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Chitosan hydrogels for sustained drug delivery

Introduction

Chitosan is a polysaccharide industrially obtained by N-deacetylation of chitin, the second most common natural polysaccharide in biomass after cellulose [START_REF]Chitin and Chitosan: Sources, chemistry, biochemistry, physical properties and applications[END_REF]. Chitin is a structural material present in the exoskeletons of arthropods (i.e., insects, arachnids, shrimps, crabs) and in the endoskeletons of cephalopods (i.e., squids, cuttlefishes). The highest proportions of chitin are found in crustaceans (up to 30%) and can also be found in some algae and mushrooms [START_REF] Mathur | Chitin and chitosan, versatile polysaccharides from marine animals[END_REF], [START_REF] Hang | Chitosan production from Rhizopus oryzae mycelia[END_REF]. Chitin is mainly localized in skin fibres of crustaceans, and mixed with mineral salts (e.g., calcium carbonate), proteins, pigments, and lipids. Chitosan is then obtained by chitin N-deacetylation process in alkaline or acidic conditions. It is a linear copolymer composed of two sub-units, D-glucosamine and N-acetyl-D-glucosamine units linked by a β (1⟶4) glycosidic bond (Figure 1). Its major characteristics are its acetylation degree (DA) that is the molar fraction of acetylated units existing in the copolymer and its molar mass (for example, its weight-average molar mass M w ) [START_REF] Clayer | Élaboration d'hydrogels physiques de chitosane application à l'ingénierie tissulaire pour la régénération du cartilage[END_REF], [START_REF] Rinaudo | Chitin and chitosan: Properties and applications[END_REF].

Figure 1. Chitosan chemical formula

Chitosan is a polymer showing interesting biological properties [START_REF] Azevedo | Chitosan hydrogels for drug delivery and tissue engineering applications[END_REF] such as harmlessness [START_REF] Thanou | Oral drug absorption enhancement by chitosan and its derivatives[END_REF], biodegradability [START_REF] Hirano | Bio-compatibility of chitosan by oral and intravenous administrations[END_REF], [START_REF] Elviri | Macroporous chitosan hydrogels: Effects of sulfur on the loading and release behaviour of amino acidbased compounds[END_REF], antimicrobial capacity [START_REF] Jumaa | A new lipid emulsion formulation with high antimicrobial efficacy using chitosan[END_REF]- [START_REF] Guo | Novel derivatives of chitosan and their antifungal activities in vitro[END_REF] and mucoadhesivity [START_REF] Bhattarai | Chitosan-based hydrogels for controlled, localized drug delivery[END_REF], [START_REF] Ways | Chitosan and Its Derivatives for Application in Mucoadhesive Drug Delivery Systems[END_REF], that made it an excellent candidate for biomedical or cosmetic applications [START_REF] Ueno | Topical formulations and wound healing applications of chitosan[END_REF]- [START_REF] Anitha | Chitin and chitosan in selected biomedical applications[END_REF].

Chitosan also presents structural characteristics that are close to the ones found in extracellular matrix, so that it is suitable for growth, organization, and migration of cells during the tissue formation [START_REF] Azevedo | Chitosan hydrogels for drug delivery and tissue engineering applications[END_REF], and leads to an easier drug carrying through biological barriers [START_REF] Mooren | Influence of Chitosan Microspheres on the Transport of Prednisolone Sodium Phosphate Across HT-29 Cell Monolayers[END_REF]. Finally, note that chitosan is soluble in diluted acid aqueous media and can be found in many shapes such as macro-or nano-particles [START_REF] Vodná | Chitosan Based Hydrogel Microspheres as Drug Carriers[END_REF]- [START_REF] Kofuji | Sustained insulin release with biodegradation of chitosan gel beads prepared by copper ions[END_REF], sponges [START_REF] Horio | Effect of Photocrosslinkable Chitosan Hydrogel and Its Sponges to Stop Bleeding in a Rat Liver Injury Model[END_REF], films [START_REF] Mizuno | Effect of chitosan film containing basic fibroblast growth factor on wound healing in genetically diabetic mice[END_REF], [START_REF] Chatelet | Influence of the degree of acetylation on some biological properties of chitosan films[END_REF], or, what is of interest here, physical and chemical hydrogels.

A gel is composed of a large amount of solvent trapped between the meshes of a threedimensional network. This quantity depends on the hydrophilic function density that can be found on the chains [START_REF] Bhattarai | Chitosan-based hydrogels for controlled, localized drug delivery[END_REF]. When the solvent involved is water, one talks about hydrogels [START_REF] Montembault | Physico-chemical studies of the gelation of chitosan in a hydroalcoholic medium[END_REF], [START_REF] Montembault | Rheometric Study of the Gelation of Chitosan in Aqueous Solution without Cross-Linking Agent[END_REF]. Almdal et al. [START_REF] Almdal | Towards a phenomenological definition of the term 'gel[END_REF] described a gel as a soft, solid or solid-like material that "can maintain its form under the stress of its own weight". It is also a resilient material with elastic properties.

There are two types of chitosan hydrogels: chemical and physical hydrogels [START_REF] Azab | Prevention of tumor recurrence and distant metastasis formation in a breast cancer mouse model by biodegradable implant of 131I-norcholesterol[END_REF].

