu animal, peut étre utilisé seul (Jakobsen RB et al, 2010)
ou combiné avec d’autres biomatériaux comme l'alginate. Ainsi, dans des hydrogels
d’alginate supplémentés en HA (Alg/HA), Reppel et al ont montré qu’aprés 4
semaines de culture, des CSM-GW étaient capables de s’adapter a leur
environnement et d’exprimer les genes et protéines spécifiques du tissu
cartilagineux et notamment le collagene de type 2 (Reppel L et al, 2015).

Ces polymeres se présentent souvent sous la forme d’hydrogels. Cette forme
de biomatériaux a été identifiée comme un choix attractif de matrices support et se
trouve d’ailleurs utilisée dans des applications médicales dés les années 1960. lls
répondent effectivement a de nombreux critéres physico-chimiques et fonctionnels
imposés par le cahier des charges des biomatériaux. Le premier étant la structure 3D
puisque des cellules peuvent y étre encapsulées. lIs possedent également une teneur
élevée en eau, présentent une faible toxicité et une bonne biocompatibilité. Ces
propriétés en font par conséquent de bons candidats pour la régénération tissulaire,
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en particulier dans le domaine du tissu cartilagineux. Enfin, comme tous
biomatériaux, ils doivent étre stérilisables et stérilisés avant que les cellules ne
soient introduites a l'intérieur. Pour cela, plusieurs procédés sont utilisés tels que
I'autoclave, la filtration si I’hydrogel n’est pas trop visqueux, l'irradiation germicide
aux UV ou aux rayons gamma, en exposant I’hydrogel a I'oxyde d'éthyléne (Leo WJ et
al, 1990; Lee DW et al, 2003; Mao S et al, 2012). Bien que toutes ces approches
soient efficaces, il faut faire attention a choisir une technique qui ne se dégrade pas,
ne dénature ou ne change pas les propriétés physiques de I'hydrogel. Par exemple,
un traitement UV prolongé peut dénaturer le collagéne et favoriser la dégradation
des peptides dans les hydrogels fonctionnalisés, tandis que l'irradiation gamma peut
dégrader l'alginate (Lee DW et al, 2003).
Utilisés seuls, ces biomatériaux dits « monophasiques » ne permettent pas de
mimer la structure zonale du cartilage. lls peuvent seulement combler les |ésions
superficielles. La réparation des lésions cartilagineuses profondes appelées
ostéochondrales nécessite alors d’utiliser un biomatériau multiphasique capables de
mimer les propriétés physiologiques et la structure de deux tissus différents : le
cartilage et I'os sous-chondral. Deux approches concernant une construction zonale
sont décrites dans la littérature (Klein TJ et al, 2009).
> La premiére consiste a ensemencer des cellules différentes dans des couches
de biomatériau de composition identique. Dans cette approche, les cellules,
de phénotypes différents, vont synthétiser une MEC spécifique. En 2003, Kim
T.K. a utilisé des sous-populations chondrocytaires issues des différentes
couches cartilagineuses (superficielle, moyenne, profonde) dans un polymere
synthétique (Kim TK et al, 2003).

> La seconde consiste a ensemencer des cellules identiques (chondrocytes ou
CSM) dans des couches de biomatériaux de composition différente. La
spécificité du biomatériau doit guider la différenciation des cellules vers un
phénotype spécifique. Ainsi, Schiavi et al. ont mis au point un biomatériau
biphasique composé d’alginate supplementé en acide hyaluronique pour
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mimer le cartilage et en hydroxyapatite, principale composante de la matrice
osseuse, pour mimer l'os sous chondral. Cette technique de conception
basée sur la pulvérisation d’une suspension biomatériau/cellules, couche par
couche a permis de reproduire une organisation zonale du cartilage mais
dans laquelle les propriétés physico-chimiques du biomatériau sur les cellules

doivent encore étre étudiées (Schiavi J et al, 2017).

Objectifs scientifiques

L'enjeu de ce travail de these est donc, tout d’abord, de caractériser les CSM
issues de la gelée de Wharton selon les critéres de I'ISCT. Ce travail se situant dans le
cadre de l'ingénierie ostéo-articulaire, notre finalité est de poursuivre le travail initié
par Jessica Tritz-Schiavi en étudiant le comportement des CSM-GW dans un
biomatériau multiphasique Alg/HA-Alg/Hap en étudiant les relations existant entre
les propriétés physico-chimiques des hydrogels et le comportement cellulaire pour
en améliorer la différenciation. Pour cela, nous évaluerons, tout d’abord, I'impact du
procédé de stérilisation sur les propriétés physico-chimiques des hydrogels d’Alg/HA
et d’Alg/Hap avant d’étudier I’évolution du comportement mécanique des hydrogels
au cours de la différenciation chondrocytaire ainsi que leur impact sur le

comportement des CSM (propriétés de différenciation et d'immunomodulation).

Caractérisation des CSM issues de la gelée de Wharton

L'ensemble des travaux ayant été réalisés sur 3 cordons ombilicaux différents,
les CSM obtenues par la méthode des explants puis amplifiées jusqu’au 3eme passage
en conditions hypoxiques ont été caractérisées sur le plan phénotypique, leur
capacité a former des CFU-F (Fibroblast Colony Forming-Units) et leur viabilité. Les
cellules obtenues et charactérisées présentaient un phénotype mésenchymateux par
I'expression des marqueurs CD44, CD90, CD73, CD105 et CD166 et I'absence

d’expression des marqueurs hématopoiétiques (CD34 et CD45) ainsi que du

Complexe Majeur d’Histocompatibilité de classe Il (HLA-DR). Les trois souches
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maintenaient leur capacité clonogénique et moins de 6% des CSM étaient
sénescentes. Ces résultats ont fourni la caractérisation des CSM avant leur

ensemencement dans les hydrogels d’alginate.

Impact de I’ajout d’éléments matriciels dans des hydrogels d'alginate sur le

comportement des CSM-GW

S’il est bien connu que l'incorporation de nanoparticules ou de polymeres
dans des hydrogels peut moduler les propriétés mécaniques des biomatériaux, nous
ne possédons aucune étude du comportement des CSM issues de la gelée de
Wharton dans un hydrogel d’alginate supplémenté en HA ou Hap (Tautzenberger A
etal, 2012).

Cette étude vise alors a comparer I'impact des hydrogels d'alginate (Alg)/acide
hyaluronique (HA), qui imiteront le cartilage, et des hydrogels d'alginate (Alg)/
hydroxyapatite (Hap), qui imiteront l'os sous chondral sur les CSM-GW. Ces
hydrogels 3D-Alg/HA et Alg/Hap ont été obtenus par la méthode de pulvérisation
d'origine décrite par Tritz et al (Jessica Tritz et al, 2010). Les propriétés mécaniques
des hydrogels ainsi que la cytocompatibilité et les propriétés de différenciation ont
été les élements de comparaison retenus dans cette étude.

Il apparait ainsi que le biomatériau et plus spécifiquement I'apport d’éléments
matriciels a l'intérieur de I'alginate impacte la viabilité ainsi que la prolifération des
CSM-GW. En effet, le pourcentage de cellules vivantes dans les hydrogels d’alginate
enrichis en Hap est significativement plus élevé que dans les hydrogels enrichis en
HA. Ces résultats sont vraisemblablement associés aux propriétés rhéologiques et
mécaniques des hydrogels puisque les hydrogels Alg/Hap présentent une résistance
a la contrainte plus importante que les hydrogels Alg/HA (Figure 1). En revanche, les
CSM-GW cultivées pendant 30 jours dans ces différents hydrogels ont montré une
capacité a synthétiser une matrice extracellulaire contenant du collagene et des

protéoglycannes.
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Cette étude a également souligné I'impact de I'autoclave sur les propriétés
physico-chimiques des hydrogels étudiés. Nous pouvons alors nous interroger de
I'impact réel des élements matriciels sur les cellules lorsque le procédé de
stérilisation réalisé en amont semble aussi délétere sur la viscosité et la résistance a

la contrainte de la matrice support.
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Figure 1: Résistance des échafaudages hydrogel 3D-Alg/HA et Alg/Hap correspondant a une
indentation de 0.35mm effectuée a différentes vitesses. Les résultats correspondent a des valeurs en
moyennes + SD, avec n 23 et ont été analysés par I'analyse de la variance (ANOVA) (*p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001; autoclave (A), control (C)). On consaste d’abord que les
hydrogels présentent un comportement de type viscoélastique ou/et viscoplastique. Par ailleurs, la
sensibilité a la vitesse est plus marquée pour les échantillons de contréle que pour ceux qui ont été

traités a I'autoclave.

Influence du procédé de stérilisation sur les propriétés physico-chimiques

des hydrogels Alg/HA

De nombreuses études rapportent que l'alginate reste un polymeére difficile a
stériliser et a manipuler (Puppi D et al, 2010). Quelle que soit la procédure utilisée
(autoclave, oxyde d'éthylene, irradiation gamma,...), elle conduit le plus souvent a la
dépolymérisation des chaines d’alginate. De plus, il n'existe aucune analyse
statistique qui étudie l'interrelation entre les caractéristiques physico-chimiques de
I'hydrogel d'alginate apres la stérilisation et le comportement des cellules en

particulier les CSM.
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Dans cette partie du travail, nous avons évalué I'impact de deux procédés de
stérilisation (autoclave et rayonnement UV pendant 25 et 50 minutes,
respectivement nommés UV1 et UV2) sur les propriétés physico-chimiques d’un
hydrogel Alg/HA ainsi que sur les fonctionnalités des CSM. L’objectif étant également
d’estimer s’il existe une relation significative entre I'évolution des propriétés
physico-chimiques des hydrogels induit par la stérilisation et le comportement des
cellules. Pour cela, la poudre Alg/HA ainsi que I’hydrogel a I'état polymérisé ont été
analysés a l'aide d'ATR-FTIR, de HPLC-SEC, de tests rhéologiques, d'indentation et de
tests de stérilité. Les comportements cellulaires des hydrogels ont été évalués par la
viabilité et la prolifération des cellules, et la différenciation chondrogénique. Les
effets des parameétres de traitement et leur corrélation avec les autres
caractéristiques ont été déterminés statistiquement par l'analyse des composants
principaux (PCA). Dans cette étude, nous avons montré que le comportement
cellulaire dans les hydrogels a base d'alginate n'était pas seulement régulé par la
masse molaire ou la de I’hydrogel, mais également au procédé de stérilisation, en
particulier au temps de stérilisation. Le procédé de stérilisation par UV, pendant 50
minutes semble étre un bon compromis pour préserver les propriétés
physico-chimiques de I’Alginate et du HA tout en favorisant la prolifération des CSM

ainsi que leur différenciation chondrogénique (Figure 2).
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Figure 2: lllustration du plan principal (F1, F2) de I'ensemble des données concernant le gel d’Alg/HA,
en fonction des divers traitements de stérilisation. Ces données répresentent les caractéristiques
physiques et mécaniques (masses Mw and Mn, viscosité, strength), les caractéristiques relatives au
comportement cellulaire (viabilité, prolifération, production de collagéne, GAG), les différents
traitements (UV-1, -2, Autoclave, Contrdle). On constate que le traitement UV-2 représente le

meilleur traitement, notamment pour ce qui concerne le comportement des cellules.

Evolution du comportement mécanique des hydrogels au cours de la

différenciation chondrocytaire et impact sur le comportement des CSM-GW

Dans cette derniere partie de notre travail, nous avons voulu savoir comment
évoluaient les propriétés mécaniques des hydrogels Alg/HA et Alg/Hap et quel était
le lien entre cette évolution et le potentiel de différenciation des CSM mais
également sur leurs propriétés immunomodulateurs. A notre connaissance, aucune
étude ne s’est encore intéressée au lien potentiel entre I’environnement mécanique
des CSM et leur propriété paracrine. Sur la base des résultats obtenus et de I'analyse

des composantes principales (Figure 3), nous avons constaté qu'il existait une
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inter-relation entre les propriétés mécaniques, biologiques mais aussi
immunologiques. Ainsi, nous avons montré qu’il existait une corrélation positive
entre la résistance a la contrainte de I’hydrogel et la sécrétion de la Prostaglandine

de type 2 (Figure 3).
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Figure 3: Représentation a l'aide de I'analyse en composantes principales des différentes
caractéristiques des cellules contenues dans les hydrogels Alg/HA et Alg/Hap. Les comportements

sont tres différents dans les deux cas.
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1. Articular cartilage

Articular cartilage (also called hyaline cartilage) is the most abundant type of
cartilage in human body because it appears on the ends of bones and facing the
synovial fluid where they form mobile joint (Figure 4). Their main function is to allow
the gliding of the latter thanks to an extremely low coefficient of friction. This highly
specialized connective tissue is also characterized by its mechanical properties,
resulting from cyclic tension, shear and compression forces induced by weight and
body movement.

It is a non-innervated and non-vascularized tissue, composed of a single cell type
(the chondrocyte), and abundant extracellular matrix rich in type Il collagen and

proteoglycans, which contribute to its elasticity.

Figure 4: Representation of the synovial joint at the level of a knee. It is comprised of bone, cartilage,
synovial fluid/membrane, tendons and ligaments. ("Structure of Synovial Joints" Boundless Anatomy
and Physiology, 11 oct 2016)
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1.1. Organization of articular cartilage

Cartilage is composed of water (60-85% of the tissue weight), collagen (50-75%),
chondrocyte and an extracellular matrix (ECM) (proteoglycan =15-30%). Giving the
articular cartilage remarkable mechanical and load-bearing properties are type |l
collagen for tensile strength and glycosaminoglycan (GAGs) for resilience (Schulz RM
et al, 2007). For the articular cartilage, it can be distinguished into 4 layers (Figure 5)

(Madry H et al, 2010; Wang F et al, 2009; Lyons TJ et al, 2006).

1.1.1. Superficial layer

It makes up 10-20% of cartilage volume. The extracellular matrix is rich in
type Il collagen fibers which are tangent to the surface of articular and parallel to
mechanical stress. Flattened chondrocytes and collagen fibers are arranged
tangentially to the articular surface as well as the highest content of collagen and the
lowest concentration of proteoglycans; it has greatest ability to resist to shear

stresses and serves as a guiding surface for joint.

1.1.2. Transitional layer

It makes up 40-60% of cartilage. Collagen fibers and chondrocytes are
directed perpendicularly to the subchondral plate. Its role is not only to distribute

loads to the tissue but also to resist to compression stresses.

1.1.3. Deep layer

It makes up 30% of cartilage volume and is composed of type X collagen, but
without proteoglycan (PG). It separates hyaline cartilage from subchondral bone.
Moreover, it also contains the tidemark layer which straddles the boundary between

calcified and un-calcified cartilage.
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Figure 5: Organization of articular cartilage. Different cell morphology, collagen orientation and
proteoglycan (PG) content is found in the stratified organization of cartilage: the superficial zone has
flattened cells with the highest content of collagen and the lowest concentration of proteoglycans.
Intermediate zone has rounded cells with randomly oriented collagen fibers and higher PG content.
Deep zone has spherical cells in columns distribution, without PG and the collagen fibers are

perpendicular to tidemark. (https://musculoskeletalkey.com)

1.2. Composition

1.2.1. Chondrocyte

The chondrocyte is the only cell type found in articular cartilage (Lin Z et al,
2006). They produce and maintain the cartilaginous matrix, which consists mainly
of collagen and proteoglycans; but they are also able to degrade this matrix.
Comparing with other tissues, chondrocyte represents a relative low percentage of
the cartilage matrix volume (1-5 %). Due to the lacking of cell-cell contact in adult
tissue, the regulation of tissue homeostasis has to occur via the extracellular matrix
(ECM). Between the ECM and the underlying bone is synovial fluid which is provided
nutrients and oxygen for chondrocytes. The passage of water and nutrients between
cartilage and synovial fluid is possible thanks to cyclical forces. In addition, due to the
avascular structure, chondrocytes have metabolism close to anaerobic one (Das RH

et al, 2010; Sengers BG et al, 2005).
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1.2.2. Extracellular matrix
1.2.2.1. Collagen

The collagen molecule consists of three polypeptide chains, called a chain,
with the characteristic triplet repeat sequence Gly-X-Y and each chain is generally
more than 1000 residue long (Bhattacharjee A and Bansal M, 2005). As shown in
Figure 6, three a chains that assemble into triple helices of procollagen, at the ends

of procollagen are cut to form tropocollagen which assembles into fibrils.

=l

(1) (3] 4]

Three chalng

assemble Assembly Assembly

e - — = e e

J 67 nm
Precursor Procollagen Collagen ! I
a chain {triple helix molecule
with loose ends) Collagen fibril Collagen fiber

Figure 6: Assembly of the a-chains of collagen into fibrils. The collagen is formed from three a chains
that assemble in triple procollagen helixes, then, the ends of the procollagen are cut to form a
tropocollagen which will assemble into fibril. (BIOL2060: Principles of Cell Biology)

a) Type ll collagen

This kind of collagen represents 90 % of total collagens found in
articular cartilage. Type Il collagen in mature cartilage is composed of three identical
polypeptide chains which contain a lot of hydroxylysine and glucosyl galactosyl
residues and allowing interactions with PG, a 1 (IlI), and belong to the fibril forming
class of collagens (class 1). Alternative splicing occurs in the type Il collagen gene. In
the procollagen gene exon 2 encodes for a cysteine-rich domain in the
amino-terminal propeptide which results in a type Il A procollagen. This type IIA is
expressed by immature chondrocytes but is not expressed in mature cartilage. Type

IIB collagen is present in mature cartilage and its exon 2 is spliced out. Type Il
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collagen is synthesized and secreted as a procollagen precursor whose non-helical
extensions are removed by enzymes. During this process the large (35 kDa)
chondrocalcin is released (The N-terminal propeptide). Hereafter the trimmed
collagen is incorporated into the ECM where it is crosslinked. Within the deep layer
of cartilage arcades of thick fibrils are formed whereas in the surface fine fibrils are
arranged horizontally (McAlinden A et al, 2002; Ryan MC et al 1990; Aydelotte MB et
al, 1988).

b) Type Vi collagen

It is only found in the pericellular matrix surrounding the chondrocyte
(Poole CA et al 1992; Chang J et al, 1997, Hambach L et al, 1998). The cell
surrounded by hyaluronan and the layer of type VI collagen is called a “chondron”.
Chondrons harbor and protect the chondrocytes from mechanical forces (Youn I et al,
2006; Knight MM, 2011).

c) Type IX collagen

It belongs to the class 3 short-helix molecules which may function as a

connector between type Il collagen fibers. A molecule chondroitin sulfate can be
linked covalently to a globular domain of the protein and the favored interaction
with other collagen fibers. Type Xl collagen is a class1 (fibril forming) collagen and is

co-assembled in the heterotypic fibrils of articular cartilage (Figure 7).
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Figure 7: Assemblage of collagen fibers of type II, IX and XI. In cartilage, the types II, IX and XI collagen
are assembled to form heterotypic fibrils, in particular by means of bonds between the globular
domains of type IX collagen and type Il collagen. (Seibel et al. 2006)

1.2.2.2. Proteoglycan and glycosaminoglycans

The proteoglycan aggregate is the major structural component of the
extracellular matrix of the cartilage, composed of aggrecan, hyaluronan (HA) and link
protein (LP) (Figure 8) (Watanabe H et al, 2004). Aggrecan is the major
proteoglycan in the articular cartilage which consists of a central protein with
multiple sulfated glycosaminoglycans (GAG’s), especially Ketatan Sulfate and
Chondroitine Sulfate, covalently attached to it. Its abundance and unique molecular
features provide the disc with its osmotic properties and ability to withstand
compressive loads (Sivan SS et al 2014). Aggrecan is a multi-modular molecule
expressed by chondrocytes. Its core protein is composed of three globular domains
(G1, G2, and G3) and a large extended region (CS) between G2 and G3 for
glycosaminoglycan chain attachment. G1 comprises the amino terminus of the core
protein. This domain has the same structural motif as link protein. Functionally, the
G1 domain interacts with hyaluronan acid and link protein, forming stable ternary

complexes in the extracellular matrix. G2 is homologous to the tandem repeats of G1
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and of link protein and is involved in product processing. G3 makes up the carboxyl
terminus of the core protein (Aspberg A et al 2012). Aggrecan plays an important
role in mediating chondrocyte-chondrocyte and chondrocyte-matrix interactions
through its ability to bind hyaluronan (Kiani C et al 2002. Maroudas A et al, 1998).
Keratan sulfate (KS) is acting as a constitutive molecule of the extracellular matrices,
this GAG also plays a role as a hydrating and signaling agent in cornea and cartilage
tissues (Pomin VH.et al 2014). Hyaluronic acid (HA) is a polysaccharide chain
composed of repeating disaccharide units. HA is found in high concentrations in
various tissues in the body including cartilage and other connective tissues as well as
synovial fluid. It is known to support the normal joint biology as an effective
lubricator and shock absorber (Watterson JR et al, 2000). As shown in Figure 8,
Aggrecan binds hyaluronan through its N-terminal G1 domain in ternary complex
with link proteins. The G1 domain and link proteins are homologous, with an
immunoglobulin-like repeat (A) followed by two proteoglycan tandem repeats (B and
B’). In aggrecan, the G1 is followed by a second globular domain (G2), separated
from the G1 by an extended interglobular domain. The G2 domain consists of two
proteoglycan tandem repeats (B and B’). The central, and largest, part of aggrecan is
the glycosaminoglycan attachment region, an extended protein stretch carrying
keratan sulfate and chondroitin sulfate chains. This is followed by the C-terminal G3
domain, which consists of an epidermal growth factor (EGF) repeat (E1), a
calcium-binding EGF repeat (E2), a C-type lectin domain (L), and a complement
regulatory protein repeat (C). Hyaluronan (HA) is shown in red, aggrecan in blue
(core protein) with red glycosaminoglycan chains, link protein in green. The
structural repeat composition of each globular domain of link protein and aggrecan
is shown above and below the two proteins, respectively, as indicated by dashed
lines.

A glycoprotein, LP (40-48 kDa) stabilizes the aggregate by binding to both
hyaluronic acid and aggrecan. In the absence of LP, aggregates are smaller and less
stable than they are in the presence of LP. The amino acid sequences of LP can be
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divided into three domains; an N-terminal domain that falls into the immunoglobulin

super-family and two C-terminal domains that are similar to each other.

Link protein
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Figure 8: Composition of aggrecan. It is composed of a core protein that consists of 3 globular
domains (G1, G2 and G3) between which chondroitin sulphate and keratan sulphate are attached; this
molecule is very hydrophilic and large in size. The cores proteins can bind to an HA chain and form an

assembly whose volume may be that of a bacterium. (Watanabe H et al, 2004)

1.3. Articular cartilage disease and repair

Under normal condition, articular cartilage can be effective against the harsh
mechanical circumstance of the joint. However, it has difficult ability to self-repair
due to poor blood supply and low metabolic activity. Once cartilage is damaged from
trauma or degenerative pathology, it will degrade and ultimately turn into
osteoarthritis (OA) (Jiang Y et al, 2015; Lories RJ et al, 2011; Panseri S et al, 2012;
Beyzadeoglu T et al, 2012). OA is a chronic disease which along with severe pain,
joint deformities, and motion losses. Resulting in the destruction of cartilage
structure and worse affects its mechanical function (Madry H et al, 2011). Hence the
treatment of partial- and full-thickness cartilage lesions is becoming more and more
important. Several treatments have been developed for cartilage repair including
microfracture, periosteal arthroplasty, mosaicplasty and autologous chondrocyte
transplantation (ACT) as seen in Figure 9. Although these treatments are effective,
disadvantages exist, as microfracture (delay cartilage degeneration only in the

short-term) (Solomon DJ et al, 2007; Goyal D et al, 2013; Xing L et al 2013),
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periosteal arthroplasty (donor site morbidity, limited available tissues) (Getgood AM
et al, 2012; Siclari A et al, 2012), mosaicplasty (a new defect at the donor site)
(Kircher J et al, 2009), autologous chondrocyte implantation (limited supply of
healthy chondrocytes) (Brittberg M, 1999), and osteochondral allograft
transplantation (immunogenic reaction, less weight-bearing) (Friedlaender GE et al,

1999; Bugbee W et al, 2012; Kim YS et al 2012).
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Figure 9: Current treatments for cartilage repair. (a) Schematic diagram of the process of
microfracture. (b) Schematic diagram of the process of periosteal arthroplasty. (c) Schematic diagram
of the process of mosaicplasty. (d) Schematic diagram of autologous chondrocyte transplantation

(ACT) or biomemebrane of engineered carrier. (Pieter J Emans and Lars Peterson, Book, part I, 2014).

2. Cartilage tissue engineering (CTE)

Cartilage tissue engineering is an emerging discipline that combines the principles of
engineering and biological sciences that can form functional biological substitutes
notably restore the functions of altered articular cartilage. The standard cartilage

tissue engineering strategy relies on several essential components including: cells,
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biomaterial scaffolds, biological or environmental factors with mechanical stimuli

and bioactive factors, as shown in Figure 10 (Doulabi AH et al, 2014).

Solid scaffolds

20 culture Seeded on Implanted or injected into -
the scaffolds articular cartilage injury : f '
e Suitable f J
Expanded chondrocytes; . oo oo AL i B
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mesenchymal stem cells
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Figure 10: Strategy of articular cartilage tissue engineering and combination of chondrogenic cells
(expanded chondrocytes or differentiated msenchymal stem cells) with biomaterials and bio-factors is

crucial for the development of cartilage tissue-engineering strategies. (Doulabi AH et al, 2014)

2.1. Stem cells

Stem cells are undifferentiated biological cells that can differentiate into
specialized cells in the body during early life and growth. Stem cells are distinguished
from other cell types by two important characteristics. First, they are unspecialized
cells capable of renewing themselves through cell division, sometimes after long
periods of inactivity. Secondly, under certain physiologic or experimental conditions,
they can be induced to become tissue- or organ-specific cells with special functions.
In mammals, there are two broad types of stem cells: embryonic stem cells, which
are isolated from the inner cell mass of blastocysts, and non-embryonic "somatic" or

"adult" stem cells, which are found in various tissues.

2.1.1. Mesenchymal stem cells (MSC)
2.1.1.1. Characterization
In order to gain a clear insight of MSC capacities, the International Society
for Cell Therapy (ISCT) proposed criteria that comprise (1) adherence to plastic in
standard culture conditions; (2) expression of the surface molecules CD73, CD90, and
CD105 (Table 1) and the absence of CD34, CD45, HLA-DR, CD14, CD11b, CD79a, or

CD19 surface molecules; and (3) in vitro differentiation potential towards
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mesodermal lineage (osteoblasts, adipocytes, chondroblasts, myocytes and

keratinocytes) (Figure 11).

Table 1: Functions of the main markers expressed on the surface of MSC

Markers expressed on the surface of MSCs Features
CDh73 Ecto-5'-nucleotidase / Hydrolysis of AMP
CD90 (Thy-1) Glycoprotein / Adherence and migration
CD105 (Endoglin) Glycoprotein / TGF-B Il Receptor

fofefefe)

Orsteoblasts

Myocytes

eratinocytes

Figure 11: Differentiation potential of mesenchymal stem cells. Human mesenchymal stem cells
(hMSCs) are adult stem cells, which have the capacity for multi-lineage differentiation, giving rise to a
variety of mesenchymal phenotypes such as osteoblasts (bone), adipocytes (fat), chondrocytes

(cartilage), myocytes(muscle tissue) and keratinocytes (skin). (Isakson M et al, 2015)

MSC isolated from these peripheral tissues are frequently thought of as
equivalent to those derived from bone marrow due to significantly overlapping
properties; however, there is accumulating evidence to suggest that there are
differences between these populations, including their expression profiles and
diferentiation potential. For example, concerning chondrogenic potential, both
synovium- and BM-MSC seem to have a greater ability to generate chondrocytes
than ADSC (Sakaguchi et al, 2005). These differences seem to be link to a
tissue-of-origin « memory ». Additionally, colony-forming unit—fibroblast (CFU-F) and

proliferation potential determined by the population doubling time are also criteria
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which are used to evaluate the capacity of MSC. These criteria were established to
standardize human MSC isolation but may not apply uniformly to other species
(Dominici M et al, 2006).

