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ABSTRACT

In the field of bone repair, there is an increasing interest in injectable, self-hardening materials that can be implanted through minimally invasive surgery. In this context, calcium carbonate cements have been proposed as resorbable bone cements complementary to the widely used calcium phosphate bone cements. However, the mechanism of calcium carbonate cement setting has not been deeply investigated. In addition, the association of polysaccharides with bone cements is a promising strategy to modulate their physicochemical, mechanical, and biological properties.

The association of calcium carbonate cement with polysaccharides has not been studied in the literature. We had thus opted to associate a polysaccharide widely used in biomedical field, chitosan, with CaCO3 cement. This biopolymer with known antibacterial properties, revascularization ability, and biological interest such as the proliferation of bone cells, is considered as a reference biopolymer for biomedical applications. Moreover, the association of bone cements with a chitosan gel may confer interesting physicochemical and rheological properties allowing the conception of injectable cements also with improved mechanical properties. However, chitosan is only soluble in acidic solutions, thus limiting its application.

It appears from the literature that the functionalization of chitosan with phosphate groups has been proposed as a promising solution to improve its solubility in water as well as other expected biological properties such as antibacterial and osteoinductive properties. In this regard, chitosan was phosphorylated and its association with calcium carbonate cement was investigated in the present work.

The objective of this PhD work will be then to elaborate a self-setting and injectable composite cement based on calcium carbonates and either native or phosphorylated chitosan additives in view of improving the physicochemical features and properties (setting time, paste cohesion, mechanical properties) and in vitro bioactivity (apatite forming ability in SBF).

First the reactive powders, amorphous calcium carbonate (ACC) and vaterite, were synthesized by the double decomposition method. The choice of some ACC synthesis parameters (ACC stabilization with Mg ions and washing procedure), the weight ratio of ACC:Vaterite powders to prepare the cement paste, the type of polysaccharide as well as the liquid phase of the cement (solvent and amount of the polysaccharide) were optimized to obtain mainly a metastable phase of CaCO3 (aragonite or vaterite) as final product in the hardened cement. The phosphorylation route of chitosan was optimized to obtain selectively phosphorylated chitosan in the OH group sites to enhance its solubility in neutral and alkaline solutions.

The reference cement (CR) was prepared by mixing the reactive powders at a given weight ratio (ACC: Vaterite = 1:2) with deionized water (L/P = 0.72 w/w). The composite cements (CCs) were formulated in presence of low molecular weight chitosan gel with different amounts (1.5, 2.5, 3.5, 4 wt%).

For the formulation of the composite cement with phosphorylated chitosan (CCs-P), the powder mixture was combined with 2.5 wt% of the synthesized phosphorylated chitosan dissolved in Na2CO3 solution (0.2 M) used as a setting accelerator. The cement pastes prepared all led to cements setting and hardening at 37°C in a wet atmosphere.

The composition, microstructure, setting behavior, injectability, and mechanical properties of the composite cements were characterized using complementary techniques such as X-ray diffraction (XRD), infrared spectroscopy (FTIR), scanning electron microscopy (SEM), setting time measurements, injectability measurements, compressive strength, and porosity measurements. Finally, the bioactivity of the cements was evaluated in acellular medium using the SBF solution method for different immersion periods (6 h, 3 d, 7 d, 14 d and 28 d).

The XRD patterns of the CCs composite cements indicated that the use of chitosan gel (2.5-4 wt%) as the liquid phase did not significantly affect the of the final cement phase content compared also to that of CR. On the contrary, the use of phosphorylated chitosan showed a stabilizing effect towards the vaterite (from the initial reactive powders mixture) which consequently constitutes the major phase in this hardened CCs-P composite cement. The results of the XRD quantitative analysis of the set CR and CCs cements showed the formation of aragonite as the main phase (≥ 79 wt %) and some calcite (≤ 21 wt%) while those associated with phosphorylated chitosan (CCs-P) were mainly composed of vaterite (74 wt %) and some calcite (26 wt%). The incorporation of magnesium (Mg from ACC) into the calcite crystal lattice was confirmed by the Rietveld refinement of the calcite lattice parameters, which may be beneficial to the resorption of the cement, Mg-doped calcite being more soluble than calcite.

The quantitative follow-up of the setting chemical reaction as a function of time implied to characterize the ACC content which is scarcely feasible using conventional XRD data processing or FTIR spectroscopy due to ACC coexistence with CaCO3 crystalline phase(s) (vaterite, aragonite, and calcite). Thus, it led us to use a more advanced method: the PONKCS method (Partial Or No Known Crystalline Structures) based on a continuous background modelling from XRD data to discern amorphous structures in a complex mixture with other crystalline phases.

This method revealed that no amorphous phase was present in all cements regardless of the maturation times studied. It should be mentioned that ACC is extremely reactive, even with the use of magnesium as a stabilizer. We then focused our investigations on the evolution of the other reactive powders, namely vaterite, and the crystalline phases formed during setting (aragonite and magnesium-doped calcite).

The quantitative results of the XRD data refinement for setting reaction follow-up of CR and CCs indicated that the native chitosan gel slowed down the dissolution of vaterite and the subsequent formation of the aragonite phase with a dose-dependent effect and also partially inhibited the crystallization of calcite in the cement. For CCs-P, the use of phosphorylated chitosan stabilized vaterite thus fully inhibiting its transformation into aragonite.

The quantitative study allowed us to determine the setting mechanism of the studied composite cements. On one hand, we showed that the setting mechanism of CR and CCs was based on vaterite transformation to aragonite. The faster initial setting time measured for CCs could be explained by the increase of the pH of the acidic chitosan gel from a value of 4 (pH of the chitosan gel/liquid phase before its mixing with the reactive powders) to neutral. Moreover, the admixing and dissolution of basic calcium carbonate reactive powders induced the deprotonation of the chitosan amine groups, leading to an entanglement of chitosan chains and an increase of the viscosity of the paste. This allowed the initial setting and hardening of the CCs cements before the formation of a significant amount of aragonite responsible for the final setting time. On the other hand, the rapid crystallization of ACC into calcite in the presence of phosphorylated chitosan gel governed the CCs-P cement setting, hence a faster setting was obtained in this cement.

On the one hand, the CCs cement formulation containing 3.5% w/w of native chitosan showed a compromise between a good injectability of the paste (85%), a reduced setting time (a threefold reduction of the initial setting time: 45 min), and an improved compressive strength (6.5 MPa) and ductility compared to those of the reference mineral cement (without chitosan).

On the other hand, the CCs-P cement formulation containing 2.5 wt% of phosphorylated chitosan showed a 7-fold decrease in initial (17 min) and final (28 min) setting times, excellent paste injectability (95%) and cohesion, as well as compressive strength (4.4 MPa) sufficient for applications that do not involve high mechanical stresses. All composite cements exhibited compressive strength in the range [START_REF] Characterization | Setting time and injectability of the pastes[END_REF][START_REF]Study of the introduction of Na2CO3 as a potential setting accelerator[END_REF][4][5][6][7][8][9][10][11][START_REF] Redey | Osteoclast adhesion and activity on synthetic hydroxyapatite, carbonated hydroxyapatite, and natural calcium carbonate: Relationship to surface energies[END_REF] similar to that of cancellous bone and can therefore be used for applications with low loading.

The in vitro evolution of the prepared CR and CCs cements in SBF solution at 37°C revealed the formation of apatite spherulites on the surface of the developed cements, indicating their potential bioactivity. SEM micrographs of the CCs cements revealed a more homogeneous covering of the material surface by deposits consisting of smaller apatite spherulites than those formed on the CR surface. Moreover, no aragonite crystals/needles were observed in the CCs, unlike the CR at the end of the experiment (28 days) mirroring a larger apatite layer formed on CCs in contrast to CR. The greater apatite-forming ability of the composite cement with native chitosan (CCs) could be explained by several factors. The aragonite formed in the presence of the chitosan gel developed a smaller crystallite size (90 nm for CCs versus 117 nm for CR) which could explain the greater reactivity and dissolution of this phase in the CCs cement. This could be responsible for the greater amount of apatite formed on the surface of CCs. Chitosan seems to promote nucleation rather than crystal growth, which is in agreement with our hypothesis about aragonite crystallization in the presence of a chitosan gel as discussed above regarding setting time.

The evolution study in SBF of the CCs-P cement showed the formation of apatite after 7 days as revealed by FTIR spectroscopy and XRD analysis. However, a lower and delayed apatite forming ability was noticed on this cement. The delay in apatite formation for the CCs-P formulation could be explained mainly by the slower dissolution of the magnesium-doped calcite formed in the presence of the phosphorylated chitosan hydrogel. The binding capacity of the phosphate function present in the functionalized chitosan could partly prevent magnesium ions from being incorporated into the calcite network. This was correlated perfectly with the determination of the cell parameters of the magnesium-doped calcite formed in the CR, CCs and CCs-P cements. Calcite dissolution contributed for greater apatite formation in the case of the CR and CCs cement formulations. Thus, the delay in apatite formation in CCs-P could be directly correlated to the delay in calcite dissolution in the cement.

Overall, our research has shown that the polymorphism of calcium carbonate as well as the presence of organic additives and their chemistry play an important role which allow the possibility to modulate the composition and the properties of the cement whether in terms of physicochemical properties (setting, injectability and compressive strength), or in terms of degradation and the ability to form biomimetic apatite in vitro.

RESUME

Dans le domaine de la réparation osseuse, on s'intéresse de plus en plus aux matériaux injectables et autodurcissants qui peuvent être implantés par le biais d'une chirurgie peu invasive. Dans ce contexte, les ciments à base de carbonate de calcium ont été proposés comme ciments osseux résorbables complémentaires aux systèmes de ciment osseux à base de phosphate de calcium largement étudiés et utilisés. Cependant, le mécanisme de prise des ciments de carbonate de calcium n'a pas été étudié en profondeur. En outre, l'association de polysaccharides avec les ciments osseux est une stratégie prometteuse pour moduler leurs propriétés physicochimiques, mécaniques et biologiques.

L'association du ciment à base de carbonate de calcium avec des polysaccharides n'a pas encore été rapportée, à notre connaissance, dans la littérature. Nous nous sommes ainsi intéressés à combiner le ciment à base du CaCO3 avec le chitosane, un polysaccharide de référence largement utilisé dans le domaine du biomédical. Ce biopolymère doté de propriétés antibactériennes, d'une capacité de revascularisation et ou encore favorisant la prolifération des cellules osseuses. De plus, l'association de ciments osseux avec un gel de chitosane peut conférer des propriétés physico-chimiques et rhéologiques intéressantes permettant la conception des ciments injectables avec des propriétés mécaniques améliorées. Cependant, le chitosan possède une solubilité limitée à des milieux acides, réduisant ainsi son utilisation. Par conséquent, la fonctionnalisation du chitosan avec des groupements phosphates a été proposée comme une solution prometteuse pour améliorer sa solubilité dans l'eau ainsi que ses propriétés antibactériennes et d'ostéo-induction. À cet égard, le chitosane a été phosphorylé et son association avec le ciment à base de carbonate de calcium a été étudiée dans ces travaux de thèse.

L'objectif de ce travail de thèse sera donc d'élaborer un ciment composite autodurcissant et injectable à base de carbonates de calcium et d'additif de type chitosane natif ou phosphorylé, présentant des caractéristiques physicochimiques améliorées (temps de prise, propriétés mécaniques, cohésion de la pâte) et une bioactivité in vitro (capacité de formation d'apatite dans un milieu SBF).

Dans un premier temps, les poudres réactives, à savoir le carbonate de calcium amorphe (ACC) et la vatérite, ont été synthétisées par la méthode de double décomposition. Le choix des paramètres de synthèse des poudres réactives (stabilisation de l'ACC avec différents taux de Mg et procédure de lavage), ces réactifs et leur rapport massique (ACC : Vatérite = 1 : 2) pour préparer la pâte de ciment, le type de polysaccharide ainsi que la phase liquide du ciment (solvant et quantité du polysaccharide, accélérateur de prise) ont été optimisés afin d'obtenir principalement une phase métastable du carbonate de calcium (aragonite ou vatérite) comme produit final des ciments après leur prise. La voie de la phosphorylation du chitosane a été optimisée pour obtenir un chitosane phosphorylé sélectivement au niveau des sites des groupes hydroxyle (OH) permettant d'améliorer sa solubilité dans l'eau et dans les solutions alcalines.

Le ciment de référence (CR) a été préparé par mélange de poudres avec l'eau désionisé (L/S = 0.72). Les ciments composites ont été obtenus par mélange des poudres réactives avec le chitosane natif de faible poids moléculaire (CCs) de différent taux [1.5, 2.5, 3.5, 4 wt% en masse calculée par rapport à la phase solide du ciment)] La solution de chitosane (degré de Désacétylation :75-85%) a été obtenue par dissolution du polymère s dans la phase liquide acidifiée (1% v/v d'acide acétique). Pour la formulation du ciment composite avec le chitosan phosphorylé (CCs-P), le mélange de poudre a été associé avec 2.5 wt% du chitosan phosphorylé, dissout dans une solution de Na2CO3 (0.2M). L'ensemble des formulations des pâtes ciment ainsi préparées ont donné lieu à des ciments durcis à 37°C en atmosphère humide.

Les caractéristiques des matériaux préparés en termes de composition, la microstructure, la mesure du temps de prise, l'injectabilité et les propriétés mécaniques des ciments composites ont été précisées moyennant différentes techniques complémentaires telles que la diffraction des rayons X (DRX), la spectroscopie infrarouge (FTIR), la microscopie électronique à balayage (MEB), les mesures de temps de prise, les mesures d'injectabilité, la résistance à la compression et les mesures de porosité. La bioactivité acellulaire des ciments a été évaluée selon la méthode d'immersion dans une solution de SBF pour différentes périodes d'immersion (6 heures, 3 j, 7 j, 14 j et 28 jours). ; Le suivi de l'évolution des ciments a été assuré par les analyses DRX, FTIR et MEB.

Les résultats issus de l'analyse DRX des ciments de référence (CR) et composites (CCs) durcis ont montré la formation d'aragonite comme phase principale et une faible quantité de calcite, tandis que les ciments formulés en présence du chitosane modifié étaient principalement composés de vatérite. D'une part les diffractogrammes de RX des ciments composites (CCs) montre que l'utilisation du gel de chitosane (2,5-4% en poids) comme phase liquide n'a pas affecté de manière significative la composition finale du ciment. D'autre part, l'utilisation du chitosane phosphorylé a montré un effet stabilisant envers la vatérite constituant la phase principale de ce ciment composite durci (CCs-P). Les résultats de l'analyse quantitative par DRX des ciments CR et CCs durcis ont montré la formation d'aragonite comme phase principale (≥ 79 % en masse) et d'un peu de calcite (≤ 21 % en masse) tandis que ceux associés au chitosane phosphorylé (CCs-P) étaient principalement composés de vatérite (74 % en masse) et d'un peu de calcite (26 % en masse). L'incorporation du magnésium (Mg provenant de l'ACC) dans le réseau cristallin de la calcite a été confirmée par les résultats de l'affinement des paramètres de maille de la calcite, ce qui pourra être bénéfique vis-à-vis la résorption du ciment.

La difficulté d'identifier et de quantifier l'ACC associé à d'autres phases cristallines par le biais du traitement conventionnel des données DRX ou la spectroscopie FTIR nous a amené à faire appel à des techniques plus avancées. Ainsi, la méthode PONKCS « Partial Or No Known Crystalline Structures » basée sur une modélisation du fond continu à partir des données DRX pour permet de distinguer les structures amorphes dans un mélange complexe en présence avec d'autres phases cristallines, et ce par la modélisation du fond continu.

Le suivi de la réaction chimique de prise en fonction du temps via cette méthode a révélé qu'aucune phase amorphe n'était présente dans aucun ciment, quels que soient les temps de maturation examinés (> 2 h). Il convient de mentionner que l'ACC est extrêmement réactif, même en présence de magnésium comme agent stabilisateur. Dans la suite de notre travail, nous avons focalisé nos investigations sur l'évolution de la vatérite et les phases cristallines formées lors de la prise (aragonite et calcite dopée au magnésium).

Les résultats quantitatifs de l'affinement des données DRX pour le suivi de la réaction de prise des CR et des CCs ont indiqué que le gel de chitosane natif ralentissait la dissolution de la vatérite et la formation ultérieure de la phase aragonite avec un effet dose-dépendant ; en outre, la présence du polymère inhibe partiellement la cristallisation de la calcite dans le ciment. Pour le ciment CCs-P, l'utilisation du chitosane phosphorylé a stabilisé totalement la vatérite, inhibant ainsi totalement sa transformation en aragonite.

L'étude quantitative nous a permis de déterminer le mécanisme de prise des ciments composites. D'une part, nous avons démontré que le mécanisme de prise des ciments CR et CCs était basé sur la transformation de la vatérite en aragonite. Le temps de prise initial plus rapide obtenu pour les ciments CCs pourrait être expliqué par l'augmentation du pH acide du gel de chitosane d'une valeur initialement de 4 à pH neutre après contact avec les carbonates de calcium. La dissolution des poudres réactives de carbonate de calcium basique a induit la déprotonation des groupes amine du chitosane, conduisant à un enchevêtrement des chaînes du chitosane et à une augmentation de la viscosité de la pâte. Cela a permis la prise initiale et le durcissement du ciment avant la formation d'une quantité significative d'aragonite responsable du temps de prise final. D'autre part, la cristallisation rapide de l'ACC en calcite en présence du gel de chitosane phosphorylé régit la prise du ciment CCs-P. D'une part, la formulation contenant 3,5% m/m de chitosane natif a montré un compromis entre une bonne injectabilité de la pâte (85%), un temps de prise réduit (une réduction de trois fois le temps de prise initial : 45 min), et une résistance à la compression (6,5 MPa) et ductilité améliorées, comparés au ciment de référence. D'autre part, la formulation contenant 2,5 % en masse du chitosane phosphorylé présente par rapport à celles du ciment minéral de référence (sans chitosan, CR). D'autre part, la formulation contenant 2,5 % en masse de chitosane phosphorylé a montré une diminution de 7 fois des temps de prise initial (17 min) et final (28 min), une excellente injectabilité (95 %) et cohésion de la pâte, ainsi qu'une résistance à la compression (4,4 MPa) suffisante pour les applications n'impliquant pas de contraintes mécaniques élevées. Tous les ciments composites ont présenté une résistance à la compression dans la plage 2-12 MPa similaire à celle de l'os spongieux et peuvent donc être utilisés pour des applications en site non porteur.

Les micrographies MEB des ciments évoluant dans une solution (SBF) à 37°C révèlent la formation de sphérulites d'apatite à la surface des ciments, indiquant leur bioactivité potentielle.

Le ciment de référence montre des particules agglomérées et une surface dégradée sans morphologie distincte après 7 jours d'immersion, comparé au contrôle. Après 14 jours, un dépôt de sphérules apparait à la surface du ciment, suggérant la formation d'apatite ; la taille des particules devient relativement importante après 28 jours d'évolution. Les cristaux en aiguilles observées s'apparentent probablement à l'aragonite qui est toujours présente dans ce ciment selon les données de la DRX. Les micrographies des CCs révèlent une évolution assez accélérée avec le temps d'immersion et avec un recouvrement assez homogène de la surface du matériau par des dépôts de sphérules d'apatite plus petites que celles formées à la surface du 

LIST OF ABBREVIATIONS

GENERAL INTRODUCTION

The fast-growing rate in the number of trauma and bone diseases within the last decades due to the increase in life expectancy, traffic accidents, bone diseases (e.g., osteoporosis, infections), and bone fractures, rose the attention of the scientific community. Efforts have been devoted to providing innovative solutions alternatively to traditional bone grafts (natural bone substitutes). The demand in terms of bone replacements increased pushing scientists towards synthetic and tunable bone substitutes with higher availability rather than the limited natural bone grafts and their associated heavy surgical procedures (at least two surgeries for autografts) and/or risks of infection/contamination.

Therefore, synthetic biomaterials with controlled composition, microstructure, physicochemical and biological properties have been proposed to overcome these limitations and to answer the increasing needs.

There is a growing interest in developing injectable materials allowing the development of minimally invasive surgery and implantation. Hence, injectable, and self-setting bone cements were developed to serve this purpose. The first bone cement developed was acrylic (PMMA cements) providing advantages such as high mechanical support and fast setting time [START_REF] De Mori | Antibacterial PMMA Composite Cements with Tunable Thermal and Mechanical Properties[END_REF]. However, these acrylic cements are inert thus their use is limited to the applications where mechanical support alone is needed.

In early 1980, calcium phosphate cements mostly composed of apatite were developed as the first bioactive bone mineral cement based on the excellent biocompatibility and bioactivity of calcium phosphate compounds overcoming the lack of bioactivity of the acrylic cement system [START_REF] Legeros | Calcium phosphate materials in restorative dentistry: a review[END_REF]. Nevertheless, apatitic bone cements suffer from a slow resorption rate and do not compete with PMMA cement in terms of mechanical strength.

To deal with these issues, scientists focused on the use of bioresorbable inorganic additives such as bioglass, calcium carbonates, calcium sulfate and calcium silicate or bioresorbable organic additives such as polyesters or polysaccharides to improve the bone cement resorption rate.

Among synthetic bone grafts, calcium carbonates have been used for more than 50 years as biomaterials owing to their bioactivity, biodegradation, and low cost [START_REF] Chiroff | Tissue ingrowth of replamineform implants[END_REF].

They are known to be more resorbable than apatitic calcium phosphate [START_REF] Fujita | The bonding behavior of calcite to bone[END_REF].

However, attention has been given to biological calcium carbonates such as nacreous and coral materials rather than synthetic ones. Recently, interest has been given to the development of bioactive synthetic calcium carbonates in the form of powders [START_REF] Opitz | Insights into the In Vitro Formation of Apatite from Mg-Stabilized Amorphous Calcium Carbonate[END_REF]Lee et al., 2014), blocks [START_REF] Ishikawa | Fabrication of vaterite blocks from a calcium hydroxide compact[END_REF] and cements (Combes et al., 2006a;[START_REF] Sánchez | Setting behavior and bioactivity assessment of calcium carbonate cements[END_REF] Combes et al (Combes et al., 2006a) reported on the first cement based entirely on calcium carbonate phases as a complementary cement to the already used calcium phosphate cements.

The CaCO3 cement consisted of a mixture of amorphous calcium carbonates and vaterite. The set cement was mainly composed of aragonite, a resorbable and bioactive calcium carbonate phase. Nevertheless, no association of biopolymers has been reported yet despite the few other published works on this cement [START_REF] Sánchez | Setting behavior and bioactivity assessment of calcium carbonate cements[END_REF] (Myszka et al., 2019).

Interestingly, calcium carbonates composites are found in the biomineralization area. For instance, nacre is a natural biocomposite containing calcium carbonates (aragonite) and chitin in a "bricks and mortar" structure. In addition to its bioactivity, its complex hierarchicallyorganized structure confers high mechanical strength making it a biomaterial of choice for orthopedic applications [START_REF] Gerhard | Design strategies and applications of nacre-based biomaterials[END_REF]. Therefore, these interesting features have inspired the development of calcium carbonate composites [START_REF] Fujihara | Guided bone regeneration membrane made of polycaprolactone/calcium carbonate composite nano-fibers[END_REF]Myszka et al., 2019). Additionally, the association of calcium carbonates with natural polysaccharides was reported as a promising approach to producing biomimetic composites [START_REF] Nassif | Synthesis of stable aragonite superstructures by a biomimetic crystallization pathway[END_REF]. This approach was also used to control calcium carbonate crystallization pathway [START_REF] Xu | Polymorph switching of calcium carbonate crystals by polymer-controlled crystallization[END_REF], to prepare CaCO3 composites for medical purposes and to prepare drug carriers with controlled release for bone pathologies treatment [START_REF] Nie | Preparation and characterization of sodium alginate/phosphate-stabilized amorphous calcium carbonate nanocarriers and their application in the release of curcumin[END_REF].

Among polysaccharides, chitosan is of interest owing to its unmatched antibacterial, vascularization, and osteoconductive properties (Logithkumar et al., 2016a). Nevertheless, chitosan suffers from a low solubility in water that is limited to acidic solutions which hinders its processability in various applications. To deal with this issue, functionalization through the chemical grafting of functional groups in the chitosan backbone seemed a promising approach to produce water-soluble polymers [START_REF] Pokhrel | Functionalization of chitosan polymer and their applications[END_REF]. In addition to the improvement of the polymer solubility, other features could be enhanced such as antibacterial properties through the attachment of ammonium groups [START_REF] Jia | Synthesis and antibacterial activities of quaternary ammonium salt of Chitosan[END_REF] and osteoinductive ability with phosphate groups attachment [START_REF] Bombaldi De Souza | Phosphorylation of chitosan to improve osteoinduction of chitosan/xanthan-based scaffolds for periosteal tissue engineering[END_REF].

These literature findings rose our interest to develop functionalized composites based on calcium carbonate cement and functionalized biopolymers with a focus on chitosan and its phosphorylated derivative. The objective of the present work will be to develop injectable and self-setting calcium carbonate cement associated with either native or phosphorylated chitosan additives. The setting chemical reaction, injectability, and compressive strength as well as the in vitro bioactivity in a simulated body fluid of the composite cement will be investigated using complementary characterization techniques.

In the first chapter, a literature review regarding bone grafts will be detailed with a focus on bioactive ceramics, mainly calcium phosphates as they are the most used, and calcium carbonates that are the object of this thesis work. The literature regarding chitosan and its derivative in general and phosphorylated chitosan will be reviewed.

In the second chapter, the synthesis and characterization of the calcium carbonate reactive powders as well as the calcium carbonate reference mineral cement and the associated setting chemical reaction will be thoroughly examined. Moreover, the association of the cement with a setting accelerator will be studied.

The study of the association of calcium carbonate cement with chitosan hydrogel and the characterization of the setting chemical reaction involved, and physicochemical properties of the elaborated self-setting composites will be presented in the third chapter.

The fourth chapter will focus on the synthesis and characterization of phosphorylated chitosan and its associated effect on the physicochemical properties of the resulting calcium carbonate composite cements.

The fifth chapter presents the in vitro evolution study in a simulated body fluid (SBF) solution of the reference and the composite cements including native or phosphorylated chitosan.

This thesis was carried out within the framework of a joint PhD agreement between the University of Marrakech (Morocco) and the "Institut National Polytechnique de Toulouse"

(France) and supported by the Mohammed VI Polytechnic University (Morocco).

I. INTRODUCTION

The state of the art concerning this research work is organized into three main parts. The first part of this bibliographic study is dedicated to natural bone, its structure, and composition.

Extensive literature has already dealt with this topic in detail. In this work, we will focus on recalling the main characteristics of bone. The second part of this chapter deals with two classes of bone substitutes: natural and synthetic ones. It provides general information on biomaterials for orthopedic or dental applications. We will detail the various bone substitutes of synthetic origin with the main focus on mineral cements and especially on calcium carbonate cements that are targeted in this thesis. Also, the interest in the introduction of biopolymers as additives in cement formulation is reviewed with a focus on polysaccharides and especially chitosan and its derivatives. The third part deals with the evaluation of biomaterials evolution and/or degradation in solution and more precisely their in vitro bioactivity evaluation in an acellular medium.

The context and objectives of this work are presented at the end of this chapter.

II. BONE TISSUE

II.1. Structure and composition of bone

Bone tissue is a connective tissue characterized by its calcified extracellular matrix (ECM). It is a dynamic tissue, constantly remodeled and reshaped under mechanical stress, and involved in the release or storage of mineral salts, and thus the control of the phospho-calcic metabolism to a large extent (together with the intestine and kidneys). Moreover, bone tissue provides a crucial mechanical function to the body; it is one of the most resistant tissues in the body as it can withstand mechanical stresses to a certain extent, giving the bone its role of supporting the body and protecting organs. Furthermore, the bone contains the hematopoietic marrow in their medullary spaces, whose stem cells-the origin of the three lines of blood cells-are in the vicinity of the bone cells. Bone marrow stromal cells provide structural and functional support for hematopoietic cells [START_REF] Feng | Disorders of Bone[END_REF]. In terms of composition, bone tissue is mainly constituted of a mineral phase (65 wt% of the bone) which is a calcium deficient nanocrystalline carbonated apatite that contains calcium, phosphate, and carbonate. In addition, this apatite contains minor metallic ions such as sodium, potassium, and magnesium. This mineral can also contain trace elements in its lattice such as strontium, zinc, and copper [START_REF] Combes | Apatite biominerals[END_REF].

In addition to the bone mineral, the bone tissue contains an organic matrix based on collagen fibers (25 wt% of the bone) as well as water (10 wt%) (Figure I.1). On this basis, scientists aimed to mimic bone structure by the development of composites materials mixing inorganic phases such as calcium phosphate, calcium carbonate, or bioglass with organic matrices such as biopolymers, or proteins to improve the physicochemical, mechanical, and biological properties of biomaterials for tissue engineering applications [START_REF] Perez | Polymeric additives to enhance the functional properties of calcium phosphate cements[END_REF].

Bone mineral tissue can be subdivided into two types ( [START_REF] Gao | Bone biomaterials and interactions with stem cells[END_REF].

II.2. Bone remodeling

The bone is being renewed constantly thanks to the action of bone cells, namely, osteoclasts which are responsible for the resorption of the old bone tissues, and the osteoblasts responsible for the formation of a new one. An equilibrium through the action of both cells is maintained in an adult thanks to the mobilization of several factors such as growth factors, calcium and phosphate ions regulation, pH, and enzymes.

Bone growth in young populations occurs when bone formation is more pronounced than bone resorption. When bone resorption is more prominent than formation, a decrease in bone density can lead to bone pathologies such as osteoporosis which usually occurs in the elder population.

In a healthy adult, bone remodeling allows the repair and replacement of damaged bone at the microscopic level by new and healthier bone. In the case where the bone defect grows to a critical size, then spontaneous healing becomes insufficient to fill the bone cavity. 

II.3. Bone repair

In the case of small bone loss (fracture, damage), the bone can undergo self-repair, because of its ability to restore its original structure within certain limits. These limits are related to the sufficient blood supply and mechanical stability to ensure the bone repair process.

Bone healing occurs in three main phases:

1) The inflammatory phase (hematoma formation, inflammation, and angiogenesis).

2) The repair phase, which can be subdivided into two subphases:

2-1) Cartilaginous callus formation, 2-2) Bony callus formation.

3) Remodeling phase

During the first phase, a hematoma forms, and growth factors in addition to cytokines are secreted to promote the migration of fibroblasts to the site in question. Granulation tissue is formed, and blood vessels begin to develop.

During the repair phase, the collagen matrix is deposited by the fibroblasts while osteoid is secreted and mineralized by osteoblasts. This will allow the formation of a soft callus on the site. This callus forms a woven bridge of bone between the fracture fragments.

Proper immobilization will allow then the start of bone remodeling in which bone healing occurs. In this phase, the woven bone is replaced by lamellar bone and the bone regains its original shape, structure, and mechanical strength.

It is well known that bone is a dynamic tissue, however, its reconstruction is limited by various 

III. BONE SUBSTITUTES

Extensive interest has been devoted to bone tissue engineering to overcome the growing numbers of bone fractures and diseases caused by the aging of the population and the increase in traffic accidents and trauma. Although bone can self-repair, it cannot be achieved when a bone fracture or damage is of a critical size. In this case, the use of bone substitutes is necessary.

III.1. Natural bone substitutes

Traditionally, natural bone grafts have been used to deal with bone fractures or deficiencies.

There are three types of bone substitutes: i) Autograft, which is the transplantation of bone tissue to the diseased/damaged area in the same body, seems to present the highest biocompatibility (tolerance by the body) and osteointegration (the ability to be integrated into bone tissue). However, this procedure is very limited and requires two surgical procedures and enough bone tissue available for the patient. It is also a painful procedure for the patient who undergoes two surgeries.

ii) Allograft is defined as the transplantation of bone tissue from one donor to a different host from the same species, but its performance is usually inferior to that of autografts.

iii) Xenografts correspond to the transplantation from one donor from a different species; it is available in greater quantities but presents an increased risk of infection and may provoke a strong immune response and/or graft rejection.

Therefore, synthetic biomaterials were proposed to overcome these limitations and to answer the overgrowing need for bone substitutes.

III.2. Synthetic bone substitutes

Synthetic bone substitutes can be classified depending on their material class: i) Metals: Metals are used as dental implants, osteosynthesis plates as well as in hip replacement prostheses due to the need for a high load-bearing material. The most used metallic materials are titanium and its alloys owing to their low toxicity, high elastic modulus (closer to that of natural bone), and corrosion resistance. Although a metal implant presents the highest mechanical strength, it suffers from bio-inertia and may require additional surface treatment and/or coating.

ii) Ceramics: Ceramics are subdivided into two groups: bioinert ceramics (e.g., Al2O3, ZrO2…) and bioactive ceramics (e.g., calcium phosphates, bioglass, calcium carbonates…). The latter exhibit good biocompatibility and biological reactivity and can be easily synthesized and processed by various methods including wet synthesis methods such as wet chemical precipitation, sol-gel processing, chemical vapor deposition, reverse micro emulsion, and solid-state reactions as well [START_REF] Jimoh | Synthesis of precipitated calcium carbonate: a review[END_REF]. Moreover, ceramics could be shaped in different forms such as granules [START_REF] Le Nihouannen | Micro-architecture of calcium phosphate granules and fibrin glue composites for bone tissue engineering[END_REF], blocks (Bohner et al., 2005) as well as suspensions (bone cements) [START_REF] Xu | Calcium phosphate cements for bone engineering and their biological properties[END_REF]. This latter provides a paste that hardened in situ and could allow minimally invasive implantation in some conditions. However, ceramics are generally brittle, and they lack the required mechanical properties for many orthopedic and dental applications.

iii) Polymers: Several synthetic and bio-based polymers have been used as implants owing to their easy processing, biocompatibility, and biodegradability. Moreover, the swelling ability of hydrophilic polymers allows them to form hydrogels and to develop macroporous scaffolds with open macroporosity which helps cells colonization and bone ingrowth [START_REF] Gauthier | Macroporous biphasic calcium phosphate ceramics: Influence of macropore diameter and macroporosity percentage on bone ingrowth[END_REF]. However, their low mechanical strength limits their use in soft tissue engineering applications (e.g., cartilage) [START_REF] Place | Synthetic polymer scaffolds for tissue engineering[END_REF]. iv) Composites, which are the combination of at least two of the above-mentioned classes of materials, are one of the promising strategies to develop new materials with combined properties. For instance, to overcome the brittle behavior of ceramics, the incorporation of polymers allowed elaborating composite biomaterials with enhanced mechanical properties but also improved physical-chemical and biological properties. Another approach that has emerged to improve materials' inner characteristics in terms of microstructure, mechanical performances, and bioactivity, is functionalization through specific functional groups. For example, phosphate functional groups are known to increase biological reactivity and biocompatibility which can consequently promote bone growth (Illy et al., 2015a).

The bone-mimicking approach aims to develop composites with similar properties to that of the natural bone. Although, the complexity of the bone tissue in terms of composition and hierarchical structure (mineral and organic components distribution, trace element substitution, controlled porosity, porosity gradient) limits the bone-mimicking approach to a certain extent;

still it has inspired scientists to incorporate organic matter, especially proteins and/or polymers to generate composites with combined features that could not be obtained when using solely a ceramic component. For instance, the use of polymers confers some ductility to the brittle ceramics as well as enhances their biodegradability [START_REF] Kane | Mimicking the nanostructure of bone matrix to regenerate bone[END_REF]. Nevertheless, the engineering of biocomposites is facing several challenges such as the shaping into complex forms and the invasiveness of their implantation. Therefore, the use of self-setting injectable cement is an interesting alternative.

III.3. Mineral and composite cements

Bone cements development started almost four decades ago with the formulation of self-setting pastes for bone filling and repair in dental and orthopedic applications. The most important advantage of cements is their ability to fill in a bone defect even with complex shapes as well as in-situ setting and hardening. Furthermore, cement pastes can be loaded with the patient's blood which naturally contains platelets and growth factors to enhance the osteogenic properties of the cement [START_REF] Adam | In vivo and in vitro investigations of a nanostructured coating material ; a preclinical study[END_REF]. Several bone cements were developed such as acrylic and mineral cements [START_REF] De Mori | Antibacterial PMMA Composite Cements with Tunable Thermal and Mechanical Properties[END_REF][START_REF] Kenny | Bone cements and fillers: A review[END_REF][START_REF] Vezenkova | Sudoku of porous, injectable calcium phosphate cements -Path to osteoinductivity[END_REF].