Chemical hydrogels are crosslinked with covalent bonds thanks to free ammoniums attached along the chitosan chain. Different ways can be used to achieve this chemical crosslinking and are reported in the literature. Among them, crosslinking agents as for example formaldehyde [START_REF] Singh | External stimuli response on a novel chitosan hydrogel crosslinked with formaldehyde[END_REF], glutaraldehyde [START_REF] Bhattarai | Chitosan-based hydrogels for controlled, localized drug delivery[END_REF], [START_REF] Azab | Prevention of tumor recurrence and distant metastasis formation in a breast cancer mouse model by biodegradable implant of 131I-norcholesterol[END_REF]- [START_REF] Hoffmann | Glutaraldehyde and oxidised dextran as crosslinker reagents for chitosan-based scaffolds for cartilage tissue engineering[END_REF] or genipin, or other compounds with several reactive chemical functions [START_REF] Du | The design of pH-sensitive chitosan-based formulations for gastrointestinal delivery[END_REF]. These molecules can be nevertheless toxic or their biocompatibility not well-known, which is undesirable in drug delivery applications.

Another way consists in hydrogel crosslinking by establishing covalent bonds with other polymers. For example, Tan et al. [START_REF] Tan | Injectable in situ forming biodegradable chitosan-hyaluronic acid based hydrogels for cartilage tissue engineering[END_REF] made a covalent crosslinking between hyaluronic acid (HA) and chitosan by reacting ammoniums coming from CS and aldehydes coming from HA ("Schiff base reaction"). UV irradiation can also be used to achieve chemical crosslinking.

Several researchers [START_REF] Katsuaki | Photocrosslinkable chitosan as a biological adhesive[END_REF]- [START_REF] Ishihara | Photocrosslinkable chitosan as a dressing for wound occlusion and accelerator in healing process[END_REF] worked on UV irradiation of azide functions (-N 3 ) to create highly reactive nitrene (R-N). Gelation of the hydrogel is operated after reaction between nitrenes and ammoniums coming from CS, forming an azo bonding (R-N=N-R''). Besides, some interpenetrating networks (IPN) or semi-interpenetrating networks (semi-IPN) were developed and consists in a second polymer mesh interlinked with the chitosan hydrogel's one previously crosslinked [START_REF] Zhao | Removal of anionic dyes from aqueous solutions by adsorption of chitosan-based semi-IPN hydrogel composites[END_REF].

Depending on crosslinking density, chemical hydrogels can be less sensitive to degradation and have often better mechanical properties than physical hydrogels. The latters are called « reversible » hydrogels. Their formation is based on low energy bonding as Van der Waals or hydrogen bonds. Polyelectrolyte complexes can also be obtained thanks to electrostatic interactions between polymers. In this case, interactions take place between protonated ammonium of CS and anionic charges from the other polymer [START_REF] Berger | Structure and interactions in chitosan hydrogels formed by complexation or aggregation for biomedical applications[END_REF]. On the other hand, ionic interactions can establish between the gel and incorporated anionic molecules or drugs [START_REF] Hoffman | Hydrogels for biomedical applications[END_REF], [START_REF] Berger | Structure and interactions in covalently and ionically crosslinked chitosan hydrogels for biomedical applications[END_REF], [START_REF] Bhattarai | Chitosan-based hydrogels for controlled, localized drug delivery[END_REF]. Physical chitosan hydrogels are often used in numerous biomedical applications.

Nevertheless, their degradation can be faster than chemical hydrogels due to their lower mechanical properties. Among these physical or chemical chitosan hydrogels, responsive ones can be achieved thanks to a gelation occurring « in situ », on the site of interest, with formulations that are often injectable [START_REF] Chitkara | Biodegradable Injectable In Situ Depot-Forming Drug Delivery Systems[END_REF]- [START_REF] Molinaro | Biocompatibility of thermosensitive chitosan-based hydrogels: an in vivo experimental approach to injectable biomaterials[END_REF]. To this end, three methods can be employed [START_REF] Liu | In situ forming hydrogels based on chitosan for drug delivery and tissue regeneration[END_REF]: i) the use of crosslinkers under effective control of crosslinking kinetics, ii) crosslinking operated by the action of enzymes (tyrosinase [START_REF] Chen | Enzymecatalyzed gel formation of gelatin and chitosan: potential for in situ applications[END_REF], [START_REF] Sakai | Novel chitosan derivative soluble at neutral pH and in-situ gellable via peroxidase-catalyzed enzymatic reaction[END_REF]), or iii) physical crosslinking of CS chains with the modification of an environmental parameter (temperature, pH). For example, a pH-sensitive release of drug can be very interesting in cancer treatments because the pH is locally decreased around the tumour. Drugs are only released in this acidic environment without damaging surrounding tissues [START_REF] Chang | Self-healable hydrogel on tumor cell as drug delivery system for localized and effective therapy[END_REF]. When the gelation occurs with a temperature modification, corresponding « thermosensitive » hydrogels are obtained by neutralization of chitosan acidic solution by an anionic base, such as polyol (e.g.:, glycerophosphate (GP)) [START_REF] Zhou | Glycerophosphate-based chitosan thermosensitive hydrogels and their biomedical applications[END_REF]. The use of polyol base enables hydrogel formation at body temperature, i. e. 37°C, thanks to interactions within the hydrogel matrix [START_REF] Chenite | Rheological characterisation of thermogelling chitosan/glycerol-phosphate solutions[END_REF] : i) a decrease of electrostatic repulsion between CS chains as a result of CS ammoniums neutralization (electrostatic interactions between cationic ammoniums from CS and anionic phosphates from polyol), ii) hydrophobic interactions which take place between polymer chains with the temperature increase, making the gelation possible [START_REF] Liu | In situ forming hydrogels based on chitosan for drug delivery and tissue regeneration[END_REF].