2.1.1.2. Chondrogenesis

Chondrogenesis is a key event in developing limb buds beginning in the
center of condensed mesenchyme (Urist MR et al, 1976). Chondrogenesis begins
with mesenchymal cell recruitment and migration, proliferation (Grassel S et al,
2007), then to form the chondroprogenitor mesenchymal cells. This first step called
mesenchymal condensation is a pre-requisite of chondrogenesis and depended on
the signals initiated by cell-cell and cell-matrix interaction (Vinatier C et al, 2009)
(Figure 12). It is also associated with increased cell adhesion and formation of gap
junctions and changes in the cytoskeletal architecture. At this stage, the matrix of
cellular synthesize type | collagen, type IIA collagen, fibronectin, and proteoglycans
(Sandell LJ et al, 1994). After, MSC turn to chondroblasts and chondrocytes. The Sox9
transcription factor plays an important role in the developing of this tissue. It begins
to be expressed at the chondroprogenitor stage, and stimulates the expression of
type II, IX and Xl collagen and aggrecan of the hyaline cartilage (Lefebvre V et al,
2005).

Hypertrophic maturation of chondrocytes requires the Runx domain
family transcription factors Runx2 and Runx3 as well as a decrease in the expression
and/or activity of the Sox proteins (Yoshida CA et al, 2005). The Runx2 transcription
factor have benefited for the mineralization of the tissue with the deposition of
calcium crystals (Cook D et al, 2013), such as hydroxyapatite and chitosan.
Chondrocytes stop at this stage of maturity in the process of endochondral
ossification. However, during chondrogenesis, Wnt/B-catenin acts at two stages, at
low levels to promote chondroprogenitor differentiation and later at high levels to
promote hypertrophic chondrocyte differentiation and subsequent endochondral
ossification. (Tamamura Y et al, 2005). Thus, a complex transcriptional network
governs the process of chondrogenesis from mesenchymal stem cell commitment to
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terminal differentiation. The proliferation and differentiation of MSC is elaborately
controlled by the interplay of positive and negative factors (Michigami T et al, 2014).
Lastly, several studies point toward a functional role for microRNAs (miRs)
in controlling chondrocyte differentiation (Figure 13). In their review, Wu C. et al.
indicated that more than 25 miRs are implicated in chondrogenesis (Wu C et al,
2014). These miRs mainly participate in the regulation of cell differentiation by
targeting the transcription factors and growth cytokines. Thus, over-expression of
miR-145 and miR101 decreased not only expression of Sox9 at protein levels but also
mRNA levels for chondrogenic marker genes, like type Il collagen, aggrecan, COMP,

type IX collagen and type Xl collagen.
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Figure 12: The different stages of chondrogenesis, showing the temporal patterns of growth and
differentiation factors. (1) MSCs condense to from a dense cell mass. (2) MSCs proliferate and
differentiate into chondroblasts. (3) The cells start to secret the ECM of cartilage and become mature

chondrocytes. (4) Eventually, chondrocytes start to become hypertrophic. (Vinatier C et al, 2009)
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Figure 13: MicroRNAs (miRNAs) and their target factors in the process of chondrogenic differentiation.
The roles of inhabitation are indicated by the ‘-’ symbol and the roles of promotion are indicated by
the ‘+’ symbol. (Wu C et al, 2014)

2.1.1.3. Immunoregulatory of MSC

The cellular microenvironment and inflammatory context play key roles in
determining MSC phenotype and their effects on the immune system. MSC
demonstrate marked plasticity, exerting both pro- and anti-inflammatory
phenotypes dependent on these environmental stimuli (Waterman RS et al, 2010).
Through balancing this activating or suppressive phenotype MSC may be central to
regulating immune control and tissue repair and regeneration. So, in function of the
microenvironment, MSC are able to modulate the response of immune cells of the
innate and adaptive immune system (Figure 14). Inmune properties of MSC rely on
three main mechanisms: the arrest of the cell cycle of immune cells at the G1 phase,

a direct interaction of MSC with immune cells and a paracrine effect of MSC.
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++ Arrest of the cell cycle of immune cells at the G1 phase:

MSC are capable involving “cell to cell” contact and soluble molecules, to
keep T cells quiescent in the GO phase of the cell cycle while supporting their survival.
Work by various groups supports the notion that MSC induce cell cycle arrest at the
GO0/G1 phase by down-regulating cyclin D2 expression and decreasing the
transcription and translation levels of IL-2 and soluble IL-2 receptors in T cells
(Glennie S et al, 2005). MSC are also able to act on arrest division of other
immunocompetent cells including B cells (Corcione A et al, 2006), dendritic cells
(Ramasamy R et al, 2007) and NK cells (Li Y et al, 2015). Recently, Vellasamy S et al.
suggested that transcriptomic changes in activated T cells are at the origin of this
mechanism. In fact, they reported that pro-inflammatory cytokines and chemokines
such as IFN, CXCL9, IL2 and CCND3, were greatly downregulated. These changes in
gene expression profoundly affect the canonical pathway of T-helper differentiation
(Vellasamy S et al, 2016).

¢+ Direct interaction of MSC with immune cells:

Many studies have demonstrated that MSC can regulate the activation and
function of adaptive immune through direct interaction (Uccelli A et al, 2006; Deng
W et al, 2005). For example, MSC can suppress T cells at several key steps of T
cell-mediated immune responses, including survival, activation and differentiation of
T cell subsets. To understand how these regulations could occur, studies investigated
the effect of MSC on T cell in co-cultures. They showed not only that MSC were able
to suppress T-cell proliferation and induce apoptosis of activated T cells but also that
this phenomenon requires a dynamic cross talk between MSC and T-lymphocytes
(Djouad F et al, 2003; Plumas J et al, 2005).

% Paracrine effect:

MSC produced large amounts of soluble mediators as cytokines, growth
factors, or differentiation factors involved in the regulation of inflammation, immune
responses but also in angiogenesis, chimioattraction and cell differentiation (Nauta
Al et al, 2007; Cao HJ et al, 2017). The main factors expressed by MSC in response to
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immune cell interactions are: microRNAs, PD-L1, HLA-G, Prostaglandin E2 (PGE,),
cytokines (transforming growth factor-B, TGF-B), IL6, IL10, HGF, VEGF...), and one
enzyme (Indoleamine 2, 3—dioxygenase: IDO). Immune properties of adult MSC have
been widely described.

In an allogenic context, MSC exhibit significant immunomodulatory
properties, they are able to escape the immune system recognition mechanisms and
modulate the defense mechanisms of the host through secretion of soluble factors
(Jarvinen L et al, 2008; Ge W et al, 2010; Najib El Haddad, 2011). The MSC are able to
inhibit the proliferation of T helper (Th) and cytotoxic T cells. The maturation of
immature dendritic cells (iDCs) is inhibited by IL-6, while reduction in the expression
of co-stimulatory molecules CD40, CD80, and CD86 could cause an inhibition of T cell
activation. Through the actions of MSC, monocytes are directed to differentiate into
alternative anti-inflammatory M2 phenotype.

The soluble factor HLA-G which is expressed by MSC fulfils an important
function in allogenic context. In fact, HLA-G molecules could reverse MSC ability to (i)
generate in vitro the expansion of CD4+CD25+ FoxP3+ regulatory T cells, (ii) inhibit
the alloproliferative T cell response, and (iii) suppress the cytotoxic function of NK
cells. These results show that HLA-G molecules actively contribute to the
immunosuppressive properties exerted by MSC (Selmani et al, 2008; Selmani et al,
2009). Among the previously mentioned factors involved in their
immunosuppressive properties, HLA-G plays a critical role. Interestingly, all these
factors are interconnected and were shown to induce HLA-G, thereby constituting
amplification loops maintaining and favoring tolerogenic environment surrounding
MSC. This has major clinical implications, such as the development of future

anti-rejection therapeutic strategies using MSC (Naji et al, 2013).
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Figure 14 : Immunosuppressive properties of MSCs on both the innate and adaptive arms of the

immune system. (Brennen WN et al, 2013)

2.1.1.4. Sources

MSC were first isolated in bone marrow (BM), in 1974 by Friedenstein et
al. (Friedenstein AJ et al, 1974). Then, these cells have been isolated from a
multiplicity of adult sources such as lung tissue, adipose tissue, tendon, synovial
membrane but also foetal ones as placenta or umbilical cord (Figure 15). For Kock L
et al., (2012) the ideal cell source for cartilage tissue engineering is one that can
easily be isolated and expanded, and which synthesizes abundant cartilage-specific

extra-cellular matrix components, e.g., aggrecan and type Il collagen. There is
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evidence that MSC from bone marrow have higher chondrogenic potential than the
MSC from other origins such as lung or placenta (Bernardo ME et al, 2007). That’s

why they were firstly used in the cartilage tissue engineering.

Tooth
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Muscle and other
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Figure 15: Main adult sources of MSC. In adult tissue, MSC have been found in the bone marrow,
adipose tissue, synovial tissue, skeletal muscle, dental pulp, circulatory system, heart, brain, and other
connective tissues. (Christopher R et al, 2016)

But, like for other applications, it has shortcomings with ethical constraint
and problems associated with painful harvesting and donor site morbidity, and lower
differentiation potential in vitro (Roobrouck VD et al, 2008). Moreover, as BM-MSC
come from adult sources, it is now well-known that aging influences cell behavior.
Adult MSC decline in numbers, lifespan, and proliferation and differentiation ability
with increasing age (Gao P et al, 2017). Recently, Fabian C et al. demonstrated, in
vivo, that MSC biodistribution post transplantation was detrimentally affected by
aging. Aging of both the recipient and the donor MSC used attenuates
transplantation efficiency (Fabian C et al, 2017). To overcome this age-related
problem, during the last years, MSC obtained from foetal sources as Wharton's

Jelly (WJ) of umbilical cords (UC) have gained much attention. This source can be
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easily isolated, without any ethical concerns since they come from a tissue which is

discarded after birth.

2.1.2. Wharton’s jelly mesenchymal stem cell (WJ-MSC)

Wharton's jelly was first described in 1656 by Thomas Wharton. During
pregnancy, the umbilical cord represents the bond between the mother and the
fetus. The human umbilical cord contains distinct anatomical regions comprising two
arteries and a vein, surrounded by a gelatinous matrix: a connective tissue called
Wharton's jelly, and covered with an amniotic epithelium (Figure 16) (Yang SM et al,

2012).

e . 1.0 mm " i R .' T

Figure 16: Transverse histological cross section of a human umbilical cord. Left: Macroscopy image,

objective x1, staining with Hematoxylin Eosin Safran (HES). Right: Image with optical microscope,
objective x10, staining at the HES. (A: arteries, v: vein, GW: Wharton jelly, a: amniotic epithelium, zp:
perivascular zone, e: paroi veineuse). (Yang SM et al, 2012)

The main role of Wharton jelly is to prevent compression and twisting of the
umbilical vessels that provide blood flow between the mother and the fetus (Can A
and Karahuseyinoglu S, 2007). It is an avascular and highly hydrated structure, which
contains significant amounts of hyaluronic acid and some sulfated GAG immobilized
in an insoluble collagen fibril (Valiyaveettil M et al, 2004). The ECM components of
W1/ are also known to be associated with a large number of growth factors like the
insulin growth factor (IGF), the fibroblast growth factor (FGF), and the transforming
growth factor-B (TGF-B), which control cellular proliferation, differentiation,

synthesis, and remodeling of the ECM (Jadalannagari S et al, 2015). Meanwhile,
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researchers detected the Sox-9 and type Il collagen, and found they are positive in
WJ-MSC. Due to the similar extracellular matrix and positive expression of
cartilage-specific genes in WJ-MSC, it is supposed that these cells may be superior to
other stem cells, such as bone marrow stem cells or adipose stem cells (Liu S et al,
2014). Thus, in this work, we have used the Wharton’s jelly mesenchymal stem cells
to be as raw stem cell, which was seeded into hydrogel scaffolds.

2.1.2.1. WIJ-MSC Phenotype

WIJ-MSC can express the surface markers of MSC. It has also been
confirmed by the expression of specific lineage cytoskeletal markers, such as
Vimentin or aSMA (Smooth Muscle Actin) (La Rocca et al, 2009). In general, WJ-MSC
showed lower CD106 and HLA-ABC expression (E/ Omar R et al, 2014) as compared
to bone marrow MSC, whereas expression of CD117, CD146 (Baksh D et al, 2007),
FLK-1 (Vascular Endothelial Growth Factor (VEGF) receptor) or CD44 (hyaluronic acid
receptor) is increased (Weiss ML et al, 2006). Some embryonic pluripotency markers
such as Oct4, Sox2, Nanog, Rex-1, SSEA-1, SSEA-4, Tra-1-60 and Tra-1-80 have been
found at low levels of expression within WJ-MSC (Carlin R et al, 2006; Fong CY et al,
2007), suggesting a more immature profile of these cells as compared with adult
MSC and hence higher potential for differentiation. In addition, Conconi et al had
reported that CD105(+)/CD31(-)/KDR(-) cells from WJ are able not only to
differentiate in vivo towards the myogenic lineage, but also to contribute to the
muscle regenerative process (Conconi M T et al, 2006). In vitro culture, after several
passages, WJ-MSC are able to maintain the length of their telomeres (La Rocca G et
al, 2009), evoking an active telomerase. However, the telomere length is significantly
reduced compared to that observed at the beginning of the culture (Wang Y et al,
2013) after 30 passages. The paracrine activity of WJ-MSC may also result in
secretion of cytokines such as IL-10, TGF-B, VEGF, angiopoietin-1, or chemokines
(CXCL1, CXCL2, CXCL5, Etc.) that promote angiogenesis and intervene in tissue repair

mechanisms (Shohara R et al, 2012).
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2.1.2.2. Immune properties of WJ-MSC

The immune properties of WJ-MSC have been described for the first time
by Weiss et al. in 2008 (Weiss ML et al, 2008). WJ-MSC was reported that it could
inhibit the proliferation of activated T lymphocytes, increase the production of
regulatory T lymphocytes, and appear to inhibit the terminal differentiation of B
lymphocytes into mature antibody-producing cells (McGuirk J P et al, 2011).
However, WJ-MSC do not demonstrate immunogenicity; even though it performed a
low MHC-I level and absence of MHC-Il expression protect them from NK-mediated
lysis (Kalaszczynska et al, 2015; Wang M et al, 2009; Zhou C et al, 2011). The
mechanisms of immuno-privilege are still investigated. Notably, WJ-MSC do not
express class Il HLA antigens (such as HLA-DR), nor co-stimulatory molecules such as
CDA40, CD80, and CD86. High levels of inhibitors of immune response: indoleamine-2,
3-dioxygenase (IDO) and prostaglandin E2 (PGE;) are expressed by these cells. The
upregulation of PGE, has been shown to inhibit T-cell proliferation after co-culture of
MSC with peripheral blood mononuclear cells. IDO is able to inhibit the growth and
function of immune cells by catalyzing the conversion of tryptophan to kynurenine.
Secretion of IDO by MSC has been shown to inhibit allogeneic T-cell responses and
induce kidney allograft tolerance (Jarvinen L et al, 2008; Ge W et al, 2010; Najib E/
Haddad, 2011). On the other hand, WJ-MSC express HLA-G (class | HLA antigen), IL-6
and VEGF: molecules involved in the immunomodulation properties of MSC (Weiss et
al, 2008, La Rocca G et al, 2009). Besides mechanisms described above,
immune-privilege of WJ-MSC depends on immunosuppressive functions mediated by
the wealth of paracrine factors as well as cell-cell contact (Jyothi Prasanna S et al,
2011; Ma S et al, 2014). The question remains if immuno-privilege of allogeneic
WJ-MSC upon differentiation is maintained. La Rocca et al has demonstrated that
immunomodulatory molecules such as HLA-G or TGF-B expressed by
undifferentiated WJ-MSC, which are also found at the level of these same cells after
mesodermal differentiation in vitro. Thus, following the acquisition of a mature
phenotype, cells derived from WJ-MSC retain their immunological properties (La
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Rocca G et al, 2013). Moreover, results published demonstrated that costimulatory
factors (CD40, CD80, and CD86) were not expressed and could not activate T
lymphocytes during the chondrogenic differentiation of human WJ-MSC.
Differentiated WJ-MSC detected high levels of potent inhibitors of immune response
(IDO, HLA-G, and PGE2) (Liu S et al, 2012). So far, it seems that state of

immune-privilege is stable in WJ-MSC upon multidirectional differentiation.

2.2. Scaffolds/Matrices

To choose an appropriate scaffold is an important step in cartilage tissue
engineering. In terms of delivering stem cells for articular cartilage regeneration,
biomaterials should be biocompatible and biodegradable, and allow for cell
adherence and migration (Raghunath J et al, 2007). In addition, biomaterials should
provide the essential signals for the cells to active anabolic activities (Bryant SJ et al,
2003; Awad HA et al, 2004). Numerous materials, both natural and synthetic
biopolymers have been investigated for cartilage application (Figure 17).

Biomaterials

A
| |

Natural materials Synthetic materials

Protein origin materials e Polyglycolide (PGA) (cuiL et al, 2009)
e Collagen (Gémez-Leduc T et al, 2016)
e Gelatin (Ponticiello MS et al, 2000)

e  Fibrin (Almeida H.V et al, 2016)

e Polylactic acid (PLA) (pounchis Js et al, 2000)
e Poly (lactic/glycolic acid) (PLGA) (xue D et al, 2010)

Polysaccharides origin materials
e Agarose (Roach BL et al, 2016)
e Alginate (park H et al, 2017)
e Chitosan (oliveira et al, 2006)
e Hyaluronic acid (Feng Qet al, 2017)

Figure 17: Types of biomaterials used in cartilage tissue engineering.
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2.2.1. Synthetic biopolymers

Synthetic biopolymers including polylactic acid (PLA) (Dounchis JS et al,
2000), poly (lactic/glycolic acid) (PLGA) (Xue D et al, 2010; Uematsu K et al, 2005) and
polyglycolic acid (PGA) (Cui L et al, 2009) have also been commonly used. All of them
have been widely used in bone and cartilage tissue engineering due to their
preferable mechanical properties and amendable degradation rate (Hutmacher DW
et al, 2000). Even though PGA, PLA and PLGA, as the few synthetic materials that
have been investigated for cartilage tissue engineering in vitro and regeneration of
full-thickness cartilage defects in vivo (Freed et al, 1993; Liu Y et al, 2002; Zhou G et
al, 2006), they may require modifications to enhance biocompatibility and bioactivity
(Toh WS et al, 2011; Nooeaid P et al, 2012). For example, Arg—Gly—Asp (RGD)
sequence was used to modify the synthetic biopolymers, which support cell
adhesion and regulate cellular function. But also, their degradation products may
cause inflammation that possibly results in failure of the implant in vivo (Ceonzo K et
al, 2006; Lu L et al, 2001). The physical and chemical properties of synthetic scaffold
can be modified to affect cellular behavior. For example, cell adhesion molecules,
enzymatic degradation sites or growth factor-binding regions can be incorporated
into the synthetic scaffold to mediate cell-specific bioactivities (Rajaram A et al, 2012;

ZhulJetal, 2011).

2.2.2. Natural polymers

Natural materials have been used to produce scaffolds (solids) and
hydrogels for cartilage tissue engineering. Some of the materials, such as alginate
(Park H et al, 2017), hyaluronic acid (Park H et al, 2017; Feng Q et al, 2017), chitosan
(Oliveira et al, 2006), chondroitin sulfate (RAA Muzzarelli et al, 2012), fibrin (Almeida
H.V et al, 2016), type I/Ill collagen and type Il collagen (Gémez-Leduc T et al, 2016),
have been prepared as porous scaffolds or 3D-hydrogels. Among the natural
materials, hyaluronic acid has emerged in the last decade as a promising candidate

for cartilage tissue engineering since it is one of the components of ECM of native
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cartilage, which has a beneficial effect on the proliferation and synthesis activity of
chondrocytes (Yoo HS et al, 2005; Burdick JA et al, 2011; Highley CB et al, 2016). Thus,
many researchers have used hyaluronic acid as scaffold or in combination with other
biopolymers in fabrication of scaffold for cell delivery to treat osteochondral defects
or osteoarthritis (Nehrer S et al, 2009, Collins MN et al, 2013). Recently, many groups
have focused on hydrogels for repairing of articular cartilage damaged such as

alginate, hyaluronic acid, agarose and fibrin.

2.2.3. Hydrogels

Hydrogels are three-dimensional (3D) networks consisting of hydrophilic
polymer chains. There are some remarkable characteristics for it, including tunable
physical, chemical, and biological properties, high biocompatibility, versatility in
fabrication, and similarity to native extracellular matrix (ECM), which can support
growth, multiplication, and differentiation of cells to produce regenerated organ
transplants. So, hydrogels (highly hydrated polymer networks) are typical scaffold
materials and have been widely investigated for cartilage tissue engineering. For
examples, they are capable of retaining large amounts of water which contributes to
their excellent biocompatibility (Van Vliierberghe S et al, 2011); they are easily
prepared and embedded with chondrocytes, which retain their phenotype and
morphology through impregnation (Sechriest V F et al, 2000). They also exhibit
characteristics similar to soft tissues and therefore provide a supportive matrix for
chondrocyte activity and cartilage ECM secretion both in vitro and in vivo (Perka C et
al, 2000; Mouw JK et al, 2005). High efficiency of cell encapsulation and uniform cell
distribution within the hydrogel are advantages that influence the quality of formed
tissue. Hydrogels can be made of a wide variety of biomaterials, including: natural
materials, which may be carbohydrate-based (e.g., alginate, agarose, chitosan,
hyaluronic acid (HA)), protein-based (e.g., fibrin glue, collagen type | and Il, silk)
(Chang CH et al, 2005; Athanasiou KA et al, 2009) or some combination of two

synthetic materials, such as poly (hydroxyethyl methacrylate), polyethylene glycol
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and its derivatives, or poly(vinyl alcohol) (PVA) (Gibas | et al, 2009). Table 2
summarizes the advantages and disadvantages of these main polymers (Puppi D et al,
2010). As we mentioned some advantages of 3D-hydrogels before, it can been as
more realistic models used in the application of cell culture. However, how to guide
the hydrogels to apply for cell culture, so, the sterilization, fabrication, and

characterizations of hydrogel should be considered by us firstly.
Table 2: Advantages and disadvantages of biopolymers used in cartilage tissue engineering (Puppi D

et al, 2010)

Biopolymers Advantages Disadvantages

Low toxicity; Low cost; Recyclable;  Low mechanical stability, thermal and
Natural Cell adhesion(+++); chemical. Infectious risk;
Biodegradability Possible loss of biological properties
during formulation

Low immune ogenicity; Cell

Type | collagen adhesion(+++); Mechanical Rapid biodegradation, cell division
properties; Biocompatibility
Alginate Biocompatibility; Biodegradability; Mechanical stability (--);
Cellular integration; Injectable Difficulty sterilizing; Impurities
Hyaluronic acid Non-immunogenic; Mechanical resistance (-);
Interactions with cells / matrix (++); Tissue formation (--)

Large-scale production (Ferm.bact.)
Hydroxyapatite Biocompatibility; Osteoconductivity; Solubility(--); Formation of crystals
Osteoinductivity
Wide varieties, physical, chemical High cost; Potentially toxic;
Synthetic and mechanical properties (+++); Little data on biological responses

Little immunogenic; Infectious risk

2.2.3.1. Hydrogel sterilization

Hydrogel has to undergo the progress of sterilization before implantation,
which could be used in tissue engineering or drug delivery. For example, Stoppel W L
et al showed the ethanol wash to be an effective sterilization to sterilize the alginate

/Pluronic F68 hydrogel, which results in minimal influence on mechanical properties,
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water content, and eliminates bacterial persistence (Stoppel W L et al, 2013).
Tohfafarosh M et al reported that gamma ray and e-beam could sterilize a novel
hydrogel (Cyborgel), the results exhibited that no significant difference between
them as swelling ratio, mechanical and tribological properties (Tohfafarosh M et al,
2016). Many authors used gamma ray, ethylene oxide, 70% ethanol, e-beam and UV
to sterilize the already formed hydrogels (Karajanagi SS et al, 2011; Kanjickal D et al,
2008). However, the precursor solutions must be sterilized before the formation of
hydrogel for cell encapsulation. Considering if the changing of hydrogel native
properties or not (Huebsch N et al, 2005), the filtering (relatively lower viscous) or
UV irradiation methods can be used to sterilize the solution or dry polymer (Caliari
SR et al, 2016). In addition, Commercial hydrogel kit (eg: Alginate NOVAMATRIX) can

provide the sterilized of hydrogel production.

2.2.3.2. Fabricating hydrogels

Crosslinking in hydrogels occurs physical by noncovalent or chemical by
covalent, by a phase translation of the liquid precursor solutions into solid materials
(Table 3). Various hydrogels have been fabricated for different applications in the
field of biomedical, which depends on the chemical structure and crosslinking
methods. For physical hydrogels, the process of crosslinking is physical. This is
achieved through physical processes such as association, aggregation,
entanglements, electrostatics (hydrogen bonding), and crystallite formation. For
example, divalent cations induce gelation of anionic alginate polymers. On the
contrary, chemical covalent crosslinking of polymers can also be used for a chemical
hydrogel formation. For instance, in order to rapidly form hydrogels, various stimuli
(photo-initiation or redox initiation) can induce the covalent reaction of reactive
groups (such as acrylates, methacrylate or acrylamide) (Omidian H et al, 2012;

Ahmed EM et al, 2015).
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Table 3: Physical and chemical crosslinking of hydrogels

Physical crosslinking

Chemical crosslinking

Hydrophobic association:
isopropyl groups in poly(N-isopropyl
acrylamide); methyl groups in methyl

cellulose; propylene oxide blocks in
(ethylene oxide)—(propylene oxide)—
(ethylene oxide) terpolymers

lon/polymer-polymer complexation:
acrylic-based hydrogels treated with
calcium, aluminum, iron; sodium alginate
treated with calcium and aluminum;
poly(vinyl alcohol) treated with borax

Chain aggregation:
heat treatment of hydrocolloids in water

Hydrogen bonding:
poly(vinyl alcohol)/poly (vinyl alcohol)
chains;

poly(acrylic acid)/ polyacrylamide chains

Covalent crosslinking:
olefinic crosslinkers containing
unsaturated bonds or reactive functional
groups

Simultaneous polymerization and
crosslinking:

Acrylic acid or acrylamide, crosslinked
with methylene bisacrylamide, ethylene
glycol diacrylate, ethylene glycol
dimethacrylate, poly(ethylene glycol
dimethacrylate)

Post-polymerization chemical
crosslinking:
Acrylic-based hydrogel, crosslinked with

glycerin; gelatin cross-linked with
glutaraldehyde; poly(vinyl alcohol)
crosslinked with an aldehyde

2.2.3.3.

Characterization of hydrogel properties

Many people have reported results on the properties of hydrogels

including viscosity, swelling, mechanics, mesh size, and degradation. All of them may

influence the utility of hydrogels for cell culture applications. So it is important to

understand how these characteristics are described and evaluated.

a) Viscosity of gel

It is well known that rheology is the science of the flow and

deformation of liquid or soft solid under the effect of applied force and strain rate.
The viscosity (kinematic or dynamic) which characterizes the viscoelastic or
viscoplastic behaviors is defined as a material’s resistance to deformation for fixed
strain rate amplitude. Thus, the viscosity is a function of strain rate and is

temperature, which provides some information about internal degrees of freedom,
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microstructure and the molecular structure of a polymer (De Kee D et al, 1994).
Notably, viscosity is related to the internal friction, for example, water and honey
have a low and high viscosity respectively. As shown in Figure 18A, fluid’s viscosity
can be defined from the shear stress of the medium between two parallel plates
with a distance, noted y, between these two plates and separated by the
homogeneous medium. The lower plate is fixed, the upper plate is moving
horizontally at constant speed Vg as a force F be applied to the upper plate. In
practice, this experiment is developped using a rotational rheometer with cone-plate
systems. The cone shape produces a smaller gap height closer to inside (the shear on
the sample is constant) (Figure 18B). This instrument is able to measure viscosity as a
function of shear rate (corresponding to constant rotational velocity), which would
be used to infer the molecular weight distribution of a linear polymer and some
information about the level of long-chain branching. It is described by Mark—
Houwink equation: [n] = KM“. The values of the Mark—Houwink parameters, K and

a, depend on the particular polymer-solvent system (Paul Hiemenz C et al, 2007).