However, acrylic cements are bioinert; they are used in clinical applications where mechanical support is needed. For more than thirty years, several bioactive cements have been developed

such as the well-known and most studied and developed calcium phosphate cements [START_REF] De Mori | Antibacterial PMMA Composite Cements with Tunable Thermal and Mechanical Properties[END_REF], but also the magnesium phosphate cement that was developed lately [START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF] as well the calcium carbonate cements (Combes et al., 2006). Therefore, in the present literature review, we will mainly focus on bioactive bone cements.

Several clinical requirements should be met to develop bioactive bone cements (Figure I.3).

First, biocompatibility, as bone cement should show none to low toxicity. Second, the cement should be bioactive, bioresorbable, and able to induce cell adhesion, proliferation, and differentiation, which are essential steps to promote bone growth. These requirements are applicable to any bioactive bone substitute, however, to develop a bone cement additional physicochemical characteristics specific to cement pastes have also to be considered: i) Setting time: a crucial characteristic in the clinical compliance of bone cements. The setting time should not be too fast allowing sufficient time for the surgeon to inject the cement paste before its hardening, nor too slow to avoid delaying the implant operation time and washout-related risks. It was reported that a setting time of around 20 minutes is considered adequate. The setting of bone cements depends on several parameters and the combination of multiple factors should be considered such as the initial powders ratio, solubility of the reactive powders, particles granulometry, liquid-to-powder ratio, and more importantly the cement setting mechanism [START_REF] Bohner | Reactivity of calcium phosphate cements[END_REF] [START_REF] Bigi | Setting mechanism of a biomimetic bone cement[END_REF].

ii) Cohesion: a crucial property needed to avoid washout and disintegration of the cement paste upon extrusion/implantation.

iii) Injectability: To allow implantation of the cement paste using a minimally invasive technique.

iv) Mechanical properties: Cement mechanical strength determines the possible application sites. If mechanical properties in terms of compressive strength are low (< 12 MPa), this would limit their application to non-load-bearing sites.

Additional properties can be required depending on the specificity of the application (e.g., porosity for drug delivery purposes, which, in turn, depends on several factors such as site location, nature of the targeted fracture/disease, and the specificity of the host patient…). In our work, we will focus on the development of calcium carbonate cements and their composites with polysaccharides for bone repair applications. We will start by describing the calcium phosphate cements which are the most studied, commercialized, and used bioactive bone cements.

III.3.1. Calcium phosphate cements

Calcium phosphate cements (CPC) have been developed and used extensively due to their composition similarity to bone mineral phase: -tricalcium phosphate (-TCP) or tetracalcium phosphate (TTCP) are commonly used as CPCs powder components (Table I.1). Driskell and collaborators (Driskell et al., 1975) disclosed in 1975 the first calcium phosphate cement paste, comprising -TCP. In contact with water, -TCP and TTCP both undergo in situ hydrolysis into calcium-deficient hydroxyapatite (CDHA). Formulations of calcium phosphate cements can be classified depending on their end product;

Bohner and collaborators (Bohner et al., 2005) divided CPC into two categories (Table I.2): (i) apatitic and (ii) brushite cements, depending on the end-product after cement setting, apatite or brushite respectively. Apatitic cements usually consist of -TCP and/or TTCP in their starting powders. These cements are known for their high compressive strength (from 30 to 70 MPa) in comparison with brushite cements products that reach quite inferior compressive strengths (15 to 52 MPa). However, brushite presents a higher resorption rate with respect to apatite under physiological conditions; thus, brushite will be hydrolyzed into apatite once implanted [START_REF] Theiss | Biocompatibility and resorption of a brushite calcium phosphate cement[END_REF].

Table I.2:

Examples of commercialized apatite and brushite cements (Bohner et al., 2005;[START_REF] Yousefi | A review of calcium phosphate cements and acrylic bone cements as injectable materials for bone repair and implant fixation[END_REF]. CPCs are facing several challenges, mainly their low compressive strength (J. [START_REF] Zhang | Calcium phosphate cements for bone substitution: Chemistry, handling and mechanical properties[END_REF] and slow biodegradation rate limiting their use to slow bone neoformation areas.

Company

Calcium carbonate cements were investigated after CPC (Combes et al., 2006) but they did not yet reach the market; they should exhibit a higher biodegradation rate in vivo due to the higher solubility of calcium carbonate metastable phases (aragonite and vaterite) and thus can offer complementary cement compositions to CPCs especially when a rapid bone neoformation is desired.

III.3.2. Calcium carbonate cements

To improve the properties of bioactive cements, mainly calcium phosphate cements, different approaches have been explored including the introduction of inorganic phases. In this context, mixed cements have been developed; these formulations consist in incorporating a resorbable inorganic phase(s) into the calcium phosphate cement formulations. The main inorganic phases tested were calcium sulfates [START_REF] Guo | Development of a degradable cement of calcium phosphate and calcium sulfate composite for bone reconstruction[END_REF], and metastable calcium carbonates (Combes, et al., 2006b). In addition, given providing highly resorbable cement formulations, cements based entirely on calcium carbonates have been developed (Combes et al., 2006a). Indeed, calcium carbonate metastable phases (Table I.3 regroups the different CaCO3 phases), which present a higher solubility than apatites offer complementary compositions to CPC. In the next section (III.4), we will provide more details about calcium carbonates that are involved in the calcium carbonate cements: ACC, vaterite, aragonite and calcite. The later phase was doped and stabilized either with strontium or magnesium, both of which stabilized the ACC phase. The cement powder mixture mixed with water or an isotonic solution (0.9 wt% NaCl) at a liquid-to-powder ratio in the range 0.25 to 0.5, transforms mainly into aragonite hardened cement after setting. The authors stated that the use of magnesium to stabilize ACC rather leads to aragonite formation, while ACC precipitated in presence of strontium leads to the formation of calcite, an undesired poorly resorbable phase of CaCO3 in vivo. Hence, the study focused on different ACC:V ratios and found that the 1:2 ratio gave the best properties in terms of compressive strength (3 MPa) et al., 2010). They found that this cement exhibited a shear-thinning behavior, especially at higher temperature (35°C) and a high -injectability as the weight level to apply on the syringe piston is around 2.5 kg. This weight level can be easily reached by the surgeon which makes it a desirable property in a clinical context. Furthermore, the authors reported a viscous modulus G'' increase under shear stress which became more important at higher temperature (35°C) (Combes et al., 2010). Lately, Sanchez et al. [START_REF] Sánchez | Setting behavior and bioactivity assessment of calcium carbonate cements[END_REF] studied calcium carbonate cement starting with amorphous calcium carbonate not stabilized with magnesium, and vaterite with a liquid-to-powder ratio of L/P = 0.5. The end product of the cement was calcite as a dominant phase accompanied by vaterite. The authors reported that there is a strong dependence between the initial mixture and the final surface composition which is controlled by the dissolution of the reactive ACC. Moreover, the authors studied novel compositions by incorporating octanoic acid as an organic molecule to investigate their capability to incorporate biomolecules and found no significant effect on the setting and the final composition of the cement. This approach showed the feasibility of incorporating organic molecules for future applications as drug delivery systems. Finally, the hardened samples showed microporosity and excellent bioactivity rates where apatite layers were formed when the cement was immersed in simulated body fluid (SBF) solution at 37°C. The difference in the composition of the cement between this work and the original work (Combes et al., 2006) could be linked to the lack of magnesium ions in the starting ACC powder as these ions favor the formation of aragonite instead of calcite. These findings show that the final composition of the cement can be tuned by controlling the starting powders composition, powders ratio and the used liquid phase.

In another work, Myszka et al. (Myszka, et al., 2019b) introduced an in situ polymerization approach with hydroxyethylmethacrylate (HEMA) in CaCO3 cement formulation. The authors reported the use of magnesium-stabilized amorphous calcium carbonate, and vaterite as reactive powders, while the liquid phase was SBF solution with different amounts of the monomer (0-50 wt%) and a liquid-to-powder ratio of L/P = 1. The final composition of the cement was mainly vaterite with traces of aragonite, calcite, and also remaining unreacted ACC. The authors noted that the dissolution and recrystallization of the reactive ACC is the most important step in the cement setting. The findings indicated that an increasing amount of PHEMA in the cement resulted in improved mechanical properties in terms of compressive strength that reached 33 MPa after two weeks of hardening when 50 wt% of PHEMA was added. They referred that this enhancement was due to fiber pull-out, ligament formation upon crack extension, and crack bridging mechanisms which enhance stress distribution within the elaborated composite cements creating a higher strength (Figure I.4).

Figure I.4:

Reinforcing effect of PHEMA on calcium carbonate cement (Myszka et al., 2019).

Finally, the authors reported an increase in the mechanical properties with the increasing time of hardening, however the correlation between this parameter and the improvement of 

III.4. Introduction to calcium carbonates

Calcium carbonates are the most distributed biominerals in nature in terms of the total amount of material. They have received recurrent attention from the scientific community during the last decades. It is largely found in mineral precipitates of biological origin as marine organisms and several rock types (limestone, chalk, and marble) [START_REF] Günther | In vitro Synthesis and Structural Characterization of Amorphous Calcium Carbonate[END_REF]. Calcium carbonates offer a wide range of applications in many fields of science, including geology, mineralogy, material science, chemistry, biology, and medicine [START_REF] Dizaj | Calcium carbonate nanoparticles; Potential in bone and tooth disorders[END_REF][START_REF] Mozafari | Calcium carbonate: Adored and ignored in bioactivity assessment[END_REF]. CaCO3 powders are used as a filler in rubber, plastic fabrics, the paper industry, printing inks, cosmetics, toothpaste, and the food industry thanks to their low cost, facile synthesis, and biocompatibility [START_REF] Tadier | Étude des propriétés physico-chimiques et biologiques de ciments biomédicaux à base de carbonate de calcium : apport du procédé de co-broyage[END_REF]. Furthermore, CaCO3 solids such as marble and coral are used for building and ornamental materials. Several methods have been deployed for the synthesis of CaCO3 as the double decomposition method [START_REF] Jimoh | Synthesis of precipitated calcium carbonate: a review[END_REF]) and Kitano's method [START_REF] Shimizu | A twin fluid-bed reactor for removal of CO2 from combustion processes[END_REF] which is the reaction of gaseous CO2 with a calcium-containing solution as well as solid-state methods [START_REF] Tsuzuki | Synthesis of Cr2O3 nanoparticles by mechanochemical processing[END_REF].

Carbonates exhibit interesting features in the field of bone tissue engineering, thanks to their presence in the mineral phase of bone (nanocrystalline carbonated apatite) as well as their biological properties. CaCO3 are suggested in the last few years as implant coating [START_REF] Liu | Evaluation of the attachment, proliferation, and differentiation of osteoblast on a calcium carbonate coating on titanium surface[END_REF], bone scaffolds [START_REF] Woldetsadik | Hierarchically Porous Calcium Carbonate Scaffolds for Bone Tissue Engineering[END_REF] as well as drug delivery devices for futuregeneration therapies [START_REF] Maleki Dizaj | Calcium carbonate nanoparticles as cancer drug delivery system[END_REF]. CaCO3 materials could not only promote bone growth, but can also be loaded with different therapeutic agents such as antibiotics, antiosteoporotic, and anticancer compounds [START_REF] Dizaj | Calcium carbonate nanoparticles; Potential in bone and tooth disorders[END_REF][START_REF] Svenskaya | Anticancer drug delivery system based on calcium carbonate particles loaded with a photosensitizer[END_REF]. The latter can be associated with CaCO3-based materials and their release in physiological conditions allows a local treatment of bone tissue defect. This strategy can offer higher treatment efficiency than conventional oral treatment [START_REF] Ma | Preparation of highly ordered hierarchical CaCO3 hemisphere and the application as pH value-sensitive anticancer drug carrier[END_REF]Ahsan et al., 2017).

The presence of CaCO3 mineral in marine crustaceans' shells is often combined with organic matrices and shows different hardness levels in different areas of these shells. The possibility of combining CaCO3 with organic compounds to form hard or soft tissues can be of extreme interest and inspires us to pinch toward bone tissue engineering applications in a naturemimicking approach. We will focus in our work on the synthesis and preparation of the calcium carbonate polymorphs involved in the CaCO3 cement via the double decomposition synthesis.

This synthesis route provides easier handling and good polymorph control.

III.4.1. Amorphous calcium carbonate (ACC)

Among calcium carbonates, ACC presents the highest solubility and readily undergoes crystalline transformation towards calcite in normal conditions [START_REF] Tobler | Effect of pH on Amorphous Calcium Carbonate Structure and Transformation[END_REF]. ACC is the most reactive and unstable phase of calcium carbonates. Surprisingly, its presence is common in nature [START_REF] Beniash | Amorphous calcium carbonate transforms into calcite during sea urchin larval spicule growth[END_REF]. ACC plays a major role in biomineralization as a storage source of calcium and carbonate that can be consequently transformed into an aragonite phase in the case of embryonic snails [START_REF] Bonou | Conversion of snail shells (Achatina achatina) acclimatized in Benin to calcium phosphate for medical and engineering use[END_REF] or into calcite in the case of sea urchin larvae. ACC is also found in crustaceans and is mobilized in large amounts during the shedding of their new shells. ACC is stabilized in these natural species due to the presence of organic matter and impurities [START_REF] Aizenberg | Factors Involved in the Formation of Amorphous and Crystalline Calcium Carbonate: A Study of an Ascidian Skeleton[END_REF]. Therefore, several investigations aimed to stabilize ACC through the use of additives [START_REF] Zou | Additives Control the Stability of Amorphous Calcium Carbonate via Two Different Mechanisms: Surface Adsorption versus Bulk Incorporation[END_REF]. The additives used involve foreign ions or organic matter found to be associated with ACC in nature and these are known to stabilize ACC structure and/or prevent crystallization of CaCO3. In terms of ion additives, magnesium was extensively studied owing to its known stabilizing effect and calcite growth inhibition property [START_REF] Ma | A crucial process: Organic matrix and magnesium ion control of amorphous calcium carbonate crystallization on β-chitin film[END_REF]. Magnesium was reported to adsorb on calcite and incorporate its crystal lattice consequently inhibiting its further growth [START_REF] Boon | Stabilization of Aragonite: Role of Mg2+and Other Impurity Ions[END_REF]. Magnesium acts also on calcite solubility, when magnesium ions are incorporated in the calcite lattice, this latter's solubility increased by two folds hindering its further growth [START_REF] Andersson | Life on the margin: Implications of ocean acidification on Mg-calcite, high latitude and cold-water marine calcifiers[END_REF].

Phosphate ions were also reported to stabilize ACC [START_REF] Zou | Nonclassical crystallization of amorphous calcium carbonate in the presence of phosphate ions[END_REF]. In this regard, the presence of phosphate ions leads to the formation of phosphate-enriched ACC with an extended lifetime in addition to the formation of smaller nanoparticles due to the calcium binding ability of phosphate groups [START_REF] Merle | Pyrophosphate-stabilised amorphous calcium carbonate for bone substitution: toward a doping-dependent cluster-based model[END_REF]. In addition, several studies aimed to reproduce the biomimetic stabilization of ACC through the use of biopolymers and gelling media [START_REF] Bassett | Stabilization of amorphous calcium carbonate with nanofibrillar biopolymers[END_REF]. ACC synthesis procedures are very delicate due to the extreme reactivity and solubility of this phase. ACC could be prepared by rapidly mixing calcium chloride and sodium carbonate solutions (Combes et al., 2006). This operation is crucial to create a supersaturation resulting in precipitation of ACC. Magnesium is generally added to extend ACC lifetime through the inhibition/delay of calcite crystallization.

III.4.2. Vaterite

Vaterite is the least stable of crystalline anhydrous polymorphs of calcium carbonate and transforms into calcite or aragonite once it is exposed to water. Vaterite is usually having a spherical shape and porous inner structure. The diameter of a vaterite particle ranges generally from 0.05 to 5 μm. Like ACC and aragonite, vaterite is a metastable phase of CaCO3 at ambient conditions at the surface of the Earth. Temperatures below 60 °C favor the formation of calcite, and at higher temperatures, recrystallization to aragonite occurs [START_REF] Trushina | CaCO 3 vaterite microparticles for biomedical and personal care applications[END_REF]. Even if vaterite is a metastable phase, it can still be found in nature for instance in mineral springs, fish otoliths, freshwater pearls, healed scars of some mollusk shells, gallstones, and urinary calculi [START_REF] Behrens | Raman Spectra of Vateritic Calcium Carbonate[END_REF]. Vaterite can crystallize in various crystalline structures (monoclinic, orthorhombic, and hexagonal). Among these crystalline structures, the hexagonal one with a P61/mmc space group is the most encountered (Figure I.5). Vaterite can be stabilized in the presence of phosphate ions as this latter adsorb to positively charged active sites (calcium terminated surface) of vaterite preventing its transformation towards other phases [START_REF] Katsifaras | Effect of inorganic phosphate ions on the spontaneous precipitation of vaterite and on the transformation of vaterite to calcite[END_REF][START_REF] Tadier | Control of the injectability of calcium carbonate-calcium phosphate mixed cements for bone reconstruction[END_REF]. It can also be stabilized using some polysaccharides such as sodium alginate owing to its strong calcium-binding property [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF]. A general trend is that strong calcium binding components inhibit the transformation of vaterite (Ming et al, 2014) [START_REF] Leng | Growth of calcium carbonate mediated by slowly released alginate[END_REF]Z. Zhang et al., 2012). 

III.4.3. Aragonite

The second crystalline phase of calcium carbonates in terms of stability in solution is aragonite;

it is the main component of the pearls, coral, and shells of many living organisms. Aragonite crystallizes in the orthorhombic form, space group Pmcn [START_REF] Behrens | Raman Spectra of Vateritic Calcium Carbonate[END_REF]; its cell parameters are a = 4. 94 Å,b = 7.94 Å and c = 5.72 Å (Figure I.6). Aragonite also consists of a stack of calcium ion planes, arranged in equilateral triangles. But unlike calcite, the calcium planes are separated by two planes of carbonate ions, so that each calcium ion is surrounded by nine oxygen anions.

The elementary crystal cell contains four CaCO3 patterns. It crystallizes generally in the form of needle-like particles. The fact that this metastable phase can be stabilized in sea water without transformation towards calcite has attracted scientists' interest in the last decades.

Thus, several studies investigated the effect of additives (that are present in sea water e.g. magnesium) on the stability of this phase [START_REF] Kawano | The effect of Mg2+ incorporation on the structure of calcium carbonate clusters: Investigation by the anharmonic downward distortion following method[END_REF]. Additionally, the presence of organic matter can stabilize aragonite by decreasing its solubility and inhibiting its further transformation [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF]. Furthermore, aragonite crystal growth is less likely to occur in the presence of phosphate. Kawano et al. investigated the effect of alginic acid on aragonite growth [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF], and stated that the presence of alginic acid inhibited aragonite growth leading to the crystallization of calcite instead. The authors explained this result by the positive termination of aragonite surfaces ( 110) and ( 010) on which negatively charged molecules (carboxylic acid function in the case of alginate) adsorbed and hence hindered its further growth, unlike calcite. ions are surrounded by six oxygen atoms. Calcite crystals exhibit the form of cubic rhombohedra [START_REF] Behrens | Raman Spectra of Vateritic Calcium Carbonate[END_REF]. Calcite has found several applications in the industry thanks to its easy processability, low toxicity, and low cost. However, calcite is rarely used in medical applications due to its low biological activity, low resorption ability and the inability of apatite to nucleate on the surface of calcite (Myszka, et al., 2019). 

III.5. Biopolymers

III.5.1. Generalities and classification

Biopolymers are polymers produced by living organisms and can be derived from microbial systems, extracted from plants or animals, or chemically extracted/modified from biological systems. There are three main groups of biopolymers: polysaccharides, proteins, and polyesters; the classification of biopolymers is presented in Table I.4 [START_REF] Yanovska | Composite materials based on hydroxyapatite embedded in biopolymer matrices: ways of synthesis and application[END_REF].

Biopolymers have been developed for use as medical devices, packaging, cosmetics, food additives, clothing fabrics, water treatment chemicals, industrial plastics, absorbents, and biosensors. They present some advantages when compared to synthetic polymers, namely biodegradability and renewability. with such bioactive ceramics to confer additional properties or enhance some of their specific properties (Table I.4).

Our study will focus on chitosan owing to the well-known biological properties and mechanical reinforcement ability of this polysaccharide.

III.5.2. Introduction to chitosan

Chitosan (Cs) is the fully or partially deacetylated form of chitin, the second most abundant natural polysaccharide derived from the exoskeletons of crustaceans or cell walls of fungi and insects. With polylysine, chitosan is one of the very few polymers of natural origin, which has a primary amino group along its backbone (Figure I.8). Chitosan contains one primary hydroxyl group at position C-6, one secondary hydroxyl group at position C-3, and one primary amino group at position C-2. The difference in reactivity between hydroxyl groups and primary amine groups allows the selective chemical modification at either the nitrogen position or the hydroxyl groups [START_REF] Illy | Phosphorylation of bio-based compounds: The state of the art[END_REF]. This makes chitosan a tunable material for various Chitosan combines natural abundancy and biodegradability and is the only alkaline polysaccharide which makes it insoluble at neutral and alkaline pH but forms a water-soluble salt with diluted inorganic and organic acids such as acetic, glutamic, hydrochloric, and lactic acids. After dissolution in acidic media, the amino groups of this polysaccharide become protonated rendering the molecule positively charged. This cationic feature opens up many potential applications of chitosan that can be considered as a polyelectrolyte with a high positive charge density which can interact with negatively charged surfaces such as proteins in biological media [START_REF] Amidi | Chitosan-based delivery systems for protein therapeutics and antigens[END_REF]. As chitosan shows various physical-chemical, biological properties, and film-forming properties, it finds wide applications in various fields like tissue engineering, pharmaceutical industries, water remediation, and drug delivery systems [START_REF] Ahsan | Chitosan as biomaterial in drug delivery and tissue engineering[END_REF]. It is characterized by its deacetylation degree (DD) and molecular mass, two major characteristics that affect the various properties of chitosan and hence need to be thoroughly selected for the targeted applications. These characteristics could be tuned by varying the extraction process. Indeed the degree of deacetylation which represents the proportion of the glucosamine units in the chitosan chains can be modified by changing multiple parameters such as pH, extracting time, and as a result tuning and obtaining the desired properties of chitosan [START_REF] Thakur | Handbook of Composites from Renewable Materials[END_REF]. A defined degree of deacetylation and depolymerization of the obtained chitosan derivatives is crucial because of their significant effect on the resulting physicochemical properties. It is known that the inter/intra molecular hydrogen bonding that exists in the biopolymer backbone, governs its structure, solubility, reactivity, viscosity, mechanical, and antibacterial properties [START_REF] D'almeida | Chitosan coating as an antibacterial surface for biomedical applications[END_REF]. Chitosan is rapidly degraded when implanted in vivo due to the easily cleaved β (1→4) glycosidic bond by lysozyme enzymes [START_REF] Simões | In vitro and in vivo chitosan membranes testing for peripheral nerve reconstruction[END_REF].

Chitosan has been studied extensively in the biomedical field, especially in orthopedic applications either alone or associated with ceramics to form composites. It can elicit various cellular functions, namely as an immunoadjuvant that can induce the production of cytokines and promote the reconstruction of connective tissues [START_REF] Ishihara | Photocrosslinkable chitosan as a dressing for wound occlusion and accelerator in healing process[END_REF]. Chitosan and its derivatives have proven to enhance osteogenesis and angiogenesis, and antibacterial activity when applied to bone defects (Amaral et al., 2005). Hence, an increasing number of chitosanbased scaffolds have been developed as a support to promote in situ bone repair owing to the easy processing of chitosan-based films and porous structures without the use of toxic solvents.

Most often in tissue engineering, chitosan is used in combination with calcium phosphates and growth factors [START_REF] Li | Orthopedic biomaterials progress in biology, manufacturing, and industry perspectives[END_REF] or modified with cell-adhesive peptide units to improve its mechanical properties [START_REF] Amaral | Functionalization of chitosan membranes through phosphorylation: Atomic force microscopy, wettability, and cytotoxicity studies[END_REF].

Chitosan and its derivatives are often used for the preparation of biodegradable biomaterials owing to their unharmful decomposition towards nontoxic amino-sugars. Chitosan can be easily hydrolyzed in vivo by enzymes such as lysozyme to form oligomers. These latter activate macrophages to produce N-acetyl-D-glucosamidase, a production catalyst of D-glucosamine and substituted glucosamines [START_REF] Zhu | In Vitro Cytocompatibility and Osteoinduction of Phosphorylated Chitosan with Osteoblasts[END_REF].

Although the versatile applications of Cs either alone or as an additive in composites with other polymers and/or ceramics, its use is limited. Cs suffers from poor solubility at neutral and basic pH and low antimicrobial activity at neutral pH. Indeed, Cs has a pKa of 6.5 and it possesses strong intra/inter molecular hydrogen bondings. The protonation of its amine groups in an acidic medium is known to provide interesting antimicrobial activity. This function can react with bacteria-negative cell walls and improve its permeability and consequently promote its lysis [START_REF] Li | Synthesis and characterization of chitosan derivatives with dual-antibacterial functional groups[END_REF].

Additionally, the polycationic nature of chitosan can induce aggregation, hemolysis of red blood cells, and thrombosis in addition to weak adsorption of proteins limiting its use without further modifications in medical applications. Thus, in recent years, much attention has been focused on the synthesis of functionalized chitosan derivatives through chemical modifications.

III.5.3. Chitosan derivatives

The chemical modification of chitosan is a promising approach to tuning its physicochemical and biological properties (Logithkumar et al., 2016b). It should not alter the basic backbone of chitosan, and the original physicochemical and biochemical properties but confer additional

properties depending on the nature of the grafted chemical groups. Numerous studies focused on Cs functionalization to improve its solubility and optimize its biodegradation. For this, carboxymethyl and hydroxyethyl functions were grafted to the chitosan backbone [START_REF] Aryaei | Cross-linked chitosan improves the mechanical properties of calcium phosphatechitosan cement[END_REF][START_REF] Dragostin | New antimicrobial chitosan derivatives for wound dressing applications[END_REF][START_REF] Lu | Degradation of covalently cross-linked carboxymethyl chitosan and its potential application for peripheral nerve regeneration[END_REF] in addition to N-alkylated [START_REF] Yang | Antibacterial activity of N-alkylated disaccharide chitosan derivatives[END_REF] and N-acylated quaternary chitosan [START_REF] Jia | Synthesis and antibacterial activities of quaternary ammonium salt of Chitosan[END_REF]. Other studies focused on modifying the surface charge on the Cs chains to enhance their hemocompatibility [START_REF] Balan | Strategies to improve chitosan hemocompatibility : A review[END_REF]. On this basis, scientists have tried to enhance the antimicrobial activity of chitosan by improving its solubility to generate the positive amino function or by attaching additional positive functional groups to create materials with an interesting antimicrobial activity: as an example, sulfonamide and quaternary functions were attached to chitosan to prevent the implantassociated infections [START_REF] Hosseinnejad | Evaluation of different factors affecting antimicrobial properties of chitosan[END_REF][START_REF] Li | Synthesis and characterization of chitosan derivatives with dual-antibacterial functional groups[END_REF]. Furthermore, chitosan biodegradation amino sugars can infiltrate bacteria cell walls and interact with its DNA leading to an inhibition of its protein synthesis [START_REF] Kulikov | Comparative evaluation of antimicrobial activity of oligochitosans against Klebsiella pneumoniae[END_REF]. In addition, chitosan surrounding bacteria walls can chelate the essential nutrients and prevent them from reaching the bacteria leading to its growth inhibition [START_REF] Li | Preparation, characterization and antimicrobial activities of chitosan/Ag/ZnO blend films[END_REF].

To confer new properties to chitosan, several studies have explored the approach of synthesizing derivatives of chitosan through phosphorylation. Phosphorylated chitosan, a promising chitosan derivative, can be used in the design of new biomaterials for dental and orthopedic applications.

III.5.3.1. Phosphorylated chitosan

Phosphorylation is an interesting functionalization to confer additional biological and chemical properties of chitosan [START_REF] Elbarbary | Phosphorylation of chitosan/HEMA interpenetrating polymer network prepared by γ-radiation for metal ions removal from aqueous solutions[END_REF] by incorporating phosphate functions into its backbone (Illy et al., 2015a). Indeed, phosphorylated chitosan derivatives have shown promising properties for tissue engineering applications [START_REF] Zheng | Phosphorylated chitosan to promote biomimetic mineralization of type I collagen as a strategy for dentin repair and bone tissue engineering[END_REF] and can bring good bactericidal properties [START_REF] Jayakumar | Synthesis of phosphorylated chitosan by novel method and its characterization[END_REF].

Adequate amounts of phosphate functions in the modified chitosan can generate a watersoluble polymer facilitating its processability and engineering in different materials aspects such as the elaboration of films, scaffolds, composite materials, and cementitious matrices [START_REF] Ramesh | Hydroxyapatite-polymer biocomposites for bone regeneration: A review of current trends[END_REF]. The incorporation of phosphate function in chitin generates a soluble polymer independently of the degree of substitution [START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF], whereas for example a higher degree of substitution (DS) in chitosan usually generates a non-soluble polymer. This suggests that at a higher degree of both substitution (phosphorylation) and deacetylation, nonsoluble amino-phosphate salts are formed creating intermolecular crosslinks due to the electrostatic interactions between ammonium groups and phosphoric groups [START_REF] Amaral | Functionalization of chitosan membranes through phosphorylation: Atomic force microscopy, wettability, and cytotoxicity studies[END_REF]. Nevertheless, it was reported that dialysis against an alkaline NaOH solution creates soluble sodium phosphorylated chitosan salt independently of the degree of substitution [START_REF] Tachaboonyakiat | Elimination of inter-and intramolecular crosslinks of phosphorylated chitosan by sodium salt formation[END_REF]. The phosphate function presents a good binding and chelating property toward metals. The binding affinity of some functional groups to calcium ions for instance was reported to be phosphate > carboxylate > amino > hydroxyl groups. Taking into consideration that native chitosan possesses initially amino and hydroxyl groups and that in general not all of these groups can be functionalized, the incorporation of additional phosphate groups into chitosan can generate a higher binding strength towards calcium ions [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF]. This property can be exploited in vivo where this function can bind calcium ions that will react with available phosphate ions and can consequently contribute to the nucleation of an apatitic layer on its surface. However, a very high affinity towards calcium ions can be detrimental to the setting of cement materials as reported previously [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF].

Moreover, functional groups that present a high binding capacity towards calcium ions can limit the apatite-forming ability [START_REF] Czechowska | Physicochemical properties and biomimetic behaviour of α-TCP-chitosan based materials[END_REF]. Therefore, the amount of phosphorylated chitosan should be optimized to benefit from the resulting physicochemical properties (setting, mechanical…) and to avoid compromising the material's reactivity (apatite forming ability).

According to the literature, the chemical phosphorylation of chitosan was performed via numerous methods [START_REF] Binsu | Studies on N-methylene phosphonic chitosan/poly(vinyl alcohol) composite proton-exchange membrane[END_REF][START_REF] Granja | Cellulose phosphates as biomaterials. I. Synthesis and characterization of highly phosphorylated cellulose gels[END_REF][START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF][START_REF] Sakaguchi | Adsorption of Uranium by Chitin Phosphate and Chitosan Phosphate[END_REF][START_REF] Suchyta | Selective monophosphorylation of chitosan via phosphorus oxychloride[END_REF][START_REF] Zhao | Study of Two Chitosan Derivatives Phosphorylated at Hydroxyl or Amino Groups for Application as Flocculants[END_REF]. In this work, a focus will be on the H3PO4/urea method [START_REF] Amaral | Functionalization of chitosan membranes through phosphorylation: Atomic force microscopy, wettability, and cytotoxicity studies[END_REF], H3PO4/Et3PO4/P2O5 [START_REF] Jayakumar | Synthesis of phosphorylated chitosan by novel method and its characterization[END_REF] method, and CH3SO3H/P2O5 [START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF] The first method of phosphorylation (Figure I.9, on the left) is carried out using H3PO4 as phosphate precursor and urea to both catalyze the reaction and to protect against the degradation of the chitosan backbone due to the use of high temperature (150°C) [START_REF] Ghanadpour | Phosphorylated Cellulose Nano fi brils : A Renewable Nanomaterial for the Preparation of Intrinsically Flame-Retardant Materials[END_REF]. The high temperature was used to activate the phosphorylation reaction, but it also causes damage to the polymer's backbone and a molar mass loss [START_REF] Coleman | Phosphorylation of alginate: Synthesis, characterization, and evaluation of in vitro mineralization capacity[END_REF].

The second protocol (Figure I.9, in the middle) consists of using a mixture of phosphate precursors H3PO4/Et3PO4/P2O5 and was performed at low temperature (0-5°C) using either hexanol [START_REF] Jayakumar | Synthesis of phosphorylated chitosan by novel method and its characterization[END_REF] or butanol (Amaral et al., 2005a) as a solvent. This method has the advantage of yielding a high phosphorylation substitution degree while using low temperature; however, an extended time of reaction is needed to achieve such high DS.

The third main route (Figure I.9, on the right) consists of using P2O5 as a phosphate precursor and methanesulfonic acid, which plays three roles: chitosan solvent, reaction catalyst, and protector of amino groups through ionic bonding; thus, the phosphorylation reaction occurs mainly on the hydroxyl groups. This method is also performed at room temperature; however, a high weight loss was reported [START_REF] Wang | Chemical structure analyses of phosphorylated chitosan[END_REF] probably due to the high acidity of methanesulfonic acid (Table I.5).

Wang et al. reported a comparison of the obtained phosphorylated chitosan through different reaction routes. On one hand, either in the presence of H3PO4/urea or H3PO4/Et3PO4/P2O5, the amino groups in chitosan were phosphorylated instead of the hydroxyl groups. Furthermore, due to the lower catalytic activity of urea in comparison with P2O5, the DS of phosphorylated chitosan through this route was lower than that of phosphorylated chitosan generated from the H3PO4/Et3PO4/P2O5 route. On the other hand, P2O5/CH3SO3H phosphorylation protocol and due to the ionic protection of the amino groups of chitosan by methanesulfonic acid, the hydroxyl groups were the only reactive functional groups that participated in the phosphorylation reaction and the C-6 hydroxyl groups (-CH2-OH) were the major phosphorylated reaction sites due to their higher activity [START_REF] Wang | Chemical structure analyses of phosphorylated chitosan[END_REF].

Table I.5: Experimental conditions, advantages, and drawbacks of the three main phosphorylation routes for chitosan. In the columns, the selectivity of the phosphorylation reaction (e.g., on OH groups (O-P) or amino groups (N-P) or both groups) are indicated.

Several characterization techniques have been deployed to investigate the success of the phosphorylation process in terms of the nature of the attached functions (e.g., phosphonates...), the selectivity of the phosphorylation reaction (e.g., on OH groups (O-P) or amino groups (N-P) or both groups), and also the amount of the attached phosphate (DS, P content…). For this purpose, FTIR spectroscopy, thermo-gravimetric analysis (TGA), and nuclear magnetic resonance of both carbon and phosphorus ( 13 C NMR and 31 P NMR) in the liquid phase have been performed by the authors. These characterizations are presented hereafter for the three main methods of phosphorylation mentioned above (Table I.5).

III.5.3.1.1. FTIR spectroscopy

FTIR spectroscopy is a useful tool to characterize phosphorylated polymers and determine the characteristics of the attached phosphate functions (Table I.6 and Figure I.10).

Table I.6 gathers the attribution of the bands of native and phosphorylated chitosan using the three main phosphorylation routes (using Urea/H3PO4 referred to as P-Chitosan1, H3PO4/ET3PO4/P2O5 referred as P-Chitosan2, and CH3SO3H/P2O5 referred as P-Chitosan3). et al., 2008) Table I. 6: FTIR spectral assignments for native and phosphorylated chitosan using main phosphorylation routes (Urea/H3PO4 referred as P-Chitosan1, H3PO4/ET3PO4/P2O5 referred as P-Chitosan2, and CH3SO3H/P2O5 as P-Chitosan3) [START_REF] Wang | Chemical structure analyses of phosphorylated chitosan[END_REF]. The main phosphate function bands in the phosphorylated chitosan appeared at 1524 cm -1 , 1420 cm -1 , 1218 cm -1 , 1084 cm -1 , 1011 cm -1 , 972 cm Figure I.10: FTIR spectrum of native (black) and phosphorylated chitosan (red, P-Chitosan1) using urea and H3PO4 [START_REF] Wang | Adsorption of phosphorylated chitosan on mineral surfaces[END_REF].