The main objective of this review is to report the studies about all these chitosan hydrogels, specifically used as drug delivery devices to control the release of drugs loaded into the gel matrix. It also reports their numerous biomedical applications encountered in the literature, whatever the physicochemical nature of drugs (hydrophilic, hydrophobic, macromolecular drugs).

Sustained drug delivery and burst release

Nowadays, several studies demonstrate the great interest of chitosan hydrogels for the sustained delivery of different drugs in biomedical area. Indeed, their porous hydrophilic three-dimensional structure allows the incorporation of drugs while creating a diffusion barrier, and hindering their release. The release of drugs from hydrogels follows three mechanisms reported by Azevedo et al. [START_REF] Thanou | Oral drug absorption enhancement by chitosan and its derivatives[END_REF] i) chemically controlled: polymer chain breakage via hydrolytic or enzymatic degradation, releasing incorporated drugs, ii) swelling-controlled: when the molecule diffusion is faster than the hydrogel swelling, the later conditioning the release, iii) diffusion-controlled: when hydrogel swelling faster than diffusion phenomenon. This latter mechanism is the most suitable to hydrogels due to their high swelling capacity in a water environment. Drug diffusion is governed by the pore size in the hydrogel matrix. The higher swelling rate, the bigger the pores, and the faster the small size drug diffusion through the hydrogel. On the contrary, the release of macromolecules, having a higher hydrodynamic radius, is generally slower [START_REF] Azab | Crosslinked chitosan implants as potential degradable devices for brachytherapy: In vitro and in vivo analysis[END_REF].

One of the major obstacle encountered in drug delivery is the « burst effect » (or « burst release »), that is to say the sudden, fast and uncontrolled drug release immediately after administration. « Burst release » phenomenon is explained by adsorbed drugs at the surface, which often release faster than drugs incorporated inside the matrix. Various strategies can be employed to reduce this phenomenon and consequently to improve the efficiency of the pharmaceutical treatment. Among these strategies, the drug incorporation into hydrogels has revealed interesting results for sustained drug delivery application as demonstrated in the studies reported in this review.

Indeed, the elaboration of CS hydrogels for the delivery of i) hydrophilic, ii) hydrophobic, or iii) macromolecular drugs was extensively investigated in the literature. These studies are described in the following parts according to the hydrophilic or hydrophobic properties of drugs, as well as their molar mass (above 1,000 g.mol -1 for macromolecules). It is worthy of note that the drugs are referred all along this review to their international non-proprietary name (INN). The INN of a pharmaceutical active agent is a non-commercial name from the World Health Organization, unequivocally used in various languages.

Chitosan hydrogels for the controlled release of hydrophilic drugs

Chitosan chemical and physical hydrogels represent interesting candidates for the delivery of hydrophilic drugs thanks to their high water content (>80%), as shown in several following studies.

Chemical hydrogels

A chemical hydrogel composed of CS and polyvinyl alcohol (PVA), crosslinked with triethyl orthoformate and impregnated with doxazocin (alpha-adrenergic blocking agent used in this study as an anticancer drug) was elaborated by Jamal et al. [START_REF]Identification of anti-cancer potential of doxazocin: Loading into chitosan based biodegradable hydrogels for on-site delivery to treat cervical cancer[END_REF] for the treatment of cervical cancer. Drug was incorporated by incubation of hydrogel (so, after gelation) overnight at room temperature in a doxazocin solution. As mentioned by the authors, the more concentrated crosslinking agent, the higher the hydrogel density, and the smaller the pores (according to SEM observations). The authors also demonstrated that the most effective formulation for the angiogenesis decrease is the one with 8 wt. % crosslinking agent and a doxazocin concentration about 1 mg/mL. Furthermore, this formulation has showed the best anti-proliferative property for cancer cells (Hela cells).

In situ gelling CS chemical hydrogels were also broadly studied because they could be administered by oral route. This route was employed by Xu et al. [START_REF] Xu | Genipin-crosslinked catechol-chitosan mucoadhesive hydrogels for buccal drug delivery[END_REF] for the controlled release of lidocaine (which is a local anaesthetic/antiarrhythmic drug, and was incorporated before gelation) from chemical CS and catechol hydrogels, crosslinked with genipin. In this study, the catechol was used for its mucoadhesive properties (and not as a crosslinking agent).

Although catechol reduced final rheological properties of the hydrogel, it increased the hydrogel density and mucoadhesion. The retention of drug was thus more effective, and the penetration of lyzozymes (proteins implied in antibacterial defence), was reduced. Indeed, 66% of lidocaine was released in vitro from the hydrogel CS/catechol after 5h contrary to 85% from the "simple" CS hydrogel at the same time. According to the authors, the smaller the pores, the more effective the drug retention. Note that a delayed release of lidocaine has already been observed by Kristl et al. [START_REF] Kristl | Hydrocolloids and gels of chitosan as drug carriers[END_REF] in 1993 who have incorporated the drug into CS hydrogels (without catechol).

In situ gelling hydrogels have also been used for the localized injection of anticancer drugs. Chang et al. [START_REF] Chang | Self-healable hydrogel on tumor cell as drug delivery system for localized and effective therapy[END_REF] have worked on the administration of 5-fluorouracile (5-FU) from CS chemical hydrogels, incorporated before gelation. The hydrogel showed auto-regenerative properties thanks to the PVA addition [START_REF] Zhang | Poly(vinyl alcohol) Hydrogel Can Autonomously Self-Heal[END_REF]. Moreover, this PVA addition provided i) the local reorganization of polymer chains and the decrease of surface energy due to hydrogen bonds between CS chains and water molecules, ii) the establishment of novel interactions between PVA and CS chains after local dissolution of CS chains (in the acidic tumour environment).