( )
Top plate Area = A Velocity = V,
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\. J
- ~
y Bottom Plate
Velocity =0
X
F
Shear stress (Pa) | w——p o =—
A a
n=— Viscosity (Pa.s)
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Page | 51


https://en.wikipedia.org/wiki/Solvent

State of the art

Stress Constant: K; = T

(to convert torque, N-m, to shear stress, Pa.
The radius, r, is expressed in meters)
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Figure 18: (A) Shear flow of fluid between two plates, friction between the fluid and the moving
plates causes the fluid to shear. The force required for this action is a measure of the fluid's viscosity.
(B) Theory of TA Instruments Rheometers. (Rheology theory and applications, TAINSTRUMENTS.COM)

b) Swelling behavior

Another important hydrogel property is swelling, determined as the
amount of space inside the hydrogels network available to accommodate water. The
swelling property of hydrogel is associated with many factors such as network
parameters, porosity, and drying techniques, which directly reflect the hydrophilicity
and crosslinking density of hydrogels, as well as stiffer networks typically exhibiting
lower swelling (Ganji F et al, 2010; Lee K Y et al, 2000). A very high swelling hydrogels
can offer greater swelling but may have inferior mechanical properties. So, the
swelling properties not only can be used as an indicator of bath to batch variations,
but also help understand if the hydrogel mechanics are changing over time (Caliari
SR et al, 2016). In addition, a hydrogel is made up of a polymer and water. The final
swelling properties of the hydrogels are also determined by the composition ratio of
polymer to water as seen in Figure 19. To measure the swelling ratio of hydrogels,
allowing the hydrogels to reach equilibrium swelling. Wiped with filter paper to
remove excess solvent and weighed to obtain the wet weight (M,,). The hydrogel is

then dried and to weight (M) again. The volumetric swelling ratio (Q.) is typically
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calculated using the following equation (Li X M, et al, 2016): Qy = (W, —W,)/W, x
100 %.

Low swelling High swelling

Solid content Water content

Figure 19: Swelling properties of hydrogels. A low- or a high-swelling hydrogels is characterized by a
high or low-polymer/water ratio, respectively. (Raphael M. Ottenbrite, Biomedical Application of
Hydrogel Handbooks, 2010, DOI 10.1007/978-1-4419-5919-5)

¢) Mechanical properties

The mechanical property of hydrogels has been recognized as
fundamentally important for biomedical application especially because they have
significant effects on cell behavior. Many studies have dealt with
mechanotransduction for several decades now. The conversion of mechanical
signaling from the microenvironment into biochemical signaling in terms of alerting
cells behavior such as spreading, migration, and stem cell differentiation has been
recently identified (Ingber DE et al, 2006, Brand! F et al, 2007; Kloxin AM et al, 2010).
The measurements of hydrogel mechanical properties are typically extracted from
tensile (a), compressive (b), confined compression (c), indentation (d), shear
rheometry (e) and dynamic mechanical testing (f) as showed on Figure 20 (Oyen ML
et al, 2014). Generally, tensile testing consists in applying a tensile strain rate to
strips of material held between two grips which is particularly difficult to use for

hydrogels. Compression test is another method that has previously been used for
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this kind of biomaterials, but there are also some specific limitations as difficulty in
applying pressure uniformly and bulging of the hydrogel under compression. Even
though a number of studies have used compression or tensile testing to evaluate the
mechanical properties of hydrogels, these methods could not allow non-destructive
monitoring of the hydrogel under cells culture conditions. In other words, few
methods can be used to measure the mechanical properties of cell-seed hydrogels.
In recent years, indentation method (at the nano, micro or macro levels) has been
widely used to characterize the mechanical properties of 3D-hydrogels (Marc Farine,
2013). It is well suited for examining minimal sample as well as is suitable for
examining cell-seeded hydrogels under the cell culture condition. For examples, at
the large (mm) or small (nm to um) length scales of hydrogels were characterized by
indentation tests. This has several advantages as it is quite simple and
straight-forward; the shear modulus and diffusivity of hydrogel can be extracted
directly; the tests measures solvent transport through the lateral dimensions of the
thin hydrogel as opposed to the through-thickness dimensions (Ahearne M et al,
2008).

For indentation testing, an indenter is brought into contact with the
hydrogel surface, pressed into it with a predetermined displacement depth, the
force being recorded (Figure 21a). During the testing, the hydrogel will undergo a
stress-relaxation process (Figure 21b). Actually, this relaxation processes includes
viscoelastic and poroelastic relaxation. The former is associated with conformational
changes of the polymer chain due to the applied deformation. The latter is related
with the transport of water molecules out of the region of hydrogel under
deformation as defined by the contact area ra’ (Figure 21a) (Chan EP et al, 2011). In
terms of this indentation, a corresponding load develops that is defined by the
hydrogel tangent stiffness. Therefore, it has ability to assay the mechanical

properties of hydrogel at multiple length scales.
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Figure 20: Different types of mechanical testing used for measuring hydrogel mechanical properties.

(a) tension; (b) compression; (c) confined compression; (d) indentation; (e) shear rheometry; (f)

dynamic mechanical analysis (DMA), illustrated here for three-point bending (Oyen ML et al, 2014)

substrate
solvent reservoir

Figure 21: (a) An indenter is brought into contact with the hydrogel surface in a water environment;
(b) At the fixed displacement (8) results in a relaxation in load (P) as a function of a relaxation time ().
(Chan EP et al, 2011)
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d) Mesh size

The porosity of hydrogels is typically on the nanometer scale and can
influence nutrient flux throughout the matrix. The distribution of pore size is
correlated to the swelling behavior and mechanical properties of hydrogels, since
lower swelling and higher modulus indicate a smaller mesh size (Collins MN et al,
2008; Rennerfeldt DA et al, 2013; Marmorat C et al, 2016). Scanning electron
microscopy (SEM), mercury porositometry, liquid intrusion, and image analysis are
commonly used to assess to the porous hydrogel microstructure. However, these
techniques are innate shortcomings for this application since the sample must be
dried before analysis, which alters the native structure of hydrogel. For example,
Kirchhof et al reported that the mesh size of the prepared hydrogels was determined
by swelling studies, rheology, and low field NMR spectroscopy (Kirchhof S et al,
2015). The mesh size of step-growth hydrogels can also be estimated using
theoretical approaches.

e) Degradation

The degradability of hydrogels being the essential factors, when
implanted / rejected into the body might exhibit long-term physiological and
psychological damage. Moreover, hydrogel degradation can result in the change of
the mechanical properties and swelling over time, which furtherly affect cells
behavior such as motility and spreading (Khetan S et al, 2013). For examples, Ashton
RS used the neural progenitor cells (NPCs) to seed into alginate-based hydrogel in
order to observe the proliferation property. The results shown that the modified
alginate hydrogel with degradable property have significantly stimulated NPCs
proliferation compared to alginate standard (Ashton R S et al, 2007). Different types
of hydrogels possess the degradation ability depends on the goal of the study. There
are two kinds of typical mechanisms for hydrogel to degrade being hydrolytic or
enzymatic. To be precise, hydrolysis occurs throughout the entire hydrogel and
enzymatic degradation is local to the presented enzyme. One study synthesized the
PEG-based photodegradable hydrogel with a good spreading for hMSCs that degrade
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in response to cells-secreted matrix metalloproteinase (Kloxin A M et al, 2010). In
general, controling the rate of hydrolysis can be done through altering the polymer
concentration or the crosslinking density during hydrogel fabrication. More
advanced hydrogels used ultraviolet (UV) light as external triggers to control

degradation (Kloxin A M, 2009).

2.2.4. Selecting an alginate-based hydrogel for CTE

Alginate (Alg) is unbranched polysaccharide derived from brown seaweed or
bacteria, It is composed of a repeating disaccharide of (1-4)-linked b-D-mannuronic
acid (M) and its C-5 epimer a-L-guluronic acid (G) (Figure 22a). Typically, the blocks
are composed of three different forms of polymer segments: consecutive G residues,
consecutive M residues and alternating MG residues (Sun J et al, 2013; Pawar SN et
al, 2012). According to their gelation mechanisms, alginate hydrogels can be
classified into physical and covalent gels, obtained by methods including ionic
interaction, phase transition, cell-crosslinking and free radical polymerization to
prepare the alginate hydrogels (Tan H et al, 2010). In general, to chelate with
divalent cations (Mg2+, Ca®") is the easiest way to prepare alginate hydrogels from

an aqueous solution under gentle conditions (Figure 22b) (Reis CP et al, 2006).
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Figure 22: (a) Chemical structure of alginate; (b) Mechanism of ionic interaction between alginate and
divalent cations. (Reis CP et al, 2006)

This polymer can be used a reference model to study cell morphology, synthesis of
proteoglycans and collagens, but also mechanobiology of articular chondrocytes.
Although sodium alginate is not a natural component of the extracellular matrix, it

has a structure similar to that of cartilage glycosaminoglycan (Wang X et al, 2009).
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Several studies have already shown that alginate hydrogels constitute
three-dimensional culture models relevant for inducing chondrogenesis of MSCs (Ma
HL et al, 2003, Tritz-Schiavi J et al, 2010). Immobilizing cells with chondrogenic
potential in an alginate hydrogel has shown that neocartilage can be formed by
mesenchymal stem cells (Oldergy M @, 2014). Wang et al. prepared an organized 3D
alginate microsphere scaffold using a microfluidic device, which was effective for
chondrocyte culture in vitro (Wang CC et al, 2011). Interestingly, alginate pre-culture
has been used to form scaffold-free in vitro constructs using zonal chondrocytes that
maintained stratification and zonal function (Klein TJ et al, 2003). However, alginate
disadvantages are a low mechanical rigidity (mean viscoelastic properties) and a low
degradation rate.

Hyaluronic acid (HA) is one of the major ECM components of articular cartilage
and is composed of B-1, 4-D-glucuronic acid-B-1, 3-N-acetyl-D-glucosamine residues.
It is found throughout the body including articular hyaline cartilage and other
connective tissues as well as synovial fluid (Clegg TE et al 2013) (Figure 23), in which
it plays an important role in the resistance to compression of the cartilage for fixing

PG.

Glucuronic acid N-acetyl-glucosamine

Figure 23: Chemical structure of hyaluronic acid. (Clegg TE et al 2013)

HA offers many advantages as a tissue scaffold which include: (a) Biodegradability
and biocompatibility; (b) HA is a major intracellular component of connective tissues
where it plays an important role in lubrication, cell differentiation and cell growth.
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These functions can be transferred to the scaffold; (c) HA contains functional groups
(carboxylic acids and alcohols) along its backbone that can be used to introduce
functional domains or to form a hydrogel by crosslinking (eg: alginate); (d) Due to its
ability to maintain a hydrated environment conducive for cell infiltration, HA-based
hydrogels are ideal as wound grafts to treat chronic wounds or wounds in patients
with impaired healing such as diabetic patients; (e) HA can be part of a new kind of
tissue engineering scaffold that is bioactive both in its full length and in the degraded
form. More recently, Hyaluronic acid has been broadly and consistently used for
cartilage regeneration (Kim IL et al, 2011) due to its intrinsic viscoelasticity and
CD44-specific interactions with chondrocytes (Volpi N et al, 2009; Knudson CB et al,
2004).

Hydroxyapatite (Hap) is the major components of bone matrix- a very complex
tissue with general formula Cajp (OH), (PO4)s. Hap as a bone substitute and/or
replacement in biomedical applications due to its biocompatibility, slow
biodegradability in situ, and good osteoconductive and osteoinductive capabilities
(Zhou H et al, 2011). For example, Poinern GE et al. showed that Hap exhibits
excellent biocompatibility with soft tissues such as skin, muscle and gums (Poinern
GE et al, 2009). Thorpe a et al reported that hydroxyapatite nanoparticle injectable
hydrogel scaffold support osteogenic differentiation of human mesenchymal stem
cells (Thorpe AA et al, et al 2016). Here, we are concern with the buildup of
Alg/HA-Alg/Hap hydrogel scaffolds for reconstructing biological tissue with three
dimensional cells construction for mimicking cartilage architecture. This study aims
to compare the characteristics of Alg/HA hydrogels which will mimic cartilage and

Alg/Hap hydrogels which will mimic subchondral bone.

Page | 59


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20IL%5BAuthor%5D&cauthor=true&cauthor_uid=21903262
http://shura.shu.ac.uk/13411/
http://shura.shu.ac.uk/13411/
http://shura.shu.ac.uk/13411/

State of the art

3. Influence of the mechanical properties of hydrogel on cell behavior

There are complex relationships between hydrogels and stem cells. The
understanding of the effects and how certain factors can impact the hydrogels ability
to regulate the stem cell fact turns to be necessary. The mechanical interactions
between cells and extracellular matrix can be considered as symbiotic. In other
words, the hydrogel stiffness has also affected the ability of cells to remodel their
surrounding matrix, to regulate intracellular processes through the mechanical,
structural and chemical properties of these surrounding’s matrix. Generally, hydrogel
matrix stiffness can be controlled by the polymer concentration and crosslink density,
which can be increased by increasing the concentrations of the crosslinker (Lin S et al,
2011). In addition, the incorporation of hydrophobic domains, nanoclays sacrificial
chains, ionic crosslinkers (Haraguchi K et al, 2002; Gong J P et al, 2003; Sun J Y et al,
2012) into hydrogel can also improve the mechanical properties of matrix. In vitro
studies, hydrogel matrix stiffness plays an important role in the regulation stem cell
fate such as adhesion, cytoskeleton, migration, differentiation and mobility (Lo CM et
al, 2000; Pelham RJ et al, 1997; Peyton SR et al, 2005; Engler AJ et al, 2006). The
effect of matrix stiffness on phenotype behavior of cells is noticeable (Wozniak MA
et al, 2009). In 2D culture, for example, mesenchymal stem cells have demonstrated
an increase in proliferation and cell spreading when cultured on stiff hydrogels is
compared with softer hydrogels (Marklein RA et al, 2010). HMSCs were cultured on
hydrogels with an elastic modulus (E) ranging from 0.1-1 kPa underwent
neurogenesis, while those cultured on stiffer hydrogels of modulus ranging from 8-
17 kPa and 25-40 kPa underwent myogenesis and osteogenesis, respectively (Engler
AJ et al, 2006) (Figure 24). These findings show that the stiffness of the hydrogels has
influenced specifically the different cell types. In 3D culture, for example, one study
demonstrated that stress-stiffening-mediated control of hMSCs differentiation in
polyisocyanopeptide-based hydrogel (Das RK et al, 2016). This could be widely used

to study the tractive stresses generated by encapsulated hMSCs, as high/low tractive
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stresses of cells supported their osteogenic and adipogenic differentiation,
respectively. Cells respond to hydrogel matrix stiffness through exerting traction
forces, which are associated with the cytoskeleton. Changing of cytoskeleton tension
resulted in trigger various signaling cascades such as RhoA signaling (McBeath R et al,
2004), which can influence the differentiation characters of MSCs through the
adjustment of RhoA signaling expression. In addition, to adjust the elasticity of
matrix was also widely reported by researchers. For instance, Stowers et al.
fabricated that a 3D alginate hydrogels embedded with light-sensitive liposomes,
which used light-triggered and spatially-controlled stiffness of hydrogel. Guvendiran
et al. have created the methacrylated hyaluronic acid hydrogels with dynamic
subtract stiffening by using of photo-polymerization. The encapsulated hMSCs
increased in response to an increase of hydrogel’s stiffness within 4h. Additionally,

hMSCs differentiated into different cell types depending on the time where they

were cultured in either soft or stiff hydrogels (Gonzdlez-Diaz EC et al, 2016).

 8-17kPa_ 2540 kPa

0.1 -1 kPa

=
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Figure 24: Adhesion of MSCs in various stiffness of hydrogel substrate. (Engler AJ et al, 2006). Scale
bar=20m
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Objectives of the thesis

This work is in line with the theme of cartilage engineering and continues the
work initiated by Jessica Tritz-Schiavi (2008-2011) and Loic Reppel (2011-2014).

The purpose of Jessica Tritz-Schavi’s work was to build up layer-by-layer a
stratified hydrogel by alternating gels and multilayers polyelectrolytes film spraying,
in order to obtain a neotissu in vitro to fill osteochondral defects. These stratified
hydrogels were composed by an upper layer with an Alg/HA hydrogel to mimic
cartilage tissue and a deeper layer composed of Alg/Hap hydrogel to mimic
osteochondral tissue.

Loic Reppel’s work consisted in characterizing WJ-MSC and optimizing their
culture conditions for their subsequent clinical use. The second phase of his project
was to induce cell differentiation into chondrocytes by seeding them in
Alginate/Hyaluronic Acid hydrogel scaffold and to compare the chondrogenic
differentiation with bone marrow MSC.

Our objective is to investigate the behavior of WJ-MSC seeded into scaffolds
used in multiphase biomaterial (Alg/HA and Alg/Hap) and to study the relationships
between the physico-chemical properties of hydrogels and cell behavior to improve

their differentiation.

™
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stratified scaffold: Potentiality of
application for WIJ-MSC in cartilage
cartilage engineering engineering
(J. Tritz-Schiavi) (L. Reppel)
" / e —
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For that, after characterizing WJ-MSC used in this work:

4 First, we will evaluate the general behavior of WJ-MSC in Alg/HA and Alg/HAP
hydrogel;

4 In a second part, we will investigate the impact of different sterilization
treatments (autoclaving, UV) on the physicochemical properties of Alg/HA
and Alg/HAP hydrogels as well as their impact on the behavior of MSC
(viability and differentiation). We could retain a sterilization process which
preserves the physico-chemical properties of hydrogels to continue our work;

4+ Lastly, we will study the evolution of the mechanical behavior of hydrogels
during chondrocyte differentiation as well as their impact on the behavior of
MSC (differentiation and immunomodulation properties). We will also be
interested in the inter-correlation between mechanical properties, biological

properties and immunological properties.
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I. Characteristics of monolayer cells (WJMSC-A, B C)

This work was carried out during my first year of university thesis. The aim was to
study the harvested characteristics of Wharton’s jelly derived from human umbilical
cord by using explant method.

Methods:

Umbilical cords (UC) were collected by the Regional Maternity of Nancy (CHRU,
Brabois) after the mothers’ informed consent and complied with national legislation
regarding human samples collection, manipulation and personal data protection
between 2013 and 2014. The transfer of the UC to the laboratory is governed by an
agreement signed between the Faculty of Medicine, Maternity and the CHRU of
Nancy. At the same time, they are still considered operational waste.

Here, we had used the Wharton’s jelly mesenchymal stem cell from three kinds of
human umbilical cords, and they have been named as MSC-A, MSC-B and MSC-C,
respectively. Cells were extracted by explant method previously described by Reppel
et al (Reppel et al, 2014). MSC were incubated at 37°C under a humidified
atmosphere with 5% CO,, 5% O, and cultivated up to the third passage before
characterization. To perform phenotypic analysis of extracted WJ-MSC (A, B, C) from
UG, cells were incubated with fluorescein isothiocyanate (FITC) or phycoerythrin (PE)
conjugated mouse anti-human antibodies CD34-PE, CD45-FITC, HLA-DR-FITC,
CD73-PE, CD44-FITC, CD105-PE and CD166-PE (Beckman Coulter, Brea, CA) for 30
min. at room temperature before analyses by Gallios flow cytometer (Beckman
Coulter, Brea, CA). Cell viability but also formations of colony-forming-unit fibroblast
(CFU-F) and senescene were investigated respectively by flow cytometry using
AnnexinV and Propidium lodure (PI), Cristal Violet and "Senescence B-Galactosidase
staining kit "(CELL SIGNALING). To detect CFU, the cells were, first, seeded into a

six-well plate (10cells/cm?). After 10 days, they were washed with PBS, stained with

Page | 64



Results

Cristal Violet solution and rinsed with water several times. Data expressed as total
colony number per 100 cells.

Results and conclusions:

Owing to the plastic adhesion properties of cells are not sufficient to characterize the
mesenchymal stem cells. As no MSC-specific markers have been identified, their
characterization is performed by the detection or the absence of detection of certain
receptors. Our results have shown that, at the end of passage 3 (P3), the cultivated
cell possess a CD90", CD44", CD73", CD105", CD166", CD34", CD45 and HLR-DR
phenotype (Figure 25A and B). It appears that the specific receptors of the
hematopoietic cells (CD34 and CD45) are absent from the surface of the cultured
cells. And an absence of expression of HLA-DR was also observed. In contrast, cells
express the CD90, CD44, CD73, CD105 and CD166 receptors. In addition, the average
percentage of viable, apoptotic and necrotic of WJ-MSC are 98.4 £ 0.4, 1.2 + 0.5 and
0.1 + 0.1, respectively (C). It means that cell extraction from plastic surface by
enzymatic digestion does not interfere on viability. Then, when cells were
encapsulated into hydrogel, they were considered alive. The proliferation potential
of WJ-MSC was evaluated from clonogenic capacity through CFU-F number (Figure
26A and B). Lastly, SA-B-gal was used to examine the presence of senescence in
WJ-MSC A, B and C. Whatever the source of MSC, the percentage of senescent cells
is less than six percent and there is no significant difference between the
percentages of senescent cells in each group of MSC (p > 0.05) (Figure 27). These
results have provided a basic reference of the extracted WJ-MSC which can be used

in alginate hydrogel in the other parts of our work.
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Figure 25: Immunophenotypic analysis of WJ-MSC (A, B and C) by flow cytometry during monolayer
expansion. (A): Percentage of mesenchymal markers for WJ-MSC; (B): Expression of the CD90, CD44,
CD73, CD105 and CD166 markers on the surface of WJ-MSCs; CD34, CD45 and HLA-DR markers are
negative; (C): Viability analysis of WJ-MSC (A, B and C) by flow cytometry during monolayer

expansion.
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Figure 26: (A) Clonogenic capacity evaluated by CFU-F numbers (“p < 0.01, MSC-A vs MSC-B);
Representative images of CFU-F (B).
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Figure 27: The senescence test was performed at passage 3 for each group of MSCs: the percentage
of senescence cell (MSC-A, B and C).
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Il. Comparison of MSC properties in two different hydrogels

ARTICLE 1:

Comparison of MSC properties in two different hydrogels. Impact of mechanical
properties

Hao Yu, Ghislaine Cauchois, Nicolas Louvet, Yun Chen, Rachid Rahouad], Céline
Huselstein.

Bio-Medical Materials and Engineering, 2017, 28(51): $193-5200.

Once articular cartilage is damaged, it has poor ability to heal. At present,
alginate-based hydrogels have 3D-dimensional physical structures with great
potential for applications in cartilage tissue engineering. For osteochondral defect, it
will be necessary to use stratified scaffold to mimic zonal organization of cartilage.
This study aims to compare the characteristics of alginate (Alg)/hyaluronic acid (HA)
hydrogels which will mimic cartilage with alginate (Alg)/hydroxyapatite (Hap)
hydrogels which will mimic subchondral bone.

Methods:
The methods of viscosity, mechanical behavior, cell viability/proliferation and
histochemical staining were used to character the Alg/HA and Alg/Hap hydrogel.

Results and conclusions:

Through the analysis of cell viability and proliferation, the percentage of living cells in
Alg/Hap hydrogel is significant higher than in Alg/HA one, which is also associated
with the results of shear viscosity. Moreover, under the processing of autoclaving, it
has a negative influence on the viscosity behavior and mechanical properties of
Alg/HA and Alg/Hap hydrogels. In addition, when WJ-MSCs-laden hydrogels were
cultured in a chondrogenic differentiation medium after 30 days, both hydrogels
exhibited an extracellular matrix containing collagen and proteoglycans. In
conclusion, Alg/Hap hydrogels presented good mechanical properties and

cytocompatibility as compared with Alg/HA hydrogels.
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Abstract. Once articular cartilage is damaged, it has poor ability to heal. At present, alginate-based hydrogels have 3D-
dimensional physical structures with great potential for applications in carilage tissue engineering. For osteochondral defect, it
will be necessary to use stratified scaffold to mimic zonal organization of cartilage. This study aims to compare the character-
istics of alginate (Alg)/hyaluronic acid (HA) hydrogels which will mimic cartilage with alginate (Alg)/hydroxyapatite (Hap)
hydrogels which will mimic subchondral bone. In this work, we fabricated the 3D-Alg/HA and Alg/Hap hydrogel scaffolds by
the original spraying method. From the physical-mechanical properties, we compared mechanical behaviour of Alg/HA and,
Alg/Hap hydrogel scaffolds, which were examined using indentation testing and viscosity behaviour. This results showed that
the Alg/Hap hydrogels exhibited a relative high mechanical strength, as well as the viscosity of Alg/Hap hydrogels is slight
slower than Alg/HA hydrogels. However, autoclaving has more deleterious effect on the mechanical and viscosity properties
of Alg/HA and Alg/Hap hydrogels. Cytotoxicity was evaluated through the culture of hydrogel beads-laden Wharton’s jelly
mesenchymal stem cells (WIJ-MSC). In addition, the chondrogenic differentiation of WJ-MSC encapsulated into Alg/HA and
Alg/Hap hydrogels were performed by histological analyzing during 30 days of culture. From these results, the percentage of
living cells for Alg/Hap is significantly higher than Alg/HA, which also is associated with the results of shear viscosity. Both
of hydrogels exhibited differentiate into chondrocyte matrix as collagen and proteoglycans. In conclusion, Alg/Hap hydrogels
presented better mechanical property, cytocompatibility and differentiation characteristics than Alg/HA hydrogels.

Keywords: Alginate, hyaluronic acid, hydroxyapatite, Wharton’s jelly mesenchymal stem cells, mechanical properties

1. Introduction

Alginate (Alg) is derived from brown seaweed and bacteria, and it is a family of linear co-
polysaccharides composed of a-L-guluronic acid (G) and A-D-mannuronic acid (M) units [1]. Alginate

*Corresponding author. E-mail: celine.huselstein @univ-lorraine. fr.
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hydrogel can be widely used as scaffolds for tissue engineering, cell delivery, drug, protein immobiliza-
tion, protein/enzyme and bone/cartilage tissue engineering, due to its have biocompatibility, biodegrad-
ability and non-antigenicity [2,3]. For bone or cartilage tissue engineering, alginate is generally com-
bined with others polymers as calcium phosphate [4], Poly(y-glutamic Acid) [5], chitosan [6], collagen
[7], gelatin [4,8], hydroxyapatite (Hap) [7] and hyaluronic acid (HA) [9], to form composite hydrogels.
All of them are used as matrix not only to support cell encapsulation and culture, but also to support
the cell phenotype and synthesis of matrix-specific macromolecules (cartilage: collagen and proteogly-
cans; bone: alkaline phosphatase and osteocalcin). Hyaluronic acid, a type of glycosaminoglycuronan,
is a linear, high molecular weight polysaccharide consisting of 8-D-glucuronic acid and 2-acetamido-2-
deoxy-pB-D-glucose units, which is a natural component of native cartilage and it can also supports and
promotes the chondrogenic differentiation of MSC [9,10]. Hydroxyapatite (Hap, Ca;o(PO4)s(OH),), the
major inorganic component of bone and tooth, is native to the human body. It is well known that the
incorporation of Hap nanoparticles into hydrogels can modulate the mechanical properties of the hydro-
gel scaffolds [11]. However, we do not possess any element of comparison of mechanical properties of
Alg/HA and Alg/Hap hydrogels. In our work, we fabricated the Alg/HA and Alg/Hap hydrogel scaf-
folds, then compared Alg/HA hydrogel with Alg/Hap hydrogel through analysis the cytocompatibility,
mechanical properties and differentiation characteristic.

2. Material and methods
2.1. Preparation of gelling

Two kinds of mixture powder (1.5% (m/v) alginate (medium viscosity, Sigma-Aldrich, France) and
hyaluronic acid (Acros organics, USA) at the ratio of 4:1; 1.5% (m/v) alginate and hydroxyapatite (Sci-
ence Applications Industries, Lyon, France) at the ratio of (19:1)) were sterilized by autoclaving. Then,
both of them were homogeneously dissolved in 0.9% sodium chloride (Merck, Germany) to form gel
solution (Alg/HA and Alg/Hap) with or without cells by constant stirring in a sterile glass tube. (Without
any treatments for the powder, as to be control.)