Method

III.5.3.1.2. TGA analysis

Thermogravimetric analysis is an interesting tool to assess the presence of phosphate functions as phosphorylated chitosan is characterized by a lower degradation temperature and a higher final residue (Figure I.11). The TGA curves of both native and phosphorylated chitosan comprise mainly two mass losses: i) the first one at about 25°C referred to physically adsorbed water; a higher loss is observed in the case of phosphorylated chitosan probably due to the increase of the hydrophilic character of the polymer after phosphorylation; ii) the second loss in the range of 250-300°C is attributed to the polysaccharide backbone decomposition; at this point, the phosphorylated chitosan degradation temperature decreased and the obtained final residue remained higher in comparison to that for native chitosan. indicating phosphorylation on hydroxyl groups sites [START_REF] Wang | Chemical structure analyses of phosphorylated chitosan[END_REF] . Nevertheless, other works reported contradictory results; for instance, Jayakumar et al. [START_REF] Jayakumar | Synthesis of phosphorylated chitosan by novel method and its characterization[END_REF] analyzed the 13 C NMR spectrum of phosphorylated chitosan obtained from the H3PO4/P2O5/ET3PO4 method: the peaks noticed at 52.85, 56.52, 71.3, 73.80 (235 ppm) and C3 (224 ppm) hydroxyl groups were involved in the phosphorylation process in addition to a low amount of amino groups evidenced by the appearance of a small signal at 232 ppm. These results evidenced that the phosphorylation process occurred preferentially on the reactive hydroxyl groups in the C6 position and then in the C3 position. The amine groups were poorly involved in the phosphorylated chitosan due to the use of methanesulfonic acid acting as an amine group protector, orienting selectively the phosphorylation reaction on the hydroxyl groups. This approach leads to the obtention of water-soluble polymers suitable for cement materials. The authors mentioned that a high DS resulted in non-water-soluble chitosan. The in vitro study related to the immersion of phosphorylated chitosan (obtained via the H3PO4/urea route) in SBF solution, showed that the phosphorylated chitosan induced the formation of phosphate precipitate [START_REF] Maachou | XPS analysis of chitosan-hydroxyapatite biomaterials: From elements to compounds[END_REF]. In the same context phosphorylated chitosan membranes synthesized by the H3PO4/Et3PO4/P2O5 protocol were immersed in a Ca(OH)2 solution to obtain calcium salts; then their ability to nucleate calcium phosphates under physiological conditions was investigated. The study indicated the presence of a calcium phosphate mineral layer all over the surface of phosphorylated chitosan membranes, after incubation in Ca(OH)2 solution. Afterward, the immersion in SBF indicated the formation of a multilayer of poorly crystalline carbonated apatite on the surface of these membranes. This phenomenon was attributed to the release of ionically bound phosphate function under alkaline conditions which contributed to the formation of calcium phosphate precursor sites, via the chelation of calcium ions from the solution [START_REF] Amaral | In Vitro Mineralisation of Chitosan Membranes Carrying Phosphate Functionalities[END_REF].

Water-soluble phosphorylated chitosan synthesized using CH3SO3H/P2O5 route showed excellent in vitro cytocompatibility on osteoblasts when solubilized in a DMEM culture media with 10 wt% fetal bovine serum (FBS), compared to native chitosan. The authors presented a comparison between 0.5 (w/v) %, 1(w/v) % and 2 (w/v) %, considering native chitosan as control. The 2 (w/v)% concentration of P-chitosan in the medium exhibited a significant influence on cytocompatibility and osteoinduction [START_REF] Zhu | In Vitro Cytocompatibility and Osteoinduction of Phosphorylated Chitosan with Osteoblasts[END_REF]. Phosphorylated chitosan at this concentration presented the highest cell viability and allowed osteoblasts growth as well as a higher calcium content was measured on the cultured plates' surface. Moreover, this modified polymer allowed the expression of collagen type 1.

III.5.4. Polymer additives in bone cements

Polymer additives have been associated with bioactive bone cements either in the liquid phase or the solid phase to formulate composite cements with improved properties. Biopolymers are biosourced polymers that are commonly found in nature such as cellulose, chitin, and starch.

Interest has been given to this class of polymers owing to their biodegradability and low toxicity, in contrast to synthetic polymers [START_REF] Kostag | Sustainable biomaterials based on cellulose, chitin and chitosan composites -A review[END_REF]. The use of biopolymers in the gel form seemed to be beneficial to the cohesion, washout resistance, and injectability as well as the setting time of the cements paste [START_REF] Perez | Polymeric additives to enhance the functional properties of calcium phosphate cements[END_REF], as illustrated in Table I.7. Moreover, the addition of biopolymers can be beneficial to the mechanical properties of the hardened cements. In addition to the physicochemical properties of bone cements, the use of polymeric matter can improve the biological response of the cements in terms of cell proliferation and biodegradation [START_REF] Kashirina | Biopolymers as bone substitutes: A review[END_REF].

Investigations on the incorporation of polymeric additives concern mainly CPC, as very few studies are published on CaCO3-based cements. Table I.7 shows some of the biopolymers that were associated with calcium phosphate cements either in liquid or the powder phase and their resulting impact on the setting time, cohesion, injectability, microporosity, mechanical properties, long-term degradation, drug-eluting property, and biological response.

Table I.7. Some properties of calcium phosphate cements (CPC) that can be improved by the incorporation of a biopolymer [START_REF] Perez | Polymeric additives to enhance the functional properties of calcium phosphate cements[END_REF]. We will focus more on chitosan in the following part owing to the advantages it may present, as indicated in Table I.7. In addition, there are other features to chitosan such as antimicrobial properties, as well as revascularization and wound healing ability that are unique to this polysaccharide among the others.

III.5.4.1. Chitosan and derivatives in bone cements

Chitosan was incorporated in calcium phosphate cement formulations and showed promising results in terms of setting time, paste cohesion, mechanical properties, and improved dissolution rate [START_REF] Pu | International Journal of Biological Macromolecules In vitro degradation of three-dimensional chitosan / apatite composite rods prepared via in situ precipitation[END_REF][START_REF] Takagi | Properties of elastomeric calcium phosphate cement-chitosan composites[END_REF][START_REF] Xu | Processing and Properties of Strong and Non-rigid Calcium Phosphate Cement[END_REF]. In most studies, chitosan derivatives were prepared as they exhibited better solubility in water than native chitosan. In this context, chitosan malate and chitosan lactate were added in the liquid phase of either TTCP + DCPD [START_REF] Yokogawa | Synthesis and properties of non-rigid calcium phosphate cement containing chitosan[END_REF] or TTCP + DCPA cements [START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF]. Moreover, malic acid exhibits a remarkable calcium ions binding property which can improve organicinorganic interactions between calcium phosphates and chitosan as this latter is introduced in the liquid phase of the cement [START_REF] Kawano | Effect of organic acids on the precipitation rate and polymorphism of calcium carbonate minerals in solutions with Mg 2+ ions[END_REF]. In a similar work, the obtained composite cement with 2.5 wt% medium molecular weight chitosan exhibited a two times lower setting time and three folds higher compressive strength, while low molecular weight chitosan decreased the mechanical properties of the cement [START_REF] Yokogawa | Synthesis and properties of non-rigid calcium phosphate cement containing chitosan[END_REF]. Other studies compared the effect of the powder-to-liquid (P/L) ratio and the effect of chitosan malate, chitosan lactate, and native chitosan in 1% HCl solution on TTCP + DCPA cement properties.

It was reported that a high P/L = 4 resulted in higher mechanical properties. In this P/L ratio, the compressive strength of the cements associated with chitosan and its derivatives followed this order 15 wt% chitosan malate > 15 wt% chitosan lactate >15 wt% chitosan [START_REF] Takagi | Properties of elastomeric calcium phosphate cement-chitosan composites[END_REF]. In another work Sun et al. indicated that CPC-20 wt% chitosan malate improved compressive strength up to three folds and decreased setting time seven times in TTCP + DCPA cement, compared to the reference cement [START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF].

Leroux et al. [START_REF] Leroux | Effects of various adjuvants (lactic acid, glycerol, and chitosan) on the injectability of a calcium phosphate cement[END_REF] examined the effect of chitosan content (0.02 wt%-1.64 wt%) incorporated in α-TCP, TTCP, sodium glycerol phosphate (NaGP) triphasic cement, and reported that the composite cement paste including chitosan (> 0.5 wt%) reduced both the setting time and the injectability of the cement. The authors referred that chitosan plays the role of a glue that binds the cement particles and creates a better cohesion and viscosity of the paste which reduced the setting time. Yu et al. [START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF] investigated the effect of carboxymethyl chitosan (CMCs: 2.5-10 wt%) on a magnesium phosphate cement matrix, and reported that the setting time increased with the increase of CMCs fraction; this was correlated to the slowdown of chemical setting reaction through the formation of a membrane on the surface of the reactive powders (MgO + KH2PO4), reducing their dissolution and consequently delaying the hydration reaction.

The effect of chitosan and its derivatives on the resulting mechanical properties of the cements has been reviewed in several studies (Table I.8). Yu et al. noticed a 1.7-fold increase in the compressive strength of magnesium phosphate cement when 5 wt% CMCs was added [START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF]. The authors pointed out that as the amount of CMCs increased, the cracks in the cement were gradually filled with CMCs gel. Furthermore, the results were correlated to the fact that CMCs with hydrophilic character adsorbed deionized water to form a high-viscosity film upon the cement surface which reinforced mechanically the composite cement. Table I.8 gathers some examples of the main effects of chitosan and its derivatives on bone cements physicochemical properties in terms of setting time, injectability, compressive strength, and porosity. The effect on the setting time depends on the setting mechanism of the bone cement, the phase in which chitosan is introduced (solid or liquid phase). In terms of compressive strength, a general trend was observed: the compressive strength increased to reach maximum strength for an amount of chitosan added. A higher amount of chitosan decreased the compressive strength evidencing that an optimum amount of chitosan should be added to optimize bone cement mechanical properties. An effective combination of chitosan and its derivatives in CPCs largely depends on the interfacial interactions and the homogeneity of its dispersion [START_REF] Daculsi | Surface structure and morphology of calcium carbonate polymorphs calcite, aragonite, and vaterite: An atomistic approach[END_REF]. Degradation in performance such as reducing mechanical strength is expected if the interactions between CPCs and additives are weak. To enhance the interaction between CPCs and chitosan, surfacefunctionalized chitosan like chitosan lactate, chitosan malate, carboxymethyl chitosan and phosphorylated chitosan (P-chitosan), were used to fabricate composite bone cements [START_REF] Boroujeni | Development of monetite/phosphorylated chitosan composite bone cement[END_REF].

Wang et al. [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF] reported on the incorporation of chitosan (up to 6 wt%) phosphorylated via a P2O5/CH3SO3H method into two calcium phosphate cements: the monocalcium phosphate monohydrate (MCPM) + CaO (CPC1), and the dicalcium phosphate dihydrate (DCPD) + Ca(OH)2 (CPC2). The presence of phosphorylated chitosan within the matrix enhanced the ceramic-polymer interaction as well as the composite cement mechanical properties in terms of compressive strength and young modulus. The optimum of mechanical properties was reached upon introducing 2 wt% and 5 wt% of phosphorylated chitosan in CPC1 and CPC2, respectively. The authors indicated that the use of a higher amount of phosphorylated chitosan would lead to an increase in setting time or no setting at all due to the strong binding property of phosphate function towards calcium ions. The incorporation of phosphorylated chitosan prepared by the H3PO4/Urea protocol into dicalcium phosphate anhydrous (DCPA) based cement revealed significant improvement in terms of physicalchemical properties such as handling, injectability, and washout resistance as well as mechanical properties [START_REF] Boroujeni | Development of monetite/phosphorylated chitosan composite bone cement[END_REF]. The use of 5 wt% of P-chitosan was able to double the compressive strength of the cement which could reach 23.4 MPa. However, when this amount raised to 10 wt%, a pronounced decrease in compressive strength occurred

showing that optimization of the added amount of phosphorylated chitosan is crucial to enhance bone cement mechanical properties.

In the following sections, we will present the methods to study the in vitro evolution of the biomaterials with a focus on the in vitro study in a simulated body fluid (SBF).

IV. IN VITRO STUDY OF BIOMATERIALS IN SIMULATED BODY FLUID

Bone bonding ability is one of the most interesting features that an ideal bone substitute material should have. This property is evaluated in vivo using an animal model. However, due to the high number of animal sacrifices, synthetic model solutions were proposed to first evaluate this property in vitro before proceeding to in vivo experiments of novel bone substitute materials. The evolution of biomaterials can be tested in simple aqueous solutions such as water, acidified water, phosphate buffer solution as well as simulated body fluid (SBF). In this review, we will focus on the latter medium as a physicochemical approach to evaluate materials' bioactivity. In this context, Kokubo et al [START_REF] Kokubo | Solutions able to reproducein vivo surface-structure changes in bioactive glass-ceramic A-W3[END_REF]) developed a simulated body fluid (SBF) solution to evaluate the potential bioactivity and bone-bonding ability of biomaterials. This solution mimics blood plasma in terms of mineral ions composition (Table I.9).

Table I.9: Comparison of the mineral ions content in SBF and in blood plasma [START_REF] Kokubo | Solutions able to reproducein vivo surface-structure changes in bioactive glass-ceramic A-W3[END_REF]. The SBF solution was subject to multiple corrections and revisions to mimic the exact inorganic composition of blood plasma as the chloride and carbonate ions content were not controlled in the original SBF solution. Moreover, the original SBF did not contain sulfate ions which are present in blood plasma. Although, the revised SBF (r-SBF) mimics perfectly the blood plasma mineral ions content, the immersion studies in this revised solution showed the crystallization of calcite as this solution is supersaturated not only to apatite but also to calcite [START_REF] Kokubo | Solutions able to reproducein vivo surface-structure changes in bioactive glass-ceramic A-W3[END_REF]. Therefore, SBF was improved again (newly improved SBF) by reducing the carbonate content (Table I.10), and this was denoted as n-SBF.

Table I.10: Mineral composition of original and corrected/revised SBF solutions [START_REF] Kokubo | Solutions able to reproducein vivo surface-structure changes in bioactive glass-ceramic A-W3[END_REF]. Figure I.17: SEM micrographs of the developed apatite layer upon immersion of silica gel in SBF solution [START_REF] Li | Process of formation of bone-like apatite layer on silica gel[END_REF] In this context, Myszka and collaborators (Myszka, et al., 2019b) studied the immersion of synthesized calcium carbonate powders in SBF solution and showed that the calcium carbonate polymorph plays an important role in the bioactivity of these materials. The authors indicated that apatite was not able to form on the calcite surface; on the contrary, apatite was able to form on aragonite and vaterite surfaces. Indeed, according to the authors vaterite was the most bioactive CaCO3 phase (forming a higher amount of apatite) followed by aragonite. It should be mentioned that it was not precisely apatite that was formed on ACC but an amorphous calcium phosphate phase; the latter is known to be a precursor phase of the apatite. The bioactivity was correlated with the solubility of these polymorphs classified in this order ACC > Vaterite > Aragonite > Calcite. In another work, Lee and collaborators (Lee et al., 2014) examined the evolution in SBF of synthesized aragonite and this was compared to a biphasic mixture of vaterite and calcite. The results revealed that apatite was able to nucleate on the surface of both materials; however, a delayed apatite deposition was observed in the biphasic material with respect to pure aragonite. The authors showed that the presence of calcite caused this delay as apatite spherulites were only deposited on the vaterite surface. This lack of bioactivity for the calcite polymorph was explained by the different surface chemistry of this phase compared to the other CaCO3 polymorphs. The calcite exposes its (104) surface which is an oxygen-exposed surface with the lowest free energy, while both vaterite and aragonite exposed surfaces (010) are calcium terminated which may enable Ca 2+ ions leaching from their surface hence providing a convenient environment for apatite growth (Lee et al., 2014).

Although several correlations between the study of biomaterials in SBF and their actual bioactivity in vivo were established [START_REF] Kokubo | How useful is SBF in predicting in vivo bone bioactivity?[END_REF], the SBF solution has been criticized by several authors [START_REF] Bohner | Can bioactivity be tested in vitro with SBF solution?[END_REF] as a "too simple medium" to test the bioactivity of materials taking into consideration the absence of cells, enzymes and proteins that can interact with the ions provided within SBF solution and therefore, affecting the crystallization of apatite on the material surface. The apatite formation was viewed as a crystallization process that will ultimately occur due to the supersaturation of SBF solution towards apatite, and the tested materials only accelerate this process through pH variation, release of calcium, phosphate, and other ions.

Although the criticism that the study of the acellular "bioactivity" in the SBF solution has received, it is still the subject of numerous publications and included in the standard ISO 23317:2014 Implants for surgery -In vitro evaluation for apatite-forming ability of implant materials. Therefore, the study of the evolution of biomaterials in simulated body fluid in vitro could provide information on how the tested materials will behave in absence of cells and proteins. SBF solution could be viewed as a simple medium in order to comprehend the materials behavior on a physicochemical point of view and to discern the effect of cells for instance on the evolution of the material and also to compare it with other materials tested in SBF. In his review, Zadpour [START_REF] Zadpoor | Relationship between in vitro apatite-forming ability measured using simulated body fluid and in vivo bioactivity of biomaterials[END_REF] showed that within the 33 biomaterials that were tested both in an SBF solution and in vivo, 25 (75%) of them showed a direct correlation between both in vitro and their in vivo behavior, while 8 (25%) failed to show correlation. It's worth mentioning that 5/8 of these materials could not develop apatite on their surface, yet they showed in vivo bioactivity. These investigations could demonstrate that the study of bioactivity by SBF test is capable to provide information on the chemical pathway and mechanism of bioactivity while neglecting the biological mechanism of bioactivity which involves the cells interaction with the material. In some cases, the immersion in SBF solution could be used as a tool to enhance the materials' bioactivity [START_REF] Abdal-Hay | In vitro bioactivity of titanium implants coated with bicomponent hybrid biodegradable polymers[END_REF] before proceeding to cellular in vitro and in vivo studies. Overall, the SBF study could be an essential first step to determine material bioactivity that needs to be complemented with cellular investigations.

V. IN VITRO AND IN VIVO EVALUATION OF COMPOSITE CEMENTS WITH CHITOSAN

Chitosan and its derivatives are good candidates for preparing composite bone cements owing to their biocompatibility, osteoconductivity, and biodegradability. Several works investigated in vitro and in vivo behavior of CPC-chitosan composite cements [START_REF] Fang | The chitosan/tri-calcium phosphate bio-composite bone cement promotes better osteo-integration: an in vitro and in vivo study[END_REF][START_REF] Hesaraki | In vitro biocompatibility of chitosan/hyaluronic acidcontaining calcium phosphate bone cements[END_REF]), and in drug delivery applications (Zou et al., 2008). These studies showed that chitosan incorporation into calcium phosphate cements can be a promising approach to enhancing cement osteoconductivity. The use of chitosan showed an earlier inactivation of osteoclasts in contrast to the control CPC (without chitosan) which can promote faster bone growth [START_REF] Redey | Osteoclast adhesion and activity on synthetic hydroxyapatite, carbonated hydroxyapatite, and natural calcium carbonate: Relationship to surface energies[END_REF].

In another work, Wang et al. [START_REF] Wang | Bone repair in radii and tibias of rabbits with phosphorylated chitosan reinforced calcium phosphate cements[END_REF] evaluated in vivo these composite cements in the radii tibia of rabbits and showed that they are biocompatible, bioresorbable within 22 weeks, and osteoinductive as they allowed the new bone formation and no adverse effects were detected in tissues around the bone defects. However, the biodegradation rate decreased as the introduced P-chitosan content increased (Figure I.18). Therefore, a tunable biodegradation rate can be obtained by adapting the phosphorylated chitosan amount into the cement. Interestingly, the incorporation of higher phosphorylated chitosan in the cement exhibited a denser bone formation. Therefore, a higher amount of phosphorylated chitosan introduced in the cement may be suitable in load-bearing areas that presents slow bone growth. 

VI. CONTEXT AND OBJECTIVE OF THE WORK

This bibliographic study first highlighted the interest in using synthetic materials based on calcium carbonates for bone filling. Especially cements based on calcium carbonates appear to be promising candidates for these applications, given their biocompatibility and resorption ability. The advantage of such cement composition, which involves calcium carbonates instead of hydroxyapatite (the main component of calcium phosphates bone cements), is to promote the resorption of the material providing room for earlier new bone reconstruction. Since the resorption rate of the implanted materials is directly linked to their solubility, the use of calcium carbonates, which have a higher solubility compared to calcium phosphates, seems to be advantageous for applications requiring a faster resorption rate. However, calcium carbonate cement shows extended setting times and low mechanical properties, which limit their development in clinical indications requiring significant mechanical support.

To overcome the disadvantages of these materials, the association with polysaccharides such as chitosan and its derivatives seems to be an interesting strategy to improve the performance of this cement and improve not only the physicochemical properties relevant for the clinical use of these materials, such as setting time, injectability, cohesion, and mechanical properties but also their final performance in terms of bioactivity and biological response.

The objective of this research work is therefore the design of a composite cement by combining calcium carbonate cement with polysaccharide additives (alginate, cellulose, starch, and chitosan) in the liquid phase of the cement. Then, the effect of both native and phosphorylated chitosan on the progress of the composite cements setting reaction and physicochemical properties will be deeply investigated. The cement properties will be optimized to meet several clinical requirements in terms of the setting time (ti > 5 min, tf < 20 min), injectability (I > 80%), cohesion (no washout), porosity, as well as the compressive strength (between 2 MPa and 11 MPa) of the material.

In addition to the physicochemical characterization, we will examine the evolution of these composite cements in a simulated body fluid (SBF) to provide information on their ability to nucleate apatite similar to that of bone mineral on their surface and also to assess their physicochemical stability in aqueous solution. This evolution study in SBF is an important first step in determining the bioactivity and the development of biomaterials for bone repair. 

CHAPTER II: ELABORATION AND PHYSICOCHEMICAL CHARACTERIZATION OF CALCIUM CARBONATE POWDERS AND CALCIUM

INTRODUCTION

As mentioned in Chapter 1, Combes et al (Combes et al., 2006a) reported on the first bone cements based only on calcium carbonates involving a biphasic mixture of calcium carbonate powders, Mg-stabilized ACC, and vaterite. After setting, they lead to a hardened cement consisting mainly of aragonite which is a metastable phase in physiological conditions.

However, the setting mechanism of calcium carbonate cements and the control of their composition were not fully elucidated. In addition, the setting time of these cements as well as their injectability were not considered.

In this chapter, we will present the synthesis and characterization of the reactive powders and of the calcium carbonate cement which will be the reference mineral cement for this thesis work. The objective of this study is to: i) Optimize two synthesis parameters of ACC (magnesium amount and washing step) and the addition rate for vaterite synthesis, ii)

Characterize the hardened cement in terms of composition, (micro)structure and mechanical properties and the cement paste in terms of setting time and injectability. This study regarding

CaCO3 cement involving the reaction between amorphous calcium carbonate and vaterite phases follows and deepens that initiated by Combes and collaborators (Combes et al., 2006).

The formulation of the calcium carbonate cement involving amorphous calcium carbonate (ACC) and vaterite as the reactive powders requires first the control of the synthesis route of these metastable phases. Particular attention has been given to the highly metastable ACC phase which synthesis through the double decomposition method should be carefully carried out since it tends to crystallize into calcite very fast. Therefore, doping with magnesium (as a stabilizer) and careful washing to remove unreacted and counter ions without prolonging the synthesis time to avoid crystallization need to be optimized to produce fully amorphous calcium carbonate. The study of synthesis and characterization of Mg-stabilized ACC is presented in the first part of this chapter along with the other powders synthesis involved in the cement formulation.

The utilization of these calcium carbonate powders as reactive powders for the preparation of calcium carbonate cement will be examined in the second part of this chapter. The physicochemical properties in terms of setting time, setting reaction follow-up, injectability, and mechanical properties of CaCO3 cement will be thoroughly investigated. An advanced quantitative approach was used to identify the various CaCO3 crystalline and amorphous phases involved in the calcium carbonate cement setting chemical reaction. The effect of a potential setting accelerator such as Na2CO3 at different concentrations in the liquid phase of calcium carbonate formulation will be examined on the cement composition, setting reaction, setting time, and injectability as well as the resulting compressive strength.

PART I: PREPARATION AND CHARACTERIZATION OF CALCIUM CARBONATE

POWDERS

This part will describe the synthesis procedures of calcium carbonate powders which are the reactive powders (ACC and vaterite) of calcium carbonate cement as well as the main product of the hardened cement (aragonite). They all were synthesized using a double decomposition method. The purity of the obtained powders was verified using X-ray diffraction (XRD), and Fourier-transformed infra-red (FTIR) spectroscopy, and their morphology was assessed using scanning electron microscopy (SEM).

I. AMORPHOUS CALCIUM CARBONATE

I.1. Synthesis

Amorphous calcium carbonate (ACC) was synthesized using a precipitation method at room temperature as reported previously by Combes et al. (Combes et al., 2006). For this, a solution containing a mixture of CaCl2, 2H2O (0.3 M) and MgCl2, 6H2O (0.15 M), thus with an atomic ratio Mg 2+ /Ca 2+ = 0.5, was poured rapidly in a solution of NaHCO3 (0.3 M) maintained under stirring; the pH of the latter solution was previously adjusted to 11 using ammonia (20%). The obtained precipitate was immediately filtered on a Büchner funnel, then freeze-dried at -80 °C for 24 h. The quantity of ACC powder obtained (5 to 6 g) is then stored in the freezer.

Two parameters of this synthesis method on ACC were investigated: the introduction of a washing step and the Mg 2+ /Ca 2+ molar ratio in the cationic solution, as justified in the following paragraphs.

A delayed synthesis time over 5 min (from the solutions mixing until the start of the freezedrying process) could lead to the partial crystallization of ACC into calcite. Indeed, it is worth mentioning that ACC is a very reactive phase that may crystallize into calcite, the most stable calcium carbonate phase, when in contact with water or humid air [START_REF] Konrad | Transformation of Amorphous Calcium Carbonate in Air[END_REF]. In previous work, ACC was synthesized without washing the precipitate to avoid its crystallization; however, the obtained powder showed the presence of residual NaCl and ammonia in the powder [START_REF] Tadier | Étude des propriétés physico-chimiques et biologiques de ciments biomédicaux à base de carbonate de calcium : apport du procédé de co-broyage[END_REF]. Therefore, in the present work, a washing step was added and this washing process was optimized to avoid ACC crystallization. The washing was performed using either ethanol or deionized water. The volume of the washing solution was minimized (200 mL) to avoid a too-long contact of the precipitate with water and maximize the chance to obtain a fully amorphous phase.

It is known that magnesium plays a pivotal role in the stabilization of the amorphous state of calcium carbonate. It was reported that magnesium forms a strong bond with water and thus is a calcite crystallization inhibitor through the hindering of restructuration of disordered ACC [START_REF] Bassett | Stabilization of amorphous calcium carbonate with nanofibrillar biopolymers[END_REF][START_REF] Du | Water: How Does It Influence the CaCO3 Formation?[END_REF]. Moreover, it is known that the presence of magnesium ions in bone implants can improve their biological activity in terms of cell adhesion and bone formation [START_REF] Cai | Improvement of bioactivity with magnesium and fl uorine ions incorporated hydroxyapatite coatings via solgel deposition on Ti6Al4V alloys[END_REF][START_REF] Kheradmandfard | In vitro bioactivity evaluation of magnesium-substituted fluorapatite nanopowders[END_REF]. Therefore, we decided to examine the role of magnesium ions in a range of Mg 2+ /Ca 2+ content [0-60 mol%] in the initial cationic solution in view of obtaining a fully amorphous magnesium-doped ACC.

The results of both the effect of magnesium amount in the initial solution and of the washing step are presented hereafter. Therefore, the washing process of the precipitate of ACC will be performed using 200 mL of deionized water for all the rest of the studies. The formulation with 50 mol% Mg 2+ /Ca 2+ was adopted for the rest of the study to ensure the stabilization of ACC. The 60 mol % Mg 2+ /Ca 2+ could also be used but we decided to select 50 mol% to not compromise the reactivity of ACC in the cement formulation. The cation content determination in the as-synthesized ACC powder by atomic absorption spectrometry analysis indicated a molar ratio of Mg 2+ /Ca 2+ =15.4 %; this is much lower than the initial molar ratio in the mother solution (Mg 2+ /Ca 2+ = 50 %), probably due to the loss of magnesium during the washing process.

I.2.2. Spectroscopic characterization

FTIR spectrum of the synthesized ACC (Figure II.3) showed the υ1CO3 at 1088 cm -1 and υ2CO3 at 876 cm -1 bands. Moreover, ACC was characterized by a broad O-H stretching band between 2700 and 3600 cm -1 as well as the emergence of an additional band at 1450 cm -1 on the main υ3CO3 vibration band. ACC is discerned from the crystalline polymorphs of CaCO3 by the appearance of a shoulder at 1650 cm -1 that corresponds to structural water and by the broad in-plane deformation of the υ4CO3 band in the range 675-745 cm -1 . This band is more defined in the crystalline calcium carbonate phases [START_REF] Rodriguez-Blanco | The kinetics and mechanisms of amorphous calcium carbonate (ACC) crystallization to calcite, via vaterite[END_REF]. Overall, ACC bands appear broader than the crystalline CaCO3; this effect was reported to be due to the lower coordination of the carbonate anions within ACC [START_REF] Opitz | Insights into the In Vitro Formation of Apatite from Mg-Stabilized Amorphous Calcium Carbonate[END_REF]. According to Gebauer and collaborators [START_REF] Gebauer | Proto-Calcite and Proto-Vaterite in Amorphous Calcium Carbonates[END_REF], the ACC could be either proto-calcite (crystallizes into calcite) or proto-vaterite (crystallizes into vaterite) upon contact with water. The synthesized ACC in this study is a proto-calcite type and it is identified by a unique symmetric υ1 band in at 1076 cm -1 . 

I.2.4. Thermal characterization

The water content within ACC powder was reported to influence its reactivity and stability [START_REF] Du | Water: How Does It Influence the CaCO3 Formation?[END_REF]. Higher water content is correlated to the amorphous state of calcium carbonates as the crystalline polymorphs of CaCO3 are usually anhydrous (calcite, aragonite, and vaterite). Therefore, TGA analysis was conducted to determine the water content within the synthesized ACC powder (Figure II.5). The results showed a water content of 10.3 wt% corresponding to the first weight-loss in the 25-300°C range, which could be assigned to the loss of adsorbed water as well as structural water. The second one (300-500°C) which is a minor weight loss (1.8 wt%) could be considered a steady evolution attributed to the crystallization of ACC into calcite reported to occur in this temperature range [START_REF] Du | Water: How Does It Influence the CaCO3 Formation?[END_REF]. The final weight loss of 11 wt% corresponds to the decomposition of ACC into calcium oxide and CO2 in the 500-700°C range. The presence of structural water is reported to stabilize ACC through hydrogen bonding [START_REF] Du | Water: How Does It Influence the CaCO3 Formation?[END_REF]. The composition of the reagent solutions for the synthesis is as follows:

Solution A: 73. 5 g of CaCl2.2H2O (2 M) dissolved in 250 mL of deionized water.

Solution B: 143.08 g of Na2CO3.10H2O (1 M) dissolved in 500 mL of deionized water.

After the total dissolution of the salts, solution A was added at room temperature to solution B through a peristaltic pump. Although vaterite is highly metastable and can partially (or totally) crystallize into thermodynamically stable calcite, it can still be produced by promoting this phase kinetically. For this, a high level of supersaturation should be reached to precipitate vaterite [START_REF] Sheng Han | Crystallization and transformation of vaterite at controlled pH[END_REF]. Therefore, the addition rate of the reactants should be optimized.

In this work, vaterite was synthesized using four different flow rates controlled by the peristaltic pump (10 mL/min, 10.5 mL/min, 11 mL/min, and 12 mL/min) and then characterized accordingly using XRD analysis. The optimized flow rate will be used to obtain pure vaterite powder in the rest of the study.

Solution B is stirred vigorously (400 rpm) during the synthesis and becomes turbid upon the addition of the calcium solution. A slightly viscous gel is formed, then the solution turns quickly on a white milky appearance. The white precipitate formed was then quickly filtered on a Büchner funnel and washed with deionized water (1.5 L), then freeze-dried for 48 h. The quantity of vaterite powder obtained by this method (about 50 g) is then stored in the freezer.

II.2. Characterization

II.2.1. Structural characterization

II.2.1.1. Effect of the Solution A addition rate

The XRD patterns of vaterite synthesized with four different flow rates are presented in Figure II.6. The results indicated the formation of calcite impurity (< 10 wt%) when a flow rate lower than 11 mL/min was employed, whereas pure vaterite phase was obtained for higher flow rates (11 mL/min and 12 mL/min) fully in accordance with the vaterite reference file (JCPDS 33-02-68); as can be seen, no crystalline impurities was detected. Therefore, a flow rate of 12 mL/min was applied for the addition of the calcium/magnesium solution to the carbonate solution. 

III. ARAGONITE III.1. Synthesis

It is known that the crystallization of aragonite is favored at higher temperatures compared to the other calcium carbonate phases that could be obtained at room temperature. Magnesium could be used as crystal habit modifier to obtain a pure aragonite phase [START_REF] Mcmillan | Annual trace element cycles in calcite-aragonite speleothems: Evidence of drought in the western Mediterranean 1200-1100 yr BP[END_REF].

Strontium could also be used to favor aragonite growth over calcite. In this case a Sr-substituted aragonite could be obtained [START_REF] Doubleday | Strontium randomly substituting for calcium in fish otolith aragonite[END_REF]. In the present study, aragonite was prepared as it is the main ending phase in the set and hardened calcium carbonate cement (Combes, 2006) and it will be used as a standard material in the quantitative study. Aragonite was synthesized through a double decomposition method at 100°C using strontium as an aragonite promoter [START_REF] Tadier | Crystal growth of aragonite in the presence of phosphate[END_REF] according to the following protocol:

Two solutions (A and B) were prepared as follows:

Solution A: Calcium chloride dihydrate (CaCl2.2H2O): 7.350 g (0.1M) in 500 mL of deionized water.

Solution B: Disodium carbonate decahydrate (Na2CO3.10H2O): 14.31 g (0.1 M) + strontium carbonate SrCO3: 0.074 g (0.001 M) in 500 mL of deionized water

The solutions A and B were heated separately at 100°C. Solution A was poured slowly into solution B (manually). Then, the mixture was maintained at 100°C under stirring for 5 minutes.

The filtration of the suspension was performed on a Büchner funnel and washed with 1 L of deionized water. Finally, the obtained precipitate was freeze-dried (-80°C) for 24 h. This protocol resulted in 4 g of aragonite powder which was then stored in a freezer (-20°C) to avoid any potential evolution until further use.

III.2. Characterization

III.2.1. Structural characterization

The XRD pattern of the synthesized aragonite powder (Figure II.9) showed the formation of pure aragonite with well-resolved peaks conforming to the aragonite reference file (JCPDS 00-041-1475); no other crystalline phase impurities were detected.

Figure II.9: XRD pattern of the synthesized aragonite compared with the aragonite reference file (JCPDS 00-041-1475).

III.2.2. Spectroscopic characterization

The FTIR spectrum of the synthesized aragonite (Figure II.10) revealed the intense υ3CO3 band at 1445 cm -1 in addition to the υ1CO3 and υ2CO3 at 1080 cm -1 and 855 cm -1 , respectively.

Aragonite is also characterized by the υ4CO3 bands pair at 700 cm -1 and 715 cm -1 . This pair appears as a single band in all calcium carbonate polymorphs studied except for aragonite.

Overall, the aragonite bands appeared more resolved than for vaterite and ACC due to the higher coordination of carbonate ions in this phase. 