These authors also mentioned that the 5-FU release was promoted in the acidic tumour environment, reducing the side effects and protecting the healthy surrounding tissues.

Thermosensitive hydrogels have also been obtained by a photo-crosslinking reaction. To this end, chemical species were introduced in the formulation such as methacryloyl, ethylene glycol acrylate methacrylate, or azidobenzoic acid, which allowed the gelation via an UV irradiation. Wang and co-workers [START_REF] Wang | UV-crosslinkable and thermo-responsive chitosan hybrid hydrogel for NIR-triggered localized on-demand drug delivery[END_REF] have elaborated gels of CS/poly Nisopropylacrylamide (PNIPAM)/photothermal carbon (chemical species leading to hydrogel formation and contraction with the increasing temperature). Thanks to these photosensitive compounds in the formulation, a localized and controlled release of drugs has been achieved by the gel contraction. Non-invasive near infrared irradiation was operated with a deeper tissue penetration than UV-Visible light. A contraction of CS hydrogel was observed (> 40% of its initial volume) after irradiation due to photothermal carbon. Doxorubicin, incorporated before gelation, was thus released 40 times faster after hydrogel irradiation than a conventional diffusion.

Antibiotics have also been embedded into thermosensitive hydrogels. Ren et al. [START_REF] Ren | Injectable hydrogel based on quaternized chitosan, gelatin and dopamine as localized drug delivery system to treat Parkinson's disease[END_REF] inhibited the burst effect observed with metronidazole injections by its incorporation into a CS/gelatin hydrogel. These authors showed an in vitro sustained delivery of metronidazole during 12 days. Its release was demonstrated to be depending on the hydrogel formulation (i.e., CS versus gelatin concentration). In addition to this antibiotic incorporation, the authors have also worked on the delivery of a neurotransmitter (incorporated before gelation), dopamine, from thermosensitive CS/gelatin chemical hydrogels for Parkinson's disease. The hydrogel formation has resulted from physical and chemical interactions between hydrogel components (quaternized CS, gelatin, and dopamine). It has been shown that pore size (observed by SEM observations) and swelling rate of the hydrogel were influenced by polymer concentration and component ratios.

Drug release can also be regulated by the modification of an external parameter, as for example environmental pH (leading to a pH-sensitive release). With this aim, chemical hydrogels composed of CS and PVA crosslinked by tetraethyl orthosilicate were developed for the controlled delivery of acetylsalicylic acid [START_REF] Islam | Controlled release of aspirin from pH-sensitive chitosan/poly(vinyl alcohol) hydrogel[END_REF]. First, the release had been studied at acidic pH (pH = 1.2) during 2h to mimic gastric environment, and then during 7h at pH = 6.8 to mimic intestinal environment. About 85% of acetylsalicylic acid was released after these 9 hours. This release is attributed to the swelling capacity of the hydrogel, related to the environmental pH. Indeed, authors mentioned that "hydrogels showed a low swelling at acidic pH and maximum swelling was exhibited at neutral pH.". At a neutral pH, the bigger the swelling, the higher the drug release. In this study, the release was preferred in the intestinal environment because of the presence of mucosa, that allows drug absorption and enhances drug efficiency.

Risbud et al. [START_REF] Risbud | pH-sensitive freezedried chitosan-polyvinyl pyrrolidone hydrogels as controlled release system for antibiotic delivery[END_REF] worked on pH-sensitive release of an antibiotic, amoxicillin (incorporated before gelation) from CS/polyvinylpyrrolidone chemical hydrogels obtained by crosslinking with glutaraldehyde (GA), forming semi-interpenetrating network (semi-IPN).

Hydrogels could be then dried by two methods, « freeze-drying », or « air-drying » at 37°C during 72h, and this post-treatment influenced hydrogels morphology and amoxicillin release [START_REF] Patel | Preparation and Characterization of Freeze-dried Chitosan-Poly(Ethylene Oxide) Hydrogels for Site-Specific Antibiotic Delivery in the Stomach[END_REF]. The resulting lyophilisates presented more important swelling (after immersion in solutions with different pH), even more at acidic pH (pH = 1 or 2) when CS ammoniums are protonated. In these conditions, the sudden release of antibiotics can be triggered at a given localization, optimal for stomach release for example. These encouraging results confirmed that these freeze-dried hydrogels could be used for Helicobacter Pilori treatment, known for gastric mucosa colonization [START_REF] Hejazi | Chitosan-based gastrointestinal delivery systems[END_REF].