2.2. Preparation of Alg/HA, Alg/Hap hydrogel scaffolds for mechanical testing

Scaffolds were fabricated by the spraying method which was previously described with cells [12,13].
The spraying system is composed of an airbrush working with a compressor [14]. The spraying bottle
containing the gel solution was connected to the airbrush, and then solution was sprayed on a sterile
glass plate with the spraying pressure is equal to 0.9 bar, which was quickly and horizontally putted into
a bath of 102 mM CaCl, for 10 minutes, forming the 3D-Alg/HA or 3D-Alg/Hap hydrogel scaffold. And
then scaffolds were washed two times with a 0.9% NaCl solution. These scaffold without cells were kept
in 1 mM of CaCl, at room temperature before mechanical testing.

2.3. Expansion in monolayer and differentiation into scaffold of MSC

Wharton’s jelly mesenchymal stem cells (WJ-MSC) were isolated by the explant methods from the
umbilical cord as previously described [15]. Briefly, human umbilical cords were collected after patents’
informed consent which was regarded as surgical waste, as well as on the basis of the guidelines for the
care and use of an ethic committee of Nancy Hospital. Umbilical cords were washed with 70% ethanol
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promotes the chondrogenic differentiation of MSC [9,10]. Hydroxyapatite (Hap, Ca;o(POg4)s(OH),), the
major inorganic component of bone and tooth, is native to the human body. It is well known that the
incorporation of Hap nanoparticles into hydrogels can modulate the mechanical properties of the hydro-
gel scaffolds [11]. However, we do not possess any element of comparison of mechanical properties of
Alg/HA and Alg/Hap hydrogels. In our work, we fabricated the Alg/HA and Alg/Hap hydrogel scaf-
folds, then compared Alg/HA hydrogel with Alg/Hap hydrogel through analysis the cytocompatibility,
mechanical properties and differentiation characteristic.

2. Material and methods
2.1. Preparation of gelling

Two kinds of mixture powder (1.5% (m/v) alginate (medium viscosity, Sigma-Aldrich, France) and
hyaluronic acid (Acros organics, USA) at the ratio of 4:1; 1.5% (m/v) alginate and hydroxyapatite (Sci-
ence Applications Industries, Lyon, France) at the ratio of (19:1)) were sterilized by autoclaving. Then,
both of them were homogeneously dissolved in 0.9% sodium chloride (Merck, Germany) to form gel
solution (Alg/HA and Alg/Hap) with or without cells by constant stirring in a sterile glass tube. (Without
any treatments for the powder, as to be control.)

2.2. Preparation of Alg/HA, Alg/Hap hydrogel scaffolds for mechanical testing

Scaffolds were fabricated by the spraying method which was previously described with cells [12,13].
The spraying system is composed of an airbrush working with a compressor [14]. The spraying bottle
containing the gel solution was connected to the airbrush, and then solution was sprayed on a sterile
glass plate with the spraying pressure is equal to 0.9 bar, which was quickly and horizontally putted into
a bath of 102 mM CaCl, for 10 minutes, forming the 3D-Alg/HA or 3D-Alg/Hap hydrogel scaffold. And
then scaffolds were washed two times with a 0.9% NaCl solution. These scaffold without cells were kept
in 1 mM of CaCl, at room temperature before mechanical testing.

2.3. Expansion in monolayer and differentiation into scaffold of MSC

Wharton’s jelly mesenchymal stem cells (WJ-MSC) were isolated by the explant methods from the
umbilical cord as previously described [15]. Briefly, human umbilical cords were collected after patents’
informed consent which was regarded as surgical waste, as well as on the basis of the guidelines for the
care and use of an ethic committee of Nancy Hospital. Umbilical cords were washed with 70% ethanol
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and Hanks’ balanced salt solution (HBSS). The umbilical cord vessels were removed and Wharton’s jelly
aseptically cut into very small pieces which were cultured in a six-well plate with complete medium (Al-
pha Modified Eagle Medium, «-MEM, Lonza, belgium) with 10% Fetal bovine serum (Sigma-Aldrich,
France), 100 IU/mL penicillin (Gibco, France), 100 pg/mL streptomycin (Gibco, France), 2 mM L-
glucose (Sigma-Aldrich, France), and 2.5 g/mL amphotericin B (Gibco, France). They were incubated
at 37°C in 5% CO,, 5% O, incubator. After 7 days, Wharton’s jelly pieces were taken out, the cul-
ture medium was changed and the culture was maintained until cell subconfluence reached 80%. After
2 weeks, WI-MSC were harvested with 0.25% Trypsin-EDTA (Sigma-Aldrich, France). Media were
changed three times weekly and grown up to the third passage. For viability, proliferation and histo-
logical analysis, WJ-MSC were encapsulated into Alg/HA and/or Alg/Hap hydrogel beads, manufac-
tured as previously described [16]. These beads were cultivated in 6-well plates with induced chondro-
genic culture medium which contained DMEM-high glucose (Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, 100 pug/mL streptomycin,
2.5 pg/mL amphotericin B, 1 mM CaCl,, 0.1 M dexamethasone (Sigma-Aldrich, France), 50 pg/mL
ascorbate-2-phosphate (Sigma-Aldrich, France), 100 pg/mL sodium pyruvate (Sigma-Aldrich, France),
and 40 pg/mL L-proline (Sigma-Aldrich, France). Scaffolds were incubated at 37°C in a humidified in-
cubator with 5% CO;, 5% O, for 30 days. The differentiation medium was changed three times weekly.

2.4. Viscosity characterization

The preparation of Alg/HA and Alg/Hap gel was manufactured as previously described, shear viscos-
ity of the gels have been measured after autoclaving by using a rheometer DHR-3 (TA Instrument) with a
parallel plate. Sample was sheared in between a cone and a plate geometry (diameter = 40 mm, angle =
2°) mounted on a controlled stress rheometer DHR-3 at a temperature of 20°C. In order to measure the
steady-state shear viscosity we performed the following protocol: shear rate & (s~!) was increased step
by step from 0.1 to 100 s~ with a maximum time of 180 s at each shearing point and the shear stress
t (Pa) has been recorded. This protocol ensures that transients have disappeared. The shear viscosity
(Pa. s™!) is defined by the ratio between the shear stress and shear rate: n = /¢ [17].

2.5. Spherical indentation testing

The mechanical behavior of 3D-Alg/HA and Alg/Hap hydrogel scaffolds were characterized by using
the spherical indentation method. The tests were performed on a Zwick/Roll machine, with 5.5 mm
diameter steel sphere. The indenter was pressed into the surface of the hydrogel scaffold at different
velocities varying from 0.25, 1, 2.5 and 5 mm/min; three force-displacement curves were obtained for
all velocities and scaffolds. The characteristics of hydrogel scaffolds had been evidenced using the force
response corresponding to an indenter displacement of 0.35 mm for all specimens whose thickness were
between 2 and 3 mm at the same time, it has been clearly shown that the gel exhibits a well-known
viscoelastic mechanical behavior.

2.6. Cell proliferation by Alamar Blue® test

The proliferation of encapsulated cells in the Alg/HA and Alg/Hap hydrogel beads were evaluated
by using the Alamar Blue™ assay Kit (Thermo scientific, France) for 3, 5, 10, 20 and 30 days. The
samples were washed twice with PBS in culture plate, and incubated with Alamar Blue solution (10%
v/v of DMEM without phenol red) for 4 hours at 37°C in a humidified incubator with 5% CO3, 5% O,.
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The fluorescence of reduced Alamar Blue in the solution was determined using a spectrophotometer at
wavelengths of 570 nm excitation and 600 nm emission. To calculate the percentage reduction of Alamar
Blue™ as following equation:

(OD3570controny X 155,677) — (OD600 conirony X 14,652)

100
(OD570¢sampte) X 117,216) — (OD600(sampie) X 80,586)

% reduction =

2.7. Cell viability assessment

The viability of encapsulated cells were analyzed by flow cytometry using the Annexin-V/propidium
iodide (PI) kit (Life technologies, France). Cells were extracted from Alg/HA and Alg/Hap hydrogel
beads using 55 mM sodium citrate (Sigma-Aldrich, France) and 50 mM EDTA solution (Merck, Darm-
stadt, Germany) after 3, 5, 10, 20 and 30 days of culture. After centrifugation (320 g, 5 min), cells
were suspended in 100 pL of 1x Annexin-liant buffer with 2.5 1. Annexin V-Alexa 488 and 1 uL PI
(100 pg/mL) for 15 minutes at the room temperature. After incubation, 200 uL 1x Annexin V buffer
were added to each sample. Then, cells were analyzed by measuring fluorescence emission at 530 nm
and 575 nm, respectively, for Alexa 488 (apoptotic cells) and PI (necrotic cells) with a Gallios flow
cytometer (Beckman Coulter, Brea, CA, USA).

2.8. Histochemical staining

Matrix synthesis was evaluated by histology. After 30 days of chondrogenic differentiation, Alg/HA
and Alg/Hap hydrogel beads were fixed in 4% paraformaldehyde (Sigma), 100 mM sodium cacodylate
(Sigma) and 10 mM CaCl2 (Sigma) solution (pH 7.4) for 4 hours and then washed overnight in 100 mM
sodium cacodylate and 50 mM BaCl2 (Sigma) buffer (pH 7.4). The hydrogel beads were dehydrated,
embedded in paraffin blocks, cut into 5 pm thick sections and mounted onto glass slides. For histological
analysis, total collagen and proteoglycans were stained by Sirius red and Alcian Blue, respectively, and
observed by light microscopy (DMD 108, Leica, Wetzlar, Germany).

2.9. Statistical analysis

Data are reported and presented as the mean =+ standard deviation (N > 3) and were statistically
analyzed by two-way ANOVA using Graphpad prism 6 software (GraphPad, San Diego, CA, USA).
A value of p less than 0.05 were considered to be significant.

3. Results and discussion
3.1. Rheological characterization

Figure 1 shows the viscosity of Alg/HA and Alg/Hap hydrogel. It presents all the samples behave as
shear thinning fluids, i.e. the shear viscosity decreases with the increasing shear rate. After autoclaving,
we found that the viscosity of Alg/HA hydrogel is slighter higher than the Alg/Hap hydrogel. It has an
effect on the cell behaviour of hydrogels, which it will be discussed later. In addition, for both Alg/HA
hydrogel and Alg/Hap hydrogel, it was showed that the viscosity of them by autoclaving is further
lower than the control samples, which is due to the depolymerization reaction of alginate under a higher
temperature. So, the autoclaving has more deleterious effect on the viscosity of Alg/HA and Alg/Hap
hydrogels as compared with controls.
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Fig. 1. Shear viscosity of Alg/HA and Alg/Hap hydrogel (autoclave (A), control (C)).
3.2. Indentation character of hydrogel scaffolds

Figure 2 illustrates the force-velocity curves of the compression force of 3D-hydrogel scaffolds
(Alg/HA and Alg/Hap). As mentioned above, the force measured at 0.35 mm indenter displacement.
We found that the mechanical strength of Alg/Hap hydrogel scaffolds is higher than the Alg/HA hydro-
gel scaffolds under the each velocity, this is because of the incorporation of hap into alginate hydrogel
can improve the mechanical properties of hydrogel scaffolds. It also has effect on the cell proliferation
of hydrogel, which it will be discussed later. Moreover, whatever the kinds of hydrogel scaffolds, it can
be seen that the autoclaving leads to the strength of hydrogel scaffolds decreased. As the velocity equal
to 2.5, 5 mm/min, there is obvious significantly difference between autoclaving and control for Alg/HA
or Alg/Hap hydrogel scaffolds, which is also believed to be caused by the alginate chain scission and
hemolysis (de-polymerization) by the autoclaving. This result demostrated that the Alg/Hap hydorgel
scaffolds have a good mechanical properties as compared with Alg/HA hydrogel scaffolds, as well as
autoclaving has negatively influenced on the mechanical characteristic of 3D-Alg/HA and Alg/Hap hy-
drogel scaffolds.

3.3. Cell viability and proliferation analysis

Figure 3(A) shows viability of cells encapsulated into Alg/HA and Alg/Hap hydrogel beads. For
Alg/HA hydrogel, the cell viability slowly increased from 65 &+ 5 to 72 £ 12% with the days of culture.
The cell viability of Alg/HA hydrogel is obvious significantly higher than Alg/Hap hydrogel during 5
days of culture (*p < 0.0001). However, from 10 days, the cell viability of Alg/Hap hydrogel rapidly
increased, as well as became greater than 90% until 30 days. Which exceed the cell viability of Alg/HA
hydrogel (**p < 0.01). It could be associated with shear viscosity and tensile strength of hydrogel. In
other words, the higher viscosity of hydrogel may decrease cell viability due to the high shear forces
required to mix cells, but also stiffer substrate could disrupts cell morphology, and promote the pro-
liferation of cells as had been reported earlier [18,19]. Figure 3(B) presents Alamar Blue reduction of
encapsulated cells culture in Alg/HA and Alg/Hap hydrogel beads. It was found that the Alamar Blue
reduction of cells in the Alg/HA and Alg/Hap hydrogel beads increased from 3 days to 30 days. At the
beginning of cell culture, the Alamar Blue reduction in Alg/HA hydrogel is significantly higher than the
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Fig. 2. Typical force-velocity profile of 3D-Alg/HA and Alg/Hap hydrogel scaffolds by the indentation testing, Date are
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Fig. 3. (A) The viability of encapsulated cells in Alg/HA and Alg/Hap hydrogel scaffolds was measured by flow cytometry
after 3, 5, 10, 20, and 30 days of culture and (B) the Alamar Blue reduction of encapsulated WJ-MSCs culture in Alg/HA and
Alg/Hap hydrogel scaffold by alamar blue assay afier 3, 5, 10, 20 and 30 days. * or ™ represent a significant difference in each
group (Two-way ANOVA, **p < 0.01,* P < 0.0001), bars represent the standard deviation, N = 3 (viability), N = 4 (Alamar
blue).

reduction obtained in Alg/Hap hydrogel (*p < 0.0001). Then an important metabolism of cell embed-
ded in Alg/Hap hydrogel was observed after 10 days. This metabolism became significantly higher than
that observed in Alg/HA hydrogel at 30 days (*fp < 0.0001). This is corresponding to the behavior of
cell viability for both of Alg/HA and Alg/Hap hydrogel beads. The results indicated that the cell viabil-
ity and proliferation in Alg/Hap hydrogel beads was better than in cells embedded in Alg/HA hydrogel
beads after the 10 day of culture.

3.4. Histochemical staining
To study chondrogenic differentiation, GAG and collagen synthesis was detected after 30 days of

induction. Proteoglycans and total collagen were stained by Alcian blue and Sirius red (Fig. 4), respec-
tively. We found that WJ-MSCs is able to synthesize proteoglycans and collagen in both of Alg/HA and
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Fig. 4. Histological images of matrix molecules expression by WI-MSCs encapsulated in Alg/HA and Alg/Hap hydrogel
scaffolds after 30 days of chondrogenic induction. Proteoglycans and total collagen were stained by Alcian blue and Sirius red,
Scale bar is 100 um. WJ-MSC Wharton’s jelly-derived mesenchymal stromal/stem cells.

Alg/Hap hydrogel scaffolds. As well as there is no significant difference in GAG and collagen synthesis
were observed between Alg/HA and Alg/Hap hydrogels.

4. Conclusions

Through the analysis of cell viability and proliferation, the percentage of living cells in Alg/Hap hydro-
gel is significant higher than in Alg/HA one, which also is associated with the results of shear viscosity.
Moreover,under the processing of autoclaving, it has negatively influenced on the viscosity behavior and
mechanical properties of Alg/HA and Alg/Hap hydrogels. In addition, when WJ-MSCs-laden hydrogels
were cultured in a chondrogenic differentiation medium after 30 days, both of hydrogels exhibited an
extracellular matrix containing collagen and proteoglycans. In conclusion, Alg/Hap hydrogels presented
a good mechanical property and cytocompatibility as compared with Alg/HA hydrogels.

Acknowledgements

This work was supported by the UMR7365 CNRS-Université de lorraine, Ingénierie Moléculaire
et physiopathologie Articulaire (IMoPA), Biopdle, and “Program Cai Yuanpei 2013-2015” (CSC No.
201304490192 and 201304490191) from China Scholarship Council.

Conflict of interest

The authors have no conflict of interest to report.

References

[1] J.C. Sun and H.P. Tan, Alginate-based biomaterials for regenerative medicine applications, Materials 6(4) (2013), 1285~
1309. doi:10.3390/ma6041285.



5200

[2]

[3]
4]

[5]

[6

—_

(7]
[s]
[9]
[10]
(1]
2]
[13]

[14]
[15]

[16]
[17]
(18]

(19]

H. Yu et al. / Comparison of MSC properties in two different hydrogels

J.A. Killion, L.M. Geever, D.M. Devine et al., Fabrication and in vitro biological evaluation of photopolymerisable
hydroxyapatite hydrogel composites for bone regeneration, J Biomater Appl. 28(8) (2014), 1274-1283. doi:10.1177/
0885328213506951.

N.A. Peppas and B.D. Barr-Howell, Hydrogels in Medicine and Pharmacy, N.A. Peppas, ed., CRC Press, Boca Raton,
1986, Chap. 2.

N.T. Linh, K. Paul, B. Kim and B.T. Lee, Augmenting in vitro osteogenesis of a glycine-arginine-glycine-aspartic-
conjugated oxidized alginate-gelatin-biphasic calcium phosphate hydrogel composite and in vivo bone biogenesis through
stem cell delivery, J Biomater Appl. (2016).

W.P. Chan, FEC. Kung, Y.L. Kuo et al., Alginate/Poly(y -glutamic Acid) base biocompatible gel for bone tissue engineer-
ing, Biomed Res Int. (2015), 185841.

A.Z. Korzycka, A. Smieszek, A. Jarmoluk, U. Nowak and K. Marycz, Potential biomedical application of enzymatically
treated alginate/chitosan hydrosols in sponges — biocompatible scaffolds inducing chondrogenic differentiation of human
adipose derived multipotent stromal cells, Polymers 8 (2016), 320.

S5.T. Bendtsen and M. Wei, Synthesis and characterization of a novel injectable alginate-collagen-hydroxyapatite hydrogel
for bone tissue regeneration, J Mater Chem B. 3 (2015), 3081-3090. doi: 10.1039/C5TB00072F.

L. Yuan, Y. Wu, J. Fang et al., Modified alginate and gelatin cross-linked hydrogels for soft tissue adhesive, Artif Cells
Nanomed Biotechnol 8 (2016), 1-8.

L. Reppel, I. Schiavi, N. Charif et al., Chondrogenic induction of mesenchymal stromal/stem cells from Wharton’s jelly
embedded in alginate hydrogel and without added growth factor: An alternative stem cell source for cartilage tissue
K.Y. Lee and D.J. Mooney, Alginate: Properties and biomedical applications, Prog Polym Sci. 37(1) (2012), 106-126.
doi:10.1016/j.progpolymsci.2011.06.003.

Tautzenberger, A. Koviun and A. Ignatius, Nanoparticles and their potential for application in bone, Int J Nanomedicine.
7(2012), 4545-4557. doi:10.2147/1IN.534127.

1. Tritz-Schiavi, N. Charif, C. Henrionnet et al., Original approach for cartilage tissue engineering with mesenchymal
stem cells, Biomed Mater Eng. 20(3) (2010), 167+174. ‘

J. Tritz, R. Rahouadj, N. de Isla et al., Designing a three-dimensional alginate hydrogel by spraying method for cartilage
tissue engineering, Soft Matter. 6 (2010), 5165-5174. doi:10.1039/c000790k.

H. Mjahed, C. Porcel, B. Senger et al., Micro-stratified architectures based on successive stacking of alginate gel layers
and poly(L-lysine)-hyaluronic acid multilayer films aimed at tissue engineering, Soft Matter. 4 (2008), 1422-1429. doi:10.
1039/b801428k.

L. Reppel, T. Margossian, L. Yaghi et al., Hypoxic culture conditions for mesenchymal stromal/stem cells from Wharton’s
jelly: A critical parameter to consider in a therapeutic context, Curr Stem Cell Res Ther. 9(4) (2014), 306-318. doi:10.
2174/1574888X09666140213204850.

Y. Wang, N. de Isla, C. Huselstein et al., Effect of alginate culture and mechanical stimulation on cartilaginous matrix
synthesis of rat dedifferentiated chondrocytes, Biomed Mater Eng. 18(1) (2008), $47-54.

D. De Kee and C.F. Chan Man Fong, Rheological properties of structured fluids, Polym Eng Sci. 34(5) (1994), 438-445.
doi: 10.1002/pen.760340510.

E. Schuh, J. Kramer, J. Rohwedel et al., Effect of matrix elasticity on the maintenance of the chondrogenic phenotype,
Tissue Eng Parr A 16(4) (2010), 1281-1290.

T.A. Ulrich, E.M. de Juan Pardo and S. Kumar, The mechanical rigidity of the extracellular matrix regulates the structure,
motility, and proliferation of glioma cells, Cancer Res. 69(10) (2009), 4167—4174. doi:10.1158/0008-5472.CAN-08-
4859.



Results
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As everyone knows, almost all of the biologic scaffold materials are fabricated by
the originally polymer in a powder state. To find an effective sterilization method is
becoming important for the polymer prior to clinical use. However, in our knowledge,
there is no system statistics analysis to evaluate the interrelationship of the
characteristics of alginate-based polymer after sterilization.

Alginate-based hydrogel scaffolds are widely used in the field of cartilage
regeneration and repair. If the effect of autoclaving on the alginate powder is well
known, it is not the same for the possible effects of the sterilization UV treatment on
the properties of the hydrogel after polymerization. To select an effective
sterilization treatment of alginate-based materials, one must find what are
inter-relationship between the characteristics (chemical, physical and mechanical) of
alginate-based hydrogel during sterilization, and what consequences have affected
on cell behavior.

Methods:

In this study, we investigated the influence of UV sterilization treatments (UV-1 and
UV-2: 25 and 50 min, respectively) and autoclaving to obtain alginate
(Alg)/hyaluronic acid (HA) hydrogel, as well as further evaluated the relationship
between physicochemical properties and cell behavior of Alg/HA hydrogel after UVs
and autoclaving. The physicochemical properties of this mixture at the powder or

polymerized states were analyzed using ATR-FTIR, HPLC-SEC, rheological, indentation
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testing and sterility testing. The cell behavior is evaluated by cell viability and
proliferation, and chondrogenic differentiation. The effects of treatment parameters
and their correlation with the others characteristics were determined statistically by
Principal Component Analysis (PCA).

Results and conclusions:

1): The cell behavior of alginate-based hydrogels were not only regulated by
physicochemical properties (as molar mass or/and viscosity), but also associated
with the controlling of sterilization time;
2): UV-2 treatment could to be an effective method as compared with others, which
minimal impact on the mechanical integrity or physical-chemical properties and
maintain its cytocompatibility and its ability to induce chondrogenesis from
mesenchymal stem cells.

From these results, it will provide a basis for choosing an effective method of
sterilization, but also importantly exhibit the relationship between physicochemical

properties and cell behavior of alginate-based hydrogel after sterilization.
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ARTICLE INFO ABSTRACT

Keywords: Alginate-based hydrogel scaffolds are widely used in the field of cartilage regeneration and repair. If the effect of
Sterilization autoclaving on the alginate powder is well known, it is not the same for the possible effects of the sterilization
Alginate UV treatment on the properties of the hydrogel after polymerization. To select an effective sterilization
Hydrogel treatment of alginate-based materials, one must find what are inter-relationship between the characteristics
‘Sl\lltOdave (chemical, physical and mechanical) of alginate-based hydrogel during sterilization, and what consequences

have affected on cell behavior. In this study, we investigated the influence of UV sterilization treatments (UV-1
and UV-2: 25 and 50 min, respectively) and autoclaving to obtain alginate (Alg)/hyaluronic acid (HA) hydrogel,
as well as further evaluated the relationship between physicochemical properties and cell behavior of Alg/HA
hydrogel after UVs and autoclaving. The physicochemical properties of this mixture at the powder or
polymerized states were analyzed using ATR-FTIR, HPLC-SEC, rheological, indentation testing and sterility
testing. The cell behaviors of hydrogels were evaluated by cell viability and proliferation, and chondrogenic
differentiation. The effects of treatment parameters and their correlation with the others characteristics were
determined statistically by Principal Component Analysis (PCA). In this study, we have shown that the cell
behavior in alginate-based hydrogels was not only regulated by physicochemical properties (as molar mass or/
and viscosity), but also associated with the controlling of sterilization time. It can provide a basis for choosing an
effective method of sterilization, which can keep the mechanical or physical-chemical properties of Alg-based
hydrogel scaffold and maintain its cytocompatibility and its ability to induce chondrogenesis from mesenchymal
stem cells.

1. Introduction

Articular cartilage has poor ability to self-repair, and damage due to
tissue lesion, trauma, or natural degeneration. In order to repair the
damaged cartilage, many researchers have promoted alginate-based
scaffold to use in field of tissue-engineered cartilage due to it is easily to
construct the hydrogels which support cell encapsulation and culture.
Several studies have shown that alginate-based scaffold can promote
mesenchymal stem cells (MSC) differentiation to chondrocyte pheno-
type, and synthesis of cartilage-specific matrix (Zhao et al., 2013; Van
Vlierberghe et al., 2011; Sun and Tan et al., 2013; Xu et al., 2008;
Reppel et al., 2005). Meanwhile, sterilized alginate-based composite
powder is imposed. So the effective sterilization methods play an

important role in the application of biomedical that not only eliminate
the risk of infection, but also maintain structure, function and use of
materials (Ahmed et al., 2013). However, it is reported that alginate is
difficult to sterilize and to handle (Puppi et al., 2010). Even if Draget
et al. (1990) produced sterilized alginate by filtration via an appro-
priate submicron filter, it is not very convenient for highly viscous of
alginate hydrogel. Generally, moist heat (Hu et al., 2014; Ofori-Kwakye
and Martin, 2005), autoclaving (Leo et al., 1990; Vandenbossche et al.,
1993; Ofori-Kwakye and Martin, 2005), ethylene oxide (Leo et al.,
1990), gamma-irradiation (Lee et al., 2003) and UV (Mao et al., 2012)
are used to sterilize the alginate-powder, but for both of them lead to
the chain scission and hemolysis of alginate due to the high pressure
and temperature which the process of it is called de-polymerization.
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However, among all these sterilization process, there is no statistic
analysis that studies the inter-relationship between the physicochem-
ical characteristics of alginate hydrogel after sterilization and cell
behavior.

Alginate (Alg) could be obtained from brown algae and some soil
bacteria. This is a linear polysaccharide containing blocks of (1,4)-
linked B-D-mannuronic acid (M units) and a-L-guluronic acid (G units)
residues which are believed to take part in intermolecular cross-linking
with Ca®* to form hydrogels (Lee and Mooney et al., 2012). The
structure of alginate hydrogel is similar to the glycosaminoglycan
(GAG), which is long unbranched polysaccharides makes up the
cartilage (Wang et al., 2009). Several studies reported that alginate-
based hydrogel have a good biocompatibility, non-immunogenic and
chondrogenic differentiation, when MSC were seeded into hydrogel (Xu
et al., 2008; Follin et al., 2015; Guo et al., 2014; Du et al., 2016).
Similarly, hyaluronic acid (HA) is a glycosaminoglycan consisting of D-
glucuronic acid and D-N-acetylglucosamine units. It is an important
component of proteoglycan organization which composed cartilage
tissue. Meanwhile, it can contribute to the function of the tissue itself
(Collins et al., 2013). It is considered as a chondrogenesis inductor of
MSC (Chung and Burdick, 2009). Borzacchiello et al. (2015) made the
HA hydrogel through the cross-linking HA molecules with divinyl
sulfone (DVS) and have shown it has a good biocompatibility,
mechanical and injectability properties suited to biomedical applica-
tion. So, both alginate and HA natural polymers exhibit properties of
biocompatibility, biodegradability, non-immunogenicity and low cost.
They can be an attractive hydrogel candidate for cartilage tissue
engineering. In our work, we planned to combine the alginate with
hyaluronic acid as raw materials to form hydrogel scaffold. Even if the
effects of autoclaving on alginate powder properties are known, very
few is know about the effect of UV as sterilization treatments on
alginate-based composite powder properties and on its capacity to
maintain chondrogenic differentiation in vitro. Meanwhile, our ulti-
mate goal was to estimate the correlation between physicochemical
properties and cell behavior of alginate-based hydrogel during ster-
ilization.