I. ELABORATION OF CALCIUM CARBONATE CEMENT

The original formulation of calcium carbonate cement consists of the combination of magnesium-doped amorphous calcium carbonate and vaterite in a 1:2 ratio as the solid phase and deionized water as the liquid phase (Combes, 2006). After setting the paste resulted in a hardened cement through the dissolution of the reactive powders/phases and recrystallization of aragonite at 37°C.

In the present work, we first examined the effect of the ratio of each reactive powders synthesized ACC and vaterite (V) in view of determining the optimum cement composition with the least calcite content, since this phase is considered the least bioactive polymorph of calcium carbonate (Myszka et al. 2019). The ACC:V ratios tested were 1:1, 1:2, and 2:1. The solid (ACC+V) and liquid (deionized water) phases were mixed, with a liquid to powder weight ratio (L/P) of 0.72; the operation was performed manually during 2 min until the obtention of a paste. Then, the as-prepared paste was placed in cylindric silicone molds (diameter: 10 mm, height: 6 mm) and put into a plastic container saturated with water at 37 °C to set and harden for two days. Then, the cement was unmolded and finally left to dry for two additional days in the oven at 37 °C. In a first step, the hardened cement (after 48 h of maturation time) was characterized (composition and microstructure) and then, the paste evolution (composition, setting reaction, quantitative follow-up) was studied in function of maturation/hardening time (2 h, 6 h, 24 h and 48 h) to better understand the underlying mechanism of the setting and hardening of the cement. All the prepared cements set no matter the ratio between the reactive phases (ACC:V). The XRD analysis results (Figure II.12) showed the higher the ACC proportion in the starting powder mixture is, the higher the amount of formed calcite in the hardened cement at the expense of the aragonite phase. The ACC:V ratio variation allowed us to build the hypothesis that ACC undergoes a direct crystallization to calcite. The ACC:V ratio of 1:2 led to a hardened cement with the highest content of aragonite and the lowest of calcite. Thus, the ACC:V ratio of 1:2 with a L/P = 0.72 was selected for further investigations on this mineral cement, and this was named the "reference cement" (CR). 

II. CHARACTERIZATION OF THE

Figure II.14:

Lattice parameters of calcite (on the left) and aragonite (on the right) present in the hardened reference cement (CR prepared with a 1:2 ACC:V ratio) compared to the ones for pure calcite and aragonite phases gathered from the literature database [START_REF] Nebel | Continuous Preparation of Calcite , Aragonite and Vaterite , and of Magnesium-Substituted Amorphous Calcium Carbonate ( Mg-ACC )[END_REF].

II.1.2. Quantitative study using XRD data

An advanced quantitative approach was used to identify the amount of crystalline as well as the amorphous calcium carbonate phases contents in order to determine more precisely the setting mechanism of this cement (see Appendix A, II.1.1 for more details). The determination of the crystalline CaCO3 phases content indicated that the aragonite weight content within the cement was 76 ± 2% and that of calcite was 24 ± 3%, and no unreacted amorphous phase was detected. The average apparent crystallite size formed in the hardened cement was 117 ± 6 nm for aragonite and 40 ± 3 nm for calcite. In addition to the decrease in the unit-cell dimensions The formation of aragonite-based cements is of interest to provide a resorbable bone substitute material. Indeed, it is worth mentioning that calcite is known to be a poorly resorbable phase in physiological conditions (Myszka et al., 2019). Nevertheless, the presence of Mg-doped calcite is supposed to be more soluble than pure calcite. Several authors reported that the solubility of 10 mol% Mg-calcite was comparable to aragonite [START_REF] Raz | Formation of high-magnesian calcites via an amorphous precursor phase: Possible biological implications[END_REF][START_REF] Andersson | Life on the margin: Implications of ocean acidification on Mg-calcite, high latitude and cold-water marine calcifiers[END_REF] which might not be considered detrimental for the overall biodegradation rate of the cement studied. 

(

II.1.3. Spectroscopic characterization using FTIR spectroscopy

The FTIR spectrum of the elaborated reference cement (CR) showed a symmetric stretching of carbonate υ1CO3 at 1083 cm -1 and an out-of-plane bending vibration υ2CO3 at 855 cm -1 , characteristic of aragonite (Figure II.16). The υ2CO3 of calcite noticed at 870 cm -1 confirms the presence of calcite in the cement. The υ3CO3 was also observed at 1500 cm -1 and the in-plane bending pair υ4CO3 at 700-705 cm -1 characteristic of the aragonite phase. The FTIR spectroscopic data obtained confirmed those of XRD corresponding to the formation of both aragonite as the major phase and some calcite in the set and hardened cement and, the absence of both vaterite and ACC reactive powders.

The XRD and FTIR results evidenced that the cement setting is based on the dissolution of ACC and vaterite and their subsequent crystallization mainly into aragonite and some calcite. 

II. 2. Microstructural characterization

The hardened reference cement displayed an entangled network of aragonite needle-like crystals creating a microporous microstructure (Figure II.17). It is believed that the setting and hardening of this cement are due to the development of the aragonite crystals network. 

III. CHARACTERIZATION OF THE CEMENT PASTE

Prior to proceeding to the setting reaction quantitative follow-up study of the cement paste, some preliminary tests regarding the ACC evolution were performed as the ACC phase role in the cement setting is not well understood and hard to follow due to its supposed very fast evolution.

III.1. Preliminary study of ACC evolution in presence of water

ACC powder alone was mixed with deionized water using the same liquid-to-powder ratio as in the cement preparation and then was analyzed using XRD (Figure II.20). The results showed that ACC crystallized into magnesian calcite within 30 min when mixed with deionized water.

Indeed the lattice parameters determination of the formed calcite from the ACC powder evolution in presence of water indicated that both a and c parameters values of calcite lattice were lower than those of pure calcite [START_REF] Smyth | The crystal structure of calcite III[END_REF]. These results evidenced the As ACC crystallized into magnesian calcite, our investigation on the chemical setting reaction follow-up is mainly focused hereafter on vaterite dissolution and its subsequent evolution into aragonite within the cement. The setting reaction of the prepared cement paste follow-up using XRD analysis will be presented in the next section. The difficulty of characterizing the ACC using conventional XRD analysis or FTIR spectroscopy makes it challenging to follow its evolution in such a complex system (e.g., cement). Indeed, the diffuse halo of ACC is no more distinguishable by XRD if mixed with other crystalline phases and the characteristic bands of ACC in the FTIR spectrum are superposed with those of the other calcium carbonate phases present within the cement.

This issue led us to use more advanced methods from XRD analysis/data: PONKCS (Partial Or No Known Crystalline Structures) is a method used to discern amorphous structures (or low crystallinity matter) in a mixture with other crystalline phases through the modeling and fitting of the background of the XRD pattern [START_REF] Madsen | Description and survey of methodologies for the determination of amorphous content via X-ray powder diffraction[END_REF]. The quantification of the amorphous phase can be achieved under some conditions (See Appendix A, II.1.1 for details).

III.2. Setting reaction follow-up: XRD analysis and quantitative study

In view of studying the progress of the setting chemical reaction (See detailed protocol in Appendix A, II.1.1), the XRD diffractograms of the cement paste were performed after various maturation periods (2 h, 6 h, 24 h, and 48 h), at 37 °C in a wet atmosphere . The results showed that aragonite peaks increased in relative intensity while those of vaterite decreased with increasing maturation time. The same trend was observed using FTIR Thus, it is reasonable to presume that the first step of the chemical reaction is a rapid transformation of the ACC (due to its higher solubility than vaterite) into Mg-calcite, in agreement with its proto-calcite characteristics. Magnesium incorporated into the calcite lattice inhibited further calcite crystal growth. The results evidenced that no amorphous phase was present in the cements within the examined maturation times: from 2 h to 48 h. The transformation of the metastable vaterite was oriented to aragonite instead of calcite due to the presence of magnesium. It should be noted that metastable vaterite in contact with water undergoes recrystallization into calcite, evidencing that the presence of Mg-ACC or Mg ions had oriented vaterite to crystallize into aragonite [START_REF] Nebel | Continuous Preparation of Calcite , Aragonite and Vaterite , and of Magnesium-Substituted Amorphous Calcium Carbonate ( Mg-ACC )[END_REF]. The physical properties of the cement (setting time, injectability) are usually linked to the setting reaction. The setting and hardening are ensured by the formation of new phases (chemical setting reaction) that may influence the paste injectability, which in turn is directly correlated to the setting time (physical setting). When the cement sets (or begin to set) it makes the paste condense and becomes impossible to extrude. In the following section, the setting time and injectability of the cement paste will be evaluated.

III.3. Setting times and injectability measurements of the cement paste

The setting time of the reference cement paste prepared with a 1:2 ACC:V ratio was evaluated according to the procedure described in Appendix A, II.4. The prepared cement paste exhibited an initial setting time of 140 ± 8 min and a final setting time of 217 ± 7 min (Table II.4), which are rather high values. This could be due to the slow formation of aragonite that takes between 6 h and 24 h to reach the final aragonite content in the cement (see the quantification data in Figure II.15). Thus, further optimization should be performed to reduce the setting time.

The injectability (Appendix A, II.5 for the description of the protocol) of the CCC was found to be high (95 ± 3%) for the reference cement (Table II.4). This is owing to its inherent thixotropic behavior, shear thinning property, and limited filter pressing phenomenon as reported in a previous study (Combes et al., 2010) unlike what is generally noticed for most of calcium phosphate cements [START_REF] Neill | Acta Biomaterialia Critical review : Injectability of calcium phosphate pastes and cements[END_REF].

Table II.4: Setting times and injectability measurements of the calcium carbonate reference cement paste (CR prepared with a 1:2 ACC:V ratio).

IV. STUDY OF THE INTRODUCTION OF NA2CO3 AS A POTENTIAL SETTING

ACCELERATOR

In this part, the application of Na2CO3 for the first time in calcium carbonate cement formulations as a potential setting accelerator was investigated using different concentrations of this salt in the liquid phase of the cement. The effect of Na2CO3 on the cement composition, setting reaction, setting time, and injectability as well as the resulting compressive strength was evaluated. The relevance of this study consists of examining the potential ability of Na2CO3 to accelerate the setting time while preserving a high injectability of the paste and the aragonite as the main phase in the hardened calcium carbonate cement.

IV.1. Formulation

The liquid phase of the prepared cements was a 0.2 M, 0.5 M, or 1 M sodium carbonate (Na2CO3) solution: The obtained cements were denoted CR'0.2, CR'0.5, and CR'1, respectively. The control cement for this study was the reference cement (CR) and CR'X cements (X refers to Na2CO3 concentration for simplification) were prepared following the same protocol as for CR (see part II, II.1) except for the composition of the liquid phase.

IV.2. Characterization

IV.2.1. Structural characterization

The XRD patterns of the set cements CR, CR'0.2, and CR'0.5 showed (Figure II.22) the formation of aragonite (JCPDS 00-041-1475) as the main phase and a low amount of calcite (JCPDS 00-047-1743); the latter was revealed by the peak at 2θ = 29.8° corresponding to the (104) diffraction plane of calcite. A significant peak shift was observed towards higher 2θ

values with an increasing amount of Na2CO3 in the liquid phase of the cement: peak shifted from 2θ = 29.8° for CR to 2θ = 30° and 2θ = 34° for CR'0.2 and CR'0.5, respectively. This could be due to sodium insertion in calcite crystal as it is reported to substitute calcium due to their similar ionic radius [START_REF] Ibsen | Apatite Formation from Amorphous Calcium Phosphate and Mixed Amorphous Calcium Phosphate/Amorphous Calcium Carbonate[END_REF].

Moreover, both aragonite and calcite peaks appeared less resolved with an increased amount of Na2CO3 in the liquid phase of the cement, indicating a potential effect of the presence of Na2CO3 on the formed mineral crystallites' size. It should be noted that the peak at 27.2° in the hardened cements belongs to aragonite (021), as no more vaterite was detected after the cement hardening period (48 h). We can see that the cement prepared with the 1 M Na2CO3 liquid

Initial setting time Final Setting time Injectability

CR 140 ± 8 min 217 ± 7 min 95 ± 3% phase showed a high proportion of residual vaterite and only a low amount of aragonite (also with less resolved peaks) and no calcite was formed.

The XRD quantitative analysis revealed that the formed aragonite amount increased at the expense of calcite with an increasing amount of Na2CO3. The quantity of aragonite increased from 76 wt% for CR to 79 wt% and 87 wt% for CR'0.2 and CR'0.5, respectively. While calcite amount decreased accordingly from 24 wt% for CR to 21 wt% and 13 wt% for CR'0. formulation: 117 ± 6 nm, 70 ± 1 nm, 43 ± 1 nm, and 31 ± 3 nm, respectively. Calcite crystallite size varied from 40 ± 3 nm in CR to 30 ± 1 nm and 22 ± 2 nm for CR'0.2 and CR'0.5, respectively. It is noteworthy that the CR'1 formulation is non-cohesive, and its hardening resulted in a brittle cement which is not adapted for orthopedic or maxillofacial applications but was studied for understanding purpose solely.

Both phase quantification and crystallites size determination evidenced a Na2CO3 dosedependent effect leading to an alteration of the development of the crystal within the cement regarding both calcite and aragonite growth that was inhibited when Na2CO3 increases. This finding could be due to the high supersaturation of the liquid phase regarding the important concentration of Na2CO3 introduced that may have a detrimental effect, especially on the dissolution of vaterite, and the over supersaturation should inhibit nucleation of aragonite and calcite and their crystal growth. The fact that calcite formation was completely inhibited within CR'1 formulation could be due to the already existing high strain in calcite crystals with the use of magnesium in the ACC (see chapter II, section II. 1.2). This dose-effect of Na2CO3 in the liquid phase will be further investigated in the follow-up of paste composition during setting and hardening (see in section IV.2.3).

IV.2.2. Spectroscopic characterization

The set cements CR, CR'0.2 and CR'0.5 FTIR spectra showed a symmetric stretching of carbonate υ1CO3 at 1083 cm -1 and an out-of-plane bending vibration υ2CO3 at 855 cm -1 . The υ3CO3 was also observed at 1500 cm -1 and the in-plane bending pair υ4CO3 at 700-705 cm -1 characteristic of the aragonite phase (Figure II.24). Additionally, the appearance of υ2CO3 at 874 cm -1 evidenced the presence of calcite. This specific band intensity decreased remarkably in the CR'0.5 formulation, in agreement with the XRD quantitative results suggesting a partial inhibition of calcite formation. FTIR spectrum of CR'1 cement mainly showed vaterite bands:

namely, the υ1CO3 at 1080 cm -1 and υ2CO3 at 870 cm -1 bands, a broad O-H stretching band between 2700 and 3600 cm -1 as well as the emergence of an additional band at 1450 cm The amount of the formed aragonite was visibly higher in CR after 2 h and 6 h of maturation; however, the aragonite formation was delayed in presence of Na2CO3 within the cement formulation. A slower reaction rate can be noticed when comparing the evolution of the aragonite peaks at 26.2° after 6 h of maturation; the intensity of this peak decreased when the Na2CO3 amount increased in the cement formulation. After 6 h of maturation, CR nearly achieved its final composition and only a low amount of vaterite remained unreacted, while this was still the dominant phase in the CR'X ones. After 2 h of maturation, the amount of calcite formed was 24 wt%, 15 wt%, and 7 wt% in CR, CR'0.2, and CR'0.5, respectively. The decrease of calcite amount with increasing Na2CO3 led to an increase in the aragonite proportion within the paste (16 wt% for CR, 15 wt% for CR'0.2, 20 wt% for CR'0.5 and 23 wt% for CR'1). At 6 h, the amount of aragonite has increased much more significantly in presence of a low concentration of Na2CO3: 37 wt%, 25 wt%, and 24 wt% of aragonite in CR'0.2, CR'0.5, and CR'1, respectively. Vaterite was still present in higher amounts in the CR'X cements and varied also with Na2CO3 in a dose-dependent manner: 12.4 wt% of remaining vaterite in CR vs 46.5 wt%, 66.2 wt% and 76 wt% in CR'0.2, CR'0.5, and CR'1, respectively. At 24 h, the remaining vaterite amount decreased significantly for the lower Na2CO3 concentrations (2 wt% for CR'0.2, 7 wt% for CR'0.5) but was quite stabilized (74 wt%) for CR'1. At 48 h, no more unreacted vaterite was observed in CR'0.2 and CR'0.5 but it was still present in a higher amount in CR' (73 wt%). These results indicated that Na2CO3 probably hindered the 

IV.2.4. Setting time and injectability of the pastes

The setting time of the tested formulations showed that a higher amount of Na2CO3 is correlated directly to a significant decrease of the initial setting time from 140 ± 8 min for CR (without Na2CO3) to 135 ± 5 min, and 5 ± 1 min for the CR'0.2and CR'0.5, respectively Table II.5. A faster initial setting time has been reported in previous works related to cements for construction purpose where sodium carbonate was used as setting aid [START_REF] Huan | Effect of sodium carbonate solution on self-setting properties of tricalcium silicate bone cement[END_REF][START_REF] Wang | Comparison of effects of sodium bicarbonate and sodium carbonate on the hydration and properties of Portland cement paste[END_REF]. However, we found that the final setting time seemed to be prolonged with the use of Na2CO3 (Figure II.27) in agreement with the delayed advancement of the setting reaction observed from XRD quantitative results.

Table II.5: Setting times measurements of the calcium carbonate reference cement paste (CR) and cement prepared with a Na2CO3 solution at 0.2 M or 0.5 M as liquid phase (CR'0.2 and CR'0.5).

It should be noted that the cement prepared with 1 M of Na2CO3 was not injectable at all, hence it was not presented in the injectability results. The injectability was not significantly affected with the use of 0.2 M Na2CO3 solution (injectability = 89 ± 4 %) but dropped significantly to 67 ± 5 % in CR'0.5 formulation (Figure II.27). This drop in the injectability could be due to the faster initial setting time within these cements which hindered their ease of extrusion as reported for the effect of setting aids in other cement paste injectability [START_REF] Neill | Acta Biomaterialia Critical review : Injectability of calcium phosphate pastes and cements[END_REF]. In fact, the setting acceleration shortened the handling time of the cement making it more rigid and harder to extrude. 

Initial setting time

CONCLUSION

We synthesized and characterized amorphous calcium carbonate (ACC) and vaterite (V) as the reactive powders needed for the elaboration of the reference calcium carbonate cement (CR).

The washing procedure as well as the magnesium content effect on the ACC powder obtained was evaluated and optimized. The optimum conditions were 50 mol% of magnesium in the initial cationic solution and the washing with 200 mL of deionized to obtain a fully amorphous Mg-ACC. We have also prepared and characterized an aragonite powder reference sample which is the main end-product phase of calcium carbonate cement, and this was used as a standard to implement the XRD quantitative analysis. The analysis by means of XRD and FTIR spectroscopy indicated that these three CaCO3 phases synthesized were mineralogically pure.

CR was elaborated from a mixture of Mg-doped ACC and vaterite (V). The study of the effect of these reactive phases proportion in the powder mixture (ACC:V weight ratio = 1:1, 1:2, and 2:1) allowed selecting the optimized ACC:V weight ratio = 1:2 (and L/P = 0.72) for further investigations on this cement called the "reference cement" (CR). Indeed, this resulted in a hardened cement with the highest content of aragonite (76% w/w) and the lowest of calcite (24% w/w). The formation of aragonite-based cements is of interest to provide a resorbable bone substitute material. In addition, the XRD fine analysis showed that the calcite phase that is formed in the cement, if Mg-doped calcite which is supposed to be more soluble than pure calcite.

The quantitative follow-up of cement paste composition evolution during setting and hardening using XRD allowed determining the amount of crystalline (vaterite, aragonite, Mg-doped calcite) and amorphous phase (ACC, using the PONKCS method). We showed that ACC transformation into magnesian calcite is rather fast in the cement (within two hours) and that the amount of aragonite formed strongly increases between 2 h and 6 h of cement paste maturation.

The cement paste prepared exhibited an excellent injectability (95%) as well as compressive strength (3 MPa) in the range of that of spongy bone (2-12 MPa), and thus potentially adapted for non-or low-bearing bone applications. However, further optimizations are needed to meet the clinical requirements in terms of the setting time that appeared too high (140 ± 8 min).

Considering this issue, we observed that Na2CO3 introduction in the liquid phase of the cement leads to a significant reduction of the initial setting time of the cement in a dose-dependent manner. However, the final setting time of the cement was delayed mainly due to the increase of carbonate ions in the paste liquid phase, reducing the reactive powders (especially vaterite) solubility and reactivity to form aragonite and calcite during the setting of the cement. A

INTRODUCTION

Several studies have reported on the association of calcium carbonate with polysaccharides as a promising approach to producing biomimetic composites (Stoica-Guzman et al., 2013;[START_REF] Ishihara | Photocrosslinkable chitosan as a dressing for wound occlusion and accelerator in healing process[END_REF][START_REF] Kasuga | Preparation of poly ( lactic acid ) composites containing calcium carbonate ( vaterite )[END_REF]. To the best of our knowledge, this approach has not yet been investigated in the case of calcium carbonate cement. In the broader field of calcium phosphate cements, several studies have shown interesting features through the incorporation of biopolymers to elaborate composite cements with adequate setting time [START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF], improved injectability, and mechanical properties [START_REF] Perez | Polymeric additives to enhance the functional properties of calcium phosphate cements[END_REF][START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF].

Moreover, the use of intrinsically biodegradable polymers is of interest as it will not be detrimental to the resorption of calcium carbonates [START_REF] Kean | Biodegradation , biodistribution and toxicity of chitosan[END_REF]Redey et al., 1998;[START_REF] Ohgushi | Bone formation process in porous calcium carbonate and hydroxyapatite[END_REF]. In the reported studies regarding calcium carbonate cements (CCC), the setting time and injectability were rarely considered (Combes et al., 2006;Myszka et al., 2019;[START_REF] Sánchez | Setting behavior and bioactivity assessment of calcium carbonate cements[END_REF]Combes et al., 2010). Thus, CCC need major developments and optimizations in terms of setting time, rheological and mechanical properties to meet the clinical requirements for bone-filling applications [START_REF] Kean | Biodegradation , biodistribution and toxicity of chitosan[END_REF].

Among polysaccharides cellulose, chitin, starch and their derivatives (carboxymethyl cellulose, chitosan, …) are the most encountered in the literature and found applications in many environmental and medical applications. Especially, as presented in Chapter I, chitosan is one of the most studied polysaccharides in the biomedical field owing to its biocompatibility, biodegradation ability as well as its unique vascularization and antibacterial property, which can consequently promote bone growth [START_REF] Yang | Vascularization of repaired limb bone defects using chitosan-β-tricalcium phosphate composite as a tissue engineering bone scaffold[END_REF]Logithkumar et al., 2016).

Considering this review of literature, we investigated the effect of the incorporation of a biosourced polysaccharide gel on the composition, microstructure, chemical and physical setting, injectability, and mechanical properties of calcium carbonate cement in view of controlling and/or modulating its characteristics and properties.

In the first part of this chapter, the composition, setting time, and injectability of the composite cements prepared with either chitosan, methylcellulose, rice starch or alginate will be examined to select the polysaccharide with the best compromise in terms of characteristics and cement properties. In the second part of the chapter, the chosen polysaccharide will be the object of a systematic study with a deeper investigation in terms of composition and properties.

I. COMPOSITE CEMENTS INCLUDING DIFFERENT TYPES OF POLYSACCHARIDES

AS ADDITIVES

I.1. Formulation of the composite cements

The composite cements were prepared by admixing the ACC and vaterite powder mixture (in a 1:2 weight ratio, respectively) with a liquid phase containing a defined amount of polysaccharide (2.5 or 3.5 wt% of polysaccharide with respect to the solid phase). The liquidto-powder weight ratio was 0.72. The polysaccharides tested as an additive include methylcellulose (400 cP, CAS: 9004-67-5), starch (from rice, CAS: 9005-25-8), or alginate (low viscosity, CAS: 9005-38-3) dissolved in deionized water or chitosan dissolved in a 1%

(v/v) water-diluted acetic acid solution. Then, as for the reference cement (CR) (Chapter II, part II), the as-prepared composite pastes were placed in cylindric silicone molds (diameter:10 mm, height: 6 mm) and put into a plastic container saturated with water at 37 °C to set and harden for two days. Finally, the cement was unmolded and left to dry for two more days in the oven at 37 °C.

I.2. Characterization of the composite cements

I.2.1. Structural characterization of hardened cements

The XRD diagrams of the hardened reference (CR) and composite cements prepared with 2.5 wt% of each polysaccharide hydrogel as the liquid phase are shown in Figure III.1. It should be mentioned that all the prepared composite cements set and hardened, except the specimen prepared with alginate. These composite cements have been compared to the reference cement (CR; without polysaccharides). The results showed, on one hand, the formation of aragonite (JCPDS 00-041-1475) as the main phase and some calcite (JCPDS 00-047-1743) revealed by the peak at 2θ = 29.8° corresponding to the (104) diffraction plane of calcite in the CR and the composite cements prepared with chitosan, cellulose, and starch. No unreacted vaterite was detected after the cements' hardening period (48 h). On the other hand, the composite cement prepared with alginate is mainly composed of vaterite (unreacted) with some calcite. These findings indicated that the use of chitosan, cellulose, and starch hydrogels did not significantly affect the final composition of the hardened composite cement. In the case of alginate-loaded composite cement, the polymer-stabilized vaterite [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF] and hence inhibited the cement setting reaction which is based on the dissolution of vaterite and ACC and the crystallization of aragonite.

As already presented in Chapter II for CR, the formed calcite is due to the direct crystallization of ACC. The physicochemical properties of the composite cements in terms of setting time and injectability were then evaluated to examine the effect of each polysaccharide used on these properties and to choose the polysaccharide that improved the cement properties for further investigation.

I.2.2. Setting time and injectability of the paste

The setting times values of the elaborated composite cements as well as their injectability are reported in Table III.1. The results showed that all the cements had set except with sodium alginate for which we did not observe a self-setting of the paste after 48 h of maturation. The inhibition of the setting could be due to the high complexing ability of alginate towards calcium ions resulting in the stabilization of the metastable phases of calcium carbonate (e.g., vaterite),

hindering their evolution towards more stable phases [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF]. The other polysaccharides exhibited a decrease in the initial setting time and an increase in the final one.

Chitosan showed a higher reduction in the initial setting time (From 140 min to 45 min with 3.5 wt% of Cs). The injectability of all the elaborated composite cements remained high (≥ 95%) showing that the addition of the polysaccharides did not affect the injectability of the calcium carbonate cement paste. Based on the obtained results in terms of composition, setting time, and injectability values, chitosan appeared as the one reducing the initial setting time of the cement remarkably in a dose-dependent manner without altering its paste injectability and final composition (mainly constituted of aragonite). Furthermore, chitosan is known for its unique antibacterial property, revascularization ability [START_REF] Yang | Vascularization of repaired limb bone defects using chitosan-β-tricalcium phosphate composite as a tissue engineering bone scaffold[END_REF] and biological features such as cell proliferation [START_REF] Amaral | Attachment, spreading and short-term proliferation of human osteoblastic cells cultured on chitosan films with different degrees of acetylation[END_REF]. Therefore, this biopolymer was selected for further investigations on composite calcium carbonate cements.

II. CHITOSAN HYDROGEL EFFECT ON THE COMPOSITE CEMENT PROPERTIES

II.1. Formulation of the composite cements

The composite cements including different amounts of chitosan were prepared as described in I.1 section of this chapter. The liquid phase used was a 1% (v/v) acetic acid aqueous solution containing different amounts of dissolved chitosan leading to 2.5, 3.5, and 4 wt% of chitosan with regard to the cement solid phase, as illustrated in Figure III.2. The formulated composite cements were referred under the names: CCs2.5, CCs3.5, and CCs4, respectively.

In addition, a cement prepared with a liquid phase composed of 1% (v/v) acetic acid aqueous solution without chitosan (denoted CRAc) was also characterized to discriminate the effect of chitosan gel from the potential effect of acetic acid alone on the cement. This effect was discernible for the composite prepared with the highest chitosan load (4 wt%).

The effect on calcite apparent crystallite size was less significant when acetic acid and chitosan were introduced into the cement. It varied from 40 ± 3 nm in the CR to 30 ± 2 nm, 27 ± 2 nm, 28 ± 4 nm, and 34 ± 10 nm for CRAc,CCs2.5,CCs3.5,and CCs4,respectively (Figure III.5b). This could mirror a hindering effect of both acetic acid and chitosan on the crystal growth of both phases (aragonite and calcite) formed in the set cements. The use of viscous chitosan gel could accentuate this effect, hence a progressive decrease in the crystallite size with increasing chitosan amount was observed.

In addition, the incorporation of magnesium could also be responsible for the high residual microstrains observed in calcite crystals , as noticed also for CR (See Chapter II, II.1).

In the present study, the formation of aragonite-based composite cements is of interest to provide a resorbable bone substitute material. Indeed, it is worth mentioning that calcite is known to be a poorly resorbable phase in physiological conditions (Myszka et al., 2019). The fact that the use of chitosan resulted in a slightly higher aragonite content to the detriment of calcite could be beneficial to the overall resorption of the cement. The XRD and FTIR spectroscopy results showed that acetic acid did not significantly affect the composition of the cement. Hence, it will be discarded in the following investigations of the hardened cements but will be reported in section II.3 dealing with the cement paste characterization.

Raman mapping (see Appendix A, II.2.2 for Raman analysis details) of the hardened composite cement (CCs2.5) surface was performed to characterize the distribution of the organic/inorganic compounds on a larger scale (50 µm) of the prepared cement (Figure III.7).

The intensity ratio of the υC-H band of chitosan to the υ4CO3 band of aragonite illustrated the formation of chitosan-rich zones (red and yellow zones) involving chains entanglement on the cement surface. Although the use of the biopolymer in the gel form could minimize the heterogeneities and agglomerations of the polymer chains. These rich zones could be due to the gelation of chitosan chains that occurs with the increase of the pH of the chitosan hydrogel when mixed with carbonate species characterized by their alkaline pH. Moreover, the polydispersity of chitosan chains -one of the most encountered issues in biosourced polymers in general -could also generate some heterogeneities, especially in a complex system such as cement where pH variations and CO2 emission could occur during setting. 

II.2.3. Microstructural characterization

The hardened reference cement (Figures III.8d 

II.2.4. Porosity and compressive strength evaluation

The elaborated cements displayed a total porosity of 60%, 54%, 56%, and 59% for CR, CCs2.5, CCs3.5, and CCs4, respectively. On one hand, the total porosity did not seem to be significantly affected by the use of chitosan hydrogel. On the other hand, the pore size determination showed that the composite cements exhibited a smaller pore size with respect to the CR (Figure III.9).

The pore size decreased from 310 nm in the CR to 66 nm, 110 nm, and 89 nm in CCs2.5, CCs3.5, and CCs4, respectively. The CCs2.5 cement showed the lowest pore size as the chitosan solution (less viscous in this case) used in this cement probably filled the pores more easily than with the higher loadings (CCs3.5 and CCs4). Moreover, the composite cement CCs4 displayed an additional class of larger pores with additional small maxima at 670 nm, 1.2 µm, and 2.1 µm . This is in correlation with the SEM microscopy observations showing larger macropores (Figure III.8j), which may result from the entrapping of air/CO2 in the highly viscous CCs4 paste. Interestingly, the porosity has been reported [START_REF] Diez-Escudero | In vitro degradation of calcium phosphates: Effect of multiscale porosity, textural properties and composition[END_REF] to enhance the bioresorption ability of cements and could make them potential drug delivery systems for the local treatment of bone infections and or diseases [START_REF] Ginebra | Calcium phosphate cements as drug delivery materials[END_REF]. The presence of macropores in cements may be detrimental to the mechanical properties [START_REF] Gauthier | Macroporous biphasic calcium phosphate ceramics: Influence of macropore diameter and macroporosity percentage on bone ingrowth[END_REF]; therefore, the effect of the amount of chitosan on the compressive strength of the composite cements will be evaluated. Interestingly, chitosan conferred some ductility to the CCC, in addition to the increase of their compressive strength. The rise in the compressive strength was due to the known reinforcement effect of polysaccharides in general and chitosan in particular as reported previously for calcium phosphate cements [START_REF] Jacquart | Mechanical properties of self-setting composites: influence of the carboxymethylcellulose content and hydration state[END_REF][START_REF] Shi | Antibacterial and mechanical properties of bone cement impregnated with chitosan nanoparticles[END_REF]. Our findings could be explained by the competition between three mechanisms: (i) the binding effect of the chitosan gel that acted as a reinforcement of the brittle mineral cement resulting in a denser monolith as evidenced by the decrease in the average pore size in CCsX compared to CR, (ii) CO2 release from the carbonated cement due to the use of the acetic acid solution and its significant entrapment within the composite cement matrix (appearance of larger pores size for CCs4)

weakening the hardened cement, and (iii) the mineral phases crystal growth inhibition (the decrease observed for the apparent crystallite size of aragonite crystals for CCsX is chitosan dose-dependent) with high chitosan amount could be detrimental to compressive strength as reported previously [START_REF] De Mori | Antibacterial PMMA Composite Cements with Tunable Thermal and Mechanical Properties[END_REF][START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF]. On one hand, the mechanical behavior of the CCs1.5, CCs2.5, and CCs3.5 composite cements was probably governed by mechanism (i) due to the acceptable viscosity of the chitosan solution used, thus creating a higher mechanical strength in the cements. On the other hand, mechanisms (ii) and (iii) should be prevalent for the CCs4 cement; thus, chitosan solution presented a higher viscosity that prevented air/CO2 evacuation during the cement setting and hardening resulting in macropores (clearly visible in Figure III.8-j) and limited the diffusion of reactive ions and CaCO3 phase crystal growth. Indeed, the hindering of the crystal growth of aragonite (96 ± 6 nm for CCs3.5 vs 63 ± 2 nm for CCs4) hence limited the reinforcing ability of chitosan.

Therefore, the use of an amount of chitosan higher than 3.5 wt% could be detrimental to the composite cement mechanical properties and limited also the ability to form a cohesive paste.

A lower amount of chitosan (< 1.5 wt%) was also tested (data not shown), and the formulated composite cement indicated a brittle behavior evidencing that a minimum amount of chitosan is required to confer enough ductility to the cement.

Our findings are consistent with previously reported studies using other mineral bone cements.

Several works discussed the impact of polysaccharides on the resulting mechanical properties of bone cements [START_REF] Zhang | Calcium phosphate cements for bone substitution: Chemistry, handling and mechanical properties[END_REF]. In this context, Jacquart and collaborators [START_REF] Jacquart | Mechanical properties of self-setting composites: influence of the carboxymethylcellulose content and hydration state[END_REF] investigated the effect of carboxymethyl cellulose (CMC) on the mechanical properties of calcium phosphate-calcium carbonate mixed cement and reported that the polysaccharide acted as a 3D network that reinforced the cement and enhanced its compressive strength by decreasing its porosity. The authors indicated that a minimum of polysaccharide content is required to obtain such an enhancement in the mechanical strength of the cement.

Low amounts (e.g., 2 wt% of CMC) created heterogeneity within the cement mineral matrix and hence decreased drastically its mechanical strength. The heterogeneous mixture of organic/inorganic components is one of the most reported issues challenging the formulation and elaboration of composite materials with satisfactory mechanical properties [START_REF] Zima | Molecular and Biomolecular Spectroscopy Hydroxyapatite-chitosan based bioactive hybrid biomaterials with improved mechanical strength[END_REF].

Yu et al. reported a 1.7-fold increase in the compressive strength of magnesium phosphate cement when 5 wt% of carboxymethyl chitosan was added [START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF]. The authors indicated that cement cracks were gradually filled with chitosan gel as the chitosan amount increased. Furthermore, these results were correlated to the fact that chitosan with hydrophilic character adsorbed deionized water to form a high-viscosity film upon the cement surface which reinforced mechanically the composite cement. Nevertheless, a higher amount of carboxymethyl chitosan (10 wt%) interfered with the crystal growth of potassium magnesium phosphate hexahydrate (MgKPO4.6H2O) involved in the paste setting and hardening and consequently decreased the mechanical performance of the cement. These studies suggested that the amount of polysaccharides introduced in general and chitosan, in particular, needs to be optimized to fully exploit their reinforcing ability.