Zhang et al. [START_REF] Zhang | Injectable and body temperature sensitive hydrogels based on chitosan and hyaluronic acid for pH sensitive drug release[END_REF] elaborated thermosensitive CS/hyaluronic acid (HA) chemical hydrogels for the pH-sensitive release of doxorubicin incorporated before gel formation. In this original study, the gelation was operated at 37°C and the release of drugs entrapped in the matrix was governed by surrounding pH. Doxorubicin release was thus slower at pH 4.00 rather than pH 6.86 (Figure 2) with only 30% of doxorubicin release at pH = 4.00 after 120h of study, when more than 50% released at pH = 6.86 during the same time. Furthermore, the higher HA concentration in the hydrogel formulation, the slower the doxorubicin release (at pH = 4.00 and 6.86). At pH=6.86, only 45% of doxorubicin was released within 40h through hydrogel with only 3 wt.% of HA contrary to the formulation without HA that released almost all the initially incorporated doxorubicin. Authors attributed this trend to acid dissociation constants of species (pKa Glycerophosphate = 6.34 and pKa HA = 3.00) that influence hydrogen bonds formation with CS protonated ammoniums. Indeed, the higher the pKa, the weaker the dissociation. HA is thus more dissociated than glycerophosphate, so, according to authors, hydrogen bonds between HA carboxylic groups and CS ammonium functions are promoted, limiting burst release. Figure 2. Cumulative release of doxorubicin (% of total incorporated amount) from thermosensitive CS hydrogels (black squares) or from thermosensitive CS/HA hydrogels (3% (w/v), pink triangles; 2% (w/v) blue triangles and 1% (w/v), red circles) at pH=4,00 (filled markers) or at pH = 6,86 (empty markers), from Zhang et al. [START_REF] Zhang | Injectable and body temperature sensitive hydrogels based on chitosan and hyaluronic acid for pH sensitive drug release[END_REF].

The drug release can also be managed by applying an electrical current (leading to a electrical-sensitive release). Ramanathan and co-workers [START_REF] Ramanathan | The use of chitosan gels as matrices for electricallymodulated drug delivery[END_REF] worked on an electricallymodulated release of three drugs, hydrocortisone (neutral), benzoic acid (anionic) and lidocaine (cationic), separately incorporated into CS chemical hydrogels. These authors showed, after normalisation by drug molecular mass, that the release rate followed this order: benzoic acid > hydrocortisone > lidocaine. Hydrocortisone release was governed by electroosmotic and diffusion forces within the hydrogel, whereas the polarity was implied for the two other drugs. Note that the higher the applied current, the faster the release.

This original property has also been studied by Qu et al. [START_REF] Qu | Injectable antibacterial conductive hydrogels with dual response to an electric field and pH for localized 'smart' drug release[END_REF] for the controlled delivery of amoxicillin from an in situ gelling CS/polyaniline chemical hydrogel which were sensitive to various stimuli as for example pH or voltage. In this study, polyaniline was used as one of the polymers for hydrogel elaboration, in order to make them conductive [START_REF] Li | Injectable conducting interpenetrating polymer network hydrogels from gelatin-graft-polyaniline and oxidized dextran with enhanced mechanical properties[END_REF], and drug was incorporated before gelation process. These authors demonstrated that the more acidic the pH or the higher the voltage, the faster amoxicillin release. As can be seen in Figure 3, the application of an electrical current acted as an « on-off switch » that governed the antibiotic release. Furthemore, in absence of applied current, the amoxicillin release was governed by diffusion caused by a concentration gradient whereas with the applied current, the release was governed by two mechanisms: i) electric field driving the migration of charged molecules, ii) change in the overall net charge of polyaniline chains (oxidation or reduction). 

Physical hydrogels

CS physical hydrogels can be employed for the controlled delivery of hydrophilic drugs with antimicrobial and anti-oxidative properties, such as thymol, a drug administered by oral route via buccal mucosa. Alvarez Echazu et al. [START_REF] Alvarez Echazú | Development and evaluation of thymol-chitosan hydrogels with antimicrobial-antioxidant activity for oral local delivery[END_REF] studied this hydrogels efficiency against bacteria as for example staphylococcus aureus and streptococcus mutans during 72 hours. An anti-oxidative property of thymol has been evidenced even at low concentrations (1.25 mg/mL). 100% of initially incorporated thymol (incorporation via incubation of hydrogel in a thymol solution during 7h) was released in less than 24 hours by diffusion from the hydrogel to Fusayama Meyer artificial saliva, an artificial environment close to natural saliva. explained by strong electrostatic interactions between doxorubicin and CS. In order to check this hypothesis, the hydrogel was put into acidic conditions, leading surprisingly to the delivery of additional 30% of doxorubicin. In addition, the use of a low concentration of doxorubicin locally decreases drug cytotoxicity, and doxorubicin side effects.

In situ gelling hydrogels were also used for the delivery of the dipyridamole, an antiplatelet drug [START_REF] Liu | Smart gelation of chitosan solution in the presence of NaHCO3 for injectable drug delivery system[END_REF]. In this study, hydrogel formation at 37°C was provided by NaHCO 3 addition in CS solution, and the drug (incorporated before gelation) was progressively released by a diffusion process during one month. The authors noticed that NaHCO 3 concentrations had a nonnegligible influence on the drug release, and that the higher the concentration, the faster the hydrogel formation, the higher hydrogel density and the slower the release. Electrostatic interactions between H + ions (coming from CS solubilisation in aqueous acidic medium) and HCO 3 -allowed to achieve hydrogel formation. This was associated with a CO 2 release, which created additional micropores in the hydrogel matrix.

Ruel-Gariépy et al. [START_REF] Ruel-Gariépy | Characterization of thermosensitive chitosan gels for the sustained delivery of drugs[END_REF] elaborated a thermosensitive CS/GP physical hydrogel for the delivery of model molecules, drugs or water-soluble proteins. The release of methylene blue (cationic, 320 g.mol -1 ), calcein (anionic, 623 g.mol -1 ), chlorphenamine (cationic antihistaminic, 275 g.mol -1 ), and a fluorescent albumin (anionic, fluorescein isothiocyanatealbumin, FITC-albumin at pH = 7.0, ca 66.10 3 g.mol -1 ) were studied. They showed that the higher the molecular weight, the slower the release (e.g., FITC-albumin versus calcein).