2. Materials and methods
2.1. Sterilization treatments of powder

The powder of 1.5% (m/v) alginate (medium viscosity, Sigma-
Aldrich, France) and hyaluronic acid (Acros organics, USA) (ratio 4:1)
was sterilized by UV-1 treatment (ultraviolet during 25 min), UV-2
treatment (ultraviolet during 25min and was turned over
during 25 min) (Ultraviolet lamp=2x15 w, wavelength=254 nm,
Distance=30 cm, Vilber lourmat, France), autoclaving at 121 °C for
30 min (Advantage-Lab, AL02-07-100, France), non-sterilized (with-
out any treatments for the powder, as to be control). Then, they were
homogeneously dissolved in 0.9% sodium chloride (Merck, Germany)
to form gel solution by constant stirring in a sterile glass tube.

2.2. Hydrogel scaffold construct, cell culture and chondrogenic
differentiation

To prepare gel solution as we described above. A syringe was used
to absorb the gel solution before being dropped in a 102 mmol/L CaCl,
(Sigma-Aldrich, France) solution for 10 min, forming spherical beads
(Alg/HA) completely. Then the hydrogel beads were washed three
times by 0.9% NaCl solution, which was further studied. In addition,
we used the spraying method to make the hydrogel scaffold which was
previously described with cells (Tritz et al., 2010; Tritz-Schiavi et al.,
2010). The spraying system is composed of an airbrush working with a
compressor (Mjahed et al., 2008). The spraying bottle containing the
gel solution was connected to the airbrush, and then solution was
sprayed on a sterile glass plate with the spraying pressure is equal to
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0.9 bar, which was quickly and horizontally putted into a bath of
102 mM CaCl, for 10 min, forming the 3D-Alg/HA hydrogel scaffold.
And then scaffolds were washed two times with a 0.9% NaCl solution.
These scaffold without cells were kept in 1 mM of CaCl, at room
temperature before Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) analysis and mechanical testing.

Wharton's jelly mesenchymal stem cells (WJ-MSC) were isolated by
the explant methods from the umbilical cord as previously described
(Reppel et al., 2014). Briefly, human umbilical cords were collected
after patents’ informed consent which was regarded as surgical waste,
as well as on the basis of the guidelines for the care and use of an ethic
committee of Nancy Hospital. Umbilical cords were washed with 70%
ethanol and Hanks’ balanced salt solution (HBSS). The umbilical cord
vessels were removed and Wharton's jelly aseptically cut into very
small pieces which were cultured in a six-well plate with complete
medium (Alpha Modified Eagle Medium, a-MEM, Lonza, belgium)
with 10% Fetal bovine serum (Sigma-Aldrich, France), 100 IU/mL
penicillin (Gibco, France), 100 ug/mL streptomycin (Gibco, France),
2 mM L-glucose (Sigma-Aldrich, France), and 2.5 pg/mL amphotericin
B (Gibco, France). They were incubated at 37 °C in 5% CO,, 5% O»
incubator. After 7 days, cells have migrated from Wharton's jelly and
adhered on plate. Then, Wharton's jelly pieces have been removed and
culture medium was changed twice a week until cell subconfluence
(80%). After 2 weeks, WJ-MSC were harvested with 0.25% Trypsin-
EDTA (Sigma-Aldrich, France) and seeded in a new culture flask with a
density 1000 cells/cm2. Media were changed three times weekly. This
process was repeated until culture up to the third passage. For viability,
proliferation and chondrogenic differentiation analysis, WJ-MSC were
encapsulated into Alg/HA hydrogel beads, manufactured as previously
described (Wang et al., 2008). Scaffolds were cultivated in 6-well plates
with induced chondrogenic culture medium which contained DMEM-
high glucose (Gibco, Grand Island, NY) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL
streptomycin, 2.5 pg/mL amphotericin B, 1 mM CaCl,, 0.1 uM dex-
amethasone (Sigma-Aldrich, France), 50 pg/mL ascorbate-2-phos-
phate (Sigma-Aldrich, France), 100 pg/mL sodium pyruvate (Sigma-
Aldrich, France), and 40 ug/mL L-proline (Sigma-Aldrich, France).
Scaffolds were incubated at 37 °C in a humidified incubator with 5%
CO,, 5% O for 30 days. The differentiation medium was changed three
times weekly.

2.3. Chemical properties of hydrogel scaffold

2.3.1. Fourier Transform infrared (FTIR) spectroscopy

Attenuated Total Reflection Fourier Transform Infrared (ATR-
FTIR) spectra were recorded on a Fourier transform infrared spectro-
meter (170SX, Nicolet Co., Madison, WI, USA) to analyse the
chemistry of prepared 3D-Alg/HA hydrogel scaffolds during these
sterilization methods. Each sample was dried on vacuum desiccator
at 60 °C for 24 h, then cut into small pieces and moved onto ATR
crystal, which were measured with a FTIR spectrometer. The infrared
spectra of the raw materials (dry alginate and hyaluronic acid powders)
were also respectively measured with a FTIR spectrometer; the spectra
were collected over range of 4000-500 cm ™.

2.3.2. Molecular weights evolution

Size Exclusion Chromatography (SEC) was performed at room
temperature to quantify some possible degradation of Alg/HA during
treatments. SEC was performed using a Waters HPLC pump equipped
with a serial set of SP 806, 805 and 804 OH pack columns (Shodex).
Elution was carried out with 0.1 M NaNOs containing NaNj; as a
bactericide (0.4 g/L) at 0.7 mL/min, and was monitored by Multi Angle
Laser Light Scattering detector (MALLS Mini Damn, Wyatt) and
differential refractometry (Waters 410) dual detection.

Solution (2 mg/mL) were prepared by dissolution in the same
eluent and left under vigorous stirring for 24 h. Filtration of solutions
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was carried out right before injection, in order to get rid of possible
aggregates. Refractive index increments (dn/dc) equal to 0.154 mL/g
and 0.145 mL/g were measured in the same eluent for alginate and
hyaluronic acid, respectively. dn/dc used for Alg/HA (ratio 4/1) blend
was estimated by the following equation:

(d[l / dC)Alg/HA =0.8 (d[l / dC)Alg + O.2(dn/dc)HA = 0.1522

2.4. Physical properties of hydrogel scaffold

2.4.1. Viscosity characterization

The shear viscosity of Alg/HA hydrogel has been measured after
treatments of autoclave, UV-1, UV-2 and control (hydrogel obtained
from a no sterilized Alg/HA powder). Sample was sheared in between a
cone and a plate geometry (diameter=40 mm, angle=2°) mounted on a
controlled stress rheometer DHR-3 (TA Instrument). The preparation
of Alg/HA gel was manufactured as previously described and all the
measurements are done at a temperature of 20 °C. In order to measure
the steady-state shear viscosity we performed the following protocol:
shear rate ¢ (s™) was increased step by step from 0.1 to 100 s~ with a
maximum time of 180 s at each shearing point and the shear stress t
(Pa) has been recorded. This protocol ensures that transients have
disappeared. The shear viscosity n (Pa. s) is defined by the ratio
between the shear stress and shear rate: n=t/¢ (De Kee and Chan Man
Fong, 1994).

2.4.2. Mechanical testing

The mechanical behavior of 3D-Alg/HA hydrogel scaffolds were
characterized for various sterilization treatments using the spherical
indentation technique as the following Fig. 1.A-B. The tests were
performed on a Zwick/Roll machine, with 5.5 mm diameter steel ball.
The indenter was introduced onto the surface of the hydrogel scaffold
at different velocities varying from 0.25 to 5 mm/min. Three force-
displacement curves were obtained for all velocities and treatments.
The effects of the sterilization treatments had been evidenced using the
force response corresponding to an indenter displacement of 0.35 mm
for all specimens whose thicknesses were between 2 and 3 mm. At the
same time, it has been clearly shown that the gel exhibits a well-known
viscoelastic mechanical behavior.

2.5. Sterility testing

Hydrogel beads (n>8) without cells were immersed in Fluid
Thioglycollate medium (FTM) (Sigma-Aldrich, France) which was
designed to test the growth of bacteria and in Sabouraud 2% Glucose
Agar (SGA) (Sigma-Aldrich, France) for fungal cultivation for a period
of 7 days at 37 °C. Culture mediums alone served as negative control
whereas unsterilized samples served as positive control. Every 2 days,
we examined the clouding of the FTM and the appearance of the
colonies in the Sabouraud agar indicated contamination and inefficient
sterilization.

Load cell

Indenter

Support plate

Journal of the mechanical behavior of biomedical materials 68 (2017) 134—-143

2.6. Biocompatibility and histological

2.6.1. Cell viability assessment

To assess the viability of encapsulated cells the PI/Annexin-V kit
(Life technologies, France) was used. Cells were extracted from Alg/HA
hydrogel beads using 55 mM sodium citrate (Sigma-Aldrich, France)
and 50 mM EDTA solution (Merck, Darmstadt, Germany) after 3, 5,
10, 20 and 30 days of culture. After centrifugation (320 g, 5 min), cells
were suspended in 100 pL of 1X Annexin-liant buffer with 2.5 uL of
Annexin V-Alexa 488 and 1 pL of propidium iodide (PI) for 15 min at
the room temperature. Cells were detected with fluorescence emission
at 530 nm and 575 nm by Gallios flow cytometer (Beckman Coulter,
Brea, CA, USA).

2.6.2. Cell proliferation analysis

The proliferation of encapsulated cells in the Alg/HA hydrogel
beads was evaluated by using the Alamar Blue™ assay Kit (Thermo
scientific, France) for 3, 5, 10, 20 and 30 days. The samples were
washed twice with PBS in culture plate, and then Alamar Blue solution
was added (10% v/v of DMEM without phenol red) for 4 h at 37 °C in a
humidified incubator with 5% CO,, 5% O». The reaction of Alamar Blue
was read in a microplate reader at 570 nm and 600 nm. To calculate
the percentage reduction of Alamar Blue™ as following equation:

(OD570(conroX 155677)—(OD600conronyX 14652)
(OD570(ampley X 117216)—(OD600;mpie) X 80586)

% reduction = x 100

The absorption value of negative control is culture medium and
Alamr Blue™. The experiment was performed in quadruplicate.

2.6.3. Histochemical staining

It was performed after 30 days of differentiation of WJ-MSC seeded
into each kind of hydrogel bead. Samples were washed with PBS, then kept
in the 4% paraformaldehyde (Sigma-Aldrich, France) for 4 h, and lastly
washed overnight in 100 mM sodium cacodylate (Sigma) 10 mM CaCl, and
50 mM BaCl, (Sigma-Aldrich, France) buffer. The scaffolds were dehy-
drated, after embedded in paraffin blocks. Samples were cut into serials
sections (5 um) which was stained with Hematoxylin Eosin Saffron (HES),
Sirius red and Alcian blue for cell morphology, total collagen and sulfated
proteoglycans (GAG), respectively. Microphotographs were taken using a
light microscope (LEICA, DMD108, USA). Image analysis was performed
using free software Image J 1.50i, and the percentage stain area was
estimated using the following relation: sem percentage=(sem/mean)x100
(Goldring et al., 2006). Where sem is the standard error mean for the
measured parameter.

2.7. PCA component analysis

The effects of treatment parameters and their correlation with the
others characteristics were determined statistically by means of the
Principal Component Analysis method (PCA), which through the
XLSTAT software (Addinsoft, New York, USA).

Steel ball

Fig. 1. (A) Apparatus for indentation testing and (B) the illustration of using 5.5mm diameter spherical indenter attached on the surface of 3D-Alg/HA hydrogel scaffolds, which an

indenter with a displacement of 0.35 mm at different velocities.
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Fig. 2. (A) FTIR spectra of Alg powder, HA powder and Alg/HA hydrogel scaffolds; (B): FTIR spectra of Alg/HA hydrogel scaffolds under exposure to the sterilization methods.

2.8. Statistical analysis

Data are reported and presented as the mean + standard deviation
(SD) (N=3) and were statistically analyzed by one- or two-way ANOVA
(analysis of variance) using GraphPad prism 6 software (GraphPad,
San Diego, CA, USA). A value of p less than 0.05 were considered to be
significant. If significance existed, a post-hoc analysis was performed
using the Bonferonni post-tests to evaluate significance for all experi-
ments.

3. Results and discussion
3.1. FTIR spectra

The FTIR spectra of the Alg powder, HA powder and Alg/HA
hydrogel scaffolds are shown in Fig. 2A. For the pure alginate, peaks at
3444, 1030, 1618 and 1416 cm™ were attributed to the stretching of
-OH groups, the stretching of C-O-C bonds, the asymmetric and
symmetric stretching vibrations of CO,’, respectively (Daemi and
Barikani, 2012). In case of HA spectrum, peaks at 3444, 1041, 1627
and 1411 cm™ were assigned respectively to the stretching of -OH
groups, the stretching of C-O-C bonds, the asymmetric and symmetric
stretching vibrations of C=0 of amide I functions (Wu, 2012). From the
ATR-FTIR spectrum of Alg/HA hydrogel scaffolds, we can observe the
asymmetric stretching of C=0 bond shifted to 1630 cm™ and sym-
metric stretching of C=0 bond shifted to 1424 cm™. In addition, the
bands of —OH groups shifted from 3444 cm™ to 3435 cm™. The
representative spectra of Alg/HA hydrogel under different sterilization
treatments were shown in Fig. 2B. In case of Alg/HA hydrogel, peaks
characteristic of carboxylate and amide I groups appeared in the same
range. Most important is that no significant shift of characteristic FTIR
peaks of Alg/HA hydrogel was observed under different sterilization
treatments, which indicated that these sterilization methods have no
effect on the chemical functional groups of them. As Mao et al. (2012)
demonstrated using UV spectroscopy there was no change in chemical
structure of the alginate during de-polymerization process. In addition,
we analysis the FTIR peaks of originally pure Alg powders and pure HA
powders under treatments of autoclave, UV-1, UV-2 and control, which
also further prove without chemical groups changing. These results are
shown in supplemental figure (Figs. S1A and 1B).

3.2. Analysis of molar masses

Table 1 shows the result of weight average molecular weight (M,,)
and number average molecular weight (M,) of alginate (as
Supplemental table. S1) and Alg/HA chains under various sterilization
treatments. Here, we found that each sterilization treatment (UV-1,
UV-2, and autoclave) led to the degradation of alginate chains even in
the Alg/HA blend. In comparison to control, M, and M, for Alg/HA
under the treatment of autoclave diminished by about 63% and 52%,
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Table 1
Number average molecular weight (M), weight average molecular weight (My) and
dispersity (D=(My /Mj) for Alg/HA under various sterilization methods.

Samples+treatments M, x105 (g/mol) M, x105 (g/mol) D

Alg/HA+Control 4,15 4.96 1.19
Alg/HA+Autoclave 1,54 2,39 1.55
Alg/HA+UV-1 2,76 3,78 1.37
Alg/HA+UV-2 2,31 3,44 1.49

respectively, that is much more pronounced that under other treat-
ments (UV-1 and UV-2). Otherwise, the value of M,, and M, for Alg/HA
under the treatments of UV-1 and UV-2 are very nearly. UV-1 and UV-
2 sterilization treatments led to a much less degradation of Alg/HA
chains. This phenomenon can be attributed to the absorption of UV
energy due to polysaccharide. Since, the formation of free radical
through UV light may cleave covalent bonds, which can initiate de-
polymerization reaction (Wasikiewicz et al., 2005). While autoclave has
more deleterious effect, this is due to the de-polymerization which
leads to the breakdown of the main chain backbone of alginate. In
conclusion, the autoclave treatment caused an important reduction in
M, and M,, as compared with control. However, the molecular weight
is the most important property of the polymers in the sense that it also
governs their mechanical properties, which will be discussed later.

3.3. Rheological characterization

The shear viscosity of Alg/HA in gelling state is plotted on Fig. 3 for
the three sterilization protocols as for the control sample. Compared to
the control samples, the viscosity after UV treatments is roughly
decreased, but the fluid keeps its shear thinning behavior, i.e. the

H

—— Control

= Autoclave
e V-1
e V22

Viscosity (Pa.s)

0.1 et
0.01 0.1 1

Shear rate (s™)

et T

10 100 10410
Fig. 3. Shear viscosity of Alg/HA in gelling state under the sterilization treatments
(autoclave, UV-1, UV-2 and control) as a function of the shear rate. Control correspond
to a hydrogel obtained from a no sterilized Alg/HA powder. The result is expressed as
mean # SD (n=3). No Significant (NS, p > 0.05 for UV-1 vs UV-2 from 10 s to 100 s%; as
¢=100 s}, control vs UV-2, control vs UV-1 and UV-1 vs UV-2).
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shear viscosity decreases with the increasing shear rate. The viscosity
after autoclave treatment is strongly decreased by one order of
magnitude and the shear thinning behaviour is lost. These results are
confirmed by the previous study (Lee et al., 2012), which showed that
the alginate polymer exhibits a reduction of its viscosity. These
methods lead to the alginate chain scission (linked by B (1-4)
glycosidic bonds) and hemolysis (de-polymerization).

3.4. Indentation character of hydrogel scaffolds

The hydrogel scaffolds are fairly soft viscoelastic media that require
appropriate mechanical characteristics techniques to be investigated.
That's why we selected the indentation technique, which is often used
for living and synthetic soft materials. This mechanical test can be done
at different scales (nano by AFM, micro or macro) and presents the
advantage of being fast and non-destructive (Merino et al., 1991; Oyen,
2014; Ahearne et al., 2005), although the strain and stress fields are not
uniform. In the present study, we used it to compared the effects of
treatment without explicity characterize the mechanical behaviour.
Note that the determination of the mechanical behaviour of the
hydrogel could only be done by a numerical method such as the finite
element method. The main results are given as a function of steriliza-
tion treatments in Fig. 4. It illustrates the force-velocity curves of the
compression force of 3D-Alg/HA hydrogel scaffolds under these
sterilization methods (control, UV-1, UV-2, and autoclave). As men-
tioned above, we found the mechanical strength (force measured at
0.35 mm indenter displacement). This strain rate sensitivity is sig-
nificantly lower for autoclave comparing to the other treatments (p <
0.05). Moreover, a significant difference in the strength may be
observed after UV-2 and autoclave when compared to control. On the
other hand, there is not statistically significant difference between UV
treatments and control, as well as the value of force for hydrogel under
the treatment of UV-2 is almost same to the control at the each velocity.

3.5. Sterilization testing

The efficiency of sterilization approaches on the Alg/HA hydrogel
beads without cells were investigated by FTM and SGA from 1 to 7 days
to detect the growth of bacteria or funga, respectively. The results are
shown in Table 2 and Fig. 5A-B. After 3 days of culture, there is
presence of clouding of the thioglycollate broth mediums with hydrogel
scaffolds by UV-1 treatment, which indicated that obligate anaerobes
grew in the lower areas of the tube. Otherwise, until 7 days, we found
that there is no clouding of the thioglycollate broth in the medium for
hydrogel scaffolds sterilized by UV-2 and autoclave treatments.
Meanwhile, for all of treatment methods, there is no appearance of
colonies in the Sabouraud 2% Glucose agar until 7 days of culture while
for positive control, we observed colonies at 7 days. In conclusion,

1,254 = Control
= Autoclave
0,20+ UV-1
X V-2

0,154 * %

Ft.\'u

V

o /min

Fig. 4. Typical force-velocity profile of Alg/HA hydrogel scaffolds through the testing of
indentation, Date are presented as mean + SD with n >3, analysis of variance (ANOVA).
(V=2.5 mm/min, *p<0.05, UV-2 vs autoclave; **p <0.01 control vs autoclave; and
V=5 mm/min, *p < 0.001, control vs autoclave, UV-1 vs autoclave; **p < 0.01, UV-2 vs
autoclave).
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Table 2
Efficiency of sterilization approaches on Alg/HA hydrogels. “+” present contamination of
FTM medium or in SGA, “-” present non-pollution when the samples were immersed

into the FTM medium or in SGA. (Negative control: culture medium; Positive control:
unsterilized sample).

Incubation time (days)

Treatments Thioglycollate broth Sabouraud 2% Glucose Agar

1 3 5

~

1 3 5 7

Autoclave -
UV-1
Uv-2
Positive
control
Negative - - -
control

E
+ o0+
o0
|
|

autoclaving and UV-2 treatment keep hydrogel beads from contamina-
tion, which can protect them infection from bacterial and fungal. These
results are in agreement with De Moraes MA et al. (2014) study on silk
fiber membranes. Moreover, our results showed that UV-radiation for
25 min was not enough to eliminate microorganisms for hydrogel
scaffold. It also has an effect on cell behavior of Alg/HA hydrogel
scaffolds, which it will be shown later.

3.6. Viability and proliferation of WJ-MSC encapsulated into
hydrogel beads

Fig. 6A shows viability of cells encapsulated into hydrogels under
three kinds of sterilization treatments (autoclave, UV-1 and UV-2). At
the beginning of culture, we found that cell viability in monolayer was
significantly higher than other treatments (****P<0.0001).
Meanwhile, it was observed that cell viability increased with the days
of culture except for UV-1. After 3 days of culture, the proportion of
viable cells after autoclave, UV-1 and UV-2 treatments, were 64.3 +
1.4%, 50.2 £ 0.2% and 55.3 + 1.2%, respectively. On D30, cell viability
reached 81.3 + 3.9% for autoclaved samples and 89.3 + 5.5% for UV-2
treatment. These viability rates were close to those observed during
monolayer expansion (P> 0.05). In contrast, the cell viability of UV-1
samples always kept lower proportion as compared with others (*P <
0.0001) or monolayer (***P<0.001). Fig. 6B shows the viable/
necrotic/apoptotic of cells seeded in Alg/HA hydrogel scaffolds after
30 days of culture. It exhibited that the proportion of viable cells were
73.4% (autoclave), 47.7% (UV-1), 94.8% (UV-2) and 99.9% (monolayer
cells). As well as, the percentages of necrotic and apoptotic cell seeded
in hydrogels sterilized by UV-1 treatment are much more than the
others maintained in hydrogels sterilized by UV-2 and autoclave
treatment. Fig. 6C presents Alamar Blue reduction of encapsulated
cells culture in Alg/HA hydrogels. It was found that the Alamar Blue
reduction of cells in the hydrogel scaffolds increased for the treatment
method of UV-2 and autoclave from 5 days to 30 days, with an increase
about 2 fold between UV-2 and autoclave on D 3 vs. D 30 of culture.
Moreover, the results obtained in UV-2 and autoclave are always higher
than UV-1 (p < 0.001 from D 5). All these results are correlated with
the sterilization efficiency. In fact, Stoppel et al. (2014) showed that UV
method during 20 min is not enough to eliminate bacterial persistence
of hydrogel, but the long duration of UV treatment (25+25 min) seems
to be beneficial for living cells-laden Alg/HA hydrogel scaffolds. The
authors agree on the fact that the sterilization time is a prime
parameter in clinical medicine (Braghirolli et al., 2014).

3.7. Chondrocytes differentiation of WJ-MSC seeded into hydrogel
scaffolds

After 3, 5, 10, 20 and 30 days of culture of WJ-MSC seeded into
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A B

Fig. 5. Efficiency of sterilization treatments on the Alg/HA hydrogel scaffold at 7 days. (A: SGA, there is appearance of white colonies in positive control; B: FTM, there are appearance
of phenomena of white haze or flocculent precipitate in positive control and UV-1 treatment).

Alg/HA hydrogel scaffolds, we evaluated the cells organization, cells sterilization treatments, we found that the repartition of WJ-MSC is
morphology, GAG and collagen synthesis by histology. Fig. 7A has uniform into the scaffold and that the cell morphology keeps a round
shown the results obtained from HES coloration. Whatever the shape. Detected GAG (Fig. 7B) and collagen (Fig. 7C), respectively by
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Fig. 6. The viability (A) of encapsulated cells in Alg/HA hydrogel scaffolds was measured by flow cytometry after 3, 5, 10, 20, and 30 days of culture; (B) Flow cytometry analysis of
viable/necrotic/apoptotic cells seeded in hydrogel scaffolds at 30 days and (C) the Alamar Blue reduction of encapsulated WJ-MSC culture in Alg/HA hydrogel scaffold by Alamar Blue
assay after 3, 5, 10, 20 and 30 days. * or * represent a significant difference in each group (Two-way ANOVA, ****p < 0.0001, day x vs day 0 (monolayer) for the any treatment; ***p <
0.001, day 30 vs day 0 for UV-1 treatment; ~'p < 0.01 and *p < 0.0001, autoclave vs UV-1, UV-2 vs UV-1, autoclave vs UV-1 for the same culture time, bars represent the standard

deviation, N=3 (viability), N= 4 (Alamar Blue).
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Fig. 7. Histological images of matrix molecules expression by WJ-MSCs encapsulated in Alg/HA hydrogel scaffolds and cultured under the differentiation liquid of chondrocyte after 3,
5, 10, 20 and 30 days. (A) The morphologies of cells in hydrogel scaffold by staining with HES. (B) Collagen synthesis in hydrogel scaffolds by Sirius red staining. (C) Glycosaminoglycan

synthesis in hydrogel scaffolds by Alcian Blue staining. Scale bar is 100 pum.

Alcian blue and Sirius red, gradually increased with culture time.
Moreover, GAG and collagen synthesis seemed to be greater in
hydrogel scaffolds whose powder was sterilized by UV-2 and autoclave
compared to hydrogel scaffolds whose powder was sterilized by UV-1.
In particular, hydrogel scaffolds whose powder was sterilized by UV-2
stained much more for GAG and collagen than the others treatments
after 30 days of culture. Furthermore, after 30 days of chondrogenic
differentiation, we measured the percentage of positive stain using
ImageJ analysis. The results showed that UV-2 treatment has a
significant higher percentage of positive area for collagen (Fig. 8A) as
compared with the others treatments (P < 0.001). As well as, for the
synthesis of GAG (Fig. 8B), highly significant differences were also
observed between UV-2 and UV-1 treatment (P <0.01). From the
results above, we can conclude that hydrogel scaffolds with UV-2
treatments may be a good alternative to ensure the cell viability and
chondrocyte differentiation of the WJ-MSCs-laden hydrogel.
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3.8. PCA component analysis

The effects of treatment parameters and their correlation with the
others characteristics were determined statistically by means of the
Principal Component Analysis method (PCA), as shown in Fig. 9. In
fact, the well-known PCA is used to reveal the internal structure of the
present multivariate dataset as a set of coordinates in the correspond-
ing high-dimensional data space. This was done by using an orthogonal
transformation to convert the set of observations into a set of
uncorrelated variables called principal components (F1 vs F2 which
represents 84.09% of total variability). In the present case, this
procedure was applied to the results of experiments with 16 variables:
Control, Autoclave, UV-1, UV-2, M,, My, Viscosity, Viability,
Proliferation, Mechanical strength, GAG, Collagen, FTIR (on), FTIR
(c=0) FTIR (cooy and FTIR (c.o.c). The PCA bio-plot clearly showed
variable parameters are clustered into two groups as A and B (Fig. 9).
From view of observation points (1, 2, 3 and 4), physical-chemical
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Fig. 8. Sirius red (collagen) positive stain area percentage (A) and Alcian blue (GAG) positive stain area percentage (B) in histological samples. All results are expressed as mean + SD of

the mean (n=20). ~* p <0.01, ™" p<0.001 and NS ( p > 0.05).

parameters (Group A) are negative variables (axis F1). But, the
autoclave treatment is relatively further from physical-chemical para-
meters (Group A), when compared with other treatments. As we
described above this is due to de-polymerization of alginate at high
temperature. Meanwhile, UV-2 treatment is closed to Group B, which
performed the best physical-chemical properties as same as control.
For the second principal component (axis F2), biology parameters
(Group B) reflected positive variables. It appears that the treatment of
UV-2 is located near the viability, proliferation, GAG and collagen
parameters as compared with the UV-1 treatment. It seems that UV-2
treatment is beneficial for viable cell as same as autoclave treatment.
Moreover, the collagen synthesis seemed to be greater in UV-2
treatment than in the others. It is agreement with results given in
Fig. 6 and Fig. 8A, respectively. There is correlation matrix for the
studied parameters as shown in Table 3. Without any treatments
(control), the Alg/HA hydrogel kept nature properties as M, (0.910),
M,,(0.867), viscosity (0.717) and strength (0.650). For the autoclave
treatment, from the view of the biomechanical, it can be seen that
autoclave has strong negative affected on molar masses (M, : -0.668,
M, : -0.745), viscosity (-0.884) and strength (-0.915), which is a logical

correlation between them. For example, the mechanical properties of
alginate hydrogel depending on the viscosity which were determined by
weight average molecular weight (M,,) (Lee and Mooney et al., 2012).
More interestingly, this table showed autoclaving produces a concomi-
tant effect on FTIR(C=0) (-0.558), which is also correlated with M,
(0.965) and M,, (0.942). Actually, when the main chains of Alg/HA or
pure alginate are broken during the depolymerization reaction of Alg/
HA by autoclaving, each chains will give 2 shorter chains keeping the
same chemical composition that the initial ones. It means that shorter
chains will have the same chemical groups (FTIR are not changing)
with lower M,,. So, decreasing M,, will modify the viscosity or other
physical and mechanical properties of Alg/HA hydrogels. From the
view of cell behavior, autoclaving has positive effect on the cell viability
(0.412) and proliferation (0.451). For UV-1 treatment, one can observe
a positive influence on FTIR (C-O-C) (0.927) and negative effect on
FTIR (-COO) (-0.816). However, it is not beneficial for cell viability
(-0.024) and proliferation (-0.104). For UV-2 treatment, it is can be
seen that not only it has positive affected on strength (0,270), but also
slightly affected on viscosity (-0.023), M, (-0.243) and M,, (-0.157).
More importantly, it is beneficial for cell viability (0.544) and prolif-

Biplot (axes F1 and F2 : 84.09 %)

8
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Fig. 9. Illustration of the data set under the new coordinate system defined by the principal components analysis. (axes F1 and F2 representing 84.09%).
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Table 3

0.05; Strength: the force of hydrogel scaffolds with a 0.35 mm displacement at 5 mm/min).