In the present study the composite cements elaborated with a weight proportion of chitosan higher than 1.5 wt% presented a good toughness as the samples maintained their forms after the compression tests (Figure III.10d), compared to that of CR that was broken (Figure III.10c).

This behavior can be of interest in clinical application as the samples could withstand mechanical stresses that exceed their maximum strength without losing their structural integrity before bone neoformation. This result could be encouraging to investigate the mechanical properties of these composites in a more sophisticated system that mimics the implant environment (biological fluids, cells…). Overall, the obtained compressive strength values of the elaborated cements were in a range corresponding to that of the spongy bone strength [START_REF] Characterization | Setting time and injectability of the pastes[END_REF][START_REF]Study of the introduction of Na2CO3 as a potential setting accelerator[END_REF](4)(5)(6)(7)(8)(9)(10)(11) and could be used for non-load-bearing applications in orthopedics [START_REF] Suchanek | Processing and properties of hydroxyapatite-based biomaterials for use as hard tissue replacement implants[END_REF]. To follow quantitatively the progress of the setting reaction, the contents of the crystalline and amorphous phase were determined with the PONKCS method (see appendix Section II.1.1).

Crystalline CaCO3 phases contents within the cements were calculated using TOPAS on XRD data and plotted in function of maturation time (2 h, 6 h, 24 h, 48 h) to follow up vaterite transformation (consumption) and aragonite/calcite formation in the elaborated cements . For a maturation time of 2 h, no significant difference occurred as the aragonite amount formed within CR was 16 wt%, whereas this was 15 wt%, 17 wt%, 16 wt%, and 15 wt% in CRAc, CCs2.5, CCs3.5, and CCs4 composite cements, respectively. No residual ACC was detected no matter the formulation or the maturation time studied, reflecting that chitosan nor acetic acid have any stabilizing effect on ACC. At 6 h remarkable differences were noticed: the proportion of aragonite formed in CR was 62 wt% whereas it was 38 wt%, 35 wt%, 33 wt%, and 25 wt% in CRAc, CCs2.5, CCs3.5, and CCs4 composite cements, respectively.

The results indicated an almost complete consumption of vaterite in the CR after 6 h of setting and hardening; whereas, vaterite was still present in higher amounts in CRAc and even more in the composite cements (Figure III.12) with a dose-dependent effect of chitosan hydrogel amount (12 ± 2 wt% of remaining vaterite in CR vs 40 wt%, 46 wt%, 50 wt%, 59 wt% in CRAc, CCs2.5, CCs3.5, and CCs4, respectively).

The amount of the formed calcite slightly decreased with increasing chitosan amount within the cements (24 wt% of calcite in CR vs 22 wt %, 21 wt%, 18 wt%, and 17 wt% in CRAc, CCs2.5, CCs3.5, and CCs4, respectively) reflecting that the presence of chitosan also affected calcite growth. In fact, the setting of CCC depends on the dissolution of vaterite and ACC to generate Ca 2+ and CO3 2-ions, increasing the supersaturation that will consequently favor their recrystallization into a more stable calcium carbonate phase, i.e., aragonite and/or calcite. Thus, the diffusion of these ions in the cement paste liquid phase was crucial to achieving the setting chemical reaction. The use of acetic acid could result in a partial loss of carbonate ions in the gaseous form CO2, this could hinder the advancement of the setting reaction. The addition of a viscous chitosan gel to the cement paste hindered the diffusion of the Ca 2+ and CO3 2-ions and their subsequent recrystallization towards aragonite. Moreover, the affinity of chitosan towards Ca 2+ due to their interaction with chitosan amino groups [START_REF] Nawarathna | Chitosan enhances calcium carbonate precipitation and solidification mediated by bacteria[END_REF][START_REF] Nie | Chitosan Hydrogel Structure Modulated by Metal Ions[END_REF] can also limit the reactivity/availability of these ions, hence delaying both the dissolution of the reactive powders as well as the crystallization of the reaction products.

As the lattice and the surface of calcite crystals was "poisoned" with magnesium originating from the Mg-stabilized ACC (See Chapter II, III.1), its further growth was inhibited. Also, due to the presence of magnesium, the transformation of metastable vaterite was oriented towards aragonite and it appeared particularly sensitive to the chitosan amount in the liquid phase as illustrated in Figure III.12. 

II.3.2. Setting mechanism

A paradox is that viscous media are often used to grow large crystals [START_REF] Sun | Enhancing crystal growth using polyelectrolyte solutions and shear flow[END_REF]. Based on our experiments, the opposite occurred as aragonite and calcite crystals obtained in the presence of chitosan appeared smaller than those attained when pure water was used as the liquid phase to prepare the cement. However, cement pastes are radically different systems from the processes used to grow crystals from sparingly soluble salts. In cements three main steps can be identified: (i) The dissolution of the most soluble phase, limited in our case by the dissolution equilibrium of vaterite (KspV = 10 -8 ), (ii) The nucleation of a phase more stable thermodynamically, in our case mainly aragonite and, (iii) The growth of the aragonite crystals [START_REF] Kosanović | Mineralization of calcium carbonates in gelling media[END_REF]. Nucleation and crystal growth are competitive processes determined by the local supersaturation index (SI), defined by the following equation:

SI = Log( IAP) -Log (𝐾 𝑠 ) eq (1)
where IAP is the ion activity product in the solution and Ks is the solubility product.

At high supersaturation indexes, nucleation prevails on crystal growth. In conventional crystal growth in viscous gels in a U tube, two solutions with precipitating cations and anions diffuse from the extremities of the U tube [START_REF] Hood | Chitosan nanoparticles affect polymorph selection in crystallization of calcium carbonate[END_REF]. The supersaturation index increases progressively up to reach the nucleation supersaturation; the formed nuclei deplete then locally the building ions from the surrounding medium to reach an IAP close to the solubility product.

The very slow diffusion maintains then a very low supersaturation index allowing only crystal growth.

In the present cement paste, the supersaturation index is determined by the solubility product of the vaterite, and the ions released cannot easily be dispersed in the viscous medium as they would in the water. Thus, domains with a higher local supersaturation index (2.52 at best) are created in the viscous medium which slows down the dissolution of vaterite but favors the formation of aragonite nuclei with limited crystal growth. The kinetics of vaterite crystals dissolution and aragonite crystals formation vary strongly with time in such systems and are related to the supersaturation ratio and the specific surface area regarding both phases. At the early maturation stage (t < 6 h), vaterite crystals dominate and the supersaturation with regard to aragonite is at its highest value, allowing the multiplication of aragonite crystals nuclei to dominate over its crystal growth. At higher maturation times and with the increasing number of aragonite nuclei and vaterite consumption, the remaining dissolving vaterite crystals would fail to maintain a sufficient supersaturation level for nourishing nucleation, therefore, crystal growth of aragonite crystals dominates. The composite cement is indeed a complex, heterogeneous, and viscous system where other reactions are involved such as pH variations and the release of CO2 associated with the precipitation of a chitosan fiber-like network. The cement could be regarded as a confined system where the crystallization of calcium carbonates occurs with a limited amount of water [START_REF] Zeng | Insights into the Confined Crystallization in Microfluidics of Amorphous Calcium Carbonate[END_REF][START_REF] Cavanaugh | Crystallization kinetics of amorphous calcium carbonate in confinement[END_REF].

II.3.3. Setting time and injectability evaluation

In this section, an additional composite cement was formulated with 1.5 wt% of chitosan (CCs1.5) to verify the trend in the setting time and injectability measurements at a concentration lower than 2.5 wt% of chitosan. The setting time of the tested cement formulations was determined using the Gilmore needles standard set. These measurements showed that a higher amount of chitosan is correlated directly to a significant decrease in the initial setting time: this goes from 140 ± 8 min for CR (without chitosan) to 105 ± 5 min, 90 ± 5 min, 45 ± 4 min, and 18 ± 3 min for the CCs1.5, CCs2.5, CCs3.5, and CCs4 formulations, respectively . The use of the acetic acid solution (1% v/v) increased the initial setting time of the cement (CRAc) to 150 ± 6 min evidencing that the presence of chitosan gel was responsible for the decrease of the cement physical setting. In contrast, the final setting time indicated a progressive increase with the acetic acid (CRAc) and with an increased amount of chitosan from 217 ± 7 min for CR to 225 ± 8 min for CRAc, and 300 ± 10 min for CCs4. The faster initial mechanical setting observed starting from 2.5 wt% of chitosan could be explained by the less available amount of liquid phase and especially of water for the cement reactive powder after the addition of a high viscosity solution of chitosan. This would lead consequently to faster dehydration of the cements, hence a faster setting time. Moreover, this faster initial setting rate could be explained by the combined effect of the pH increase of the acidic chitosan gel (initially at pH = 4) to a value closer to neutral pH after the admixing and dissolution of basic calcium carbonate reactive powders; this induces the deprotonation of the amine groups thus creating an entanglement of chitosan chains resulting in an increased viscosity of the paste [START_REF] Leroux | Effects of various adjuvants (lactic acid, glycerol, and chitosan) on the injectability of a calcium phosphate cement[END_REF][START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF]. This allowed the initial hardening of the cement before the formation of a significant amount of aragonite responsible for the final setting time. In fact, the chitosan chains are separated when dissolved in the acetic acid solution due to the repulsion of positively charged amino groups. However, due to the presence of anionic carbonate species causing screening of the repulsions between amino groups as well as the increase of the pH, chitosan then undergoes a gelation when the pH was over 6.

Additionally, a physical crosslinking between polymer chains through calcium ions coordination with the amine groups of chitosan is also possible [START_REF] Venkatesan | Chitosan composites for bone tissue engineering -An overview[END_REF]. This would result in a pH-sensitive physical reaction responsible for the initial setting of the composite cements as observed in other bone systems [START_REF] Cho | Physical gelation of chitosan in the presence of β-glycerophosphate: The effect of temperature[END_REF].

Our findings through the chemical reaction follow-up indicated, on one hand, that the initial setting time of the composite cement was not directly dependent on the termination of the chemical reaction involved in the cement paste setting and hardening. On the other hand, the final setting time could be linked with the setting chemical reaction progress as the aragonite formation was delayed with an increasing amount of chitosan in the cement formulations. The setting time of bone cements depends on several parameters and the combination of multiple factors should be considered such as the initial powders ratio, solubility of the powders, particles granulometry, liquid-to-powder ratio, and more importantly the cement setting mechanism [START_REF] Bohner | Reactivity of calcium phosphate cements[END_REF][START_REF] Bigi | Setting mechanism of a biomimetic bone cement[END_REF]. These results are in agreement with several studies where the addition of chitosan to calcium phosphate cements decreased the initial setting time of the composites [START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF][START_REF] Leroux | Effects of various adjuvants (lactic acid, glycerol, and chitosan) on the injectability of a calcium phosphate cement[END_REF] and increased the final one (Ling [START_REF] Yu | An injectable bioactive magnesium phosphate cement incorporating carboxymethyl chitosan for bone regeneration[END_REF]. It should be noted that in our study other polysaccharides were tested (e.g., alginate, cellulose, and starch) (see Table III.1), yet only chitosan exhibited a remarkable decrease in the initial setting time of the cement.

In the case of the dissolution-recrystallization process, chitosan gel may inhibit the dissolution of the reactive powders and/or hinder the crystal growth of the final crystalline phase, thus delaying the setting/hardening chemical reaction. Such behavior has been reported typically in α-tricalcium phosphate (α-TCP) based cements with or without additives [START_REF] Czechowska | Physicochemical properties and biomimetic behaviour of α-TCP-chitosan based materials[END_REF]. Only a few studies reported that chitosan decreased the setting time while delaying the chemical reaction of the cement in the case of calcium phosphate cements. Leroux et al. examined the incorporation of chitosan at various contents (0.02 wt%-1.64 wt%) in the liquid phase [START_REF] Leroux | Effects of various adjuvants (lactic acid, glycerol, and chitosan) on the injectability of a calcium phosphate cement[END_REF] of an apatitic bone cement formulation involving α-TCP, tetracalcium phosphate (TTCP), and sodium glycerophosphate (NaGP). The authors indicated that the composite cement paste with low chitosan amount (< 0.5 wt%) exhibited good injectability and a small increase in the setting time; this effect was explained through the inhibition of dicalcium phosphate dihydrate (an intermediary phase towards apatite formation) crystal growth by the adsorption of chitosan molecules onto its surface. Besides, the use of higher chitosan amounts (> 0.5 wt%) reduced both the setting time and the injectability of the cement. The authors stated that chitosan at higher amounts played the role of a "glue" binding the cement microparticles and creating a better cohesion and higher viscosity of the paste which reduced the setting time. The cement setting no longer depended on the setting chemical reaction as the latter was delayed by the addition of chitosan. Sun et al. reported that the presence of chitosan malate in the liquid phase [START_REF] Sun | Fast Setting Calcium Phosphate Cement-Chitosan Composite: Mechanical Properties and Dissolution Rates[END_REF] of a tetracalcium phosphatedicalcium phosphate biphasic cement reduced remarkably the setting time from 87 ± 7 min for the reference cement to 13 ± 1 min in a composite cement containing 20 wt% of chitosan. This great decrease in the setting time occurred independently of the setting chemical reaction as this was delayed by chitosan addition. This fast setting was explained by the pH increase of the cement paste (initially acid for chitosan dissolution) towards a basic pH with the CPC setting reaction which conferred an initial hardening to the cement paste before apatite growth.

The injectability of cement pastes is an interesting feature allowing the use of minimally invasive surgical procedures. The injectability of the CCC was found to be high (95 ± 3%) for CR owing to its inherent thixotropic behavior and shear thinning property as reported in a previous study (Combes et al., 2010) and very low filter pressing phenomenon unlike what is generally noticed for most of calcium phosphate cements [START_REF] Neill | Acta Biomaterialia Critical review : Injectability of calcium phosphate pastes and cements[END_REF]. The use of acetic acid (CRAc) and the addition of chitosan at a rate of 1.5 wt%, 2.5 wt%, and 3.5 wt% did not significantly affect the composite cement injectability which remained very high: 95 ± 5%, 94 ± 3%, 93 ± 4%, and 85 ± 5%, respectively (Figure III.13b). However, a marked decrease in injectability was noticed for the paste prepared with 4 wt% of chitosan which can be correlated to the remarkable reduction of its initial setting time (18 min). Indeed, the beneficial role of chitosan in faster mechanical paste setting and good injectability competed. For the composite paste prepared with 4 wt% of chitosan, the faster setting and hardening process started within the very first minutes (3 min used to prepare the paste) of paste preparation and maturation; it was the predominant factor kinetically. It is worth mentioning that results for composite cements including an amount of chitosan higher than 4 wt% were not presented as the moldability of the paste was significantly altered and the obtention of a paste was not finally possible.

CONCLUSION

A composite cement based on calcium carbonate and chitosan was developed and fully characterized. The introduction of chitosan in the liquid phase of the cement (1.5 wt%, 2.5 wt%, 3.5 wt%, and 4 wt% of chitosan with respect to the cement solid phase) led to aragonite as a dominant phase (> 79 wt%) in the final composition of the formulated composite cements.

A reduced initial setting time with increasing chitosan fraction was noticed accompanied by a delay in the final setting time which was correlated with the delay of the chemical reaction.

The aragonite formation was delayed with increasing chitosan content, especially between 2 h and 6 h of cement paste maturation.

The presented results revealed that the initial hardening mechanism of the composite cements was based initially on the increased viscosity and gelation of chitosan hydrogel with the pH increase in the paste. The setting reaction quantitative follow-up based on the X-ray diffraction data treatment revealed the dose-dependency of chitosan on vaterite dissolution and aragonite crystallization which were significantly delayed during the first hours of setting in the presence of acetic acid and chitosan. The compressive strength of the elaborated composites increased when 1.5 wt%, 2.5 wt%, and 3.5 wt% of chitosan were used and dropped remarkably for the 4 wt% chitosan loaded composite cement; this was due to the hindering of the crystal growth as well as the entrapping of CO2/air inside the cement matrix. The mechanical properties in terms of compressive strength and ductility of all the elaborated composite cements were higher than those of CR.

Considering all the results, the composite cement formulated with 3.5 wt% of chitosan revealed the best compromise in terms of reduced initial setting time (45 min), good injectability (85%), and enhanced compressive strength (6.5 MPa), and ductility. It comprises less than 20 wt% of Mg-doped calcite and more than 80 wt% of aragonite.

The higher solubility of Mg-doped calcite compared to pure calcite and the known bioresorption of aragonite in physiological conditions make these bioinspired calcium carbonate-based composite cements promising as resorbable bioactive ceramics for non-load bearing applications. They are expected to exhibit a higher resorption rate compared to apatitic calcium phosphate cements and they may be implanted using a minimally invasive technique.

Nevertheless, the cement initial and final setting times (45 min and 280 min, respectively) appeared to be rather prolonged and need to be optimized to fulfill the clinical requirements and enhance the applicability of calcium carbonate materials as bone cements. Moreover, the poor solubility of chitosan at neutral or alkaline pHs limited its use to acidic solutions which in turn did not allow introducing a setting accelerator (usually alkaline) such as Na2CO3 (See Chapter II, IV) in the cement liquid phase, as carbonate concentration would not be controlled in such an acidic medium. Therefore, we thought of functionalizing chitosan to widen its solubility in neutral pH and use a combination of setting accelerator and chemically modified chitosan. For this, chapter IV will focus on the phosphorylation of chitosan and its association with calcium carbonate cement for better control or modulating its setting characteristics.

INTRODUCTION

The functionalization of biopolymers through the attachment of specific functional groups was undertaken as an interesting approach to elaborate biopolymers with relevant in-use properties for biomedical applications such as solubility. Soluble polymers could be used to produce hydrogels to bind the ceramic particles and improve their cohesion [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF][START_REF] Fan | Preparation and structure of chitosan soluble in wide pH range[END_REF], antibacterial activity [START_REF] Jia | Synthesis and antibacterial activities of quaternary ammonium salt of Chitosan[END_REF], and an improved bone-forming capacity [START_REF] Wang | Bone repair in radii and tibias of rabbits with phosphorylated chitosan reinforced calcium phosphate cements[END_REF]. Efforts were deployed to incorporate functional groups such as methyl [START_REF] Nasatto | Methylcellulose, a cellulose derivative with original physical properties and extended applications[END_REF], carboxymethyl [START_REF] Qi | Homogenous carboxymethylation of cellulose in the NaOH/urea aqueous solution[END_REF][START_REF] Kalaithong | Design and optimization of polymerization parameters of carboxymethyl chitosan and sodium 2acrylamido-2-methylpropane sulfonate hydrogels as wound dressing materials[END_REF], and phosphate functions [START_REF] Granja | Cellulose phosphates as biomaterials. I. Synthesis and characterization of highly phosphorylated cellulose gels[END_REF]Jayakumar et al., 2009) resulting in water-soluble macromolecules. It is well known that the poor interactions between ceramics and organic matter usually hinders the development of composite materials with improved features [START_REF] Zima | Molecular and Biomolecular Spectroscopy Hydroxyapatite-chitosan based bioactive hybrid biomaterials with improved mechanical strength[END_REF]. In this context, the phosphorylation of chitosan was reported as a promising approach to enhance polymer interaction towards calcium containing bioceramics [START_REF] Boroujeni | Development of monetite/phosphorylated chitosan composite bone cement[END_REF][START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF].

Indeed the phosphate functions are taught to exhibit a strong complexing ability towards calcium ions. Moreover, phosphorylated chitosan is expected to exhibit an enhanced bone forming capacity, cytocompatibility and osteinductivity [START_REF] Amaral | In Vitro Mineralisation of Chitosan Membranes Carrying Phosphate Functionalities[END_REF] and hence improve the composite cement biological reactivity as reported in previous studies regarding calcium phosphate cements [START_REF] Wang | Bone repair in radii and tibias of rabbits with phosphorylated chitosan reinforced calcium phosphate cements[END_REF].

Furthermore, phosphates are available in biological fluids such as blood plasma, and phosphate-containing peptides are present in non-collagenous proteins [START_REF] Zheng | Phosphorylated chitosan to promote biomimetic mineralization of type I collagen as a strategy for dentin repair and bone tissue engineering[END_REF].

In chapter III, we showed that the elaborated composite cement with native chitosan exhibited a delayed initial and final setting times (e.g., 45 min and 270 min, respectively, for CCs2.5) unsuitable for orthopedic applications. Moreover, the limited solubility of chitosan in acid solution did not allow the use of setting accelerators (alkaline in general) to improve the composite setting time. Thus, in this chapter, we will focus on the elaboration of a functionalized calcium carbonate composite cement including phosphorylated chitosan hydrogel using a selective phosphorylation route in view of obtaining hydrosoluble chitosan derivative.

First, the synthesis and characterization of the phosphorylated chitosan will be presented using complementary techniques such as FTIR spectroscopy, TGA analysis, NMR spectroscopy, ICP-OES for phosphorus determination, and SEM-EDX for morphological examination. Then, the functionalized chitosan will be associated with the calcium carbonate cement in view of improving the physicochemical properties of the cement in terms of the setting time, injectability, cohesion, and compressive strength.

I. SYNTHESIS AND CHARACTERIZATION OF PHOSPHORYLATED CHITOSAN

I.1. Synthesis of phosphorylated chitosan

Chitosan phosphorylation was performed using the CH3SO3H/P2O5 method as presented in section III.5.3.1 of Chapter I [START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF]. Briefly, 2 g of chitosan was dissolved in 15 mL of methanesulfonic acid under mechanical stirring for 10 min in an ice bath to keep the temperature in the [0-5°C] range. Then, an adequate amount of phosphorus pentoxide (n (P2O5)

/ n (chitosan monomer) = 1, 3, 5) was added gradually to the chitosan solution under stirring.

The mixture was mechanically stirred for 2 h (t = 0 corresponds to the addition of phosphorus pentoxide). The obtained solution was washed with 150 mL of diethyl ether and put in a dialysis membrane placed in 1 L of distilled water for 48 h (that was exchanged twice per day) to eliminate unreacted P2O5. The purified phosphorylated chitosan samples were freeze-dried for 72 h and then stored in a dry container for further use. They are called Cs-P1, Cs-P3, and Cs-P5 which correspond to n(P2O5) / n (chitosan monomer) = 1, 3 and 5, respectively. Chitosan treated with methanesulfonic acid, following the same procedure but without the use of P2O5

(this compound was denoted Cs0), was prepared and used as a control to discern the effect on the chitosan biopolymer of the phosphorylation full protocol from that of a methanesulfonic acid treatment alone.

I.2.Characterization

I.2.1. Structural characterization

Table IV-1 shows the characteristics of the elaborated modified chitosan. The phosphorylation yield was calculated using equation ( 1) [START_REF] Tachaboonyakiat | Elimination of inter-and intramolecular crosslinks of phosphorylated chitosan by sodium salt formation[END_REF]:

𝑌𝑖𝑒𝑙𝑑′% = 𝑚(CsP) 𝑚(Cs) + 𝑚(P2O5) eq (1) 
where m(CsP) is the weight of the obtained phosphorylated chitosan, m(Cs) is the weight of native chitosan introduced initially, and m(P2O5) is the weight of the phosphorus pentoxide used in the phosphorylation reaction.

The yield of the modified chitosan indicated a decreasing trend with increasing P2O5 amount (Table IV.1). This could suggest that the combination of methanesulfonic acid and P2O5 both induced partial depolymerization of the chitosan chains. The phosphorus amount within the phosphorylated chitosan sample increased with the initial amount of P2O5. A remarkable increase in phosphorus amount was observed when the P2O5 equivalent was higher than 2, evidencing a threshold effect above which a higher phosphorus amount is attached to Cs (> 6.9 wt%) as clearly noticed in Figure IV.1. It is worth mentioning that a higher P2O5 equivalent (> 5) was not used as it led to non-soluble chitosan. These results are in accordance with the literature where a high amount of phosphorus within the phosphorylated chitosan resulted in non-soluble chitosan [START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF]. The solubility of the obtained phosphorylated chitosan samples was tested in acidic (1% acetic acid, pH = 2), neutral (deionized water, pH = 6) and alkaline (Na2CO3 (0.2 M), pH = 10) solutions. The phosphorylated chitosan Cs-P3 exhibited a high solubility in acidic, neutral, and alkaline solutions, hence it will be selected for further investigations; this specimen will be denoted Cs-P in the rest of the study.

Table IV These bands stated the presence of sulfonate groups within the methanesulfonic acid-treated chitosan. The presence of these bands could be due to the ionic interaction of sulfonate groups with amine groups of chitosan, playing the role of amine function protector to orient selectively the phosphorylation process towards OH groups of chitosan [START_REF] Wang | Adsorption of phosphorylated chitosan on mineral surfaces[END_REF][START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF]. After the phosphorylation of chitosan, new bands appeared such as the P-O stretching of P-OH at 510 cm -1 and 940 cm -1 [START_REF] Hu | Preparation and Characterization of Chitosan-Based Flame Retardant and Its Thermal and Combustible Behavior on Polyvinyl Alcohol[END_REF] and the P-O stretching of P-O-C at 1084 cm -1 [START_REF] Wang | Adsorption of phosphorylated chitosan on mineral surfaces[END_REF]Amaral et al., 2005). These results evidenced the attachment of phosphate functional groups on chitosan chains in addition to the ionically bound sulfonate groups. a second one at 0.28 ppm. Considering the literature, the first peak corresponds to a phosphorus mainly at the C6 position on the chitosan backbone [START_REF] Hu | Preparation and Characterization of Chitosan-Based Flame Retardant and Its Thermal and Combustible Behavior on Polyvinyl Alcohol[END_REF][START_REF] Jayakumar | Synthesis of phosphorylated chitosan by novel method and its characterization[END_REF] while the second one indicated the presence of an ionically bound phosphate. The low-intensity peak at -10.44 ppm depicted a minor amount of polyphosphate formed as reported in the literature [START_REF] Passauer | Functional group analysis of starches reacted with ureaphosphoric acid -Correlation of wet chemical measures with FT Raman spectroscopy[END_REF].

The obtained result was further confirmed using 2D 1 H/ 31 P HMBC and 1 H/ 13 C HSQC NMR experiment (Figure IV-3b and c). The 1 H/ 31 P HMBC connects H and P atoms separated by several bonds (usually two or three bonds, 2,3 JHP scalar couplings) and two correlations can be detected between the 31 P at 0.44 ppm and 1 H at 3.40 and 3.25 ppm. The 1 H/ 13 C HSQC plot that correlates H and C atoms directly connected ( 1 JHC scalar couplings) indicates that the H atoms at 3.40 and 3.25 ppm correspond to the C6 position on the chitosan backbone with C atoms at ~63.8 ppm [START_REF] Pereira | 1H NMR and 1H-13C HSQC surface characterization of chitosan-chitin sheath-core nanowhiskers[END_REF]. Phosphate function was reported to be ionically bound to chitosan in addition to the grafted one in chitosan (Amaral et al., 2005). These results are in agreement with previous studies where the functionalization of chitosan using CH3SO3H/P2O5 method was indicated to occur selectively on the C6 position of chitosan, as the amine function was protected with the methanesulfonic acid. This will lead to an hydrosoluble chitosan as the protection of amine groups hindered the formation of non-soluble linkage between amine and phosphate groups responsible for the insolubility of phosphorylated chitosan in water [START_REF] Nishi | Highly phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as new functional polymers: preparation and characterization[END_REF][START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF]. wettability that can promote bone-bonding ability [START_REF] Tan | Physical characterization and osteogenic activity of the quaternized chitosan-loaded PMMA bone cement[END_REF]. Furthermore, the higher hydrophilic character can enhance cells' attachment, a very interesting feature that can consequently promote bone growth. Additionally, the antibacterial property of chitosan is also dependent on the ionization of its amine groups, but this is only possible in acidic pH in the case of raw chitosan. The design of non-pH-dependent soluble polymer is very attractive taking into account the pH fluctuation in the bone remodeling process; this implies that the functionalized chitosan is expected to develop a sustained antibacterial property throughout the bone reconstruction process [START_REF] Ishikawa | Carbonate apatite artificial bone[END_REF]) before its biodegradation. In this context, the use of neutral or alkaline matrices which is the case of most bone mineral cements (apatitic cements, calcium carbonate cements, magnesium phosphate cements...), and additives such as cohesion promoters (e.g., sodium glycerophosphate) and setting accelerators (e.g., Na3PO4, Na2CO3) is not expected to affect the phosphorylated chitosan solubility in contrast to its native counterpart that cannot be associated to these additives due to its solubility limited to acidic media. Thus, solubility is indeed a physical property that not only is desirable in mineral cements elaboration and for their additives but can also be an important characteristic for biological properties in vitro and in vivo such as resorption rate and the wettability which in turn can enhance cells attachment [START_REF] Papenburg | Insights into the role of material surface topography and wettability on cell-material interactions[END_REF]. IV.2). The Cs0 showed a lower onset temperature of degradation in contrast to the native chitosan which can be attributed to the partial depolymerization that chitosan undergoes in the acidic environment of the phosphorylation reaction [START_REF] Tachaboonyakiat | Elimination of inter-and intramolecular crosslinks of phosphorylated chitosan by sodium salt formation[END_REF] reducing its thermal stability. The phosphorylated chitosan (Cs-P) showed the lowest onset temperature of degradation. It should be noted that additional weight losses were detected at 300°C and 250°C

for Cs0 and Cs-P, respectively (Figure IV.5b). These weight losses could be ascribed to a part of the chitosan backbone that remained intact after the acid treatment as their value are close to the native chitosan degradation temperature. The lower onset temperature of degradation for the Cs-P could indicate the presence of grafted phosphate groups known to decrease the activation energy of thermal degradation as reported elsewhere [START_REF] Song | Fabrication and characterization of phosphorylated chitosan nano filtration membranes with tunable surface charges and improved selectivities[END_REF]. fibrous network as a result of its swelling, consequently creating 3D network within the dried materials after the freeze-drying process [START_REF] Albab | The influence of phosphorylation and freezing temperature on the mechanical properties of hydroxyapatite/chitosan composite as bone scaffold biomaterial[END_REF]. The EDX results of native chitosan illustrated the existence of carbon, nitrogen, and oxygen characteristic signals of the chitosan. In addition, a sulfur signal appeared for the Cs0 sample confirming the FTIR spectroscopy results. After the phosphorylation, the emergence of phosphorus and sulfur peaks was detected on the spectrum evidencing the incorporation of both phosphate groups and sulfonate groups in phosphorylated chitosan sample. To the best of our knowledge, the effect of organic phosphate on the crystallization of calcium carbonates has not been reported in the literature. However, our findings are in accordance with previous work where the effect of inorganic phosphates was reported to inhibit aragonite growth [START_REF] Tadier | Crystal growth of aragonite in the presence of phosphate[END_REF] and to stabilize vaterite by both limiting its dissolution and its further evolution towards other polymorphs [START_REF] Katsifaras | Effect of inorganic phosphate ions on the spontaneous precipitation of vaterite and on the transformation of vaterite to calcite[END_REF]. This behavior can be due to the binding ability of phosphates towards positively charged species such as Ca 2+ ions.

Vaterite is more sensitive to this binding ability as its surface is Ca 2+ terminated as already reported (Lee et al., 2014).

The refinement results of the lattice parameters of calcite (Figure IV.8) showed that a and c parameters of the calcite formed within the CCs-P cement were higher than those of pure reference cement and CCs0 cement. This could be explained by the chelating ability of phosphorylated chitosan which probably hindered the incorporation of magnesium within calcite lattice. The phase quantification of the set cements' composition using Rietveld refinement showed a mixture of aragonite (77 wt%) and calcite (23 wt%) in both CR'0.2 and CCs0 whereas the final composition of CCs-P was very different: a mixture of vaterite (74 wt%) and calcite (26 wt%).

To further investigate the setting mechanism of the latter cement, additional assays were conducted on the reactive powders separately. In this regard, each reactive powder (ACC and vaterite) was admixed with an amount of phosphorylated chitosan solution using the same L/P as for the cement elaboration (ACC + Cs-P solution and V + Cs-P solution with L/P = 0.72))

to follow their composition during 48 h of maturation. As expected, the ACC transformed into magnesian calcite while vaterite was stabilized and did not transform to calcite after 48 h of maturation time (Figure IV.9). 

II.2.2. Spectroscopic characterization

FTIR spectroscopy analysis was performed to confirm the composition of the elaborated cements (Figure IV.10). The FTIR spectra of CR'0.2 and CCs0 showed a symmetric stretching of carbonate υ1CO3 at 1083 cm -1 and an out-of-plane bending vibration υ2CO3 at 855 cm -1 typical of aragonite. The υ2CO3 of calcite at 870 cm -1 was noticed in both cements. The υ3CO3 appeared also at 1500 cm -1 and the in-plane bending pair υ4CO3 at 700-705 cm -1 characteristic of aragonite phase. Similar typical bands to that of the vaterite phase were obtained for CCs-P:

υ1CO3 at 1080 cm -1 , υ2CO3 at 870 cm -1 , the main υ3CO3 double band at 1500 cm -1, and the υ4CO3 at 750 cm -1 . It should be noted that the calcite υ2CO3 band was not detected due to the overlapping with the υ2CO3 of vaterite in this CCs-P cement. The bands of the polymers were not observed owed to their low amount (2.5 wt%) in the cements. The FTIR data confirmed the XRD ones. reported that the presence of phosphate ions in the SBF solution stabilized all the CaCO3 metastable phases favoring the Ostwald-pathways ripening (Myszka, et al., 2019). The EDX analysis of all the elaborated cements showed the typical signals expected for calcium carbonates, calcium, carbon, oxygen, but also sodium and magnesium (Figure IV.11,c,f,i). Sodium was probably incorporated in the resulting cement due to the use of Na2CO3 in the liquid phase as setting accelerator in the elaborated cements (see Chapter II, IV).

II.2.3. Morphological examination of the set cements

Magnesium originated from Mg-doped ACC reactive powder synthesized in presence of magnesium precursor salt to stabilize ACC phase. In addition, the sulfur signal was observed in the CCs0 and CCs-P cements but with low relative intensity evidencing the presence of some sulfonate groups in these cements coming from the treatment of the chitosan with methanesulfonic acid. Additionally, the presence of phosphorus signal indicated the presence of phosphorylated chitosan in the CCs-P composite cement. These signals were weak intensity due to the low amount of Cs0 and Cs-P (2.5 wt%) introduced in the cement formulations. [START_REF] Tachaboonyakiat | Elimination of inter-and intramolecular crosslinks of phosphorylated chitosan by sodium salt formation[END_REF] and thus could explain the decrease in the compressive strength in the case of CCs0. Moreover, poor interaction between calcium carbonate phases and Cs0 could also affect the mechanical properties of the cement.

The fact that the compressive strength dropped in the CCs0 formulation, even in the main presence of aragonite (the densest phase of CaCO3), evidenced the role of these parameters (polymer chain degradation and poor interaction of Cs0 with CaCO3) on this significant loss in cement compressive strength. In this case, the incorporated chitosan (Cs0) would only create heterogeneities within the cement matrix and hence decreased its mechanical strength as discussed by Jacquart et al. [START_REF] Jacquart | Mechanical properties of self-setting composites: influence of the carboxymethylcellulose content and hydration state[END_REF].

In the case of CCs-P, the increase in the compressive strength could be due to the increased cohesiveness of the paste and to the calcium binding ability of phosphate groups of phosphorylated chitosan which provided an interaction between the organic additive and the inorganic cement.

In a previous work, Wang et al investigated the association of phosphorylated chitosan (synthesized with the CH3SO3H/P2O5 method) with an apatitic cement [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF]. They reported that the introduction of 2 wt% phosphorylated chitosan (Mw: 24700, DD:63%) in the paste increased the compressive strength of the hardened cement from 1.3 MPa to 8.4 MPa correlated with the improved calcium binding ability in presence of phosphate groups on chitosan chains [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF].