According to these authors, the charge of the incorporated molecule had no influence at low concentrations, whereas at high concentrations, the release of an anionic molecule was slower thanks to electrostatic interactions with cationic polymer chains. For example, anionic groups of FITC-albumin at pH = 7.0 were linked to ammoniums along the CS chain. They also studied the influence of lysozyme addition, an enzyme degrading CS, on the release of albumin. The lysozyme addition was expected to hydrolyze CS glycosidic bonds, and leads to a consecutive sudden release of anionic species. Nevertheless, despite the lysozyme addition, less than 100% of FITC-albumin were finally released (Figure 4). The authors explained this result to the high resistance of this type of hydrogels (DA < 25%) to enzymes at the employed concentration in this study (0.25 mg/mL). As the formation of thermosensitive hydrogels is achieved at temperatures higher than at ambient temperature, they can also be used for the treatment of irritated mucosa. The formulations can thus be administered before gelation in the form of spray [START_REF] Nazar | Thermosensitive hydrogels for nasal drug delivery: The formulation and characterisation of systems based on N-trimethyl chitosan chloride[END_REF] or by intranasal route [START_REF] Peng | Optimization of thermosensitive chitosan hydrogels for the sustained delivery of venlafaxine hydrochloride[END_REF]. To this end, Naik et al. [START_REF] Naik | Formulation and Evaluation of Thermosensitive Biogels for Nose to Brain Delivery of Doxepin, Formulation and Evaluation of Thermosensitive Biogels for Nose to Brain Delivery of Doxepin[END_REF] elaborated thermosensitive CS/GP physical hydrogels and revealed that 8% of GP were necessary to achieve hydrogel formation at 37°C.

The addition of more than 8% of GP resulted in a supertonic solution, incompatible with a nasal administration (due to a solute concentration above the cytoplasm one). They studied the influence of polyethylene glycol (PEG) addition in the formulation, an additive which ensures the hydrogel formation, with a smaller GP amount. Thanks to mucoadhesive properties of CS, electrostatic interactions took place between cationic charges of Dglucosamine units of CS and anionic charges of sulfates and sialic acids of mucin (proteins secreted by mucosa). It has also been shown that CS improved the permeation of nervous system by polar formulations (opening the junctions between epithelial cells without immune response).

Thermosensitive physical hydrogels based on CS derivatives (trimethyl CS and methylpyrrolidone CS) and GP incorporating benzydamine (anti-inflammatory drug) were also elaborated for the treatment of buccal mycosis by Rossi et al. [START_REF] Rossi | Thermally sensitive gels based on chitosan derivatives for the treatment of oral mucositis[END_REF]. These authors have demonstrated that the hydrogel formation was influenced by the degree of substitution of CS derivative and the CS molar mass. For example, a high substitution degree and a high molar mass prevented the hydrogel formation. They also noticed an antimicrobial activity of CS hydrogels, and as expected, this effect was enhanced by benzydamine addition.

These CS hydrogels with thermosensitive properties were also used for the drug delivery in the inner ear for the treatment of Ménière's disease. Lajud et al. [START_REF] Lajud | A regulated delivery system for inner ear drug application[END_REF] used an enzyme, the chitosanase, for a better control of gentamicin (antibiotic) release. A CS hydrogel (20 g/L, 2% w/v) was completely destroyed 30 min after the chitosanase addition at 37°C. Despite a 355 needed second injection to obtain a 100% gentamicin release, this system allows a localized delivery of gentamicin.

As previously mentioned for the CS chemical hydrogel, a pH-sensitive release of doxorubicin has also been obtained by Wu et al. [START_REF] Wu | A thermoand pH-sensitive hydrogel composed of quaternized chitosan/glycerophosphate[END_REF] with a physical CS hydrogel. Indeed, at acidic pH, 80% of initially incorporated doxorubicin was released in less than 6h (contrary to 360 only 9% at pH higher than 8). Table 1 summaries the studies described above and others found in the literature about the delivery of hydrophilic drugs from CS hydrogels. All these studies showed that the CS hydrogels are very interesting systems for the delayed release of numerous hydrophilic drugs thanks to the hydrophilic behaviour of polymer chains, as well as the porous structure of hydrogels. After this part concerning hydrophilic drugs, the following part deals with the incorporation and the delivery of hydrophobic drugs.

Chitosan hydrogels for the controlled release of hydrophobic drugs

The major drawback of hydrophobic drugs is that they often have a low therapeutic index (i.e., the ratio of the effective dose to the lethal dose of a drug [START_REF]thérapeutique : Dictionnaire pharmaceutique -Pharmacologie et chimie des médicaments[END_REF]) in the organism. They are thus quickly absorbed by lymphatic system after administration, so that the dose has to be drastically increased in order to obtain the intended therapeutic effects (often at the expense of side effects). To overcome this low bioavailability of hydrophobic drugs, a possible alternative is to incorporate them into CS hydrogels to delay the diffusion, and thus the drug release. Nevertheless, the hydrophilic behaviour of chitosan hydrogels can make this operation difficult [START_REF] Li | Designing hydrogels for controlled drug delivery[END_REF]. To this end, polymer chains are often chemically modified to enhance hydrophobic character of the CS hydrogel.

For cancer treatments, new strategies for hydrophobic anticancer drugs delivery have to be developed. Because of their low water-soluble property, higher concentrations of drugs are commonly used to obtain satisfactory results, but leading to an increase in side effects too.