The correlation matrix for the studied parameters. (Values in bold are different from 0 with a significance level alpha:

FTIR(C-0O-C)

FTIR(-COO)

-0)

Collagen FTIR(-OH) FTIR(C

GAG

Proliferation Strength

Viability

-1 Uv-2 M,, Viscosity

Autoclave

Control

Variables

0,132
-0,662
0,927

0,816
0,000

0,877

-0,929 -0,881 0,549
0,594

0,215

0,650

-0,901
0,451

0333 0910 0,867 0,717 -0,931
0,412

-0,333
-0,333

-0,333
-0,333

1

-0,333

1

Control

-0,558
0,159

0,022

-0,915
-0,005
0,270

-0,884
0,190

-0,745
0,035

-0,668
0,001

-0,333
-0,333
-0,333
0,910

Autoclave

-0,816
0,000

0,373

-0,142
0,429

0,067

-0,104
0,554

-0,024
0,544

-0,333
-0,333
-0,668
-0,745

-1
-2

-0,132
0,267

-0,478
0,965

-0,944
0,536

0,647

-0,023
0,937

-0,157
0,994
1

-0,243
1

-0,333
0,001

0,324

0,556
0,510

0,942

0,466

-0,977
-0,959
-0,896
0,976

-0,859
-0,799
-0,644
0,978

0,854
0,903

-0,942
-0,906
-0,808
0,997

1

-0,941
-0,901
-0,787

0,994 0,969
1
1

-0,243
-0,157

-0,023
0,544

0,035

0,867
0,717

n
W

M,
M,

0,873 0,323 0,503

0,351

0,952

0,969

0,937

0,190
-0,024
-0,104
-0,005
0,067

-0,884
0,412

Viscosity
Viability

-0,183
-0,262
0,360

-0,556
-0,488
0,401

-0,982
-0,992
0,713

-0,769
-0,786
0,060

-0,627
-0,636

1

-0,787
-0,808
0,952

-0,901
-0,906
0,903

-0,941
-0,942
0,854

-0,931
-0,901
0,650

0,986

0,965

0,997

Proliferation 0,451 0,554

Strength
GAG

-0,750
0,911
1

-0,470
1

-0,636
0,965

-0,627

0,978

0,270

-0,915
0,215

-0,032
-0,349
0,288

-0,610
-0,453
0,108
0,439

-0,925
-0,998
0,735

-0,819
-0,697

1

-0,470
-0,750
0,060

-0,644

-0,799
-0,959
0,466

-0,859
-0,977
0,536

0,647

-0,929
-0,881
0,549

0,911

0,976 0,986

-0,896
0,351

0,429

0,142
0,373

0,594

Collagen

-0,697

-0,819
-0,925
-0,610
-0,032

-0,786

-0,769

-0,944
0,478
0,000

0,022

FTIR(-OH)
FTIR(C

0,348

0,735

-0,998
-0,453
-0,349

0,713

-0,992
-0,488

-0,982
-0,556
-0,183

0,873
0,323

0,965 0,942
0,510

0,556

0,159

-0,558
0,000

0,877

0)

-0,649

0,439

0,108
0,288

0,401

-0,816
0,927

0,816

FTIR(-COO)

-0,649

0,348

0,360

-0,992

0,324 0,503

0,267

-0,132

-0,662

-0,132

FTIR(C-0-C)
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eration (0.554), but also it has positive affected on the synthesis of GAG
(0.647) and collagen (0.429), which depends on a suitable sterilization
time (25 min+25 min) and viscosity of hydrogel. Thus, a high viscosity
produces a negative effect on cell viability (—0.787) and proliferation
(-0.808). In other words, a high of viscosity of gel solution to form
hydrogel is not beneficial for cell viability due to the high shear forces
required to mix cells with these solutions (Kong et al., 2003; Schneider
et al., 2003). Similarly, high molecular masses (M, and M,,) have
negative effect on the cell viability (-0.941, -0.901), proliferation
(-0.942, -0.906). In addition, negative correlations between FTIR
(-OH), FTIR(C=0) and cell viability (-0.769, -0.982), and proliferation
(-0.786, -0.992), and GAG (-0.819, -0.925), and collagen (-0.697,
-0.998) may be observed. According to our PCA analysis, it is acquired
that a worse viscosity of alginate may be obtained after autoclave
treatment. This has consequences on the gel stability and mechanical
properties, thereby compromises the use of the gel as a scaffold after
this treatment. Furthermore, note that the UV treatment time is an
important parameter with regard to the cell behavior (viability,
proliferation, GAG and collagen). The duration of 25+25 min (UV2)
seems to give better results than simply 25 min (UV1). So, we chose an
appropriate shear viscosity of gel solution which is easy to handle and
to immobilize cells, but also keep a good mechanical property.

4. Conclusion

The sterilization treatment is crucial process for tissue engineering.
We have shown that the mechanical properties of alginate hydrogel
depend on the viscosity which was determined by weight average
molecular weight (M,,). Otherwise, the cell behavior in hydrogels
depends not only on a suitable sterilization time (25 min+25 min)
but also on viscosity of hydrogel. Furthermore, we demonstrated that
UV-2 treatment could to be an effective method to sterilize alginate
powder, with (i) minimal impact on the mechanical integrity or
physical-chemical properties and (ii) ability to maintain alginate
cytocompatibility and its ability to induce chondrogenesis from me-
senchymal stem cells. In conclusion, the cell behavior of Alg-based
hydrogels were not only regulated by physicochemical properties (as
molar mass or/and viscosity), but also associated with the controlling
of sterilization time.
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Supplemental results-1:

(1) FTIR spectra

We analysis the FTIR peaks of originally pure Alg powders and pure HA powders
under treatments of autoclave, UV-1, UV-2 and control (Error! Reference source not
ound.). There is no significant shift of characteristic FTIR peaks of pure Alg or pure HA
power was observed under different sterilization treatments, which also further

prove without chemical groups changing.
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Figure 28: FTIR spectra of pure Alg powders (left) and pure HA powders (right) under exposure to the
sterilization methods

(2) Determination of water content in Alg/HA hydrogel

Water content in hydrogel is not only to provide a moist environment, but also
adjusting the permeation of nutrients, drug, gases, protein into the cells or targeted
absorption site (Kamoun EA et al, 2015). Figure 29 shows that swelling ratio of
Alg/HA hydrogels under the sterilization treatments (autoclave, UV-1 and UV-2).
There is no significant difference between UV-1 and UV-2 treatment, which was
much closed to control. However, it can be seen that the value of swelling ratio for
Alg/HA hydrogel by autoclaving was significantly lower than others. The reason is
autoclaving resulted in depolymerization of alginate chains, and the water is very
difficult blocked by the segments of depolymerized alginate, which make the ratio of

polymer-to-water in hydrogel increased.
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Figure 29: Swelling behavior of Alg/HA hydrogel under these sterilization treatments (autoclave, UV-1

and UV-2) (*p < 0.05, autoclave vs UV-1; **p < 0.01, control vs autoclave, autoclave vs UV-2).

(3) Comparing the viscosity of experimental groups and commercial groups
Here, we purchased the NOVAMATRIX" sodium alginate (sterile sodium alginate)

from commercial vendors. It operates according to GMP guidelines; ISO 9001:2008
and ISO 13485:2003. Four kinds of gelling were prepared from Alg/HA powder
sterilization from different processes as shown in Table 4. We found the viscosity of
Alg/HA under UV-2 treatment was significantly higher than the Alg/HA from Alg
NOVAMATRIX. So, we suggested that UV-2 could be as an effective sterilization
method. The effectiveness of UV-2 sterilization is as same as commercial
sterilization.

Table 4: Preparation of the Alg/HA gelling under the different treatments (HA: Accros, France)

Materials + treatment Proportion of Alg and HA Reference information
Alg/HA + Control 4:1 medium viscosity, A2033, Sigma
Alg/HA + Autoclave 4:1 medium viscosity, A2033, Sigma
Alg/HA + UV-2 4:1 medium viscosity, A2033, Sigma
NOVAMATRIX (Alg)/HA 4:1 PRONOVA SLM100
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Figure 30: Comparison of Alg/HA viscosity between experimental and GMP Alginate products.

Supplemental results-2:

Evaluation of physicochemical and biological properties of alginate-hydroxyapatite
hydrogel after the different sterilization treatments

Physicochemical: The performance of the shear viscosity of Alg/Hap gelling under the
different sterilization treatments are shown in Figure 31 (A). In comparison with
control, the viscosity after UV treatment is slightly decreased, that keep the shear
thinning behavior of the fluid. However, the viscosity after autoclave treatment is
strongly decreased, which resulted in the loosing of shear thinning behavior. In other
words, the UV treatments modify the amplitude of the viscosity but not the fluid
behavior compared to autoclave treatment which strongly modifies the amplitude
and the rheological behavior of the fluid. This performing of viscosity is in response
to the results of molar masses, there is positive relationship between them. Figure
31 (B) illustrates the force-velocity curves of the compression force of Alg/Hap
hydrogel scaffolds under these sterilization methods (control, UV-1, UV-2, and
autoclave). As the velocity equal to 2.5 or 5 mm/min, we found the mechanical
strength is significantly lower (**p < 0.01) for autoclaving comparing to the others
(control and UV). Moreover, No significantly difference between UV-1 and UV-2
treatment, but also the value force for hydrogel under the UV (-1,-2) treatment is
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almost same to the control at the each velocity. The results have shown that no
significant shift of characteristic FTIR peaks of Alg/Hap hydrogel was observed under
different sterilization treatments as shown in Figure 31 (C). This means that the

different sterilization treatments have no changed the chemical groups of Alg/Hap

hydrogels.
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Figure 31: (A): Shear viscosity of Alg/Hap in gelling state under the sterilization treatments (autoclave,
UV-1, UV-2 and control) as a function of the shear rate. (B): Typical force-velocity profile of Alg/Hap
hydrogel scaffolds through the testing of indentation (the force measured at 0.35 mm indenter
displacement), Date are presented as mean + SD with n >3, analysis of variance (ANOVA). (V=2.5
mm/min, **p < 0.01, control vs autoclave, UV-2 vs autoclave; and V=5 mm/min, #p < 0.0001, control vs
autoclave, Mp < 0.01, UV-2 vs autoclave, *p < 0.05, UV-1 vs autoclave). (C): FTIR spectra of Alg/Hap

hydrogel scaffold under the different sterilization methods.

Biological: Figure 32 shown the viable/necrotic/apoptotic of seeded cells into
Alg/Hap hydrogels after 30 days of culture. It exhibited that the proportion of viable
cells were 96.4% (autoclave), 85.9% (UV-1), 98.1% (UV-2) and 99.8% (monolayer
cells). As well as, the percentage of cell necrotic and apoptotic by UVs and autoclave

kept a lower expression as compared with monolayer.
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Figure 32: Flow cytometry analysis of viable/necrotic/apoptotic cells seeded in hydrogel scaffolds at
30 days.

In addition, we also evaluated the characters of Alg/Hap hydrogels through molar
mass (as powder state), sterility testing and proliferation, and chondrogenic
differentiation. Finally, we found UV treatment seems to be better sterilization
methods for Alg/Hap hydrogel, which can also keep a good biocompatibility,
differentiation characteristic and minimal effects on mechanical properties, viscosity,
molar mass for hydrogels without changing chemical functional groups, as well as
eliminates the infection of bacterial and fungus. These results which as same as

Alg/HA hydrogel performance.
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IV. Effect of microenvironment induced by 3D scaffolds on cell
behavior: from differentiation to immune properties.

ARTICLE 3:

Effect of microenvironment induced by 3D scaffolds on cell behavior: from
differentiation to immune properties. Relationship among of mechanical and
biological properties.

Hao Yu, Ghislaine Cauchois, Franck Demeurie, Pascal Thomann, Jean-Frangois
Schmitt, Nicolas Louvet, Dominique Dumas, Yun Chen, Rachid Rahouad], Céline
Huselstein

Biomacromolecules, 2017, submitted
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Abstract

As we known, many researchers had used the hydrogel scaffolds-laden mesenchymal
stem cells to repair articular cartilage or subchondral bone defects due to hydrogel
could be used as matrix models to mimic 3D cellular microenvironments and MSCs
with the potentials of multi-differentiation and ability of immunoregulation. In this
study, we had encapsulated Wharton’s jelly mesenchymal stem cells (WJMSCs) into
two 3D hydrogel scaffolds under cultuing liquid of chondrocyte differentiation, one is
alginate (Alg)/hyaluronic acid (HA) hydrogels which will mimic cartilage and another
is alginate (Alg)/hydroxyapatite (Hap) hydrogels which will mimic subchondral bone.
On the basis of all of original results and principal component analysis, we found that
there were inter-relationship among in the mechanical, biological and immunological
properties. For example, there is a positive correction between strength and PEG,;
the changing of cell phenotype is connected with the microenvironment (physical
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property) of hydrogel; loss of surface markers is associated with immunoregulatory
factors secreted by MSCs.

Keywords: alginate; hyaluronic acid; hydroxyapatite; immune properties;
chondrogenic differentiation;

1. Introduction

Articular cartilage may undergo degeneration and functional losses from
inflammatory causes, trauma, aging, and other less common diseases. Moreover, the
damaged of articular cartilage has the limited regenerative capacity due to a lack of
cells and vessels. ? Researchers have been using different repair and regenerative
treatments, such as microfracture, autologous chondrocytes transplantation (ACI)
and mosaicplasty/osteochondral grafting.3 However, there are some disadvantages
for these treatments as lack of regenerative hyaline cartilage tissue, donor site
morbidity, and limited available tissues.* Limitation of these treatments for cartilage
defects has prompted the field of tissue-engineered cartilage. In particular, 3D
hydrogel-based scaffold causes the extensive concern more and more due to their
remarkable properties, such as high water content, high biocompatibility,
injectability, ease of modification and similarity to native extracellular matrix
(ECM).>** In the meantime, Wharton’s jelly mesenchymal stem cells (WJ-MSCs) are
a promising adult stem cell source with potential of immunomodulatory properties
and chondrogenic differentiation, which can be widely used to embed into hydrogels
to repair the damaged of articular cartilage.7'9 It is generally known that the
relationship between hydrogels and mesenchymal stem cells is complicated, even
though many researchers reported that the structure and composition (physical
properties) of hydrogels have significant influence on cellular behavior, including cell

10-13 For

proliferation, migration, alignment, differentiation, shape and phenotype.
example, the mechanical property of supramolecular HA hydrogels was modulated
by changing the cross-linking density for the controlled chondrogenesis of human
mesenchymal stem cells (hMSCs).** However, only a little is known about how does

the mechanical properties of hydrogel scaffolds-laden WIJMSCs change during the
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process of differentiation, which further influence on the performance of cell
behavior, but also, the expression of immunogenic markers after chondrogenic
differentiation of WJMSC seeded into hydrogel has been poorly investigated. Thus,
to find what are inter-relationship between the characteristics (mechanical,
biological, immunologic properties) turns to be necessary.

Alginate is one of the most important natural biomaterials because it forms a
stable hydrogels by cooperative binding with divalent cations such as Ca >*orBa %,
which have been widely used in cartilage tissue engineering due to its
biocompatibility, degradability and low immunological stimulation.” Alginate
hydrogels are generally deigned and used as matrix to support MSC encapsulation
and culture, and synthesis of cartilage-specific macromolecules in chondrogenic

differentiation.'®'’

Hyaluronic acid (HA) is a natural component of native cartilage,
which can regulate the synthesis of proteoglycans in cartilage tissues. So, HA
hydrogels have been extensively used for the encapsulation of MSC in cartilage

820 1 our lab, we demonstrated chondrogenic differentiation of

tissue engineering.
WJMSC embedded in alginate/hyaluronic acid hydrogel without adding growth
factors.? Hydroxyapatite (Hap) resembles the inorganic component of bone matrix,
and is widely considered suitable for bone tissue engineering due to its excellent
biocompatibility, affinity to biopolymers and osteoconductive properties, which can
improve bone regeneration and mechanical properties as it is introduced into
hydrogels as cell scaffolds.”*

The main purpose of the present work is to study the influence of 3D hydrogel
(Alg/HA and Alg/Hap) substrate mechanical conditions on WJ-MSC behavior during
the chondrogenic differentiation, as proliferation, phenotype, cytoskeleton,
differentiation and immunoregulation; then to further analysis of the
inter-correlation in among of characterizes as: mechanical properties, biological
properties and immunological properties, which can provide a useful principle for
optimizing 3D-hydrogel scaffold design to create “Clinical supporter” repair the

damage of cartilage. According to our previous studying, we shown that UV as an
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effective method of sterilization, not only it can keep the physical-chemical
properties of alginate/Hyaluronic acid hydrogel and cytocompatibility, but also
induce chondrogenesis from mesenchymal stem cells.?* So we will continue to use
the UV as a sterilization method.

2. Materials and Methods

2.1 Preparation of gel solution

The powders of 1.5% (m/v) alginate (medium viscosity, Sigma-Aldrich,
France)/hyaluronic acid (Acros organics, USA) (ratio 4:1) and alginate/hydroxyapatite
(Diameter is 25 um, Science Applications Industries, Lyon, France) (ratio 19:1) were
sterilized by UV treatment for 50 min (Ultraviolet lamp = 2x15 w, wavelength = 254
nm, Distance = 30 cm, Vilber lourmat, France), respectively.24 Then, they were
separately homogeneously dissolved in 0.9% sodium chloride (Merck, Germany) to
form gel solution by constant stirring in a sterile glass tube.

2.2 Construction of Alg/HA, Alg/Hap hydrogel scaffolds

To prepare gel solution as we described above. We used the spraying method to
make the hydrogel scaffold, which was previously used.*””? In brief, the spraying
system consisted of an airbrush working with a compressor.26 The spraying bottle
containing the alginate-based gel solution was connected to the airbrush, and then
solution was sprayed on a sterile glass plate with the spraying pressure being equal
to 0.9 bar, which was quickly and horizontally putted into a bath of 102 mM CacCl, for
10 minutes, forming the 3D-hydrogel scaffolds (Alg/HA and Alg/Hap). Then, the
scaffolds were washed twice with a 0.9% NaCl solution before being cut with a
biopsy punch (Cylinders, 5mm diameter, Stiefel).

2.3 Swelling behavior of the hydrogel

Swelling behavior of hydrogel scaffolds were immersed in phosphate buffered saline
(PBS) (pH7.2) at room temperature. The samples were taken out from PBS after 12 h,
wiped with filter paper to remove surface droplets and weighed (W;). Then,

hydrogels were frozen at -20 °C and lyophilized at -80°C for 12 h, and weighted (W)
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again. The swelling ratio Q, was calculated using the following equation: 2 Qu =
(W =Wo)/ Wy x 100 %.
Where W; and Wyrepresent the weight of swollen and dried hydrogels, respectively.
2.4 Isolation and cultivation of Wharton’s jelly mesenchymal stem cells
This study was approved by the ethical committee of Nancy Hospital, and no
authorization of this committee was necessary for their collection. Fresh human
umbilical cords were collected after full-term births with patients’ informed consent.
WJ-MSC were isolated and cultivated as previously described.*? Briefly, Umbilical
cord samples were rinsed with 70 % ethanol and Hanks’ balanced salt solution
(HBSS). Next, the umbilical cord vessels were removed manually from cord segments
and Wharton’s jelly aseptically cut into very small pieces (2 to 3 mm?) before placing
them in a six well plate. The pieces were cultured in a-MEM (Lonza, Walkersville, MD,
USA) with 10% fetal bovine serum (Sigma-Aldrich, France), 100 IU/mL penicillin
(Gibco, France), 100 pg/mL streptomycin (Gibco, France), 2 mM L-glucose
(Sigma-Aldrich, France), and 2.5 pug/mL amphotericin B (Gibco, France). They were
incubated at 37°C in 5% CO,, 5% O, incubator. After 7 days, cells migrated from
Wharton’s jelly and adhered on plate, taken out of the pieces, changed the medium
and continued culture until cell subconfluence (80%). After 2 weeks, WJ-MSC were
harvested with 0.25% Trypsin-EDTA (Sigma-Aldrich, France), media were changed
three times weekly and grown up to P3.
2.5 Cell seeding into hydrogel scaffolds and chondrogenic differentiation
At the third passage, WJ-MSC were harvested with Trypsin-EDTA and seeded at
3x10° cells/mL in Alg/HA, Alg/Hap gel solution, respectively. Scaffolds-loaded cells
were also fabricated by the spraying method, as above mentioned. Alg-based
hydrogel scaffolds (Cylinders) were culture during 30 days in 6-well plates with
induced chondrogenic culture medium which contained DMEM-high glucose (Gibco,
Grand Island, NY) supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 2.5 pg/mL amphotericin B, 1 mM CaCl,,
0.1 uM dexamethasone (Sigma-Aldrich, France), 50 pug/mL ascorbate-2-phosphate
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(Sigma-Aldrich, France), 100 pug/mL sodium pyruvate (Sigma-Aldrich, France), and 40
ug/mL L-proline (Sigma-Aldrich, France). Scaffolds were incubated at 37°C under a
humidified atmosphere with 5% CO,, 5% 0O,, and differentiation medium was
changed twice a week. Cylinders with cells were obtained for biological and
mechanical experiments. During chondrogenic differentiation, after 10, 20 and 30
days of culture, Cells were extracted from hydrogel scaffolds using 55 mM sodium
citrate (Sigma-Aldrich, France) and 50 mM EDTA solution (Merck, Darmstadt,
Germany) for 5 min. After centrifugation (320 g, 5 min), viability, phenotype,
immunophenotypic, mRNA and collagen expression were analyzed.

2.6 Mechanical properties of hydrogel scaffolds seeded cells during the days of
culture

After 10, 20 and 30 days of culture, the mechanical properties of Alg/HA and Alg/Hap
hydrogel scaffolds (with and without cells) were characterized by using the spherical
indentation technique. Hydrogel scaffolds were immersed in less DMEM in a Petri
dish and load applied using a smooth steel indenter tip with R =0.5mm. The indenter
was pressed into the surface of the hydrogel scaffold at a rate of 0.15 mm/min, using
the force response corresponding to an indenter displacement of 1 mm for all
specimens whose thicknesses were between 2 and 3 mm. The force-displacement
curves (n 2 6) were obtained for all velocities and samples.

2.7 Viability and proliferation of seeded cells into the hydrogels

Viability of cells encapsulation in hydrogel scaffolds was measured by PI/Annexin-V
kit (Life technologies, France). Cells were suspended in 100 puL of 1X Annexin-liant
buffer with 2.5 uL of Annexin V-Alexa 488 and 1 pL of propidium iodide (PI) for 15
min at the room temperature. After incubation, 200 uL of 1X Annexin-liant buffer
were added to each sample. Then, cells were detected with fluorescence emission at
530 nm and 575 nm by Gallios flow cytometer (Beckman Coulter, Brea, CA, USA).

Cell proliferation of cell cultured in hydrogel scaffolds was evaluated by using the
Alamar Blue™ assay Kit (Thermo scientific, France). Media were removed at specific
time points (10, 20 and 30 days), washed with PBS in culture plate and immersed in
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10% Alamar Blue solution (prepared in DMEM medium without phenol red) for 4
hours at 37 °C in a humidified incubator with 5% CO,, 5% O;. The reaction of Alamar
Blue was read in a microplate reader at 570 nm and 600 nm. To calculate the

percentage reduction of Alamar Blue™ as following equation:

% reduction = (OD570 (contro) X 155677) — (OD6OO (contro X 14652) 100
(OD570 (sample) X 117216) — (OD600 (sample) X 80586)

The absorption value of negative control is culture medium and Alamr Blue™. The
experiment was performed in quadruplicate.

2.8 Phenotypic analysis of cells in the hydrogels during chondrogenic
differentiation

Cell surface antigen expression by WJ-MSCs in hydrogel scaffolds was detected using
flow cytometry, and the monolayer expansion as to be control. Briefly, the extraction
of cells from hydrogel scaffolds as described before. To perform phenotypic analysis
MSC were incubated with fluorescein isothiocyanate (FITC)- or phycoerythrin
(PE)-conjugated mouse anti-human antibodies CD90-FITC, CD34-PE, CD44-FITC,
CD105-PE, CD45-FITC, CD166-PE and CD73-PE (Beckman Coulter, Brea, CA, USA) for
30 minutes at room temperature. Negative and isotype (FITC and PE) controls were
performed. After immunofluorescence staining, for each sample 10,000 events were
counted by Gallios flow cytometer (Beckman Coulter, Brea, CA, USA).

2.9 Morphology of cells cultured in the hydrogels and cytoskeletal assessment

After 30 days of culture, the micromorphology of the cells cultured in the hydrogels
was observed by SEM with an accelerating voltage of 5 kV. Briefly, samples were
washed with PBS, fixed in 4 wt% paraformaldehyde for 2 h and post-fixed for 2 hin 1
wt% OsO,. Then, they were progressively dehydrated in a series of alcohols after
rewashing with PBS, vacuum-dried, and coated with gold for SEM (JEOL JSM-6300F,
USA) observation. Cytoskeleton organization of cell-laden hydrogels was observed by
fluorescent labeling of F-actin fibers. Samples were washed with PBS then fixed with
4% (w/v) paraformaldehyde solution for 10 min (Sigma, France), after samples

permeabilization with 0.1% Triton X-100 solution (Sigma, France) for 15 min at the
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room temperature, and stained with Alexa Fluor 488 Phalloidin (Invitrogen, France)
for 30 min. Finally, samples were washed twice with DMEM without phenol red and
their flurescence images were captured using a laser scanning confocal microscope
(Leica TCS SP2, Microsystem Inc).

2.10 Differentiation potential of WIJ-MSCs into the alginate-based hydrogel
scaffolds

2.10.1 Transcript analysis

MSC were rinsed with PBS three times to remove residual alginate. Briefly, RNA was
extracted from cells using trizol (Invitrogen, France). Total RNA was purified by
RNeasy Plus mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA concentration was evaluated by spectrophotometry and RNA
quality was analyzed by electrophoresis through a 1% agarose gel. RNA was then
reverse-transcripted to cDNA templates using iScript™ cDNA Synthesis Kit (Bio-rad,
Hercules, CA, USA) according to the manufacture’s protocol. Quantitative
polymerase chain reaction (PCR) was performed using iTag™ Universal SYBR® Green
Supermix (Bio-rad) and the Applied Biosystems StepOne Plus (Life Technologies
Corporation, USA) during 40 cycles to quantitatively analyze gene expression. Primer

sequences are given in Table 1. The method 24

(Nolan et al., 2006) is used to
determine the relative expression levels of the mRNAs under the various
experimental conditions after normalization with respect to the reference gene

RP29.