In our study the composite cement with 2.5 wt% of Cs-P presented a compressive strength in the range [START_REF] Characterization | Setting time and injectability of the pastes[END_REF][START_REF]Study of the introduction of Na2CO3 as a potential setting accelerator[END_REF][4][5][6][7][8][9][10][11][START_REF] Redey | Osteoclast adhesion and activity on synthetic hydroxyapatite, carbonated hydroxyapatite, and natural calcium carbonate: Relationship to surface energies[END_REF] similar to that of spongy bone and thus can be used for non-bearing bone applications. The enhancement of the mechanical strength in the CCs-P cement despite the degradation of the molecular weight of Cs-P could mirror an enhanced interaction and affinity of the modified chitosan containing phosphate species with the calcium carbonate matrix. This high decrease in bone cement setting time could be due to the calcium-binding ability of phosphate groups present in Cs-P along with the formation of calcite conferring a hardening within the cement. Few studies investigated the association of phosphorylated chitosan to bone cements. Bouroujeni et al. [START_REF] Boroujeni | Development of monetite/phosphorylated chitosan composite bone cement[END_REF] studied the association of phosphorylated chitosan to a dicalcium phosphate anhydrous (DCPA) cement involving calcium hydroxide Ca(OH)2 as the starting powder admixed with phosphoric acid as the liquid phase. In their work, chitosan was phosphorylated using phosphoric acid and urea method [START_REF] Sakaguchi | Adsorption of Uranium by Chitin Phosphate and Chitosan Phosphate[END_REF] and the obtained phosphorylated chitosan was only soluble at acidic pH. The authors reported a decrease in the setting time of the composite cement with 5 wt% of phosphorylated chitosan due to gelation of phosphorylated chitosan as the pH of the paste increased with the setting reaction. The pH-sensitive gelation of phosphorylated chitosan as well as the phosphate function binding effect on calcium from DCPA led to the initial hardening of the paste [START_REF] Boroujeni | Development of monetite/phosphorylated chitosan composite bone cement[END_REF]. [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF] reported a classification of binding ability of some functional groups towards calcium as follows: Phosphate > Carboxylate > Amine > Hydroxyl.

The synthesized Cs-P in our work contains amine, hydroxyl and grafted phosphate groups.

Thus, this functionalized chitosan is expected to exhibit a higher binding ability towards calcium ions of calcium carbonate phases in contrast to the native chitosan. This could explain the remarkable decrease in the setting time which seems at a first glance non-correlated to the usual setting chemical reaction (formation of aragonite as in CR'0. For a better understanding of the interaction of each reactive powder component of the cement with the modified chitosan solution, some preliminary assays were conducted on the reactive powders separately. The association of each reactive phase with the Cs-P solution (2.5 wt%)

was conducted using the protocol detailed in II.2.1 section (except L/P = 1 for ACC to prepare a moldable paste). We found that the association of ACC powder with Cs-P solution induced a paste hardening after 3 h of maturation due to its transformation into calcite, while with vaterite powder the suspension remained in its paste-like state (no hardening occurred) even after 48 h of maturation. These observations could confirm that the setting and hardening is based on the formation of the calcite crystals in presence of Cs-P, originating mainly from the crystallization of ACC. The use of Na2CO3 solution in our case as a setting aid is mandatory to the setting of the cement, otherwise the cement did not set at all. It seemed that the setting of calcium carbonate cement is highly sensitive to calcium binding compounds. The inhibition of the cement setting with the use of sodium alginate (described in Chapter III), and phosphorylated chitosan (in the present chapter) could support this hypothesis. In addition, the use of malic or citric acids and inorganic phosphates -known for their strong complexing and chelating ability of calcium ions-were reported to influence significantly calcium carbonates crystallization pathway (e.g., aragonite inhibition) [START_REF] Kawano | Roles of microbial acidic polysaccharides in precipitation rate and polymorph of calcium carbonate minerals[END_REF][START_REF] Kawano | Effect of organic acids on the precipitation rate and polymorphism of calcium carbonate minerals in solutions with Mg 2+ ions[END_REF][START_REF] Tadier | Crystal growth of aragonite in the presence of phosphate[END_REF]. The use of Na2CO3 solution in our case probably reduced the chelating effect of phosphorylated chitosan allowing the setting to occur.

It should be noted that an amount higher than 2.5 wt% of Cs-P associated to the cement would delay its setting time or completely inhibit the setting of the cement even with the use of setting accelerator, in agreement with previously published work concerning calcium phosphate cement [START_REF] Wang | Structural characterization of phosphorylated chitosan and their applications as effective additives of calcium phosphate cements[END_REF].

II.3.3. Injectability and washout resistance of the cement pastes

The injectability of the elaborated cement pastes is presented in showed a washout phenomenon and paste disintegration that is generally observed in other bone cement systems whereas, CCs-P cement exhibited good cohesion and no paste disintegration after 24 h of immersion. These results could be due to the high final setting time (> 210 min) of CR'0.2 and CCs0, leading to the paste disintegration of the paste prior to its mechanical setting. The shorter final setting time of CCs-P (28 min) as well as its enhanced cohesion owing to the interaction of phosphate grafted in chitosan with calcium ions allowed an earlier hardening of the paste and prevented its disintegration in solution. Moreover, the CR'0.2 and CCs0 cement settingbased essentially on the formation of aragonite-could be affected due to the presence of phosphate ions in the simulated body fluid (SBF) solution.

Indeed, Katsifaras et al. stated that vaterite is stabilized by phosphate ions [START_REF] Katsifaras | Effect of inorganic phosphate ions on the spontaneous precipitation of vaterite and on the transformation of vaterite to calcite[END_REF]. Moreover, Tadier et al. reported that aragonite growth could be delayed or inhibited in the presence of phosphate ions [START_REF] Tadier | Crystal growth of aragonite in the presence of phosphate[END_REF]. As the calcium carbonate cement setting is based on the dissolution of ACC and vaterite and their subsequent recrystallization into the aragonite phase, this process is highly sensitive to the presence of foreign ions or organic matter, which could stabilize metastable calcium carbonate phases and affect their preferential crystallization pathway [START_REF] Jo | Diffusion-Controlled Crystallization of Calcium Carbonate in a Hydrogel[END_REF][START_REF] Boon | Stabilization of Aragonite: Role of Mg2+and Other Impurity Ions[END_REF]. In our work, the CCs-P composite cement setting was not altered by the presence of such species as the setting mainly depends on calcite formation. Thus, the setting of this cement was not affected

INTRODUCTION

The in vitro acellular study of the evolution in an aqueous medium of a material designed for bone substitution purpose is an essential first step to better understanding its physicochemical properties and particularly its reactivity in the absence of cells.

It is generally accepted that when a bioactive material is immersed in a biological fluid, an apatite layer forms on its surface. [START_REF] Kokubo | Solutions able to reproducein vivo surface-structure changes in bioactive glass-ceramic A-W3[END_REF] proposed a synthetic model solution (Simulated Body Fluid: SBF) to study the bioactivity of a material in vitro and this SBF solution is included in an ISO standard for the evaluation of apatite forming ability of bone substitute materials (ISO 23317: 2014). The use of this standard SBF testing may facilitate the comparison of the physicochemical behavior of different biomaterials in vitro.

Although the in vitro cellular tests are necessary to evaluate the material biocompatibility, it could also be interesting to investigate the evolution of materials in a culture medium without cells to dissociate the effects of the medium and the cells on these materials' evolution in vitro.

In vitro studies carried out on different calcium carbonate phases (calcite, aragonite, vaterite, and ACC) have been performed in cell-free simulated body fluid (SBF). The results have

shown their ability to induce apatite formation on their surface after immersion in SBF solution except for calcite (Myszka et al., 2019;Lee et al., 2014;[START_REF] Opitz | Insights into the In Vitro Formation of Apatite from Mg-Stabilized Amorphous Calcium Carbonate[END_REF]. Interestingly, metastable CaCO3 crystalline phases do not undergo a phase transformation into calcite in SBF solution. This is due to the presence of phosphate ions in the SBF medium that stabilizes these phases even in low concentrations [START_REF] Zou | Additives Control the Stability of Amorphous Calcium Carbonate via Two Different Mechanisms: Surface Adsorption versus Bulk Incorporation[END_REF][START_REF] Katsifaras | Effect of inorganic phosphate ions on the spontaneous precipitation of vaterite and on the transformation of vaterite to calcite[END_REF].

Regarding calcium carbonate cements, only one study investigated the evolution in SBF solution of a formulation based mainly on calcite and minor vaterite [START_REF] Sánchez | Setting behavior and bioactivity assessment of calcium carbonate cements[END_REF] showing a bioactive behavior.

To the best of our knowledge, the evolution of calcium carbonate cement mainly composed of aragonite such as CR and CCs formulations in our work (see Chapter III), or mainly vaterite composition -the case of CCs-P formulation in our work (Chapter IV)-in SBF solution has not been studied yet. Therefore, we thought that this study is crucial in order to examine the physicochemical evolution of these cement formulations in an aqueous medium including the inorganic ions found in plasma and better anticipate their biological behavior once implanted.

Moreover, the evolution study of the composite cements including either chitosan or phosphorylated chitosan additives will permit to depict the effect of each additive on the cement evolution in SBF solution.

The objective of this study is therefore to investigate and compare the bioactivity of the reference calcium carbonate cement (CR) and the composite cements prepared with 2.5 wt% of either native (CCs) or phosphorylated chitosan (CCs-P). We will examine the materials evolution after different time points in SBF up to four weeks.

I. EVOLUTION STUDY IN SBF SOLUTION

The ISO 23317:2014 standard presents a method involving the SBF solution to evaluate in vitro the apatite-forming ability of materials on their surface. However, this method remains controversial in the scientific community [START_REF] Bohner | Can bioactivity be tested in vitro with SBF solution?[END_REF] on various points:

i) The initial supersaturation of the medium with respect to apatite makes the solution thermodynamically unstable and could lead to spontaneous precipitation of apatite independently of the material tested.

ii) The carbonate content is not controlled and can vary during the study, due to the addition of HCl to the solution containing carbonates leading to a loss of carbonates through CO2 release; it was reported to affect the formation of apatite [START_REF] Muller | Preparation of SBF with different HCO3 content and its influence on the composition of biomimetic apatites[END_REF][START_REF] Jalota | Effect of carbonate content and buffer type on calcium phosphate formation in SBF solutions[END_REF].

iii) The buffer agent (TRIS in most cases) concentration is high and it's not naturally present in blood plasma, could affect the supersaturation of the media and induce the deposition of apatite [START_REF] Jalota | Effect of carbonate content and buffer type on calcium phosphate formation in SBF solutions[END_REF].

iv) The SBF is a simplified model medium of plasma because of the absence of amino acids and/or proteins known to play a major role in the nucleation and crystal growth of apatite [START_REF] Uskoković | Amelogenin as a promoter of nucleation and crystal growth of apatite[END_REF].

Despite these limitations, this is the most commonly used acellular in vitro method for comparing the physicochemical reactivity of biomaterials in a simplified medium [START_REF] Kokubo | How useful is SBF in predicting in vivo bone bioactivity?[END_REF].

For this reason, we have chosen to implement this medium but with some modifications especially considering the point ii). Indeed, to ensure that the concentration of carbonate ions is known and controlled at the beginning and along the test, the protocol for the preparation of the SBF solution we implemented for this study was adapted from that of the ISO-23317-2014 standard.

I.1. SBF solution preparation

The SBF solution was prepared following Kokubo et al. procedure (Kokubo et al., 1990) and the ISO standard (ISO 23317: 2014) with some modifications. The main difference is that cationic and anionic solutions were prepared separately (Tables V.1 and V.2), as follows:

i) The cationic solution was prepared by dissolving NaCl (137.4 mM), KCl (6 mM), MgCl2.6H2O (3 mM), and CaCl2.2H2O (5 mM) in deionized water.

ii) The anionic solution was prepared by dissolving NaCl (137.4 mM), K2HPO4.3H2O (2 mM), and Na2SO4 (1 mM) in deionized water.

iii) The pH of both solutions was adjusted to the physiological value (7.40) by adding tris(hydroxyl-methyl) aminomethane (45.4 mM) buffer and 78 mL (for 2 L of solution)

of HCl (1 M) in the cationic and the anionic solutions. iv) Just before the experiment (SBF test), both cationic and anionic solutions were mixed in equivalent volumes and finally 1.41 g (amount of NaHCO3 salt for 4 L of SBF solution)

of NaHCO3 (4.2 mM) was added to the resulting SBF solution which was then ready to use for SBF testing. 

I.2. Cement samples preparation

Each set of five cement samples corresponding to the examined immersion time points (6 h, 3 days, 7 days, 14 days, and 28 days) was prepared in triplicates by mixing 2.5 g of the cement powder (ACC: V = 1:2) with the appropriate amount of the liquid phase (L/P = 0.72). The used liquid phase was deionized water for the reference cement (CR), dissolved chitosan (2.5 wt%) in acetic acid (1% (v/v)) for the composite cement including raw chitosan (CCs) and dissolved phosphorylated chitosan (2.5 wt%) in Na2CO3 (0.2 M) solution for the composite cement including phosphorylated chitosan (CCs-P). As detailed in Chapter II section II, the cements pastes were put to set and harden in silicone molds (D:10 mm, H:5 mm), and these were then placed within closed containers saturated with water at 37°C for 48 h. Finally, the hardened cements were withdrawn from the containers, removed from the molds, and left to dry in air at 37°C for an additional 48 h.

After drying, the samples' weights were measured using a digital balance.

I.3. Protocol of the in vitro study in SBF solution

The cement pellets (CR, CCs and CCs-P) were immersed in 100 mL of the SBF solution and After each immersion period, the pH of the solution (in triplicate for each cement compositions tested) was measured and the materials (in triplicate for each cement compositions tested) withdrawn from their respective solution, washed through immersion three times in 100 mL of fresh deionized water, and gently shaken manually for 5 seconds in each bath. Then, the cements were put to dry at 37°C for 24 h and then weighed before their storage at room temperature until further characterization by XRD analysis, FTIR spectroscopy, SEM-EDX, and Hg-intrusion porosity measurement.

II. WEIGHT LOSS FOLLOW-UP OF THE IMMERSED CEMENTS

The weight loss evolution up to 28 days: CR weight losses were 4.0 ± 0.5 wt%, 5.0 ± 0.5 wt%, 7 ± 1 wt%, 9.0 ± 0.3 wt%, and 11.8 ± 0.4 wt%, while the weight losses for CCs were 3.0 ± 0.5 wt%, 6.5 ± 0.3 wt%, 7.5 ± 0.5 wt%, 8.8 ± 0.2 wt%, and 11.4 ± 0.3 wt% after immersion in SBF for 6 h, 3 days, 7 days, 14 days and 28 days, respectively.

CCs-P cements which were found to be initially constituted of vaterite and some calcite show similar weight losses as CR and CCs up to 7 days (3.5 ± 0.5 wt%, 5.4 ± 1 wt% and 7.6 ± 1 wt% for CCs-P immersed 6 h, 3 d, and 7 d, respectively); then, this weight loss is enhanced compared to those of CR and CCs: 12.4 ± 0.5 wt% and 20.5 ± 0.4 wt% after immersion in SBF for 14 days and 28 days, respectively.

The positive weight losses could reflect a superior cement degradation rate compared with the potential apatite formation rate allowing progressive degradation in function of immersion time in SBF for all cement formulations tested. The higher degradation rate of CCs-P cement at 14 and 28 days can be directly related to its composition including mainly vaterite which is the most soluble and reactive CaCO3 crystalline phase in comparison to aragonite, the dominant phase in both CR and CCs cements. 

III. FOLLOW-UP OF THE PH OF THE SBF SOLUTION

pH is an important parameter allowing the follow-up of different phenomena occurring for the material in contact with an aqueous medium such as the dissolution/release and or reprecipitation of phases. For this, the pH value of the SBF solution was recorded after each immersion time (Figure V.3). The results showed an increase in the pH from 7.4 to 7.75 for all cements up to day 3 of immersion; this pH value was then maintained up to day 7 for both CR and CCs followed by a decrease to 7.35 at day 14. However, in the case of CCs-P, the pH progressively decreased from day 3 (7.75) to day 28 (7.4).

The increase in the pH in the early immersion times could be due to the release of alkaline carbonate ions in the SBF solution. Then, the significant pH decrease after 14 days of immersion is probably caused by the precipitation of apatite (release of protons in solution) for both CR and CCs cements in SBF. In the case of CCs-P, the significant decrease in the pH was not observed at 14 days of immersion as in both CR and CCs cements ( 

IV. STRUCTURAL AND MICROSTRUCTURAL CHARACTERIZATION OF THE IMMERSED CEMENTS

In this section, the samples were characterized in terms of composition, and (micro)structure.

CR and CCs will be compared as they have a similar starting composition (aragonite + calcite)

and then CCs-P evolution will be examined separately due to its different composition (vaterite + calcite).

IV.1. Structural and spectroscopic characterization

The X-ray diffraction analysis performed directly on the cements pellets was used to depict the phases content evolution of CR ( It should be mentioned that the XRD results at 6 h were not presented as no significant change was distinguished at this early maturation time.

The XRD results showed a progressive decrease in the intensity of the (104) peak of calcite in both cements in function of immersion time (Figure V.4). This decrease was more pronounced in the composite cement after 3 days and 7 days of immersion. After 14 days, calcite peak (104) was no more observed in both cements suggesting a complete dissolution of this phase.

Moreover, new peaks appeared, namely the apatite peak (211) noticed at 2θ = 32° which is more resolved in CR than in CCs, indicating a difference in crystallinity of the apatite formed in both cements. After 28 days of evolution in SBF, the (211) apatite peak increased in intensity in addition to the emergence of the other apatite peaks [( 002), ( 310), ( 222) and ( 213)] as well as the remaining aragonite characteristic peaks in CR formulation. Besides, CCs developed a nanocrystalline apatite following its immersion in SBF for 28 days (no more aragonite peaks were observed). These results showed a higher apatite formation capacity of the CCs composite cement in contrast to CR. It should be noted that the core of the sample (the pellet was grinded to obtain powder) was also analyzed using XRD and showed that aragonite is still the main FTIR spectroscopy was used on powders scratched from the cements surface to follow-up the chemical composition of the cements after immersion in SBF solution (Figure V.7). The spectra of both CR and CCs cements obtained at 3 days stated the appearance of the band at 1031 cm - 1 and the band at 560 -600 cm -1 corresponding respectively to υ3PO4 band and υ4PO4 pair bands of apatite. The intensity of both υ3PO4 and υ4PO4 bands increased progressively after 7 and 14 days of immersion in SBF. After 28 days, apatite bands were very intense while aragonite ones were hardly distinguishable especially in the CCs cement (Figure V.7c,d). The low-intensity υ3CO3 band at 872 cm -1 indicated the formation of a carbonated apatite analogous to the bone mineral for both cements. It should be noted that the aragonite υ2CO3 and υ3CO3 bands are more intense in CR than in CCs after 28 days of immersion, suggesting that aragonite was still present in a higher amount in the CR. Overall, these results showed that both cements developed progressively a carbonated apatite on the cement surface when immersed in SBF.

Complementarily to XRD results, the FTIR analysis showed that the formed compound on CCs cement is a carbonated apatite, analogous to the bone mineral. The FTIR spectra of CCs-P cements are presented in Figure V.8. After 3 days of immersion in SBF, the υ3PO4 band at 1030 cm -1 was noticed along with a broad υ4PO4 band around 560 cm - 1 . Moreover, a second band hardly observed at 580 cm -1 (indicated by black arrow in Figure

V.8) appeared lower than what is expected for apatite (generally at 600 cm -1 ). As the characteristic amorphous calcium phosphate bands were not observed such as υ1PO4 at 950 cm - 1 and the υ3PO4 band (appears larger than apatite one) (Combes & Rey, 2010Drouet, 2013), this could suggest the deposition of a rather low crystallinity calcium phosphate on the surface of this cement. After 7 and 14 days, the υ4PO4 band pair of apatite started to be noticed at 560-600 cm -1 indicating the formation of apatite on the cement surface. After 28 days, both υ3PO4 and υ4PO4 bands of apatite increased in relative intensity and a shoulder appeared at 1620 cm - The Ca/P ratio calculated from EDX analysis (previously calibrated using stochiometric apatite) was considered to check any evolution regarding the apatite formation on the cement surface. The results indicated a progressive decrease of the Ca/P ratio in both CR and CCs cements as a function of the immersion time (Table V.4). The Ca/P ratio for CR at 28 days (3.6) was very high with respect to that of stoichiometric hydroxyapatite (1.67), due to the coexistence of aragonite (mainly in the bulk) and apatite (mainly on the surface) in CR. The Ca/P ratio of CCs at 28 days (1.8) was lower than for CR but remained slightly higher compared to the stoichiometric hydroxyapatite (1.67). This result supports: i) The identification of CCs thought to be an intermediate pathway of vaterite crystallization to calcite [START_REF] Sovova | Calcium carbonate particles: synthesis, temperature and time influence on the size, shape, phase, and their impact on cell hydroxyapatite formation[END_REF].

The phosphate ions present in SBF may have inhibited the recrystallization of vaterite into calcite as previously reported [START_REF] Katsifaras | Effect of inorganic phosphate ions on the spontaneous precipitation of vaterite and on the transformation of vaterite to calcite[END_REF]. After 14 days, rounded spherical particles were observed which could be attributed to apatite deposits (Figure V.10 e, f). After 28 days that distinct and larger spherical deposits were observed randomly distributed on the surface of the cement (Figures V.10g between the nanospheres particles and the apatite layer appeared similar to octacalcium phosphate (OCP) in previous reports [START_REF] Iijima | Control of octacalcium phosphate and apatite crystal growth by amelogenin matrices[END_REF]. Indeed, similar columnar morphology was attributed to octacalcium phosphate that was crystallized in the presence of proteins in previous works (Figure V.11). The columnar structures observed in our work were located in the inside of the spherical deposits. It should be noted that the columnar structures were rarely observed at the cement surface (only inside deposits in two distinct zones).

It is well known in the literature that octacalcium phosphate is a metastable intermediate phase that may form as a precursor of apatite in physiological conditions [START_REF] Eanes | The maturation of crystalline calcium phosphates in aqueous suspensions at physiologic pH[END_REF].

Moreover, chitosan and its phosphorylated derivative showed a stabilizing effect on OCP phases [START_REF] Leroux | Effects of various adjuvants (lactic acid, glycerol, and chitosan) on the injectability of a calcium phosphate cement[END_REF][START_REF] Yokogawa | Bioactive properties of chitin/chitosan-calcium phosphate composite materials[END_REF]. This allowed us to formulate the hypothesis we proposed from the FTIR data and SEM observations (see section III. show any OCP phase, probably due to its very low amount, below the detecting limit. Hence, with the difficulty to provide more detailed and finer characterization, our statements in the matter of these structures were limited to a hypothesis and could not be considered as confirmative statements. [START_REF] Iijima | Control of octacalcium phosphate and apatite crystal growth by amelogenin matrices[END_REF] Porosity measurements were carried out on the cement formulations before and after 28 days of immersion in SBF solution (Figure V.12 and Table V.5). The reference cement (CR) showed an increase in the average pore size from 300 nm to 670 nm. The same trend was observed for CCs cement as the average pore size shifted from 70 nm to 120 nm. On the contrary CCs-P cement showed a slight decrease in the average pore size from 1.7 µm to 1.2 µm. Additionally, some macropores with an average size of 7 µm, 16 µm, 26 µm, and 38 µm appeared in CCs-P after immersion in SBF solution for 28 days. The presence of such macropores can be correlated with the higher degradation rate observed at 14 and 28 days for this type of cement (Figure V.8). After immersion for 28 days in SBF, the increase in average pore size for CR and

CCs is associated with an increase of + 10% of their total porosity (from 60 % to 70 % for CR, 54 % to 64 % for CCs, Table V.5). This increase in total porosity is lower (+ 3%) for CCs-P (from 59 % to 62 %) as indicated in Table V.5. the formation of biomimetic apatite with quite a high carbonate content resulting in a lowcrystallinity apatite. The low crystallinity of the formed apatite in the composite could be of interest due to its similarity to the bone mineral and its expected higher resorption rate [START_REF] Fulmer | Measurements of the solubilities and dissolution rates of several hydroxyapatites[END_REF]. The CCs composite cement with chitosan leads to a significant biomimetic apatite deposition after 4 weeks of immersion in SBF (Figures V.4 et V.9).

The ability of apatite to form on natural calcium carbonates has been used as a promising approach not only to produce bioactive compounds but to exploit the complex hierarchical structures of these materials [START_REF] Gerhard | Design strategies and applications of nacre-based biomaterials[END_REF]. In this context, Wang et al. investigated the in vitro evolution in SBF of a natural seashell "Saxidomus purpuratus" which is a natural aragonite-based ceramic [START_REF] Wang | Microstructure-related in vitro bioactivity of a natural ceramic of Saxidomus purpuratus shell[END_REF]. The authors showed the ability of this shell to form apatite after immersion in SBF. Although a pre-incubation step in a phosphate buffer solution (PBS) was used to accelerate the apatite precipitation, it seemed that the immersed shells in SBF for 4 weeks were still containing aragonite. Our results suggest that the developed CCs composite cement could be competitive with natural aragonite-containing materials and superior to synthetic aragonite (Myszka et al., 2019) in terms of dissolution rate and apatite formation ability in vitro. This result indicated that the cement which constitutes a confined environment/system allowed the nucleation and crystal growth of aragonite leading to smaller apparent crystallites size than that of aragonite obtained with conventional synthetic route, enhancing its physicochemical reactivity and dissolution.

The delay in the apatite formation for the CCs-P cement (starting from 7 days) could be explained mainly by the slower dissolution of magnesian calcite formed in the presence of phosphorylated chitosan hydrogel. The binding ability of the phosphate function present in the modified chitosan could partly prevent the magnesium ions from being incorporated into the calcite lattice. This hypothesis will be examined in the next paragraph through the calcite parameters determination based on XRD measurements.

To better understand the reason of the difference noticed in the dissolution rate of the formed calcite within the different cement formulations, the lattice parameters of calcite present in each type of cement formulations (CR, CCs, and CCs-P) were calculated using Rietveld refinement degradation rate in the CCs-P formulation. In this case, phosphorylated chitosan allowed the cement setting through the hardening of calcite but also it stabilized metastable vaterite resulting in a faster degradation rate in vitro.

The composite cement with native chitosan (CCs) could be interesting in terms of bone bonding ability thanks to the extent of the apatite layer formed on its surface. The CCs-P formulation could be of interest for medical indications where a faster resorption rate is needed. We also showed that magnesium doping increased calcite solubility resulting in complete dissolution of this phase after immersion for 14 days in SBF in the case of CR and CCs. A delay in calcite dissolution in CCs-P could be due to the lower magnesium ions incorporation in the calcite lattice limited by their interaction with phosphate groups from phosphorylated chitosan; hence a less resorbable behavior of calcite was observed.

Overall, this acellular in vitro investigation of the three cement formulations in SBF showed that cement composition, degradation and apatite forming ability can be modulated depending on the type of chitosan additive introduced in the cement formulation.

GENERAL CONCLUSIONS AND PERSPECTIVES

Injectable composite cements based mainly on calcium carbonates and either native or phosphorylated chitosan hydrogel as additive were developed and fully characterized. The reactive powders of the cement: Pure vaterite and fully amorphous magnesium doped calcium carbonate were synthesized and characterized thoroughly. The mixture of the reactive powders was optimized to obtain mainly aragonite as the final phase of the reference mineral cement.

Then the powder mixture was associated to either native or phosphorylated chitosan gels as the liquid phases of the composite cements. This work is a comprehensive study to understand the role of these polysaccharides on the physicochemical, setting chemical reaction, physical setting behavior, and the in vitro acellular bioactivity of the composite cements in SBF solution.

The composition of the studied composite set and hardened cements with native chitosan [0-4 wt% with respect to the cement solid phase, CCs] was almost the same, containing less than 21 wt% of Mg-doped calcite and more than 79 wt% of aragonite. The association of native chitosan gel up to 3.5 wt% with calcium carbonates decreased the setting time and did not significantly affect the final composition nor the paste injectability (> 85 ± 5%) of the cement.

The setting reaction follow-up using X-ray diffraction data revealed the dose-dependent effect of chitosan on delaying both vaterite dissolution and aragonite crystallization during the first hours of setting. The composite cement including 3.5 wt% of chitosan presented the best compromise in terms of initial setting time (45 min), injectability (85%), and mechanical properties (6.5 MPa) analogous to those of spongy bone. Due to the limited solubility of chitosan in neutral or basic aqueous solutions, it did not allow the use of alkaline setting accelerator solution such as Na2CO3. Therefore, chitosan functionalization was performed to extend the polymer solubility towards a range of higher pHs. The phosphorylation of chitosan (Cs-P) was carried out using CH3SO3H/P2O5 method to selectively attach phosphate functions to the active hydroxyl groups of chitosan backbone resulting in a water-soluble chitosan. The association of hydro-soluble phosphorylated chitosan (Cs-P including 6.9 % w/w of P) to the calcium carbonate cement matrix resulted in a different crystallization and setting reaction pathway within the cement. The quantitative X-ray diffraction results showed a complete inhibition of aragonite growth and the obtaining of a vaterite (74 wt %) and calcite (26 wt%) based composite cement.

The elaborated functionalized composites with 2.5 wt% of Cs-P dissolved in Na2CO3 (0.2 M) used as a setting accelerator, showed interesting properties in terms of reduction in both initial (15 min) and final (28 min) setting times, good paste injectability (95%), improved paste cohesion, owing to the phosphate function binding ability of calcium ions. Nevertheless, the expected decrease of the molecular weight of the biopolymer induced by the use of methanesulfonic acid in the phosphorylation protocol of Cs may limit its mechanical reinforcing ability (compressive strength = 4.4 MPa),

The in vitro bioactivity evaluation in a simulated body fluid (SBF) at 37°C showed, on one hand, an improved apatite forming ability and a moderate degradation rate in the composite cement with native chitosan (CCs) leading to the deposition of a biomimetic carbonated apatite on its surface after 4 weeks of immersion. This improvement elucidated the role of chitosan in obtaining lower apparent crystallite size of aragonite and calcite with higher reactivity. On the other hand, the composite cement with phosphorylated chitosan (CCs-P) exhibited a delayed apatite formation and an accelerated degradation rate after 4 weeks of immersion. The delay in the apatite forming in this cement was explained mainly by the lower degradation rate of the formed calcite in this cement (lower Mg-doping of the calcite than that in CCs or CR). Indeed, the binding and chelating ability of Cs-P probably hindered the incorporation of magnesium (known to improve resorption of calcite) in the formed calcite lattice resulting in a lower reactivity of this phase. The results obtained in this study indicated the possibility of tuning the calcium carbonate cement apatite forming ability and degradation rate through its final composition related to the use of native or phosphorylated chitosan additives.

The perspectives to this work, may rely on several aspects. Considering the components of the cement formulation: The reactive powders particle size could be optimized in view of reducing the liquid to powder ratio (0.72) which is higher than that used for CPC (generally in the range 0.4 -0.5) and to enhance the resulting mechanical and setting properties of the cement.

It will be interesting to optimize the washing procedure of the phosphorylated chitosan to remove residual sulfonate groups. The phosphorylation process induced a degradation of the polymer chains reducing its molecular weight. Therefore, the phosphorylation of higher molecular weight chitosan than the one used (Low Mw) and the resulting impact on the physicochemical (setting time, setting reaction, paste injectability and cohesion) as well as the mechanical strength and antibacterial properties of the composite cement could be examined.

Considering the SBF immersion study, our hypotheses that have been proposed concerning the formation of an intermediary octacalcium phosphate phase (OCP) in the case of CCs-P and the potential stabilizing effect of phosphorylated chitosan on OCP could be investigated thoroughly. This could be performed by preparing simpler composite samples containing higher loading of phosphorylated chitosan than the one used in the cement formulations (limited to 2.5 wt% to ensuring the setting of the cement). This could evaluate the ability or not to develop a strategy through the use of chemically modified biopolymers to prepare calcium carbonate composites with some OCP and to evaluate the bioactivity of these materials.

Towards more applied aspects: A (micro)biological study on the phosphorylated chitosan compared to the native chitosan in terms of antibacterial activity and in vitro cellular activity to examine the effect of phosphorylation (P amount) of chitosan on its intrinsic biological properties and once associated with the calcium carbonate cement matrix. Depending on these results, the combination with a drug such as an antibiotic or a doping of the calcium carbonate cement matrix with zinc, copper or silver ions, known for their antibacterial properties could be carried out (if needed) and the capacity of the drug/ions release of the elaborated materials studied in view of optimizing the drug/ions doping loading owing to the expected antibacterial effect of chitosan.

Then, future efforts could be deployed to investigate the in vitro cellular behavior to check that the optimized composite cements with native and phosphorylated chitosan are antibacterial but not cytotoxic and in case of promising results then evaluate their osteointegration, resorption and bone forming ability in critical defect through an animal study.

This study along with the proposed perspectives could pave the way for the development of novel and tunable, resorbable, injectable and self-setting composite bone substitutes based on CaCO3 cements and chitosan for bone repair purposes.

CONCLUSION GENERALE ET PERSPECTIVES

Des ciments composites injectables à base principalement de carbonates de calcium et group Ama2 [START_REF] Bail | Microtwinning hypothesis for a more ordered vaterite model[END_REF]) and aragonite (space group Pmcn [START_REF] Negro | Refinement of the Crystal Structure of aragonite[END_REF])) in a 1:1:1 weight ratio was taken as a reference (standard). No preferred orientations were fixed in the calculations.

To determine the amount of ACC phase, the PONCKS method was applied using the TOPAS software. After carefully determining the continuous background of a pure ACC XRD diagram with a four-order polynomial function, the amorphous envelope of the ACC was modelled with the peaks of an "hkl phase" using a P4 space group with small crystallite size (e.g., 3.5 nm)

and unit cell dimensions a = 1 Å and c = 70 Å which were refined. After, the XRD pattern of a 1:1 prepared mixture of ACC:vaterite was inputted in the software. The lattice parameters, crystallite size and relative intensities of the "hkl phase" of the ACC was fixed and the crystal structure of the vaterite was imported 26 . A new refinement was made, for which the continuous background, the lattice parameters, microstrains, crystallite size and scale factor of the vaterite were refined according to the following general equation:

𝑊 𝛼 = 𝑆 𝛼 (𝑍𝑀 × 𝑉) 𝛼 ∑ 𝑆 𝑘 𝑛 𝑘=1 (𝑍𝑀 × 𝑉) 𝑘
Where k is the number of phases (in our system k = 2, vaterite and ACC), W is the weight fraction or wt% of a phase (for example ), S the Rietveld scale factor of a phase, Z the number of formula units in the unit cell of a phase, M the molecular mass of the formula unit and, V the unit cell volume of a phase.

Thus, for our system, we can write:

(𝑍𝑀) 𝐴𝐶𝐶 = 𝑊 𝐴𝐶𝐶 𝑊 𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒 × 𝑆 𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒 𝑆 𝐴𝐶𝐶 × (𝑍𝑀) 𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒 × 𝑉 𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒 𝑉 𝐴𝐶𝐶

The calculated (ZM)ACC calibration constant was then entered as cell mass in the "hkl phase" corresponding to the amorphous phase in the TOPAS software. Subsequently, this makes it possible to directly have the mass proportion of ACC at the end of the refinement on a XRD pattern where just the continuous background, the lattice parameters of the crystalline phases, their size of crystallites and microstrains will be refined, as well as the scale factors of all the phases. The method was checked by the analysis of three known mixtures: ACC:Vaterite = 0:1, ACC:Vaterite = 2:1 and calcite: vaterite: aragonite: ACC = 1:1:1:1. The results are given with an error of ± 2 wt%.

The initial setting time of the cements was determined using the standardized Gilmore apparatus as the time taken before the needle weighing (113.4 g) with a 2.1 mm diameter could not penetrate into the sample while the final setting time is evaluated using a needle weighing (453.6 g) with a 1.06 mm diameter (Figure A.1). All tests were performed in triplicates and the results presented correspond to the mean value. 