Obara et al. [START_REF] Obara | Controlled release of paclitaxel from photocrosslinked chitosan hydrogels and its subsequent effect on subcutaneous tumor growth in mice[END_REF] embedded paclitaxel into CS chemical hydrogels before gelation process.

Gelation was achieved by CS photo-crosslinking (condensation reaction), forming covalent bonds under UV irradiation between CS and lactobionic acid (that makes CS water-soluble at neutral pH) and azidebenzoic acid.

The hydrogel ability to limit the growth of mouse sub-cutaneous tumors (inhibition of Lewis lung cells (3LL) proliferation) was shown in this study. The therapeutic action lasts 2 times longer than free paclitaxel (almost 40% of incorporated paclitaxel were released in one day). In vitro, a progressive release was observed, with a plateau around 80% of paclitaxel released 4 days after injection in the culture medium. Finally, this system was able to reduce angiogenesis [START_REF]Angiogenèse[END_REF] (i.e., new blood vessels formation from pre-existing vessels promoting the metastasis formation), without preventing fibroblasts growth (i.e., cells partially constituting the connective tissue).

Always for cancer treatments, implants based on CS chemical hydrogels were used for local radiotherapy, also called « brachytherapy » with controlled delivery of radioactive molecules. In this context, Azab et al. [START_REF] Azab | Crosslinked chitosan implants as potential degradable devices for brachytherapy: In vitro and in vivo analysis[END_REF], [START_REF] Azab | Prevention of tumor recurrence and distant metastasis formation in a breast cancer mouse model by biodegradable implant of 131I-norcholesterol[END_REF] have incorporated, before hydrogel formation, a hydrophobic molecule, Sudan black, into the CS chemical solution. The resulting CS hydrogels were then injected into the mouse. Two hydrogels with different degradation properties were elaborated, a fast degradation hydrogel (FDG, prepared by dialysis against water) and a slow degradation hydrogel (SDG, prepared by dialysis against PBS, pH = 7.4), as a function of dialysis media used for the hydrogel elaboration. The authors showed that the Sudan black release was clearly influenced by the hydrogel degradation. Indeed, 100% of the initially incorporated Sudan black was released in less than one week, contrary to SDG that released less than 20% during almost one month. In conclusion, the drug release could be modulated by a better control of hydrogel degradation property, and this system could also be used for post-chirurgical brachytherapy treatments (after a lung tumour resection for example, in order to limit side effects of traditional radiotherapy).

Ruel-Gariépy and co-workers [START_REF] Ruel-Gariépy | A thermosensitive chitosan-based hydrogel for the local delivery of paclitaxel[END_REF] have elaborated thermosensitive CS/GP chemical hydrogels to delay the release of a hydrophobic anticancer drug, paclitaxel, incorporated before the gelation process. With this in situ gelling formulation, only 32% of initially incorporated paclitaxel were released in vitro within 17 days. In vivo, an intratumoral injection of this hydrogel seemed to be as efficient as four intravenous injections of free paclitaxel. The incorporation of paclitaxel in the CS hydrogels constrained the tumour growth while reducing side effects of the drug itself. Similar results were obtained by Berrada et al.

[85] after intratumoral injection of a thermosensitive formulation for the delivery of camptothecin, an anticancer drug too (incorporated before the gelation process). A sustained release of the drug has been observed during more than one month, and the sub-cutaneous tumour growth was delayed for more than 10 days in vivo on mouse model.

CS hydrogels can also be used for the cure of parasites thanks to the controlled delivery of antibiotics. As previously mentioned, some of CS hydrogels can release drugs as a function of environmental pH. For example, Vaghani and co-workers [START_REF] Vaghani | Synthesis and characterization of pHsensitive hydrogel composed of carboxymethyl chitosan for colon targeted delivery of ornidazole[END_REF] elaborated a chemical hydrogel based on carboxymethyle-CS (CMC) for the delivery of ornidazole (an anti-infective drug incorporated before gelation process) to treat amoebiasis (large intestine infection). They have shown that the most appropriate ornidazole:CMC weight ratio to delay the release was about 1:2.5, with a sustained release of ornidazole during 12h. They also noticed that the hydrogel swelling and the drug release were pH-sensitive. Indeed, the ratio above-mentioned (1:2.5 ornidazole:CMC) allowed the highest incorporation rate of ordinazole (92%). The highest swelling rate was obtained at a pH around 7.0, leading to the faster release. This team also worked on the controlled release of repaglinide (an antidiabetic drug) from CS/polyvinyl pyrrolidone (PVP) semi IPN hydrogels for non-insulin-dependent diabetes [START_REF] Vaghani | Hydrogels Based on Interpenetrating Network of Chitosan and Polyvinyl Pyrrolidone for pH-Sensitive Delivery of Repaglinide[END_REF].

Another alternative for the incorporation of hydrophobic drugs consists in polymer chain modification to make it more hydrophobic. A chemical hydrogel based on carboxymethylhexanoyl-CS has been prepared by Liu et al. [START_REF] Liu | Novel pH-sensitive chitosan-based hydrogel for encapsulating poorly water-soluble drugs[END_REF] for a better control of ibuprofen release (incorporated before gelation process). Some ammonium ions of CS were substituted by hexanoyl ones, enhancing the hydrophobicity of polymer chains and allowing the drug incorporation to be easier. This study also revealed that the higher the substitution degree, the slower the diffusion within the hydrogel.

CS hydrogels were also employed for ophthalmology applications, which often require repeated administrations (once a day or even more) of ocular drops. That can be very uncomfortable for patients and a non-negligible portion of drug is lost in tears. Cheng et al.