Table 1 Target cDNA primers sequences used for RT-PCR

Gene Forward sequence (5’- 3') Reverse sequence (5’- 3') ™ (°)
RP29 GGGTCACCAGCAGCTGTACT CAGACACGACAAGAGCGAGA 60
Sox9 GAGGCAGAGGAGGCCACGGA CCGGAGGAGGAGTGTGGCGA 55
Col2al ATGACAATCTGGCTCCCAAC GAACCTGCTATTGCCCTCTG 60
Aggrecan TCTGTAACCCAGGCTCCAAC CTGGCAAAATCCCCACTAAA 62
Runx2 GCTGTTATGAAAAACCAAGT GGGAGGATTTGTGAAGAC 56
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OPN CCACGGACCTGCCAGCAACC GGCAACGGGGATGGCCTTGT 54

OCN CCTTTGTGTCCAAGCAGGAG CGGATTGAGCTCACACACCT 53

2.10.2 Collagen assay

Expression of collagen in the cells cultured in the hydrogels was determined by flow
cytometry. The extraction of cells from hydrogel scaffolds as described before. Cells
were incubated for 45 min with rabbit anti-human type |, Il, and X collagen
antibodies (1:20) (Merck, Darmstadt, Germany). Afterwards, specimens were
washed with PBS-PSA and centrifuged, cells were incubated for 30 min with
secondary antibody: a goat anti-rabbit 1gG Alexa Fluor 488 (1:20) (Invitrogen,
Carlsbad, CA, USA). Immunofluorescence labeling was detected using Gallios flow
cytometer (Beckman Coulter, Brea, CA, USA).

2.10.3 Histological

The cell-laden hydrogel scaffolds were washed with PBS and fixed with 4%
paraformaldehyde (Sigma Aldrich, France) for 4 hours. After that, the samples were
embedded in paraffin and sectioned in 5 um thickness. The sections were stained
with Sirius red and Alcian blue for total collagen and sulfated proteoglycans (GAG),
respectively. Microphotographs were taken using a light microscope (LEICA,
DMD108, USA).

2.11 Immunological properties

2.11.1 Flow cytometer assay

Immune antigen expression in cells were examined using monoclonal antibodies
specific for CD80, CD86, CD40 and HLA-DR (MACS, Miltenui Biotec, France)
conjugated with FITC and PE, respectively. Acquisitions and data analysis were
performed using the Gallios flow cytometer. Results are expressed as percentage of
positive cells or as mean relative fluorescence intensity, obtained as a ratio between
the mean fluorescence intensity of cells stained with specific mAb and the mean

fluorescence intensity obtained with isotype control.
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2.11.2 ELISA array

During the chondrocyte differentiation, the culture supernatants were harvested
after centrifuging to collect all the secretory proteins. Vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF), Prostaglandin E2 (PEG;), and
Transforming growth factor beta 1 (TGF-B;) were chosen as the immunoregulatory
factors. All of these factors were determined by enzyme-linked immunosorbent
assay (ELISA) using a commercially available ELISA kit (R&D Systems, BD Biosciences,
San Diego, CA). ELISA was performed according to the manufacturer's instructions.
All samples and standards were measured in duplicate.

2.12 Principal component analysis

To explore relationships between the physical properties and biological characters
for the hydrogel scaffolds, we carried out a principal components analysis (PCA),
which through the XLSTAT software (Addinsoft, New York, USA).

2.13 Data analysis and statistics

All quantitative data were averaged and expressed as mean + standard deviation (SD)
(N > 3). Statistical analyses were conducted using GraphPad Prism 6 software
(GraphPad San Diego, CA, USA). Data were evaluated using one- or two-way ANOVA
analysis of variance. Differences were considered statistically significant at p < 0.05.
3. Results and Discussion

3.1 Swelling Ratio Measurement

Swelling ratio of hydrogels is an important factor for substance exchange in tissue
engineering.’® As shown in Figure 1, the swelling ratio of pure-alginate hydrogels was
slightly higher than that of hydrogels contained HA (p > 0.05). However, the swelling
ratio significantly decreased with incorporation of Hap particles into alginate
hydrogel (p < 0.05). This is mainly due to the Hap showed hydrophobic properties
and had poor ability of absorbing water compared with highly hydrophilic alginate.
Or, hap particles take the amount of space inside the hydrogels network available to
accommodate water. In other words, addition of Hap particles into alginate
hydrogels not only decreased the swelling behavior of hydrogels, but also changed

Page | 86



Results

the mechanical properties compared with Alg/HA hydrogels, which will be discussed

later.
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Figure 1: Swelling ratio of pure-Alg, Alg/HA and Alg/Hap hydrogels after swelling in PBS at room
temperature. *p < 0.05, Pure Alg vs Alg/HA, Alg/HA vs Alg/Hap; Error bars represent means * standard

deviation for n = 5.

3.2 Mechanical properties

In this study, during chondrogenic differentiation process, the mechanical strength
of hydrogel scaffolds was determined in vitro by applying a compressive load to the
hydrogel (with or without cells) at each time points. Results of indentation testing on
hydrogel scaffolds is shown in Figure 2, at 10 days, it was normally observed that the
mechanical strength of Alg/Hap hydrogels (with or without cells) significantly
increased in comparison with Alg/HA hydrogels (with or without cells) (***p < 0.001),
which due to the incorporation of Hap particles into alginate to reinforce
microstructure and mechanical properties of hydrogels. Additionally, there was no
significant difference in strength between the Alg/HA (with or without cells) and
Alg/hap hydrogels (with or without cells) (p > 0.05). However, we found that the
mechanical strength of all of hydrogel scaffolds decreased during the time of culture.
This phenomenon was due to sodium ions in the media replacing calcium in the
alginate that resulted in a reversal of the crosslinking caused by the CaCl,.° On the
other hand, Ca** plays an important role in regulating of the mechanical properties
of hydrogels through electrostatic force, which was formed between Ca®* and
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proteoglycans.30 Interestingly, the mechanical strength of Alg/Hap with cells was
significantly higher than Alg/HA without cells after 20 days. This could be caused by
the rapid growth of cell seeded into Alg/Hap hydrogels, which further lead to the
reorganization of fibers, production of ECM and the application of intrinsic strains; it
also was in agreement with results of cell proliferation and cytoskeleton. This will be
discussed later. From these results, the mechanical strength of hydrogel was
increased by the incorporation of Hap particles, as well as the releasing of Ca’'is

expected to change mechanical properties of alginate hydrogel scaffolds.
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Figure 2: Typical force-velocity profile of the hydrogels (with and without cells) in different days, “or®
represent a significant difference in each group (Two-way ANOVA, ***p < 0.001, Alg/HA vs Alg/Hap,
Alg/HA + cells vs Alg/Hap + cells for 10 days; *p < 0.05 or *p < 0.0001, Alg/Hap vs Alg/Hap + cells,
Alg/HA vs Alg/Hap, Alg/HA + cells vs Alg/Hap + cells for 20 days; mp < 0.001, Alg/Hap vs Alg/Hap +
cells for 30 days; p > 0.05 (NS) means no significant difference in each group). Result is mean * SD of

six measurements.

3.3 Analysis of cell proliferation and viability in the hydrogels

Alamar blue (AB) assay was performed to quantify the proliferation of encapsulated
cells into two kinds of hydrogels during the process of chondrocyte differentiation.
As shown in Figure 3A, it was found that the AB reduction of cells in hydrogels
increased with increasing days. At the beginning of culture, the Alg/HA hydrogels
showed higher fluorescence intensity (**p < 0.01), which indicated that AB reduction
of cell in Alg/HA hydrogels was significantly higher than that of Alg/Hap hydrogels.

However, the cells in Alg/Hap hydrogels proliferated faster than in the Alg/Hap
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hydrogels at 30 days ( p < 0.001). It was probably due to Hap increased the matrix
stiffness, which further leaded to increase proliferation. This observation is well
consistent with the previous reports that the stiff substrates contribute a better

3132 1n other word, the stiffer

circumstance for cell proliferation than the soft ones.
substrate has beneficial for cell to aggregate through cell traction force, which is
regulated by cell adhesion molecules of the adjacent cells, and it has further effected
on the architecture of cytoskeletal, which will be discussed later. The viability of cells
encapsulated into hydrogels was analyzed 10, 20 and 30 days (figure 3B). It was
observed that cell viability slightly increased with the days of culture, but also these
viability rates were close to those observed during monolayer expansion (p > 0.05).
Meanwhile, No significant difference was observed between Alg/HA and Alg/Hap
hydrogels at each time points. Figure 3C shows the viable/ necrotic/apoptotic of cells
seeded in hydrogels after 30 days of culture. It exhibited that the proportion of
viable cells were 96.0% (Alg/HA) and 98.3% (Alg/Hap). As well as, the percentages of

necrotic and apoptotic cell seeded in two hydrogels are less than 4 %.
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Figure 3: Alamar Blue reduction (A) of encapsulated WJ-MSC culture in Alg/HA, Alg/Hap hydrogels at

10, 20 and 30 days; (B) The viability of encapsulated cells in hydrogels was measured by flow
cytometry after 3, 5, 10, 20, and 30 days of culture and (C) Flow cytometry analysis of
viable/necrotic/apoptotic cells seeded in hydrogels at 30 days. ! represent a significant difference in
each group (Two-way ANOVA, **p <0.01 or Mp < 0.001 Alg/HA vs Alg/Hap, at day 10 and 30), bars

represent the standard deviation, N=4 (Alamar Blue), N=3 (viability).

3.4 Phenotypic analysis

Flow cytometric analysis of cells derived from both monolayer and 3D culture groups
(Figure 4). During monolayer expansion, WJ-MSCs were positive for mesenchymal
markers CD90, CD73, CD105, CD44 and CD166, and negative for the hematopoietic
markers CD34, CD45 and HLA-DR, which as reported in previous studies and were
clearly in favor of a chondrogenic potential.s' **In the 3D environment and during
chondrogenic differentiation, it was found that the proportions of positive WIMSC
for mesenchymal markers decreased (except CD44 in Alg/HA hydrogel) significantly
from 10 and up to 30 days, as compared with monolayer expansion. We noted about
HA can directly bind to CD 44 receptors, which play an important role in the process
of chondrogenesis, therefore the expression of CD44 remained high and stable for
Alg/HA hydrogels. For other negative markers, with no significant differences
between monolayer and 3D culture groups at 30 days. These results was consistent
with our previous study showing a similar result for mesenchymal markers
expression of human MSCs cultured in hydrogels, ** as well as Lee HJ et al. reported

that the expression of CD90, CD44, CD166 and CD73 were decreased by the 3D
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alginate hydrogel (without hyaluronic acid) culture during the chondrogenic
differentiation process.”> Ullah M et al and others also presented that
chondrogenically differentiated hMSCs reduced their expression for these surface
antigens (CD44, CD73, CD90, CD105, and CD166).>°>® These surface markers were

39-42

recommended to be identify the chondrogenically differentiated cells, as they

have active differentiation signaling pathways, chondrogenic character, and

biological paradigms of the differentiated state.>**®

This phenomenon as the
changing of mesenchymal markers was concerned with the culture conditions. In
other words, their expression was shown to change depending on the
microenvironment but not specific negative markers in chondrocytes.> ** ** As
Hagmann S et al. reported the expansion medium can have a significant influence on
surface marker expression of mesenchymal stromal cells.*” However, another
explanation is that down-regulation of these markers in a 3D hydrogel with a limited
number of adhesion sites, as compared with two dimensional cultured controls.*®*’
Moreover, in 3D culture groups, the proportions of cell-surface markers were no
significantly difference (p > 0.05) in Alg/HA compared to Alg/Hap hydrogels after 30
days. Interestingly, some surface markers have been associated with
immunosuppressive capacity of MSCs, which also provided a reference for
immunophenotypic analysis of cells seeded into hydrogels. It will be discussed next.
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Figure 4: Flow cytometric analysis of the expression of surface markers by WJ-MSCs during monolayer
expansion (prior to encapsulation in the hydrogel) and throughout scaffold culture. The results are
shown as percentages of positive cells. All results are expressed as mean * standard error of the mean
(n>3). *p < 0.05, Hp <0.01, ***p < 0.001 and ****p < 0.0001, day x vs day 0 (monolayer) for the same

culture time; #p < 0.05, Wp <0.01 and ***

p < 0.0001, day 10 vs day 20, day 10 vs day 30 or day 20 vs
day 30 for the same hydrogel scaffold; WJ-MSCs were positive for CD90, CD44, CD166, CD73 and
CD105 expression. NS, no significant difference between Alg/HA and Alg/Hap at 30 days.

3.5 Immunofluorescence staining and microscopy

The cytoskeleton of cells within the two hydrogels after 30 days were examined by
phalloidin staining of F-actin, with the results presented in Figure 5(A). It is seen that
cells aggregation with extensive stress fibers was observed in the Alg/Hap hydrogel.
In contrast, the morphology of cells into the Alg/HA hydrogels were spherical and
non-clustered, which is due to the increasing of substrate stiffness by incorporated
Hap particles into alginate hydrogel. In other words, increasing in cellular traction

stress with substrate stiffness increased.*® Cell morphology of the encapsulated cells

in the hydrogels was further analyzed by SEM as Figure 5(B). More peripherally
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located stress fibers are seen in the cells in Alg/Hap hydrogel. Whereas, which lack
actin stress fibers and more cell remained nearly spherical morphology in the Alg/HA
hydrogels. This phenomenon was also caused by a homogenously dispersion of Hap
particles within the entire substance and it almost completely covers the hydrogel
surface. Especially, the distance between particles and cells are much closed.
Interestingly, for the Alg/Hap hydrogels, more wrinkles were apparent at the cells
periphery as compared with Alg/HA hydrogels, it can be attributed the mechanical
forces of cells applying on the substrate.”® Therefore, the incorporation of Hap
particles modified the substance stiffness and enhanced cell traction force, which

resulted in the extension of stress fibers.

(A)

100pm 100pm
PR ot
o Y AN

(B)

Figure 5: Influence of particles on the cytoskeleton and morphology of WJ-MSCs after 30 days. ((A):
F-actin content (Phalloidin staining; red) of seeded cells into hydrogels (scale bars, 100um); (B): SEM
images of cell seeded into the hydrogels (scale bars, 50) and high magnifications of Hap crystals

(5000X, yellow circle)).
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3.6 Chondrogenic differentiation

3.6.1 Transcript analysis

The expression of genes was qualitatively detected using real-time PCR during
chondrogenic differentiation. Figure 6(A) shows the expression levels of major
chondrogenic markers including Sox9, aggrecan (ACAN) and collagen type Il (Col2al).
It was found that the expression of these chondrogenic markers in WJMSCs seeded
into the hydrogels increased with increasing days. More importantly, these markers
expressed by cells in Alg/HA hydrogels was significantly higher than that of Alg/Hap
hydrogels in each time points. After 30 days, with a strong upregulation of
cartilage-specific transcript expression for Alg/HA hydrogel, which is not only
depended on the chondrogenic differentiation medium, but also associated with HA
as a native component of cartilage, and cells may interact with HA via cell surface
receptors, the hydrogels could influence stem cell differentiation.

Relative expression of other markers such as Runx2, osteopontin (OPN) or
osteocalcin (OCN) was also analyzed during chondrogenic differentiation as Figure
6(B). For both of hydrogels, it was observed that Runx2 (Hypertrophic cartilage
markers) expression slightly increased with the days of culture, as well as Runx2
expression was significantly higher in Alg/Hap compared to Alg/HA hydrogels. This
mainly reason is Hap as the inorganic phase of bone with osteoconductive properties,
which modulate the performance of the hydrogels with potential applications for
bone tissue engineering.51Furthermore, OPN and OCN were less expressed by cells
in all the hydrogels, which was also contributed to hap incorporated into hydrogels

even though it was cultured in chondrogenic differentiation medium.
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Figure 6: Mean relative expression of specific genes evaluated by quantitative RT-PCR during 30 days
of chondrogenic induction. (A) The cartilage-related genes: Sox9, Col2al and Aggrecan. (B) The
bone-related genes: Runx2, OPN and OCN. Date is presented as mean + SD with n > 3. *p <0.05, Mp <

"5 < 0.001

0.01 and *mp < 0.0001, Alg/HA vs Alg/Hap for a same culture time; “p < 0.05, *p < 0.01,

HitH#

and """p < 0.0001, day 20 vs day 30 for the same hydrogel scaffold.

3.6.2 Quantification of collagen expression

Synthesis of collagen produced by the cells encapsulated in the hydrogels as shown
in Figure 7. In the case of Alg/HA hydrogel, the relative expression of Col Il increased
over time (p < 0.05), When cultured for 30 days, the expression of Col Il in Alg/HA
was much higher than that of Alg/Hap hydrogels (p < 0.05). In contrast, the synthesis
of Col | and Col X by cells seeded into Alg/HA hydrogels decreased with increasing

days. In other words, Alg/Hap hydrogels seemed to produce more Col | and Col X.
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These results obtained for matrix synthesis analysis were consistent with those
obtained for transcript analysis. This finding assured that the Alg/HA hydrogels,
compared with Alg/Hap hydrogels, did better in improving the chondrogenic
differentiation of WIMSCs. For Alg/hap hydrogels, it has led to the osteogenic

differentiation of parts of cells during chondrogenic differentiation.
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Figure 7: Flow cytometric analysis of the expression of collagen (I, Il and X) by seeded WJ-MSCs into
the hydrogels (Alg/HA and/or Alg/Hap) during chondrogenic differentiation. The result is expressed as
mean +SD (n23). p<0.05 p<0.01, p<0.001land  p<0.0001, Alg/HA vs Alg/Hap for a same

HH#H#

culture time; *p < 0.05, *p < 0.01 and **p < 0.001, day 20 vs day 30 for the same hydrogel scaffold.

3.6.3 Histological staining

During chondrogenic differentiation, cartilaginous matrices production of the
WIJ-MSCs after 30 days of culture in the hydrogels were further investigated by
histological staining. Proteoglycans and total collagen were stained by Alcian blue
and Sirius red, respectively. As shown in Figure 8, it was observed that cell cultured
in Alg/HA hydrogels showed positive staining of proteoglycans, which it was seemed
to be greater than that in Alg/Hap hydrogels. Meanwhile, Sirius red staining
indicated that both of hydrogels showed total collagen synthesis, and no obviously
difference between Alg/HA and Alg/Hap hydrogels. However, according to the
results of collagen expression, collagen Il were observed in this pericellular space for
Alg/HA hydrogels, but also types | and X collagen was exclusively pericellular for

Alg/Hap hydrogels.
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(B)

Figure 8: Histological analysis of seeded WJ-MSCs into hydrogel scaffolds and cultured under the
differentiation liquid of chondrocyte after 30 days. (A) Collagen synthesis in hydrogel scaffolds by
Sirius red staining. (B) Glycosaminoglycan synthesis in hydrogel scaffolds by Alcian Blue staining. Scale

baris 100 um.

3.7 Immunological properties

It is known to all that B7 superfamily (CD40, CD80 and CD86) and HLA-DR are of
critical importance for their role as costimulatory in immune processes.”” Here, we
examined the expression of costimulatory molecules on WIMSCs seeded into
hydrogel during chondrogenic differentiation by FACS analysis (Figure 9). Both of
hydrogel-laden cells showed negative expression with the days of culture, which are
almost same as monolayer. These findings indicate that co-stimulatory molecule can
maintain co-inhibitory roles after chondro-differentiated WIJMSC as well as
undifferentiated WJMSC did. This result which in agreement with La Rocca G et al

and Lee HJ et al reporting.>>>*

It means that the composition of hydrogels has no
effects on the performance of costimulatory molecules on cells seeded into

hydrogels.
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Figure 9: Detection of costimulatory molecules on WJ-MSCs by flow cytometry. Expression of
costimulatory molecules (CD40, CD80, CD86 and HLA-DR) on encapsulated WJ-MSCs into hydrogels

cultured in chondrogenic differentiation medium at 30 days.
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The secretion of immune-related soluble factors by WIMSCs seeded in the hydrogels,
including PGE2, HGF, VEGF and TGF-B1 normalized by total protein contents. As
shown in Figure 10, all of these factors exhibited the different trends. In briefly, the
production of PGE, and TGF-B; increased gradually in 3D hydrogel constructs during
the whole culturing time. This result was consistent with the results that MSCs in
hydrogel could secrete various immunoregulatory factors.> In other words, scaffolds
structures may regulate the immunological properties of MSCs through modulating

their secretion of immunoregulatory factors.>>’

As well as, it was found that the
expressing of these factors (PGE, and TGF-B;) secretion by cells seeded into Alg/Hap
hydrogels were significantly higher than that of Alg/HA hydrogels. This phenomenon
is due to the secretion of immunoregulatory factors for cells were consistent with
the tendency of scaffold contraction.”® The incorporation of Hap particles into
hydrogel resulted in higher cell density and more cell-cell interactions as observed
through (Figure 3A), which further improved the contraction activities of hydrogel.
However, in contrast, we observed that the expression of HGF and VEGF decreased
in 3D hydrogels with over time. It may be issued in the positive surface markers of
cells decreased during differentiation process. For examples, Campioni D et al
reported the a loss of immunosuppressive activity by MSCs was connected with the
reducing of positive mesenchymal marker CD90,”® and CD34"/CD90" cells of human
adipose tissue differentiate in endothelial cells was associated with the production
of VEGF.” By the way, for VEGF, Chen XY et al reported that it could inhibit the
expression of aggrecan and type Il collagen at the gene and protein levels,®® thus the
decreasing of VEGF expression may be associated with up-regulation of aggrecan
and Col Il as shown in figure 6 and 7. From these results, we speculated that the
secretion of immune-related soluble factors of WIJMSCs seeded into hydrogels not
only determined by native hydrogel structures, but also associated with a loss of
mesenchymal markers on cells during chondrogenic differentiation process. So to
provide a suitable microenvironment for the MSCs is becoming necessary. Finally, it
indicated that the mechanical properties of hydrogel scaffolds could play a vital role
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in meditating the secretion of immunoregulatory factors by WIMSCs during

chondrocyte differentiation.
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Figure 10: ELISA analysis of cytokines (PGE,, HGF, VEGF and TGF-B1) of encapsulated WJ-MSCs into
the hydrogel scaffolds during chondrogenic differentiation from 10 to 30 days. Data expressed as
mean + SD (n = 4), Two-Way ANOVA, p < 0.05, p <0.01,  p < 0.001 and *p < 0.0001, Alg/HA vs

Alg/Hap for a same culture time.
3.8 PCA component analysis

Principal component analysis (PCA) method is useful in helping to determine
underlying relationships between 29 biological-physical properties variables and 2
alginate-based hydrogels (Alg/HA and Alg/Hap) scaffolds. While to our knowledge
this method has not been previously used to elucidate how mechanical properties of
hydrogel scaffolds can affect biological properties including biochemical and
immunology properties. The results of the PCA analysis are shown in Figure 11(a, b).
As seen in Figure 1la (biological variables), we find that the first principal
component (F1) explains 77.70% of the observed variance while the second principal
component F2) explains 22.30% (F1 vs F2 which represents 100% of total variability).

A projection of the variable parameters onto Fs 1 and 2 clearly separates them into

Page | 100



Results

two distinct clusters as A and B groups, corresponding to the different hydrogel that
were used. From view of observation points Obs1, a positive correlation (Group B) is
observed between Alg/HA hydrogel scaffolds and some of variables (Co-stimulators,
cartilage-related genes and VEGF) that corresponded to F1. As well as there is a high
correlation coefficient (Group A) between Alg/Hap hydrogel scaffolds and other
variables (bone-related genes, proliferation, HGF and TGF-B1) from the view of
observation points Obs2 (corresponding to F1). For the physical variables, this
representation (score plot) is shown in figure 11 b. Here, the PCA score plot also
utilizes the first principal component representing 60.97% of variance, and it already
shows clear two clusters of the data (Group A and B). In term of view point 1, Alg/HA
is positively associated with swelling behavior and strength (-), which is in
accordance with the results of Figure 1 and 2. However, Alg/Hap (Group B) is
opposed with the Alg/HA and contributes to the second principal component, which
is associated with strength (+). This identified the two groups of the variable

parameters as we saw in our initial analysis.
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Figure 11: lllustration of the data set under the new coordinate system defined by the principal
components analysis. (Axes F1 and F2 representing 100%), (a) biological properties; (b) physical

properties.
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Results

In order to further analysis, the inter-relationship among of the 29 biological-physical
properties variables, there is correlation matrix for the studied parameters as shown
in Table 2, 3 and 4. For correlations, significant correlations are displayed in bold. As
observed for the Alg/HA and Alg/Hap hydrogels, no significant correlations in all of
the variable parameters, that is corresponding to our original analysis results. For the
biological parameters (table 2, 3), the viability and proliferation characters were
positively associated with surface markers (CD73 and CD166) and some of
immunoregulatory factors (PEG, and HGF) secreted by MSCs. For the surface
markers of cells, there was also positively relation in among of markers as CD73 vs
CD166. Meanwhile, our data indicates that no expression of co-stimulatory
molecules for seeded WIMSCs into the hydrogels during the process of chondrocyte
differentiation, which is also corrected with the expression of cartilage-related genes
as CD80 (Sox 9 (0.997) and Col2al: 1.000) or surface markers as CD86 (CD90 (1.000)
and HLA-DR (0.998)). In addition, we observed that the surface markers of WJMSCs
have an inseparable relationship with the cytokines secreted by MSCs, for example,
the surface markers (CD166) have significantly positive affected on PEG,, TGF-Bland
HGF, as well as the CD44 and CD73 have positive impacted on PEG, (0.999, 1.000)
and HGF (0.997, 0.999), respectively. As table 4 shown the inter-relationship of
physical properties, we found that no significant correction between parameters. On
the basis of principal component analysis and above results, we found that there was
the inter-correction of mechanical, biology and immunoregulatory for seeded
WIJMSCs into different hydrogels (Alg/HA and Alg/Hap) during chondrogenic lineage

differentiation.
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Results

Table 2, 3 The correlation matrix for the studied biological parameters. (Values in bold are different

from 0 with a significance level alpha=0.05, all of the value of parameters were taken at 30 days)

Variables Alg/HA  Alg/Hap Viability Proliferation CD90 CD44 CD73 (D105 CD166 HLA-DR  Sox9 Col2al
Alg/HA 1 -0,500 0,492 0,451 0,587 0,539 0,504 0,279 0,442 0,649 0,928 0,962
Alg/Hap -0,500 1 0,508 0,547 0,407 0,460 0,496 0,692 0,556 0,334 -0,142 -0,244
Viability 0,492 0,508 1 0,999 0,994 0,999 1,000 0,973 0,998 0,982 0,780 0,711

Proliferation 0,451 0,547 0,999 1 0,987 0,995 0,998 0,983 1,000 0,972 0,751 0,678
CD90 0,587 0,407 0,994 0,987 1 0,998 0,995 0,941 0,986 0,997 0,846 0,786
CD44 0,539 0,460 0,999 0,995 0,998 1 0,999 0,959 0,994 0,991 0,813 0,748
CD73 0,504 0,496 1,000 0,998 0,995 0,999 1 0,970 0,998 0,984 0,789 0,720