II.5. Injectability measurements of the cement paste

The injectability of the prepared cements was evaluated after 3 minutes of the handling (t = 0 corresponds to the beginning of the powder-liquid mixing), the cements pastes were put directly into a 5 mL syringe (inner diameter of the syringe body is 1.5 cm and the opening/exit diameter is 2 mm) without a needle and the total weight of the paste « mt » was measured. This period could correspond to the time that a surgeon needs to prepare the paste and to introduce it into an injecting device. The injectability of the cement samples was evaluated by manually pushing the syringe plunger to the end, at this point the extruded paste weight « me » was measured and the injectability was calculated as follows:

𝐼𝑛𝑗𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑚𝑒 𝑚𝑡 * 100
Where « me » is the extruded paste weight and « mt » is the total weight of paste initially introduced in the syringe. Abstract: In the field of bone repair, there is a growing interest in injectable and self-hardening materials that can be implanted using minimally invasive surgery. In this context, calcium carbonatebased cements have been proposed as highly resorbable bone cements compared to the phosphocalcic cements that have been widely studied and developed. Furthermore, the association of bone cements with polysaccharides has been suggested as a promising strategy to adjust their physicochemical, mechanical, biological and processing properties. To this end, we have prepared and characterized composite cements based on calcium carbonates and native or chemically modified chitosan in view of improving and controlling the setting time and injectability of the paste, its cohesion and the mechanical properties of the hardened cement in order to meet clinical requirements. Calcium carbonate powders (vaterite and amorphous calcium carbonate) were synthesized by double decomposition in aqueous solution, then mixed and finally combined with a liquid phase based on native chitosan (low Mw, DDA: 75-85%) solubilized in acetic acid or on synthesized phosphorylated chitosan hydrogel. The composition, microstructure, setting behavior, injectability and mechanical properties of the composite cements were characterized using complementary techniques (X-ray diffraction analysis, FTIR spectroscopy, scanning electron microscopy, setting time, injectability, compressive strength and porosity measurements). The quantitative analyses showed that, after setting, the cements associated with native chitosan are mainly composed of aragonite, while vaterite is the main constituent of those associated with phosphorylated chitosan; these results have made it possible to establish the mechanisms involved in the setting of these different composite cements. Formulations containing 3.5% w/w native chitosan, or 2.5% w/w phosphorylated chitosan showed a good compromise between good injectability (85% to 95% respectively) and good paste cohesion, reduced setting time (45 min and 17 min, respectively) and improved compressive strength and ductility compared to the reference mineral cement (without chitosan) and, in all cases, sufficient for applications in non-load-bearing sites. The in vitro evolution of the composite cements in a model solution simulating blood plasma revealed the formation of apatite spherulites on the surface of the developed composite cements, demonstrating their bioactivity and the interest in evaluating their biological properties in vitro and in vivo in the future.

II.6. Compressive strength measurement
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 3132332 CR. De plus, Les cristaux en aiguilles d'aragonite n'ont pas été observés dans le ciment CCs, contrairement au CR à la fin de l'expérience (28 jours), reflétant une couche d'apatite plus importante formée dans le ciment CCs contrairement à CR. La plus grande capacité de formation d'apatite du ciment composite avec le chitosan natif (CCs) pourrait être expliquée par plusieurs facteurs. Les cristaux d'aragonite formés en présence du gel de chitosane présentent une taille apparente de cristallites plus petite (90 nm pour les CCs contre 117 nm pour les CR), ce qui pourrait expliquer la plus grande réactivité et dissolution de cette phase dans le ciment CCs. Cela pourrait être responsable de la plus grande quantité d'apatite formée à la surface des CCs. Le chitosane semble favoriser la germination plutôt que la croissance cristalline, ce qui est en accord avec notre hypothèse sur la cristallisation de l'aragonite en présence d'un gel de chitosane comme discuté plus haut concernant le temps de prise. L'étude de l'évolution dans le SBF du ciment CCs-P a montré la formation d'apatite après 7 jours comme le révèlent la spectroscopie FTIR et l'analyse DRX. Cependant, une capacité de formation d'apatite plus faible et retardée a été remarquée pour ce ciment. Le retard dans la formation d'apatite pour la formulation CCs-P pourrait être expliqué principalement par la résorption plus lente de la calcite dopée au magnésium formée en présence de l'hydrogel de chitosane phosphorylé. En effet, la capacité d'interaction de la fonction phosphate présente dans le chitosane fonctionnalisé pourrait en partie empêcher les ions magnésium d'être incorporés dans le réseau de la calcite. Ceci est corrélé avec la détermination des paramètres de maille de la calcite dopée au magnésium formée dans les ciments CR, CCs et CCs-P. La dissolution de la calcite a contribué à une plus grande formation d'apatite dans le cas des formulations de ciments CR et CCs. Ainsi, le retard de la formation d'apatite pour le CCs-P pourrait être directement corrélé au retard de la dissolution de la calcite dans le ciment. Dans l'ensemble, les résultats obtenus dans ce travail montrent que le polymorphisme des carbonates de calcium ainsi que les propriétés intrinsèques du polymère permettent de réguler les propriétés du ciment composite, et ce en permet de moduler la composition et les propriétés du ciment que ce soit en termes de caractéristiques physico-chimiques (prise, injectabilité et résistance à la compression), soit en termes de taux de résorption et de capacité à former de l'apatite biomimétique in vitro. II.2.3. Morphological examination of the set cements ............................................ II.2.4. Mechanical properties evaluation ................................................................ II.3. Characterization of the cement paste ..................................................................... II.Setting reaction follow-up of the prepared cement pastes .......................... Setting time of the elaborated cements ........................................................ Injectability and washout resistance of the cement pastes .......................... Conclusion ....................................................................................................................... CHAPTER V: IN VITRO EVOLUTION STUDY OF THE CEMENTS IN SBF SOLUTION Introduction .................................................................................................................... I. Evolution study in SBF solution .................................................................................. Cement samples preparation .................................................................................... I.3. Protocol of the in vitro study in SBF solution .......................................................... II. Weight loss follow-up of the immersed cements ....................................................... III. Follow-up of the pH of the SBF solution .................................................................. IV. Structural and microstructural characterization of the immersed cements .......... ................................................................................................................... Conclusion ....................................................................................................................... GENERAL CONCLUSIONS AND PERSPECTIVES .................................................. of materials & characterization methods ......................... APPENDIX B: Complementary characterization of the prepared cements .................
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  Compact bone (cortical bone): It is the outer shell of bones known for its high hardness and density. It is composed in the microscale of osteons which are neurovascular ducts whose walls are formed of several concentric layers of collagen fibers on which the apatite crystals growth occurs. Cortical bone represents 80 wt% of the bone in adults. However, due to its dense and compact structure and very low porosity, it is poorly involved in metabolic exchanges. Its main role is to support the body mechanically.-Cancellous bone (trabecular bone): Called also the spongy bone, it is characterized by a high micro and macroporosity that confers a high metabolic exchange surface. It occupies the largest part of the tissue but only represents 20% of its weight. At the cellular level, the trabecular bone contains different types of cells responsible for bone remodeling: osteoblasts, osteoclasts, and osteocytes. Osteocytes are derived from osteoblastic cells and are embedded in the bone matrix during bone formation. Osteocytes are the primary cells found in bone and these cells initiate the assembly of osteoblasts and osteoclasts to a site that needs remodeling or repair, acting as damage sensors(Shea et al, 2005; Sommerfeldt et al, 2001). It should be mentioned that the cortical bone also contains these cells but with a lower density than the cancellous bone.

Figure I. 1 .

 1 Figure I.1. Bone tissue microstructure[START_REF] Gao | Bone biomaterials and interactions with stem cells[END_REF].

  Bone remodeling consists of four phases (Figure I.2): i) Osteoclast activation ii) Bone resorption iii) Reversal phase iv) New bone formation The cycle begins through the action of osteoclast cells to resorb old or damaged bone. They assemble in a cutting cone enlarging the resorption channel to its final diameter. During the inversion phase, osteoblast precursors (mesenchymal cells, osteoprogenitor) are activated and transform into osteoblasts. They colonize the canal to produce new lamellar bone and new bone formation takes place. Resorption in long bones takes about 15 days; the reversal phase can last up to 4 or 5 weeks, while bone formation can continue for up to 4 months (Hadjidakis et al 2006). Bone remodeling is regulated by various systemic and local factors. Growth hormones, thyroid, and parathyroid hormones promote bone remodeling systemically, while calcitonin and cortisone inhibit the process. Locally, any traumatic interruption of the vasculature leads to bone remodeling, as does the application of inappropriate mechanical forces.

Figure I. 2 .

 2 Figure I.2. Schematic representation of bone remodeling process (https://www.orthopaedicsone.com).

Figure I. 3 :

 3 Figure I.3: Bioactive bone cements clinical requirements.

Figure I. 5 :

 5 Figure I.5: Crystallographic structure (hexagonal P61/mmc) of vaterite (materialsproject.org)

Figure I. 6 :

 6 Figure I.6: Crystallographic structure of aragonite (orthorhombic Pmcn) (materialsproject.org)

Figure I. 7 :

 7 Figure I.7: Crystallographic structure of calcite (rhombohedral R3c) (materialsproject.org).

Figure I. 8 :

 8 Figure I.8: Chitosan molecular structure.

  as these procedures are well established in the literature (Figure I.9).

Figure I. 9 :

 9 Figure I.9: Schematic illustration of the three main phosphorylation pathways for chitosan.

  -1 ; these correspond to NH-P, C-N-P, P=O, P-O-C, CH2-P-O, and P-O vibrations, respectively (Figure I.10).

Figure I. 11 :

 11 Figure I.11: TGA curves of (a) raw chitosan and (b) phosphorylated chitosan (P-Chitosan 2) (Jayakumar et al., 2008).

  and 76.2 ppm (Figure I.13) were attributed to C-2, C-6, C-3, C-5, and C-4 respectively, of the polysaccharide cycle and the peaks located at 98.44, 97.4 and 94.35 ppm were assigned to C-1. After the phosphorylation reaction, C-6 and C-3 chemical shifts moved from 57.39 ppm to 57.63 ppm and from 72.01 ppm to 70.5 ppm, respectively, indicating that substitution with phosphate groups occurred in these hydroxyl sites. The chemical shift for C-4 also undergoes slight change from 75.82 ppm to 76.59 ppm, probably due to the substitution effect at the neighbouring C-3 position. The C-2 chemical shift also moved from 52.85 ppm to 54.27 ppm, due to the substitution of amino site by P-OH group. These results indicated that phosphorylation occurred in both hydroxy and amino groups.The discrepancy noticed in the previous works point out the importance of carefully investigating the experimental conditions and the differences in the raw materials used. The molecular weight and the deacetylation degree are of extreme importance. Moreover, the control and reproducibility related to the phosphorylation route should also be considered.

Figure I. 12 :

 12 Figure I.12: 13 C NMR spectra of native and chitosan phosphorylated by the three routes: Urea/H3PO4 referred as Chitosan 1#, H3PO4/ET3PO4/P2O5 referred as Chitosan 2# and CH3SO3H/P2O5 referred as Chitosan 3#) (Wang, 2014).

Figure I. 13 :

 13 Figure I.13: 13 C NMR spectrum of phosphorylated chitosan synthesized by the H3PO4/P2O5/ET3PO4 method (Chitosan 2#) (Jayakumar et al., 2008).

Figure I. 14 :

 14 Figure I.14: 31 P NMR spectrum of phosphorylated chitosan (P-Chitosan 3#) by the CH3SO3H/P2O5 method (a: DS= 0.1, b: DS= 0.15, c: DS= 0.4) (Wang et al., 2001).

Figure I- 15 :

 15 Figure I-15:31 P NMR of P-chitosan[START_REF] Hu | Preparation and Characterization of Chitosan-Based Flame Retardant and Its Thermal and Combustible Behavior on Polyvinyl Alcohol[END_REF] 

  Nevertheless, a very high amount of CMCs (10 wt%) interferes with the crystal growth of the cement and consequently decreases its mechanical performance. These mechanical investigations were correlated with porosity results where the composite cement with 5 wt% chitosan exhibited the highest compressive strength and the lowest porosity(Figure I.16).

Figure I. 16 :

 16 Figure I.16: Effect of carboxymethyl chitosan amount (2.5 to 10 wt.%) on the compressive strength (left) and porosity(right) of the cements (Yu et al., 2020).

  accepted that the formation of an apatitic layer on the material surface in vitro can ensure its bone-bonding ability in vivo indicating potential bioactivity of the tested materials (Figure I.17).

Figure. I. 18 .

 18 Figure. I.18. Histological cross-sections showing bone formation induced by CPC with Pchitosan samples one week after surgery: (a) vertical section of a CPC sample with P-chitosan: 0.02 g/ mL; (b) bone formation in a tibia using CPC with Pchitosan: 0.05 g/mL ( Wang et al., 2002).
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 1 Effect of the washing procedureThe XRD results showed the formation of a fully amorphous calcium carbonate phase in all the washed samples whatever the solvent used (deionized water or ethanol)(Figure II.1). The XRD pattern of pure ACC is characterized by the two diffusion halos at 2θ = 30.3° and 46.2° corresponding to the amorphous state of calcium carbonate.

Figure II. 1 :I. 2 . 1 . 2 .

 1212 Figure II.1: XRD patterns of the synthesized amorphous calcium carbonate (ACC) washed with either 200 mL of ethanol (black) or 200 mL of water (red).

Figure II. 2 :

 2 Figure II.2: XRD patterns of the synthesized amorphous calcium carbonate (ACC) in presence of different amounts of Mg 2+ in the cationic solution (mol % Mg: 100 x [Mg 2+ ]/ [Ca 2+ ]); letter (C) indicates calcite peaks.

Figure II. 3 :

 3 Figure II.3: FTIR spectrum of the synthesized amorphous calcium carbonate (ACC).

Figure II. 4 :

 4 Figure II.4: SEM micrographs of the synthesized amorphous calcium carbonate (ACC).

Figure II. 5 :

 5 Figure II.5: TGA curve of the synthesized amorphous calcium carbonate (ACC)

Figure II. 6 :

 6 Figure II.6: XRD patterns of the synthesized vaterite with different flow rates (mL/min) for the addition of the calcium solution to the carbonate solution compared with the vaterite reference XRD pattern (JCPDS 33-02-68).

Figure II. 7 :

 7 Figure II.7: FTIR spectrum of the vaterite synthesized using a flow rate of 12 mL/min.

  agglomerates of lentil-like shape of the particles of vaterite powder, which is the conventional morphology of vaterite[START_REF] Vikulina | Mesoporous additive-free vaterite CaCO3 crystals of untypical sizes: From submicron to Giant[END_REF] with an apparent grain size ranging from 0.5 to 3 µm (Figure II.8).

Figure II. 8 :

 8 Figure II.8: SEM micrographs of vaterite synthesized with an addition rate of 12 mL/min.

Figure II. 10 :

 10 Figure II.10: FTIR spectrum of the synthesized aragonite

Figure II. 11 :

 11 Figure II.11: SEM micrographs of the synthesized aragonite.

1 .

 1 Effect of reactive powders ratio on the cement composition

Figure II. 12 :

 12 Figure II.12: XRD diffractograms of the hardened cements prepared using a different ACC:V ratio (1:1, 1:2, or 2:1).

Figure II. 13 :

 13 Figure II.13: XRD patterns of the synthesized amorphous calcium carbonate (ACC) and vaterite (V) powders, and the calcium carbonate reference cement (CR) prepared with a 1:2 ACC:V powder ratio and L/P = 0.72.

  Figure II.14), the incorporation of magnesium could also be responsible for the high residual microstrains observed in calcite crystals (Figure II.15).

Figure II. 15 :

 15 Figure II.15: XRD data fine analysis: a) Phases content, b) Apparent crystallites size and c) Microstrains of aragonite and calcite phases present in the hardened reference cement (CR prepared with a 1:2 ACC:V ratio).

Figure II. 16 :

 16 Figure II.16: FTIR spectrum of the synthesized amorphous calcium carbonate (ACC) and vaterite (V) powders, and the reference calcium carbonate cement (CR prepared with a 1:2 ACC:V ratio).

Figure II. 17 :

 17 Figure II.17: SEM micrographs of the hardened calcium carbonate reference cement (CR prepared with a 1:2 ACC:V ratio).

Figure II. 18 :II. 3 .

 183 Figure II.18: Pores size distribution in the hardened calcium carbonate reference cement (CR prepared with a 1:2 ACC:V ratio).

Figure II. 19 :

 19 Figure II.19: Reference cement mechanical behavior: a) Compressive strength, b) Stress-strain curve, and c) Digital photo of the cement block after the compressive strength test.

  incorporation of magnesium within the formed calcite lattice, similar to what was observed for the set and hardened cement(Figure II.14). Therefore, we can assume that the magnesian calcite within the cement is mainly formed from the direct crystallization of Mg-doped ACC confirming the hypothesis made in section II.1.1. 

Figure II. 20 :

 20 Figure II.20: Follow up by XRD analysis of ACC powder after various periods of evolution (30 min, 1 h, 2 h, and 6 h) in presence of deionized water at 37°C: a) XRD patterns, b) Lattice parameters of the calcite formed as a function of time of ACC powder evolution in presence of water.

  spectroscopy follow-up (Appendix B, Figure B.1).To more precisely examine the evolution of the setting chemical reaction of the cement, the proportion of each calcium carbonate phase in the cement paste was evaluated using TOPAS on XRD data and plotted as a function of maturation time(2 h, 6 h, 24 h, 48 h) to follow up vaterite transformation (consumption) and aragonite/calcite formation during cement setting at 37°C (Figure II.21-b). The results showed clearly an almost complete consumption of vaterite after 6 h (only 12 wt% of vaterite is remaining in the cement paste) and the formation of 64 wt% of aragonite within the cement. At longer maturation times (24 h and 48 h) no vaterite was detected. The calcite (24 wt%) seemed to crystallize early (before 2 h of cement paste maturation) and did not evolve at further maturation times, in agreement with the preliminary study on ACC powder evolution in presence of water (See Figure II.20). As already presented in Figure II.15-a, the final composition of the cement was 76 wt% of aragonite and 24 wt% of calcite.

Figure II. 21 :

 21 Figure II.21: Setting reaction follow-up of the reference cement paste (CR) using XRD analysis data as a function of maturation time: a) XRD patterns and b) Phase content (wt%) within the cement, as determined using TOPAS software (for crystalline phases) and the PONCKS method (for the amorphous phase).

  2 and CR'0.5,. However, in the CR'1 formulation aragonite amount only reached 27 wt% with 73 wt% of remaining vaterite and no calcite was formed within this cement. Among the three cement formulations including Na2CO3 tested, CR'1 did not lead to a cohesive cement after 48 h of maturation which can be correlated to the high amount of unreacted vaterite.

Figure II. 22 .

 22 Figure II.22. XRD diagrams of the hardened cements (CR and CR'X) after 48 h of maturation

  -1 on the main υ3CO3 vibration band. The υ2CO3 band at 855 cm -1 is characteristic of aragonite. The intensity of this band decreased drastically in contrast to the reference cement showing a partial inhibition of aragonite formation. No calcite bands were noticed within this formulation evidencing a complete inhibition of calcite within this cement during the setting period of 48 h. The bands of the formed phases within the cements formulated in presence of Na2CO3 appeared broader than those of the reference cement; this observation can confirm the crystal growth inhibition at high supersaturation with the use of a carbonate salt as setting accelerator as determined in the XRD data analysis.

Figure II. 24 :Figure

 24 Figure II.24: FTIR spectra of a) the synthesized reference and CR'X cements and b) focus on the 1150-550 cm -1 domain.

  Figure B.2).
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 2512311 Figure II.25: XRD follow-up of the chemical reaction of the elaborated cements with different setting accelerator (Na2CO3) concentrations after 2 h, 6 h, 24 h, and 48 h of maturation: a) CR, b) CR'0.2, c) CR'0.5, and d) CR'1

  dissolution of the reactive powders and consequently delayed the formation of the reaction products (Figure II.26). The rather slow aragonite formation and the remaining unreacted vaterite within this formulation indicated that both ACC and vaterite solubility were affected with the use of a concentrated Na2CO3 solution (especially carbonate ions) as a liquid phase.

Figure II. 26 :

 26 Figure II.26: Evolution of the CaCO3 phases content within a) the reference cement (CR), b) CR'0.2, c) CR'0.5, and d) CR'1 as a function of maturation time, calculated from the XRD data.

  Figure II.27: Injectability of the CR'X cements as a function of the concentration X (M) of Na2CO3 in the liquid phase of the cements.

Figure II. 28 :

 28 Figure II.28: Compressive strength measurements as a function of the concentration of Na2CO3 in the liquid phase of the cements.

Figure III. 1 :

 1 Figure III.1: XRD patterns of the synthesized vaterite powder, the reference cement (CR), and the composite cements prepared either with a chitosan, cellulose starch, or alginate solution (leading to 2.5 wt % of polysaccharide with respect to the cement solid phase).

Figure III. 2 :

 2 Figure III.2: Illustration of the formulation of the composite cements with chitosan

Figure III. 3 :

 3 Figure III.3: XRD diagrams of (a) the hardened cements after setting and hardening (CR, CRAc, and CCsX cements), and (b) focus in the 25-28° domain for the elaborated cements.

Figure III. 4 :

 4 Figure III.4: Lattice parameters of a) calcite and b) aragonite formed in the elaborated cement: CR: reference cement, CRAc: cement prepared with a 1% (v/v) acetic acid aqueous solution as a liquid phase and the composite cements including chitosan: CCs2.5, CCs3.5, and CCs4.

Figure III. 5 :

 5 Figure III.5: XRD data analysis of the hardened CR, CRAc and CCsX cements after setting and hardening: (a) Aragonite and calcite phase content (weight %), (b) Average apparent crystallite size, and (c) Microstrains analysis of the aragonite and calcite crystals formed in the cement.

Figure III. 6 :

 6 Figure III.6: FTIR spectra of (a) the CR, CRAc, and CCsX cements prepared with various amounts of chitosan in the liquid phase and, (b) focus on the 1200-600 cm -1 domain.

Figure III. 7 :

 7 Figure III.7: a) Photo of the CCs2.5 sample surface analyzed (the blue square indicates the mapped zone), b) Raman spectrum, and c) Raman mapping (the scale on the right is based on the intensity ratio of the υC-H band of chitosan to the υ4CO3 band of aragonite) of the set and hardened CCs2.5 composite cement.

  and 8e) displayed an entangled network of aragonite needle-like crystals creating a porous microstructure. The SEM micrographs of the composite cements revealed that chitosan embedded the aragonite needle-like crystals leading to a distinct microstructure with a disrupted aragonite crystals network more densely packed than in CR (Figures III.8f to 8k). Moreover, chitosan areas (rich zones) were observed in the composite cements (clearly observable in Figure III.8g) indicating some polymer chain entanglements that may occur during the setting and hardening of the cement. These microstructure modifications may be due to the reaction of the acetic acid from the chitosan solution dissolving calcium carbonate phases in the paste and leading to a release of CO2 and a pH increase. This pH variation may be associated with the deprotonation of the amine groups and gelation of the polymer moiety[START_REF] Cho | Physical gelation of chitosan in the presence of β-glycerophosphate: The effect of temperature[END_REF][START_REF] Nie | Chitosan Hydrogel Structure Modulated by Metal Ions[END_REF]. These observations confirmed the Raman mapping results of CCs2.5 evidencing chitosan rich area related to chitosan chains entanglements within the cement(Figure III.7c). Large spherical macropores in CCs4 cement can be related to the CO2 bubbles formed and trapped in this highly viscous paste(Figure III.8j).

Figure III. 8 :

 8 Figure III.8: SEM micrographs of the synthesized powders of vaterite (a) and ACC (b), commercial chitosan Cs (c), and the set and hardened cements containing various amounts of chitosan (d to k): CR (d,e), CCs2.5 (f,g), CCs3.5 (h,i), CCs4 (j,k) (blue, yellow and green arrows indicate aragonite, chitosan, and macropores, respectively) (Toufik et al., 2023).

Figure III. 9 :

 9 Figure III.9: Pore size distribution within the hardened cements: a) CR, b) CCs2.5, c)CCs3.5, and d) CCs4[START_REF] Toufik | On the physicochemical properties, setting chemical reaction, and in vitro bioactivity of aragonite-chitosan composite cement as a bone substitute[END_REF] 

Figure III. 10 : 1 .

 101 Figure III.10: Reference and composite cements mechanical testing as a function of chitosan amount introduced in the self-setting composite formulation: Compressive strength (a) determined from the experimental stress-strain curves (b); (c) and (d) Digital photos of CR and CCs3.5 after the compression mechanical test, respectively (Toufik et al., 2023).

Figure III. 11 :

 11 Figure III.11: X-ray diffractograms related to the follow-up of the setting chemical reaction of the elaborated cements (CR, CRAc, and CCsX) after a) 2 h, b) 6 h, c) 24 h, and d) 48 h of maturation.

Figure III. 12 :

 12 Figure III.12: Evolution of the crystalline and amorphous CaCO3 phases content within a) CR and, b) CRAc, c) CCs2.5, d) CCs3.5 and e) CCs4 composite cements as a function of their maturation time, calculated from the XRD data using TOPAS software and the PONKCS method. The point 0 h corresponds to the initial powders' mixture (before the addition of the liquid phase).

Figure

  Figure III.13: a) Initial and final setting times and b) Injectability of the formulated cements

. 1 :Figure IV. 1 :

 11 Figure IV.1: Phosphorus amount (determined using ICP-OES spectrometry) as a function of the amount of P2O5 (g) involved in the phosphorylation reaction.

Figure IV. 2 :

 2 Figure IV.2: a) FTIR spectrum of chitosan (Cs), methanesulfonic acid-treated chitosan (Cs0)and phosphorylated chitosan (Cs-P), b) focus on 450-1800 cm -1 domain of these spectra.

Figure IV. 3 :

 3 Figure IV.3: a) 31 P NMR spectrum of the synthesized phosphorylated chitosan (Cs-P), b) 2D 1 H/ 31 P HMBC and c) 1 H/ 13 C HSQC NMR

Figure IV. 4 :

 4 Figure IV.4: Schematic illustration of a possible structure of the phosphorylated chitosan

Figure IV. 5 :

 5 Figure IV.5: a) TGA analysis curve and b) DTG analysis curve of the raw chitosan (Cs), chitosan treated in methanesulfonic acid (Cs0) and the synthesized phosphorylated chitosan (Cs-P)

Figure

  Figure IV.6 depicts the microstructure of the native, sulfonic acid treated, and phosphorylated chitosan samples. SEM microscopy of raw chitosan (Figure IV.6-a-b) showed a sheet-like shape structure characteristic of polymeric matter whereas, methanesulfonic acid-treated chitosan indicated some fragments (clearly visible in Figure IV.6-d), which could be due to the harsh acidic medium combined with stirring. Phosphorylated chitosan exhibited a porous and

Figure IV. 6 :

 6 Figure IV.6: SEM micrographs of (a-b) Raw chitosan (Cs), (d-e) Cs treated with CH3SO3H (Cs0) and (g-h) phosphorylated chitosan (Cs-P), (c-f-i)-EDX spectrum of Cs, Cs0 and Cs-P, respectively.

Figure IV. 7 :

 7 Figure IV.7: XRD patterns of the synthesized reactive powders (ACC and vaterite), and the hardened CR'0.2, CCs0 and CCs-P cements. The reference XRD patterns of vaterite JCPDS 33-02-68, aragonite JCPS 00-041-1475 and calcite JCPDS 00-047-1743 are also presented.

Figure IV. 8 :

 8 Figure IV.8: Lattice parameters of the formed calcite in the set cements compared to pure calcite.

Figure IV. 9 :

 9 Figure IV.9: XRD patterns of the synthesized reactive powders (ACC and vaterite) mixed with Cs-P gel and maturated for 48h.

Figure IV. 10 :

 10 Figure IV.10: FTIR spectra of the reactive powders and the hardened CR'0.2, CCs0 and CCs-P cements.

Figure

  Figure IV.11 shows the SEM micrographs of the elaborated cements. The SEM micrographs of CR'0.2 (Figure IV.11, a and b) and CCs0 (Figure IV.11, d and e) depicted a microporous microstructure characteristic of the formed aragonite network within the cement. In the case of CCs-P (Figure IV.11, g and h) the microporous structure displayed agglomerations of spherical vaterite particles in accordance with the structural characterization of this cement by XRD.

Figure IV. 11 :

 11 Figure IV.11: SEM micrographs of the cements: a-b) CR'0.2, d-e) CCs0 and g-h) CCs-P and their corresponding EDX spectrum: c) CR'0.2, f) CCs0 and i) CCs-P.

Figure IV. 12 :

 12 Figure IV.12: Compressive strength (a) and stress-strain curve (b) of the elaborated cements (CR'0.2, CCs and CCs-P)

Figure IV. 14 :

 14 Figure IV.14: XRD patterns (a) and the related quantitative evaluation of CaCO3 phases (b) involved in the setting chemical reaction follow-up of CCs-P cement at early maturation times (5 min, 15 min, 30 min and 1h).

Figure IV. 15 :

 15 Figure IV.15: Initial and final setting times of the elaborated cements (CR'0.2, CCs and CCs-P)

  2 and CCs0) that was inhibited in presence of Cs-P (stabilization of vaterite). The fast hardening of the CCs-P cement could be related to the fast formation of calcite (within 15 min, see Figure IV.14) in the presence of Cs-P rather than the relatively slower formation of aragonite phase as in the CR'0.2 and CCs0. Interestingly, the final setting time (28 min, Figure IV.15) correlated perfectly with the termination of the setting reaction of the cement shown to be around 30 min (Figure IV.14).

  Figure IV.16-a. The results showed that the cements CR'0.2, CCs0 and CCs-P exhibited a high injectability: 90 ± 3 %, 93 ± 4 % and 95 ± 5 %, respectively. Interestingly, the fast-setting time of CCs-P (initial setting time of 17 min) did not alter its paste injectability. In addition, the washout resistance of the cement in an SBF solution after 24 h is demonstrated in Figure IV.15. The CR'0.2 and CCs0

  incubated at constant temperature (37°C) for different periods of time (6 h, 3 d, 7 d, 14 d, and 28 d), as illustrated in Figure V.1. The SBF solution was refreshed every 3 or 4 days and the samples were manually shaken every day.

Figure V. 1 :

 1 Figure V.1: Schematic illustration of the experimental set for the in vitro study in SBF solution at 37°C for four weeks.

  evolution of the samples' weight regarding the different compositions (CR, CCs and CCs-P) in function of immersion time (6 h, 3 d, 7 d, 14 d, and 28 d) is presented in Figure V.2. The results showed that all the immersed cements underwent a progressive weight loss in function of immersion time in SBF.

Figure V. 2

 2 Figure V.2 indicated that both CR and CCs which were initially similar in composition -mainly aragonite and some calcite-(see chapters II and III, respectively), underwent quite similar

Figure V. 2 :

 2 Figure V.2: Weight loss evolution of the cements immersed in SBF solution in function of immersion time (6 h, 3 d, 7 d, 14 d, and 28 d).

  Figure V.3) which could be correlated to a potential delayed and low apatite deposition on this type of cement. In fact, the calcium carbonate dissolution and apatite deposition were in competition. When carbonate ions release prevails, the pH increases while it decreases when apatite (carbonated) is forming.

Figure V. 3 :

 3 Figure V.3: pH evolution of the SBF solutions collected after cements (CR, CCs and CCs-P) immersion during different times up to 4 weeks.

  Figure V.4-a) and CCs (Figure V.4-b) cements' following their immersion in SBF solution in function of incubation time (6 h, 3 d, 7 d, 14 d, 28 d).

  constituent of CCs sample (Figure V.5) confirming that the apatite deposited and formed a thick layer at the surface of the CCs pellets. The presence of aragonite in the core of the sample could be beneficial to the long-term resorption of the composite cement.

Figure V. 4 :

 4 Figure V.4: XRD analysis performed on the cements pellets of a) CR and b) CCs cements before (Control) and after different times of immersion in SBF solution (3 d, 7 d, 14 d and 28 d), compared with the XRD pattern of a nanocrystalline apatite reference sample.

Figure V. 5 :

 5 Figure V.5: XRD pattern of the ground pellet of CCs after 28 days of immersion in SBFshowing that aragonite is the main phase of the cement bulk evidencing that apatite formed mainly at the cements' surface upon immersion in SBF solution. Some of the magnesian calcite was still observed in the cement indicating that the degradation process started from the surface of the cement.

Figure V. 6 :

 6 Figure V.6: XRD diffractograms of the CCs-P cements pellets before (control) and after different times (3 d, 7 d, 14 d and 28 d) of immersion in SBF solution.

Figure V. 7 :

 7 Figure V.7: FTIR spectra of the cements' pellets scratched surface as a function of immersion time in SBF (3 d, 7 d, 14 d and 28 d) of a) CR, b) focus on [500-750 cm -1 ] and c) CCs, d) focus on [500-750 cm -1 ] range.

1

  assigned to structural water of the formed apatite. The apatite bands appeared low in intensity in contrast to the vaterite ones in the CCs-P formulation confirming the XRD results. Overall, the apatite formed on this cement formulation appeared delayed and in lower amount compared to the previously discussed CR and CCs formulations.

Figure V. 8 :

 8 Figure V.8: a) FTIR spectra of the CCs-P cements pellets scratched surface before (control) and after different times of immersion (3d, 7 d, 14 d and 28 days) in SBF solution. b) Focus on [500-750 cm -1 ], black arrow shows a blue-shifted emerging peak compared to apatite ones referred by pink arrows and lines

Figure V. 9 :

 9 Figure V.9: SEM micrographs of the reference (CR) and the composite (CCs) cement controls (before immersion: a and b, respectively) and after immersion in SBF for 7 days (e and f, respectively), 14 days (i and j, respectively) and 28 days (m and n, respectively), and their corresponding EDX analysis: c (control), g (7 d), k (14 d) and o (28 d) for CR and d (control), h (7 d), l (14 d) and p (28 d) for CCs.

  mainly covered with apatite at 28 days (Figure V.4b), ii) The observation of a more homogeneous and thicker covering of CCs surface by apatite (Figure V.9n).

Figure V. 10

 10 Figure V.10 presents the FE-SEM micrographs of CCs-P cements pointing out some spherical agglomerates typical of vaterite polymorph in the control sample (Figure V.10, a,b). After immersion in SBF for 7 days (Figure V.10 c,d), it seems that vaterite particles have evolved into larger agglomerates showing an edged cauliflower morphology. This morphology was

  , h). Interestingly, different morphologies of particles inside these deposits can be noticed and the EDX analysis showed the presence of calcium, and phosphorus signals (Figure V.10i). Nano-spheres particles appeared on top of these deposits (Figure V.10h, right side). Inside these deposits, a columnar structure (Figure V.10h, middle part) appeared in addition to probably an apatite layer (Figure V.10h, left part). The columnar structure located

Figure V. 10 :

 10 Figure V.10: FE-SEM micrographs of the CCs-P cements before (a-b), and after their immersion in SBF for 7 days (c-d), 14 days (e-f), and 28 days (g-h); Figure 7h shows the different structures observed at higher magnification (right side shows amorphous-like particles (ACP), a columnar structure similar to octacalcium phosphate (OCP) is observed the middle and the left side shows apatite-like particles); i) EDX analysis of the CCs-P-28d cement.