CD105 0,279 0,692 0,973 0,983 0,941 0,959 0,970 1 0,985 0,911 0,616 0,531
CD166 0,442 0,556 0,998 1,000 0,986 0,994 0,998 0,985 1 0,969 0,743 0,670
HLA-DR 0,649 0,334 0,982 0,972 0,997 0,991 0,984 0911 0,969 1 0,885 0,832
Sox9 0,928 -0,142 0,780 0,751 0,846 0,813 0,789 0,616 0,743 0,885 1 0,995
Col2al 0,962 -0,244 0,711 0,678 0,786 0,748 0,720 0,531 0,670 0,832 0,995 1
Aggrecan 0,851 0,028 0,876 0,852 0,924 0,900 0,882 0,741 0,847 0,952 0,985 0,962
Runx2 -0,240 0,961 0,727 0,758 0,645 0,689 0,718 0,865 0,765 0,583 0,138 0,035
OPN -0,125 0,922 0,803 0,829 0,730 0,769 0,795 0,918 0,835 0,674 0,253 0,151
OCN 0,101 0,811 0,916 0,933 0,865 0,893 0,911 0,984 0,937 0,822 0,464 0,369
Col | -0,271 0,969 0,705 0,737 0,620 0,665 0,695 0,849 0,744 0,556 0,106 0,003
Col Il 0,952 -0,209 0,736 0,704 0,808 0,772 0,745 0,561 0,696 0,852 0,998 0,999
Col X -0,368 0,989 0,628 0,664 0,537 0,585 0,618 0,790 0,672 0,468 0,004 -0,100
CD40 0,890 -0,051 0,834 0,808 0,891 0,863 0,842 0,685 0,802 0,924 0,996 0,981
CD80 0,954 -0,217 0,731 0,699 0,803 0,767 0,740 0,554 0,691 0,848 0,997 1,000
CD86 0,604 0,389 0,991 0,984 1,000 0,997 0,993 0,934 0,982 0,998 0,857 0,798
PGE, 0,500 0,500 1,000 0,998 0,995 0,999 1,000 0,971 0,998 0,983 0,786 0,718
HGF 0,476 0,524 1,000 1,000 0,991 0,997 0,999 0,977 0,999 0,978 0,769 0,698
VEGF 0,846 0,039 0,880 0,858 0,928 0,905 0,887 0,748 0,852 0,955 0,984 0,960
TGF-B1 0,403 0,591 0,995 0,999 0,977 0,988 0,994 0,991 0,999 0,958 0,714 0,637
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Variables Aggrecan  Runx2 OPN OCN Col I Col Il Col X CD40 CD80 CD86  PGE, HGF VEGF  TGF-B1
Alg/HA 0,851 -0,240 -0,125 0,101 -0,271 0,952 -0,368 0,890 0,954 0,604 0,500 0,476 0,846 0,403
Alg/Hap 0,028 0961 0,922 0,811 0969 -0,209 0,989 -0,051 -0,217 0,389 0,500 0,524 0,039 0,591
viability 0,876 0,727 0,803 0,916 0,705 0,736 0,628 0,834 0,731 0,991 1,000 1,000 0,880 0,995

proliferation 0,852 0,758 0,829 0,933 0,737 0,704 0,664 0,808 0,699 0,984 0,998 1,000 0,858 0,999
CD90 0,924 0,645 0,730 0,85 0,620 0,808 0,537 0,891 0,803 1,000 0,995 0,991 0,928 0,977
cD44 0,900 0,689 0,769 0,893 0,665 0,772 0,585 0,863 0,767 0,997 0,999 0,997 0,905 0,988
cD73 0,882 0,718 0,795 0,911 0,695 0,745 0,618 0,842 0,740 0,993 1,000 0,999 0,887 0,994
CD105 0,741 0,865 0,918 0,984 0,849 0,561 0,790 0,685 0,554 0,934 0,971 0,977 0,748 0,991
CD166 0,847 0,765 0,835 0,937 0,744 0,696 0,672 0,802 0,691 0,982 0,998 0,999 0,852 0,999
HLA-DR 0,952 0,583 0,674 0,822 05556 0,852 0,468 0,924 0,848 0,998 0,983 0,978 0,955 0,958
Sox9 0,985 0,138 0,253 0,464 0,106 0,998 0,004 099 0997 0,857 0,786 0,769 0,984 0,714
Col2al 0,962 0,03 0,151 0,369 0,003 0999 -0,100 0,981 1,000 0,798 0,718 0,698 0,960 0,637

Aggrecan 1 0305 0414 0608 0,274 0971 0,174 0997 0970 0,932 0,880 0,866 1,000 0,823

Runx2 0,305 1 0993 0942 0999 0,071 0991 0,228 0,063 0,629 0,721 0,740 0,315 0,792
OPN 0,414 0,993 1 0974 098 0,187 0968 0,341 0,179 0,716 0,797 0,813 0,424 0,858
OCN 0,608 0,942 0,974 1 0930 0402 0888 0543 0,39 0854 0912 0,923 0,616 0,951
Coll 0,274 0,999 0,989 0,930 1 0039 099 0197 0,031 0604 0,698 0,718 0,284 0,772
Col Il 0,971 0,071 0,187 0,402 0,039 1 -0064 0987 1,000 0,820 0,743 0,723 0,969 0,665
Col X 0,174 0,991 0,968 0,888 0,995 -0,064 1 0,09 -0072 0,519 0,621 0,643 0,184 0,703
CD40 0,997 0,228 0,341 0,543 0,197 0,987 0,096 1 098 090 0840 0,824 0,996 0,775
CD8&0 0,970 0,063 0,179 0,39 0,031 1,000 -0,072 0,986 1 0815 0,737 0,718 0,967 0,659
CD86 0932 0629 0,716 0,854 0604 0820 0519 0,900 0,815 1 0992 0,98 0,936 0,973
PGE, 0,880 0,721 0,797 0912 0698 0,743 0621 0,840 0,737 0,992 1 1,000 0,885 0,994
HGF 0,866 0,740 0,813 0923 0,718 0,723 0,643 0824 0,718 0,988 1,000 1 0871 0,997
VEGF 1,000 0,315 0424 0616 0,284 0969 0,184 099 0,967 0,936 0,885 0,871 1 0,829
TGF-B1 0,823 0,792 0858 0951 0,772 0665 0,703 0,775 0,659 0,973 0,994 0,997 0,829 1

Table 4 The correlation matrix for the studied physical parameters. (Values in bold are different from

0 with a significance level alpha=0.05, Strength (-): the force of hydrogel scaffolds without cells;

Strength (+): the force of hydrogel scaffolds with cells; all of the value of parameters were taken at 30

days)

Variables Alg/HA Alg/Hap Swelling ratio  Strength (-) Strength (+)
Alg/HA 1 -0,500 0,741 0,538 -0,136
Alg/Hap -0,500 1 0,211 0,461 0,926

Swelling ratio 0,741 0,211 1 0,965 0,564
Strength (-) 0,538 0,461 0,965 1 0,762
Strength (+) 0,136 0,926 0,564 0,762 1
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4. Conclusions

Through analysis of the mechanical, biological and immunological properties of two
3D hydrogel scaffolds, the results indicated that Hap successfully improved
mechanical properties of hydrogel, which decreased swelling ratio and changed cell
behavior as cytoskeleton, proliferation of cell, which also improved the production of
PGE, and TGF-B; as compared with Alg/HA hydrogels. The expression of the
mesenchymal markers as (CD44, CD73, CD90, CD105, and CD166) was decreased by
3D hydrogel (Alg/HA and Alg/Hap) culture during the time of culture. Besides, during
chondrogenic differentiation, Alg/HA hydrogel scaffolds showed strong upregulation
of cartilage-specific transcript expression, meanwhile, Alg/Hap hydrogel scaffolds
presented slightly upregulation of bone-specific transcript expression from 10 to 30
days. In addition, both of hydrogel--laden MSCs did not express the costimulatory
surface antigens CD40, CD80, and CD86. However, the expression of HGF and VEGF
decreased in 3D hydrogel scaffolds. Then, we have developed the inter-relationship
among of the 29 biological-physical properties. It was found that mechanical,
biological and immunological properties are also affected by each other. The findings
would provide guidance in 3D-hydrogel scaffold designs for cartilage/subchondral
bone tissue engineering to control the cell behavior and immunological properties
through the regulation of mechanical properties.
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Discussion

Recently, Wharton’s jelly represents an attractive and alternative source of MSC for
the development of new approaches in cellular and tissue engineering. It seems to
offer advantages over adult MSC, which make it possible to consider their use in cell
therapy in long term. WJ-MSC exhibited a relative stability in terms of in vitro
proliferation, viability, senescence and multipotency differentiation capacities, etc
under in vitro condition. In the first part of our work, we identified the characters of
extracted WIJ-MSC from umbilical cord. Thus, WJ-MSC fit the criteria of the
International Society for Cellular Therapy (Dominici M et al, 2006). They express
mesenchymal markers such as CD73, CD90, and CD105 and are negative for
hematopoietic ones (CD45, CD34) (Wang HS et al, 2004; Conconi MT et al, 2011,
Anzalone R et al, 2010). Furthermore, WJ-MSC have higher colony forming
unit-fibroblast (CFU-F) (Baksh D et al, 2007) and have a high ex vivo proliferation
index and low population doubling times. Nekanti U et al showed that WJ-MSC can
undergo a 300-fold expansion within six to seven passages without any abnormal
karyotypes (Nekanti U et al, 2010; Troyer D L et al, 2008). So, we suggested that
WJ-MSC could be used as stem cell resource in regenerative cartilage.

As we known that the lesions of cartilage from the partial- to full-thickness are
affecting people of all ages. In order to mimic the organization of cartilage tissue,
many people promoted the multilayer scaffolds with a good capacity for repairing
the damaged tissue. The ideal hydrogel graft for the treatment of articular cartilage
defects needs to match the mechanical and functional properties of the native tissue.
So, it is necessary to assay the physical properties and cell behavior of hydrogel what
will be fabricated by initiate HA and Hap. In this part, we mainly focused on the
characterization of Alg/HA and Alg/Hap hydrogel, comparison of them from
mechanical properties and viscosity behavior, as well as evaluation of the cell
proliferation, viability and differentiation of WJ-MSC encapsulated into Alg/HA

and/or Alg/Hap during the process of chondrogenic differentiation. For the

Page | 113



Discussion

rheological characterization of Alg/HA and Alg/Hap in gelling state, it found that the
viscosity of hydrogel after autoclaving is further lower than the control’s one. It was
caused by the reaction of depolymerization of alginate chains under a higher
temperature (Leo W/ et al, 1990; Holme HK et al, 2008). Put simply, alginate is a
block copolymer, and their physical properties rely heavily on the sequence of these
blocks. However, the autoclaving treatment caused the B-elimination reaction of 1-4
glycosidic linkage for the depolymerization of alginate (Holme HK et al, 2003). That is
also why the strength of Alg/HA and Alg/Hap hydrogel scaffolds decreased by
autoclaving. At the same time, Alg/Hap hydrogels have good mechanical properties
as compared with Alg/HA hydrogels, which due to hap particles reinforce the
strength of hydrogels (Romdn J et al, 2011). For cell behavior of WJ-MSC seeded into
the Alg/HA and Alg/Hap hydrogels, we found the cell viability and cell proliferation of
Alg/Hap is significantly better than Alg/HA hydrogel from 10 to 30 days. This could
depend on the shear viscosity and tensile strength of hydrogel, as we described in
the article 1. Through these experiments, we found the autoclave treatment has
negatively affected on the shear viscosity and mechanical properties of Alg/HA and
Alg/Hap hydrogels. Thus, to find an effective sterilization method is turning to be
necessary, which can keep the native characters of alginate-based hydrogel as well
as maintain the cell behavior of hydrogel-laden cells.

For the third part, sterilization is defined as the process where all the viable
organisms are killed. It can be achieved by physical, chemical and physiochemical
methods. Many of sterilization treatments (autoclave, Gamma irradiation, ethanol,
ethylene oxide, moist heat) are commonly used to directly sterilize hydrogel,
polymeric or biologic scaffolds (Dearth CL et al, 2016; Rnjak-Kovacina J et al, 2015).
But, it is well known that these common sterilization treatments lead to the alginate
chain scission (linked by B (1->4) glycosidic bonds) and hemolysis (de-polymerization)
(Hu T et al, 2014; Leo W/J et al, 1990). Cardoso DA et al (Cardoso D A et al, 2014)
reported that y-irradiation, autoclave and partial periodate oxidation affect the
molecular weight of alginate. If autoclave changed the mechanical properties of
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hydrogels, Stoppel WL et al (Stoppel WL et al, 2014) showed that UV method during
20 min is not enough to eliminate bacterial persistence of hydrogel. To select an
effective sterilization treatment of alginate-based materials, one must ensure it does
not damage its functional properties. In our study, we investigated the effect of
sterilization by autoclave, or UV (during 25 and 50 minutes) on alginate/hyaluronic
acid hydrogel scaffolds. This set has been yet described as promoting mesenchymal
stem cell differentiation into chondrocytes (Reppel L et al, 2015). We tried to make
inter-relationship between all these parameters and sterilization process and for the
first time the effect of sterilization has been determined on biological, mechanical
and physicochemical properties of hydrogel scaffolds. Through the ATR-FTIR analysis
we found that there is no significant shift of characteristic FTIR peaks of Alg/HA
hydrogel, pure alginate powders and pure hyaluronic acid powders under autoclave,
UV-1, UV-2 or control treatments, which indicated that these sterilization methods
have no effect on the chemical functional groups of them. Mao S et al (Mao S et al,
2012) demonstrated using UV spectroscopy there was no change in chemical
structure of the alginate during de-polymerization process. The molecular weight is
the most important property of the polymers in the sense that it also governs their
mechanical properties. That is why we analyzed the average molecular weight of
composite of Alg/HA in powder after autoclave, UV-1, UV-2 and control. So we found
that the autoclave treatment caused an important reduction in M, and M,, but
also in viscosity as compared with control. These results are confirmed by the
previous study (Lee KY et al, 2012), which showed that the alginate polymer exhibits
a reduction of its molecular weight and its viscosity, due to the de-polymerization
which leads to the breakdown of the main chain backbone of alginate. In addition,
UV treatment produces a slight decrease in molecular mass and viscosity for Alg/HA,
and showes no significant difference between UV-1 and UV-2. This phenomenon can
be attributed to the absorption of UV energy due to polysaccharide. Since, the
formation of free radical through UV light may cleave covalent bonds, which can
initiate de-polymerization reaction (Wasikiewicz JM et al, 2005). Therefore, as UV

Page | 115


http://www.ncbi.nlm.nih.gov/pubmed/?term=Stoppel%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=24259507
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stoppel%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=24259507

Discussion

treatment has no deleterious effect on the properties of alginate, it can be used to
maintain the stability and structural homogeneous of hydrogel scaffolds. Moreover,
the hydrogel scaffolds are fairly soft viscoelastic media that require appropriate
techniques of mechanical characterisation to be investigated. That's why we
selected the indentation technique, which is often used for living and synthetic soft
materials. This mechanical test can be done at different scales (nano by AFM, micro
or macro) and presents the advantage of being fast and non-destructive (Merino JC
et al, 1991; Oyen ML et al, 2014; Ahearne M et al, 2005), although the strain and
stress fields are not uniform. In the present study, we used it to compared the
effects of treatment without explicity characterize the mechanical behaviour. Note
that the determination of the mechanical behaviour of the hydrogel could only be
done by a numerical method such as the finite element method. The main results
are given as a function of sterilization treatments in figure 4 of article 2. However,
the authors agree on the fact that the sterilization time is a prime parameter in
clinical medicine (Braghirolli DI et al, 2014). Effects of UV treatment time (UV-1: 25
min, UV-2: 25+25 min) and autoclaving on the sterility and biocompatibility of
hydrogel beads were studied by FTM with SGA, PI/Annexin-V kit and Alamar Blue™
assay Kit. As shown in table 2 and figure.5 of article 2, there is clouding of the
thioglycollate broth in the medium for hydrogel beads by UV-1 treatment. In
contrast, autoclaving and UV-2 treatment keep hydrogel beads from contamination,
which can protect them infection from bacterial and fungal. This result is in
agreement with De Moraes MA et al (De Moraes MA et al, 2014) study on silk fiber
membranes. Our results showed that UV-radiation for 25 min was not enough to
eliminate microorganisms for hydrogel scaffold. Nevertheless, the long duration of
UV treatment (25+25 min) seems to be an effective sterilization condition, but also is
beneficial for living cells-laden Alg/HA hydrogel scaffolds. In fact, the viability results
obtained with UV-2 showed that the average living percentage of cells arrived at 82
+ 10% at 30 days, as after autoclaving. Microscopic evaluation of the encapsulated
WJ-MSC showed that, whatever the sterilization process, at the beginning of the
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culture, the encapsulated undifferentiated stem cells remained as a single-cell
suspension. However, during cartilage differentiation (30 days), extracellular matrix
was synthetized. Histochemical staining with Alcian Blue and Sirius Red which are
specific for GAG and collagen synthesis, respectively, confirmed the amount of
extracellular matrix synthesis from 10 days for GAG and 30 days for collagen. More
important is the synthesis of GAG and collagen in UV-2-hydrogel beads are more
than others after 30 days of culture. From the results above, we can conclude that
hydrogel scaffolds with UV-2 treatments may be a good alternative to ensure the cell
viability and chondrocyte differentiation of the WJ-MSCs-laden hydrogel. Through
the PCA component analysis, we had furtherly interpreted the inter-correlations
between the different treatments and variables as seen in article 2. Finally, this work
shown that the cell behavior in alginate-based hydrogels was not only regulated by
physicochemical properties (as molar mass or/and viscosity), but also associated
with the controlling of sterilization time.

For osteochondral defeat, to use stratified scaffold to mimic zonal organization of
cartilage will be necessary. We will use the Alg/Ha hydrogels and Alg/Hap hydrogels
to mimic cartilage and subchondral bone, respectively. According to previously
results, UV can be as an effective sterilization treatment to sterilize Alg/HA and
Alg/Hap hydrogel. In this part, we have mainly studied the physical properties,
biological characters and immunomodulatory properties of alginate-based
hydrogel-laden WIJ-MSC during chondrogenesis. To explore how scaffold
composition modulate the mechanical, biological (chondrocyte differentiation, cell
behavior) and secretion of immunoregulatory factors in MSCs encapsulated into
Alg/HA and Alg/Hap hydrogels, respectively. For the physical properties of hydrogels,
the results of physical properties (swelling ratio, mechanical properties) shown hap
particles have decreased the swelling ratio of alginate-based hydrogel and have
improved the mechanical strength of alginate-based hydrogel, which due to the Hap
with hydrophobic properties and have a normal mechanical strength as bone tissue.
More interestingly, we found the mechanical strength of alginate-based hydrogels
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(with/without cells) decreased during the time of culture. This is likely due to the
calcium metabolism and the changes in calcium concentration under culturing
condition (Wan LQ et al, 2008). Whereupon, how to dynamic adjust the mechanical
strength of alginate-based hydrogel-laden cells is becoming very important. This is
our problem to be solved in the future. In the biological part, their proliferation,
phenotypic and differentiation were evaluated. The results shown that the
proliferation of cell in Alg/HA hydrogels was significantly higher than that of Alg/Hap
hydrogels after 30 days. It depended on the Hap particles have increased the
stiffness of matrix, which lead to increase cell’s proliferation (Discher DE et al, 2005).
During the chondrogenic differentiation from 10 to 30 days, as the results of RT-PCR
and flow cytometry shown, Alg/HA hydrogels were beneficial for the expression of
chondrogenesis-related markers (509, Col2al and ACAN). Bu also Alg/Hap hydrogels
have expressed osteogenic-related genes (Runx2, OPN, OCN, Col | and Col X) as
compared with Alg/HA hydrogel. Both Alg/HA and Alg/Hap hydrogels with a
potential to mimic the zonal organization of cartilage defect. Histological staining
was furtherly verified the differentiation character of WJ-MSC seeded into hydrogel.
MSC are endowed with outstanding immunoregulatory features, some studies have
exhibited the scaffold could mediate the expression of MHC molecules on the
surface of MSCs (Yuan T et al, 2011, Park JS et al, 2015). However, there is in lack of
if the scaffold properties could regulate immunoregulatory activity of seeded MSCs.
Thus, we focused on wheatear the alginate-based hydrogel composition could
modulate the secretion of soluble factors by seeded WJ-MSCs during the
chondrogenic differentiation. Here, flow-cytometry and ELISA results showed
changing of the soluble factors by secreted WJ-MSCs seeded into hydrogel with
different composition. The results shown that immunoregulatory factors (HGF and
VEGF) expression decreased from 10 to 30 days, this phenomena was caused by a
loss of mesenchymal markers, as shown in figure 4 of article 3. Meanwhile,
expression of soluble factors (TGF-B1) of Alg/Hap-laden WJ-MSCs were higher than
Alg/HA-laden WJ-MSCs, as a result of Hap particles have improved the contraction
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activities of hydrogel, that is the particles lead to more cell-cell interactions as seen
in figure 5 of article 3. For the VEGF expression, Alg/HA-laden WJ-MSCs expressed
much more than Alg/Hap-laden WIJ-MSCs, which were associated with the
up-regulation of collagen Il and aggrecan during differentiation. Taken together, the
native hydrogel structures could play a vital role in meditating the secretion of
immunoregulatory factors by MSCs seeded into alginate-based hydrogels during
chondrogenic differentiation. Finally, through the PCA analysis, we developed a
correlation-ship in among of parameters including hydrogel, physical properties, cell

behavior and immunomodulation properties.

Page | 119



Conclusions and perspectives

Conclusions and perspectives

WJ-MSC with maintenance of their proliferating, differentiation potential and
immune properties promise to be an interesting source of MSC for cartilage tissue
engineering or cell therapy. To repair osteochondral defeats, multiphasic scaffolds
are required to mimic the physiological properties and structure of two different
tissues as cartilage and subchondral bone. In this part, before we will plan to use the
Alg/HA and Alg/Hap to mimic cartilage and subchondral bone, respectively. It is
necessary to compare the Alg/HA and Alg/Hap hydrogels in mechanical property and
cytocompatibility. The results shown that Alg/Hap hydrogel presented a good
mechanical properties and cytocompatibility as compared with Alg/HA hydrogel. As
well as the autoclaving treatment has negatively influenced native characters
(viscosity and mechanical property) of hydrogels. As everyone knows, almost all of
the biologic scaffold materials was fabricated by the originally polymer as a powder
state.

To find an effective sterilization method is becoming important for the polymer prior
to clinical use. However, there is no system statistics analysis to evaluate the
interrelationship of the characteristics of alginate-based polymer after sterilization.
In our work, we used autoclaving and UVs (UV-1: 25min; UV-2: 50min) to sterilize the
alginate (Alg) / hyaluronic acid (HA) composite powder, which formed hydrogel.
Then, we evaluate the correlation between physicochemical properties and cell
behavior for the properties of the originally polymer during sterilization, through the
principal component analysis (PCA). Mainly results are as follows: (1): The cell
behavior of alginate-based hydrogels was not only regulated by physicochemical
properties (as molar mass or/and viscosity), but also associated with the controlling
of sterilization time. (2): UV-2 treatment could to be an effective method as
compared with others, which minimal impact on the mechanical integrity or
physical-chemical properties and maintain its cytocompatibility and its ability to

induce chondrogenesis from mesenchymal stem cells. From these results, it will
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provide a basis for choosing an effective method of sterilization, but also importantly
exhibit the relationship between physicochemical properties and cell behavior of
alginate-based hydrogel after sterilization. UV-2 sterilization also provides better
mechanical properties on Alg hydrogel than GMP Alg. According to above results
shown, both of Alg/HA and Alg/Hap hydrogels were sterilized by UV-2 treatment,
then to analyse mechanical, biological and immunological properties. Mainly results
are as follows: (1): Hap has improved mechanical properties of hydrogel, which
decreased swelling ratio and changed cell behavior as cytoskeleton, proliferation of
cell. (2): Hap also has improved the production of PGE, and TGF-B1 as compared
with Alg/HA hydrogels. (3): The expression of the mesenchymal markers as (CD44,
CD73, CD90, CD105, and CD166) was decreased by 3D hydrogel (Alg/HA and Alg/Hap)
culture during the time of culture. (4): Alg/HA hydrogel scaffolds showed strong
upregulation of cartilage-specific transcript expression, meanwhile, Alg/Hap
hydrogel scaffolds presented slightly upregulation of bone-specific transcript
expression from 10 to 30 days. (5): Both of hydrogel--laden MSCs did not express the
costimulatory surface antigens CD40, CD80, and CD86. However, the expression of
HGF and VEGF decreased in 3D hydrogel scaffolds. (6): The mechanical, biological
and immunological properties are also affected by each other after PCA analysis.
These results could provide a basically reference in designing of alginate-based
hydrogel to repair cartilage or osteochondral defects. In addition, for alginate-based
hydrogel, UV sterilization treatment would be an effective method as same as

alginate NOVAMATRIX, which might be used in pre-clinical sterilization.
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Résumé

Dans le domaine de l'ingénierie du cartilage, les hydrogels a base d'alginate (Alg) et de cellules
souches mésenchymateuses (CSM) sont utilisés comme biomatériaux pouvant étre utilisés pour
combler des lésions cartilagineuses plus ou moins profondes. Cependant, pour reproduire
I’organisation zonale du cartilage, des biomatériaux multiphasiques sont nécessaires. Afin de guider la
différenciation des CSM dans les différentes strates du biomatériau, sans apports de facteurs de
croissance, des composants naturels du cartilage (acide hyaluronique, HA) ou de la matrice osseuse
(hydroxyapatite, Hap) peuvent étre ajoutés a I'alginate. L'objectif de ce travail de thése consiste a
analyser I'impact de la composition de biomatériaux a base d’alginate enrichi soit en HA soit en Hap
sur le comportement des CSM. La premiére partie de notre travail a consister a évaluer le
comportement des CSM issues de la gelée de Wharton dans ces hydrogels. Nos résultats mettent en
évidence que les hydrogels d’Alg/Hap possédent non seulement de meilleures propriétés mécaniques
que les hydrogels Alg/HA et favorisent la viabilité des CSM ainsi que leur différenciation par rapport
aux CSM ensemencées dans un hydrogel d’Alg/HA. La méthode de stérilisation du biomatériau
représente une étape incontournable, dont on doit impérativement évaluer les multiples effets, en
particulier pour ce qui touche au comportement des cellules, mais aussi au maintien de l'intégrité des
propriétés physicochimiques de I'hydrogel. Ainsi, dans une seconde partie du travail, nous avons
montré que le traitement de stérilisation par autoclave induisait un effet négatif sur les
caractéristiques initiales de I'hydrogel a base d'alginate. Il ressort également de cette investigation sur
les modes de stérilisation, que la stérilisation des hydrogels avec des UV est plus efficace et permet de
préserver au mieux les propriétés spécifiques de I'hydrogel, notamment de I’Alg/HA. Enfin, dans une
troisiéme partie de notre travail, nous avons évalué |'évolution des propriétés mécaniques au cours
de la différenciation et I'impact de celles-ci sur la différenciation des CSM ainsi que sur leurs
propriétés immunomodulatrices. A partir de ces résultats, nous avons montré que les caractéristiques
physico-chimiques des hydrogels d’Alg/ha et Alg/hap influengaient non seulement le potentiel de
différenciation des CSM-GW mais également la sécrétion des facteurs solubles impliqués dans
I'immunomodulation. Ces propriétés physico-chimiques étant influencées dés le procédé de
stérilisation, il est alors conseillé de les prendre en compte dans toutes les étapes de I'ingénierie
tissulaire.

Mots clés: Cellules souches mésenchymateuses de la gelée de Wharton, Stérilisation, hydrogel
d’alginate, Différenciation chondrocytaire, Ingénierie Tissulaire du Cartilage.

Abstract

In the field of cartilage engineering, alginate (Alg)-based hydrogels and mesenchymal stem cells (MSC)
are widely used as raw biomaterials and stem cells which can be used to fill cartilage lesions of varying
depth. However, to reproduce the zonal organization of articular cartilage, a graft multilayer is
necessary. In order to guide the differentiation of MSCs in different strata of the biomaterials, without
input of growth factors, natural cartilage components (hyaluronic acid, HA) or bone matrix
(hydroxyapatite, Hap) can be added into the alginate. The aim of this work is to analyze the impact of
the composition of alginate enriched either in HA or in Hap on the behavior of MSCs. The first part of
our work is to evaluate the behavior of WJ-MSCs into these hydrogels. Our results have shown that
Alg/ Hap hydrogels not only possess better mechanical properties than Alg/HA hydrogels, but also
promote the viability of MSCs and their differentiation from MSC seeded into the Alg/HA hydrogel.
The sterilization method of biomaterial is an essential step, the multiple effects of which must be
evaluated, in particular as regards the behavior of the cells, but also to maintain the integrity of the
physicochemical properties of hydrogel. Thus, in a second part of this work, we showed that the
autoclave sterilization treatment induced a negative effect on the initial characteristics of alginate
hydrogel. It is also apparent from this investigation of the sterilization modes that the sterilization of
hydrogels with UV is more efficient and makes it possible to preserve the specific properties of the
hydrogel as best as possible, in particular Alg/HA. Finally, in a third part of our work, we also
evaluated the evolution of the mechanical properties during the differentiation and the impact of
these on the differentiation of MSCs and their immunomodulatory properties. From these results, we
have shown that the physico-chemical characteristics of Alg / ha and Alg/hap hydrogels influence not
only the differentiation potential of WJ-MSC but also the secretion of soluble factors involved in
immunomodulation. Since these physicochemical properties are influenced by the sterilization
process, it is advisable to take them into account in all stages of tissue engineering.

Keywords: Wharton’s jelly mesenchymal stem cells, Sterilization, Alg/HA, Alg/Hap, Chondrogenic
differentiation, Cartilage tissue engineering
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