Figure V. 11 :

 11 Figure V.11: Similar structures of synthesized OCP with columnar morphology in previouswork[START_REF] Iijima | Control of octacalcium phosphate and apatite crystal growth by amelogenin matrices[END_REF] 

Figure V. 12 :

 12 Figure V.12: Pore size distribution in the studied cements before (CR, CCs, and CCs-P) and after 28 days (CR-28d, CCs-28d, and CCs-P-28d) of immersion in SBF.

  of the XRD data(Figure V.13). As already demonstrated for CR and CCs by the incorporation of magnesium (Mg 2+ was used to stabilize ACC reactive powder) in calcite lattice (see Chapter III, Figure III.4) the results showed that the lattice parameters of calcite in CCs-P cements were also lower than those of pure calcite. Nevertheless, some differences in the lattice parameters of calcite in CR, CCs and CCs-P can be noticed. Mainly, CR exhibited higher lattice parameters (a = 4.935 ± 0.005 Å, c = 16.77 ± 0.02 Å) than CCs (a = 4.924 ± 0.004 Å, c = 16.722 ± 0.023 Å), while CCs-P showed higher lattice parameters than both cements (a = 4.946 ± 0.006 Å, c

  d'hydrogels de chitosane natif ou phosphorylé en tant qu'additif ont été développés et caractérisés. Les poudres réactives du ciment : vatérite pure et carbonate de calcium amorphe dopé au magnésium ont été synthétisés et caractérisés de manière approfondie. Le mélange des poudres réactives a été optimisé pour obtenir principalement de l'aragonite comme phase finale du ciment minéral de référence. Ensuite, le mélange de poudres a été associé à des gels de chitosane natif ou phosphorylés en tant que phase liquide des ciments composites. Ce travail est une étude complète pour comprendre le rôle de ces polysaccharides sur le comportement physico-chimique, la réaction chimique de prise, la prise physique/mécanique, et la bioactivité acellulaire in vitro des ciments composites en solution SBF.La composition des ciments composites durcis étudiés avec du chitosane natif [0-4% m/m dans la phase solide du ciment, CCs] était presque la même, contenant moins de 21% m/m de calcite dopée au Mg et plus de 79% m/m d'aragonite. L'association du gel de chitosane natif jusqu'à 3,5 % m/m avec la matrice de ciment carbonate de calcium a diminué le temps de prise et n'a pas affecté de manière significative la composition finale ni l'injectabilité de la pâte (> 85 ± 5 %) du ciment.Le suivi de la réaction de prise à l'aide des données de diffraction des rayons X a révélé l'effet dose-dépendant du chitosane engendrant un retard de la dissolution de la vatérite et de la cristallisation de l'aragonite pendant les premières heures de prise. Le ciment composite comprenant 3,5 % m/m de chitosane a présenté le meilleur compromis en termes de temps de prise initial (45 min), d'injectabilité (85 %) et de propriétés mécaniques (6,5 MPa) analogues à celles de l'os spongieux. En raison de la solubilité limitée du chitosane dans les solutions aqueuses neutres ou basiques, il n'a pas permis l'utilisation d'une solution d'accélérateur de prise alcaline comme le Na2CO3. Par conséquent, la fonctionnalisation du chitosane a été réalisée pour étendre la solubilité du polymère vers une gamme de pHs plus élevés. La phosphorylation du chitosane (Cs-P) a été réalisée en utilisant la méthode CH3SO3H/P2O5 pour greffer sélectivement les fonctions phosphate aux groupes hydroxyle du squelette du chitosane, résultant en un chitosane hydrosoluble. L'association du chitosane phosphorylé hydro-soluble (Cs-P comprenant 6,9 % m/m de P) à la matrice du ciment de carbonate de calcium a entraîné une voie de réaction de cristallisation et de prise différente dans le ciment. Les résultats quantitatifs de l'analyse par diffraction des rayons X ont montré une inhibition complète de la croissance de l'aragonite et l'obtention d'un ciment composite à base de vatérite (74 % m/m) et de calcite (26 % m/m).Les composites fonctionnalisés élaborés avec 2,5 % m/m de Cs-P dissous dans une solution de Na2CO3 (0,2 M) utilisé comme accélérateur de prise, ont montré des propriétés intéressantes en termes de réduction des temps de prise initiaux (15 min) et finaux (28min), une bonne injectabilité de la pâte (95 %), une meilleure cohésion de la pâte grâce à la capacité de liaison des ions calcium à la fonction phosphate. Néanmoins la diminution de la masse moléculaire du biopolymère due à l'utilisation d'acide méthanesulfonique lors du protocole de phosphorylation de Cs a pu limiter sa capacité de renforcement (résistance en compression plus faible : 4.4 MPa), L'évaluation de la bioactivité in vitro dans un fluide corporel simulé (SBF) à 37°C a montré, d'une part, une meilleure capacité de formation d'apatite et un taux de résorption modéré pour le ciment composite avec du chitosane natif (CCs) conduisant au dépôt d'une apatite carbonatée biomimétique à sa surface après 4 semaines d'immersion. Cette amélioration a permis d'élucider le rôle du chitosane dans l'obtention d'une taille apparente de cristallites plus faible de l'aragonite et de la calcite avec une réactivité plus élevée. D'autre part, le ciment composite avec chitosane phosphorylé (CCs-P) a présenté une formation d'apatite retardée et un taux de résorption accéléré après 4 semaines d'immersion. Le retard dans la formation d'apatite dans ce ciment a été expliqué principalement par le taux de résorption plus faible de la calcite formée dans ce ciment en raison d'un dopage en Mg plus faible de la calcite que dans celle formée dans CCs ou CR. En effet, la capacité de liaison et de chélation du Cs-P a Ensuite, des efforts futurs pourraient être déployés pour étudier le comportement cellulaire in vitro afin de vérifier que les ciments composites optimisés avec du chitosane natif et phosphorylé sont antibactériens mais pas cytotoxiques et, en cas de résultats prometteurs, évaluer leur ostéointégration, leur résorption et leur capacité de formation osseuse dans un défaut critique par le biais d'une étude chez l'animal. Cette étude, ainsi que les perspectives proposées, pourraient ouvrir la voie au développement de nouveaux substituts osseux composites modulables, résorbables, injectables et autodurcissants à base de ciment CaCO3 et de chitosane pour la réparation osseuse.

Figure A. 1 :

 1 Figure A.1: Digital photo of the Gilmore apparatus used for the determination of the setting time.

Figure B. 2 :Figure B. 3 :

 23 Figure B.2: Reference (CR) and Na2CO3 loaded (CR'X) cements composition follow-up using FTIR spectroscopy after 2 h, 6 h, 24 h and 48 h of cement paste maturation at 37°C in a wet atmosphere: a) CR, b) CR'0.2, c) CR'0.5, and d) CR'1.

  

  

  

  

Table I .1. List

 I of major calcium phosphates and their physicochemical characteristics.

	Calcium phosphate	Abbreviation	Chemical formula	Ca/P	Solubility (pKs at 37°C)
			Monocalcium phosphate		
	Anhydrous	MCPA	Ca(H2PO4)2	0.50	-
	Monohydrate	MPCM	Ca(H2PO4)2, H2O	0.50	-
			Dicalcium phosphate		
	Monetite	DCPA	CaHPO4	1.00	6.04
	Brushite	DCPD	CaHPO4, 2H2O	1.00	6.73
			Octacalcium phosphate		
	Triclinic OCP	OCPtr	Ca8(PO4)4(HPO4)2, 5H2O	1.33	98.60
			Tricalcium phosphate		
	α or β	TCP (α, β)	Ca3(PO4)2	1.5	28.50 -29.60
	Apatitic	TCPa	Ca9(PO4)5(HPO4)(OH)	1.5	-
	Amorphous	ACP	Ca9(PO4)6, nH2O	1.5	-
			Hydroxyapatite		
	Stoichiometric	HA	Ca10(PO4)6(OH)2	1.67	117.20
	Non-Stoichiometric	-	Ca10-x((PO4)6-x(HPO4)x)(OH)2-x	1.33-1.65	-

Table I

 I 

	.3: Different types of calcium carbonates (*: Vaterite can exist in other crystalline
	structures)

Calcium carbonate phases Chemical formula Crystalline structure Solubility (pKs at 25°C)

  

	Calcite	CaCO3	Rhombohedral	8.48
	Aragonite	CaCO3	Orthorhombic	8.30
	Vaterite	CaCO3	Hexagonal*	7.91
	Amorphous phase	CaCO3, xH2O	-	-
	Calcium carbonate hemihydrate	CaCO3, 0.5H2O	Monoclinic	-
	Monohydrocalcite	CaCO3, H2O	Triclinic	-
	Ikaite	CaCO3, 6H2O	Monoclinic	-
	Combes and collaborators (Combes et al., 2006) reported on the first cements based only on
	calcium carbonates prepared by admixing vaterite and amorphous calcium carbonate (ACC).

Table I .4:

 I Biopolymers, whose degradation products are not immunogenic, have a great potential to be used in the development of medical devices such as temporary prostheses, three-dimensional porous structures (scaffolds) for tissue engineering, and as controlled release drug delivery systems and applications like suturing, fixation or adhesion. Thus, in the case of calcium phosphate-based bone substitute materials, different types of biopolymers have been associated

	Classification	Origin	Biopolymers
		Plant/algal	Starch (amylose/amylopectin), Cellulose, Agar, Alginate, Carrageenan, Pectin, Konjac, Various gums (e.g., guar)
		Animal	Chitin/chitosan, Hyaluronic acid
	Polysaccharides	Bacterial	Xanthan, Dextran, GelIan, Levan, CurdIan, Polygalactosamine Cellulose (bacterial)
		Fungal	Pullulan, Elsinan, Yeast glucans
		Lipids	Acetoglycerides, Waxes, Emulsan
	Proteins	Animal/pla nts	Silks, Collagen/gelatin, Elastin, Resilin, Adhesives, Polyamino acids, Soy, Zein, Wheat Gluten, Casein, Serum albumin
	Polyesters	Bacterial/A nimal	Polyhydroxyalkanoates, Polylactic acid

Classification of biopolymers with some examples of types of biopolymers

Improved property Polymer associated in the liquid phase Polymer associated in the powder phase Setting time

  

		Alginate	
		Chitin	
		PEG	
		Chitosan	
	Cohesion	Alginate Silk	_____
		PEG	
	Injectability	Hyaluronate Cellulose	
	Macroporosity	Soybean Albumen	Gelatin Polyesters
		Gelatin	Chitosan
		Chitosan	Polyesters
	Mechanical	Chitin	
	properties	Polyesters	
		PAA	____
		Fibrin glue	
	Long-term degradation	____	Gelatin Chitosan Polyesters
	Drug-eluting system	Chitosan Polyesters PAA	Gelatin Polyesters
	Biological	Gelatin	Alginate
	response	Collagen	Polyesters

Table I . 8 :

 I8 Some examples of the effect of chitosan on the physicochemical properties of mineral cements (CPC: Calcium phosphate cement, MPC: Magnesium phosphate cement, OPC: Ordinary Portland cement). (↓: Decrease, ↑: Increase, -: Unchanged, N/D: not determined)).

	Cement	Chitosan (derivatives)	Setting time Injectability	Compressive strength	Porosity	Ref
	CPC	Cs	↓	↓	↑	N/D	(Leroux et al., 1999)
	CPC	P-Cs	↑	N/D	↑ then ↓	N/D	(Wang et al., 2001)
	CPC	P-Cs	↓	-	↑ then ↓	N/D	(Boroujeni et al., 2014)
	CPC	Cs	↓	N/D	↑ then ↓	N/D	(Takechi et al., 1996)
	MPC	CMCs	↑	↓	↑ then ↓	↓ then ↑	(Ling Yu et al., 2020)
	OPC	Cs	↓	-	↓	-	(Subhi et al., 2020)

  ... I.2.1. Structural characterization ..............................................................................

I.2.2. Spectroscopic characterization ........................................................................ I.2.3. Morphological examination ............................................................................. I.2.4. Thermal characterization ................................................................................ II. Vaterite .........................................................................................................................

Table II .

 II 

	υ (cm -1 )	Intensity	Bands Attribution
	2700-3600	m	Surface water
	2626, 2548 ,2508	w or sh	υ1CO3 + υ3CO3
	1835, 1814, 1764,1740	sh	υ1CO3 + υ4CO3

2. Positions, attributions, and relative intensities of IR bands of vaterite (w: weak, sh: shoulder, i: intense, m: medium, vw: very weak).

Table III . 1 :

 III1 Setting times and injectability of the composite cement pastes prepared with a 2.5 wt% or 3.5 wt % solution of each polysaccharide as the liquid phase.

	Polysaccharide	wt%	Initial setting time	Final setting time Injectability
	CR (no polymer)	-	140 ± 8 min	219 ± 7 min	95 ± 2%
	Chitosan	2.5 3.5	95 ± 3 min 45 ± 2 min	270 ± 3 min 280 ± 3 min	98 ± 3% 95 ± 2%
	Methyl Cellulose	2.5 3.5	105 ± 5 min 90 ± 4 min	250 ± 3 min 260 ± 5 min	98 ± 3% 97 ± 2%
	Starch	2.5 3.5	130 ± 9 min 125 ± 6 min	250 ± 3 min 300 ± 2 min	95 ± 2% 96 ± 3%
	Sodium Alginate	2.5 3.5	-No setting-	-No setting -	96 ± 2% 97 ± 1%

Table IV . 2 .

 IV2 TGA weight losses attributions for the various chitosan samples

	Material Water loss (wt%) Tonset (°C)	Assignment	Residue (wt%)
	Cs	8.5	302	Decomposition of chitosan	31.8
	Cs0	12	200 300	Decomposition of chitosan	25.2
	Cs-P	8.2	174 250	Decomposition of chitosan	31.4
	I.2				

.3. Morphological examination

  

Table V . 1 :

 V1 Cationic solution composition (for 2 L of solution) used to prepare 4L of SBF solution

	Reagents	M (g/mol)	Concentration (mM)	Weight (g)
	NaCl (VWR,27788.297)	58.44	137	16.012
	KCl (VWR,26764.298)	74.55	6	0.95
	MgCl2.6H2O (VWR,25108.295)	203.3	3	1.22
	CaCl2.2H2O (VWR,22317.297)	147.02	5	1.47
	HCl 37% (VWR,20252.290) diluted to a 1 M solution	36.46	39	78 (mL)
	TRIS: NH2C(CH2OH)3 (VWR, 2010644)	121.14	45.4	11
	Table V.2: Anionic solution composition (for 2 L of solution) used to prepare 4 L of SBF
		solution		
	Reagents	M (g/mol) Concentration (mM)	Weight (g)
	NaCl (VWR 27788.297)	58.44	137	16.012
	K2HPO4.3H2O (VWR,26931.263)	228.22	2	0.915
	Na2SO4 (VWR,28114.296)	142.04	1	0.285
	HCl 37% (VWR,20252.290) diluted to a 1 M solution	36.46	39	78 (mL)
	TRIS: NH2C(CH2OH)3 (VWR, 2010644)	121.14	45.4	11

Table V . 3 :

 V3 Comparison of the weight loss of apatitic materials (in wt.%, from the literature) after their evolution in SBF with those of the studied cement formulations.

	Material	Weight loss (wt%)	References
	Apatite cement	6.5 (28 days)	(Yu et al., 2013)
	Carbonated apatite pellet	5.5 (49 days)	(Safarzadeh et al., 2022)
		CR:11.8 ± 0.4 (28 days)	
	Calcium carbonate cements	CCs: 11.4 ± 0.3 (28 days)	Our work
		CCs-P: 20.5 ± 0.5 (28 days)	

Table V . 4 :

 V4 The Ca/P atomic ratio of the immersed cements in SBF after several days, calculated from EDX analysis.

	Material	Ca/P (± 0.1) of cement after their immersion in SBF 7 d 14 d 28 d
	CR	7.7	7.3	3.6
	CCs	6.9	3.5	1.8

  [START_REF] Formulation | [END_REF] Figure V.8) that apatite is probably formed from the low crystallinity calcium phosphate initially formed at the cement surface and through OCP intermediate phase. In this context, Lee et al(Lee et al., 2014b) reported on the deposition of amorphous or cryptocrystalline calcium phosphates in early immersion time on a biphasic (vaterite + calcite) powder may support our stated hypothesis. The observation by FE-SEM microscopy of these potential OCP-like structures only in the CCs-P formulation could be due to the possible stabilization of this phase with the phosphorylated chitosan. It should be noted that the XRD and the FTIR data did not

Table V . 5 :

 V5 Total porosity of the cements before and after immersion in SBF for 28 days.

	Cement	Total porosity (%) Before immersion After immersion (28d)
	CR	60%	70%
	CCs	54%	64%
	CCs-P	59%	62%

  Dans le domaine de la réparation osseuse, on s'intéresse de plus en plus aux matériaux injectables et autodurcissants pouvant être implantés par une chirurgie peu invasive. Dans ce contexte, les ciments à base de carbonate de calcium ont été proposés comme des ciments osseux hautement résorbables par rapport aux ciments phosphocalciques largement étudiés et développés. Par ailleurs, l'association de ciments osseux avec des polysaccharides a été suggérée comme une stratégie prometteuse pour ajuster leurs propriétés physicochimiques, mécaniques, biologiques et de mise en oeuvre. Dans ce but, nous avons préparé et caractérisé des ciments composites à base de carbonates de calcium et de chitosane natif ou chimiquement modifié en vue d'améliorer et contrôler le temps de prise et l'injectabilité de la pâte, sa cohésion ainsi que les propriétés mécaniques du ciment afin de répondre aux exigences cliniques. Des poudres de carbonate de calcium (vatérite et carbonate de calcium amorphe) ont été synthétisées par double décomposition en solution aqueuse, puis mélangées et enfin associées avec une phase liquide à base de chitosane natif (faible Mw, DDA: 75-85%) solubilisé dans l'acide acétique ou d'hydrogel de chitosane phosphorylé synthétisé. La composition, la microstructure, le comportement de prise, l'injectabilité et les propriétés mécaniques des ciments composites élaborés ont été caractérisés en utilisant des techniques complémentaires (Diffraction des rayons X, spectroscopie FTIR, microscopie électronique à balayage, mesures du temps de prise, injectabilité, résistance à la compression et mesures de la porosité). Les analyses quantitatives montrent qu'après la prise, les ciments associés au chitosane natif sont principalement composés d'aragonite, tandis que la vatérite est le principal constituant de ceux associés au chitosane phosphorylé ; elles ont permis d'établir les mécanismes impliqués dans la prise de ces différents ciments composites. Les formulations contenant 3,5% m/m de chitosane natif ou 2,5 % m/m de chitosane phosphorylé ont montré un bon compromis entre une bonne injectabilité (85% à 95% respectivement) et bonne cohésion de la pâte, un temps de prise réduit (45 min et 17 min respectivement) et une résistance à la compression et ductilité améliorées par rapport à celles du ciment de référence et, dans tous les cas, suffisantes pour des applications en site non porteur. L'évolution in vitro des ciments composites dans une solution simulant le plasma sanguin a révélé la formation de sphérulites d'apatite à la surface des ciments composites développés, démontrant leur bioactivité et l'intérêt d'évaluer dans le futur leurs propriétés biologiques in vitro et in vivo.

Résumé :

compromise in the choice of Na2CO3 concentration in the liquid phase should be defined to reduce the initial setting time while maintaining a high cement paste injectability.

Chapter III and Chapter IV will be dedicated to the association of the elaborated cement with native chitosan, and chemically modified chitosan hydrogels because of their potential to reduce the setting time of the cement and to strengthen its mechanical properties. After 30 min of maturation, the cement reached its final composition (74 wt% of vaterite and 26 wt% of calcite) and no more ACC was detected. This evidenced that the formed calcite in this cement formulation is due to the transformation of ACC as well. It is worth mentioning that the elaborated ACC is a proto-calcite type that transforms to calcite shortly upon contact with water (see Chapter II, section III.1) which is in agreement with Gebauer et al. study [START_REF] Gebauer | Proto-Calcite and Proto-Vaterite in Amorphous Calcium Carbonates[END_REF]. Table IV-3 summarizes the several physicochemical properties of the elaborated reference (CR)

CHAPTER III: STUDY OF THE COMPOSITE CEMENTS BASED ON

and composite cements (CCs and CCs-P). On one hand, we showed that the setting mechanism of CR and CCs cements was based on aragonite network development which was delayed in a dose-dependent manner in presence of chitosan. On the other hand, the CCs-P cement setting was based on the rapid dissolution-crystallization of ACC to calcite in presence of Cs-P. This could explain the faster setting time of this formulation. Although Cs-P improved the cement compressive strength, it did not improve its ductility showing a limited enhancement of the mechanical properties in contrast to the use of native chitosan. This could be linked to the acidic treatment which degraded the polymer chains (decrease of their molecular weight) reducing its mechanical reinforcement ability. 

CONCLUSION

In this work, the functionalization of chitosan through the phosphorylation process was successfully performed using the CH3SO3H/P2O5 method to produce hydro-soluble phosphorylated chitosan with different amount of phosphorus. Chitosan was selectively phosphorylated in the OH groups of C6 position. Cs-P with 6.9 wt% of phosphorus content was chosen for the rest of the study for its enhanced solubility. The solubility of Cs-P was extended from acidic pH (the case of native Cs) to neutral and alkaline pH allowing the use of alkaline In chapters 3 and 4, the optimization and investigations of the formulated composites with either native (CCs) or phosphorylated chitosan (CCs-P) were carried out, aiming to understand their physicochemical characteristics, setting mechanism, microstructure, setting properties, injectability & cohesion as well mechanical properties.

In the next chapter (Chapter V), the in vitro acellular evolution of both CCs and CCS-P composite cements compared to reference cement (CR) will be undertaken through their immersion in a simulated body fluid (SBF). This is an important first step to understand how these materials will behave in an aqueous solution and to depict the effect of polymeric additives which may allow predicting these materials behavior once implanted. 

CHAPTER V:

IN VITRO EVOLUTION STUDY OF THE CEMENTS IN SBF SOLUTION

V. DISCUSSION

XRD and FTIR spectroscopy results showed the deposition of apatite on CR and CCs cements starting from 3 days of immersion in SBF. The acceleration of apatite formation on CR and CCs after 14 days of immersion was related to the dissolution of magnesium-doped calcite after this period of immersion. Although calcite was thought to have a slow resorption rate among calcium carbonate crystalline phases, our findings showed it was fully resorbed after 14 days of immersion in SBF. This could be due to the incorporated magnesium in calcite lattice that was supported by the XRD results (see Chapter II, section II), in accordance with previously reported works [START_REF] Andersson | Life on the margin: Implications of ocean acidification on Mg-calcite, high latitude and cold-water marine calcifiers[END_REF]. The dissolution of magnesium-doped calcite would lead to the release of calcium and contribute in the increase of SBF solution supersaturation with regard to apatite inducing its formation on the cement surface. This could explain the high amount of apatite formed after 14 days of immersion.

The higher apatite forming ability of the composite cement with native chitosan (CCs) could be explained by multiple factors: i) The higher amount of resorbable aragonite formed within this composite cement in contrast to the reference cement (79 wt% vs 76 wt% respectively, see chapter III), ii) the lower crystallite sizes of the formed aragonite (90 nm for CCs vs 117 nm for CR) and calcite (40 nm for CR vs. 27 nm for CCs) in the composite cement, and iii) the presence of chitosan on its surface (See Raman mapping Figure III.7, Chapter III). We will discuss each of these aspects hereafter.

The first point explains the higher dissolution rate of the composite cement due to its higher aragonite content; this could favor higher apatite deposition on CCs. Furthermore, the aragonite formed in the presence of chitosan gel (CCs) developed a lower apparent crystallite size in addition to lower Mg-calcite apparent crystallites size (40 nm for CR vs. 27 nm for CCs) which could explain the higher reactivity and solubility of both phases in the CCs cement. The lower crystallite size was directly linked to the increased solubility of minerals as reported in previous works [START_REF] Tang | Dissolution of Crystallites : Surface Energetic Control and Size Effects[END_REF]. The third point could be responsible for the higher amount of the formed apatite with lower crystallinity on the composite cement surface as chitosan appeared to favor nucleation of apatite over its crystal growth supporting our hypothesis on the crystallization of aragonite in the presence of chitosan gel (see Chapter III, section II).

Chitosan should allow an increased nucleation rate of aragonite on the composite cement surface creating an increased number of active sites serving as apatite seeds. Additionally, chitosan's affinity to calcium as well as the interaction between amino groups of chitosan and phosphate ions provided by the SBF solution could accelerate the nucleation of apatite [START_REF] Czechowska | Physicochemical properties and biomimetic behaviour of α-TCP-chitosan based materials[END_REF][START_REF] Matinfar | Evaluation of physicochemical, mechanical and biological properties of chitosan/carboxymethyl cellulose reinforced with multiphasic calcium phosphate whisker-like fibers for bone tissue engineering[END_REF]. The high dissolution rate of calcium carbonate phases (magnesium-doped calcite and aragonite) in the CCs composite cement could induce = 16.788 ± 0.03 Å), which is consistent with a higher Mg doping of the calcite formed in CCs, than in CR but with a lower Mg-doping in CCs-P. This effect could be explained as follows: the use of native chitosan acidic gel inhibited calcite crystal growth in a dose-dependent manner as described in detail in Chapter III (section II.2.1); therefore, calcite was more resorbable in the case of CCs. For CCs-P, due to the known complexing properties of the phosphorylated chitosan towards positively charged ions, it could complex magnesium limiting its incorporation in the calcite lattice (see Chapter IV, Figure IV.8). Hence, the calcite with a lower Mg-doping formed in CCs-P was less resorbable as magnesium is known to improve calcite resorption rate [START_REF] Andersson | Life on the margin: Implications of ocean acidification on Mg-calcite, high latitude and cold-water marine calcifiers[END_REF]. Higher Mg-doping of calcite in CR and CCs cements enhanced its dissolution allowing more apatite formation on their surface. Thus, the delay of apatite formation in CCs-P could be directly correlated to the lower Mg-doping of its constituting calcite delaying the dissolution in SBF.

The FTIR spectroscopy and FE-SEM observations of CCs-P cements allowed us to formulate the hypothesis that a deposition of a low crystallinity calcium phosphate and OCP may occur in the process of the apatite formation. The fact that the υ4PO4 band appeared first as a larger band and then became more distinguished as a pair with increasing evolution time could support this hypothesis. As evolution time increased, this low crystallinity calcium phosphate layer may transform into OCP (as observed in the FE-SEM of CCs-P, Figure 7h) and later into nanocrystalline apatite as depicted through XRD data analysis. OCP-like structures could not be observed in the case of CR and CCs probably due to their faster apatite forming ability, hence a lower probability to observe these metastable phases. Moreover, this could point out that phosphorylated chitosan may have a potential effect on the stabilization of this structure.

Nevertheless, further investigation is needed to consolidate the formulated hypothesis.

Our investigations stated that the polymorphism of calcium carbonates as well as the used organic additive (native and phosphorylated chitosan) played an important role in the cement properties regarding the degradation rate.

Both in vitro [START_REF] He | In vitro degradation and cell response of calcium carbonate composite ceramic in comparison with other synthetic bone substitute materials[END_REF] and in vivo studies [START_REF] Ohgushi | Bone formation process in porous calcium carbonate and hydroxyapatite[END_REF][START_REF] Yu | Bioinspired fabrication of 3D hierarchical porous nanomicrostructures of calcium carbonate for bone regeneration[END_REF]) have confirmed that calcium carbonates exhibit a faster resorption rate than hydroxyapatite, which was expected due to the higher solubility of calcium carbonates in solution. The cytocompatibility of the calcium carbonate cement has been already studied and the results showed no cytotoxicity (Combes et al., 2006). Moreover, both native and phosphorylated chitosan are biocompatible and biosourced polymers reported to induce cell attachment and proliferation with osteogenic differentiation [START_REF] Matinfar | Evaluation of physicochemical, mechanical and biological properties of chitosan/carboxymethyl cellulose reinforced with multiphasic calcium phosphate whisker-like fibers for bone tissue engineering[END_REF]. Hence, the elaborated CCs and CCs-P composite cements are expected to be biocompatible and non-cytotoxic. In addition, using such self-setting composites as bone substitute may be considered as a promising approach to obtaining in situ biomimetic carbonated apatite-based bioactive ceramic/composite in a few weeks.

CONCLUSION

The in vitro evolution of the different cement formulations (CR, CCs and CCs-P) in SBF allowed us to investigate their apatite-forming ability as well as their physicochemical reactivity in terms of phase content and degradation rate. The results showed the possibility to tune the apatite formation and the degradation rate of calcium carbonate cements using polymeric additives such as native or phosphorylated chitosan.

On one hand, the use of native chitosan gel in the liquid phase of the cement revealed an improved ability to form nanocrystalline carbonated apatite on cement surface. On the other hand, even if it shows a low ability to develop apatite on its surface, the association of phosphorylated chitosan to the calcium carbonate cement (CCs-P) enhanced its degradation rate in SBF, due to the main presence of vaterite metastable phase. We showed that apparent crystallite size, CaCO3 phases content as well as surface chemistry were determinant factors of the resulting in vitro behavior of these calcium carbonate composite cements (CCs and CCs-P). Indeed, aragonite crystallite size controlled the apatite precipitation capacity as evidenced for CCs, while metastable phase content such as vaterite played an important role in the probablement limité l'incorporation du magnésium (connu pour améliorer la résorption de la calcite) dans le réseau de calcite formé, ce qui a entraîné une réactivité plus faible de cette Vers des aspects plus appliqués : une étude (micro)biologique sur le chitosane phosphorylé comparé au chitosane natif en termes d'activité antibactérienne et d'activité cellulaire in vitro pourra être menée afin d'examiner l'effet de la phosphorylation (quantité de P) du chitosane sur ses propriétés biologiques intrinsèques ainsi qu'une fois associé à la matrice de ciment de carbonate de calcium. En fonction de ces résultats, la combinaison avec un médicament tel qu'un antibiotique ou un dopage de la matrice de ciment de carbonate de calcium avec des ions connus pour leur activité antibactérienne (zinc, cuivre ou argent notamment), pourrait être réalisée et la capacité de libération de l'agent actif étudiée en vue d'optimiser le taux de dopage en médicament/ions au vu de l'effet antibactérien attendu du chitosane.

APPENDIX A: DESCRIPTION OF MATERIALS & CHARACTERIZATION METHODS

I. Materials

Sodium carbonate decahydrate (Na2CO3,10H2O, ≥ 98%), sodium bicarbonate (NaHCO3, ≥ 98%), calcium chloride dihydrate (CaCl2,2H2O, ≥ 98%), and magnesium chloride hexahydrate (MgCl2,6H2O, ≥ 98%) were provided by VWR. All the reactants are of analytical grade and were used as received.

II. Methods

II.1. Structural characterization

Powder X-ray diffraction (XRD) is a non-destructive technique used largely for the structural characterization of crystalline solid materials. It is based on the basic principle that the angle of reflection of X-rays from a sample is related to the crystal structure and composition of the material. XRD can provide information about the structure of bulk materials and thin films, as well as the composition of crystallographic phases present in a sample, the extent of defects, crystallite size and orientation, etc. The phase identification and purity of the synthesized materials were assessed by X-ray diffraction (XRD) using a D8 Advance diffractometer (Bruker) with a Cu Kα (λ = 1.540593 Å) anticathode as the radiation source. The scanning was performed in a 20-80° 2θ range and at a step size of 0.02° at room temperature. The phases identification was performed using Match! (Crystal Impact, Germany).

II.1.1. Setting reaction follow-up using XRD analysis

A substantial amount of the cement paste was prepared and divided into four smaller samples placed at 37 °C for setting and hardening up to the desired time period. One sample of each paste formulation studied was removed from the container saturated in water after a different maturation time (2 h, 6 h, 24 h, and 48 h) and immediately freeze-dried at -80 °C to remove water from the paste and thus stop the chemical setting reaction. The setting reaction of the cements was followed up by characterizing each freeze-dried sample using XRD and FTIR spectroscopy.

II.1.2. Quantitative study of the phases content evolution during cement setting

The phases content, the crystallite size, the microstrains and the lattice parameters of the calcium carbonate phases within the prepared cements were refined using the software package TOPAS v.4.2 (Bruker, AXS). For this, mixed powders of reference calcite powder (VWR, cas number 471-34-1) (space group R-3c [START_REF] Smyth | The crystal structure of calcite III[END_REF], pure synthesized vaterite (space II.2. Spectroscopic Characterization

II.2.1. FTIR spectroscopy

Fourier Transformed Infra-Red (FTIR) spectroscopy is a tool used to depict the functional groups within materials and hence investigate their chemical composition. It is based on the vibrations of chemical bonds when the material received infrared radiation. The FTIR analysis in this work was carried out on a Nicolet IS50 spectrometer (ThermoElectron) in transmission mode using the KBr pellet method. The spectra were recorded in the range of 400 -4000 cm -1 at a resolution of 4 cm -1 and 64 scans accumulation. For a better identification of the structural water molecules characteristic of ACC phase (generally overlapped by the bands of adsorbed water on hygroscopic KBr), attenuated total reflection (ATR diamond, 64 scans, resolution of 4 cm -1 ) spectra in the same range of wavenumbers, were also recorded.

II.2.2. Raman spectroscopy analysis of the composite cement with chitosan

Raman spectroscopy analysis of the composite cement CCs2.5 was performed using a confocal RAMAN Labram HR 800 Horiba Yvon Jobin microscope. The samples were exposed to continuous laser radiation supplied by an Argon laser at 532 nm with a power of 12 mW. The samples were placed under an Olympus BX 41 microscope and focused using an x50 objective with a numerical aperture of 0.75 which gave the system a lateral resolution of 0.72 µm and an axial resolution of 2.61 µm. The spectrum of each point was acquired using a 600 tr / mm grating with a spectral resolution of 1 cm -1 and collected with a quantum detector cooled at -60 °C by double Pelletier effect (CCD Synapse). Each spectrum of the maps was acquired with a 40 s time and 3 accumulations. The maps were carried out using an XYZ motorized table

with an accuracy of 0.1 µm and a measurement step of 1 µm. The use of autofocus, which the amplitude range was optimized with the roughness of the area studied allowed to adjust the focus of the laser. Data were processed using Labspec 6 curve-fitting software and the surface mapping showing the distribution of the two main components (chitosan/aragonite) was plotted based on the band's ratio νC-H/ν4CO3.

II.3. Morphological and microstructural analysis

SEM microscopy was performed to investigate the morphological features of the prepared materials using a Bruker VEGA TESCAN 3, samples were carbon coated prior SEM observations. Porosity measurements of the hardened cements were carried out using a mercury intrusion porosimeter (AutoPore IV 9400, Micromeritics).

II.4. Setting time measurements

The compressive strength is an important property that defines the domain of application of the bone substitute. In general, bioactive ceramic-based biomaterials exhibit low compressive strength and brittle behavior and thus their applications are rather limited to low-stress applications. This drawback is more pronounced in calcium carbonate compounds due to their quite low temperature of decomposition (500 -600°C) not allowing their sintering and hightemperature consolidation. Nevertheless, a minimum compressive strength is required to preserve the cement integrity after the implantation and to avoid any potential risk that could result from mechanical stresses leading to the disintegration of the implant.

In the present work, the cement paste was put into cylindrical molds (10 mm in diameter and 20 mm in height) and well packed to get rid of residual air that could affect the mechanical behavior of the blocks, and then placed in plastic containers at 37 °C and wet atmosphere for 

II.7. Statistical study

The results were presented as mean ± standard deviation (SD) on three different samples for each cement formulation (n = 3). The statistical differences were obtained using one-way ANOVA followed by Tukey's analysis considering 5% (p < 0.05) as statistically significant. showed that the out-of-plane bending υ2CO3 band is active for all the three polymorphs, especially for calcite and vaterite. However, the positions of the corresponding υ2CO3 bands are very delicate to distinguish when both polymorphs coexist. The υ2CO3 bands of vaterite/calcite and aragonite relative intensity was maintained. After 6 h of maturation, a relative intensity inversion was observed for the reference cement where the aragonite vibration band at 855 cm -1 became more intense than the vaterite + calcite characteristic band at 875 cm - 1 . After 24 h and 48 h of maturation, the characteristic band of aragonite is more intense than that of the mixture (calcite + vaterite) in the elaborated cement. However, with the overlap of calcite and vaterite bands, further investigations cannot take part. Thus, we based our investigations of the setting reaction follow-up on the XRD results rather than FTIR spectroscopy. active for all the three polymorphs. Especially for calcite and vaterite, the positions of the corresponding υ2CO3 bands are very delicate to distinguish when both polymorphs coexist, the relative intensity of the vaterite/calcite characteristic υ2CO3 band at 875 cm -1 is higher than aragonite vibration band at 855 cm -1 in all the formulated cements showing a higher amount of unreacted vaterite (+ formed calcite) in contrast to aragonite. After 6 h of setting, the intensity of the υ2CO3 aragonite vibration band at 855 cm -1 became more intense than vaterite/calcite characteristic band at 875 cm -1 for the reference cement. In the CR'0.2, CR'0.5 and CR'1, the υ2CO3 band of vaterite/calcite at 875 cm -1 was still more intense than the aragonite one with a slight increase in the aragonite band relative intensity showing that vaterite was not completely conversed to aragonite confirming a slowdown of the chemical setting reaction with respect to that for reference cement . These results are in accordance with XRD analysis which show the complete consumption of vaterite after 24 h of setting . Taking into account that no residual vaterite remained in the cements after 48 h on the basis of XRD analysis, the band observed at 875 cm -1 can be attributed to calcite and not to vaterite in the CR, CR'0.2 and CR'0.5. In the CR'1 formulation as we found that no calcite was formed on the basis of XRD data the band observed at 875 cm -1 is attributed to vaterite . In this formulation, no significant change was observed in function of maturation time, only a small increase in the υ2CO3 aragonite vibration band at 855 cm -1 was noted. Overall, the FTIR spectroscopy examination confirmed the results from XRD data analysis.