[89] worked on the controlled release of latanoprost (an anti-glaucoma collyrium) of in situ gelling formulation of CS and gelatin for glaucoma treatment after an ocular pressure change.

In vitro, the release of latanoprost (incorporated before gelation process) from this physical hydrogel was about 70% of initially incorporated drug over one month. In vivo, a decrease in ocular pressure was observed after the in situ hydrogel intraocular injection. After 8 days of treatment, ocular pressure was back to normal, and then stayed stable over almost a month.

No immune response was detected up to 60 days after treatment, proof of its biocompatibility.

For this particular disease, only one injection per month could thus be very interestingly sufficient (instead of once a day).

More recently, the same team worked on a less invasive alternative with a topical administration of eye drops [START_REF] Cheng | Thermosensitive chitosan-based hydrogel as a topical ocular drug delivery system of latanoprost for glaucoma treatment[END_REF]. One drop per week of in situ gelling solution incorporating latanoprost has seemed to be sufficient to reduce ocular pressure (contrary to a daily administration for free latanoprost).

Zhu et al. [START_REF] Zhu | Development of kartogenin-conjugated chitosan-hyaluronic acid hydrogel for nucleus pulposus regeneration[END_REF] elaborated a CS/HA/GP chemical hydrogel for the controlled delivery of kartogenin, an anti-inflammatory drug, incorporated before gelation process, for intervertebral discs regeneration. Kartogenin is implied in mesenchymal stem cells differentiation into chondrocytes. In this study, the hydrogel containing kartogenin enhanced cell proliferation in comparison with the hydrogel without drug over 16 days. This represented promising results

for intervertebral discs regeneration and wound filling. Thanks to that system, tissue regeneration was promoted via a better stem cells differentiation into nucleus pulposus specific cells (central part of the intervertebral disc).

Qu and co-workers [START_REF] Qu | Injectable antibacterial conductive hydrogels with dual response to an electric field and pH for localized 'smart' drug release[END_REF] elaborated a polyaniline grafted CS chemical hydrogel, crosslinked by oxidized dextran for electrically-modulated delivery of amoxicillin and ibuprofen (incorporation of drugs before gelation process). Same release profiles were obtained for the two hydrophobic drugs: the higher the applied electrical current, the faster the release.

Furthermore, physical and chemical interactions combination can also be interesting for CS hydrogel elaboration. Songkroh et al. [START_REF] Songkroh | Injectable In situ Forming Chitosan-Based Hydrogels For Curcumin Delivery[END_REF] worked on the elaboration of CS hydrogels chemically crosslinked with genipin in the presence of sodium salts. Covalent bonds were created between CS and genipin, but also electrostatic interactions took place between sodium salts and CS ammoniums. Curcumin, a natural pigment with anti-oxidative, anti-inflammatory and antibacterial properties, was incorporated before gelation process in these hydrogels. The authors mentioned that the higher the pore density, the faster the release with a faster diffusion. It has also been shown that the hydrogel porosity could be modified by the nature of added salt, influencing the drug incorporation rate and the drug release.

As presented above for hydrophilic drugs, the Table 2 summaries the studies described above and others found in the literature about the delivery of hydrophobic drugs from CS hydrogels. 
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Although more complicated than hydrophilic drugs, the incorporation of hydrophobic drugs in CS hydrogels is thus possible. However, regardless of the hydrophilic or hydrophobic behavior of molecular drugs, the latters are often very quickly released from hydrogels because of their low molar mass. The following part is about the release of higher molar mass drugs (macromolecules with molar masses above 1,000 g.mol -1 ) incorporated into chitosan 490 hydrogels.

Chitosan hydrogels for the controlled release of macromolecular drugs

For a few years, macromolecules such as peptides and proteins have increasingly been used as therapeutic agents. However, they have a low bioavailability and a short half-life [START_REF] Agarwal | Injectable implants for the sustained release of protein and peptide drugs[END_REF] because they are easily denatured or degraded in the organism. Consequently, their repeated administrations are necessary [START_REF] Chen | Synthesis and pH sensitivity of carboxymethyl chitosan-based polyampholyte hydrogels for protein carrier matrices[END_REF]. An alternative consists in incorporating them into hydrogels in order to protect them from enzyme degradation.

The following paragraphs are firstly dedicated to studies about the incorporation of a model protein, bovine serum albumin (BSA), in CS hydrogels. Secondly, the studies dealing with peptides and proteins with biomedical interest are presented and classified according to their targeted application (tissue engineering, wound healing, cancer and other disease treatments).

Release of a model protein (BSA)

With the aim of proving hydrogel efficiency for the protein delivery, several researchers have worked on the elaboration of CS hydrogel for the controlled delivery of BSA, a model protein (ca 66 000 g.mol -1 ). In 2004, Chen et al. [START_REF] Chen | A novel pHsensitive hydrogel composed of N,O-carboxymethyl chitosan and alginate cross-linked by genipin for protein drug delivery[END_REF] have elaborated a carboxymethyl CS chemical hydrogel, crosslinked by genipin for a pH-sensitive delivery of BSA, incorporated before gelation process. The hydrogel elaboration was achieved at a neutral pH in order to protect the proteins. These authors showed that genipin concentration was directly related to hydrogel swelling and thus protein release (also depending on surrounding pH). The more acidic the pH, the lower the hydrogel swelling thanks to numerous hydrogen bonds. At neutral pH (pH = 7.4), carboxylic groups on the polymer chain are ionized, introducing electrostatic repulsions forces leading to a higher hydrogel swelling. This latter improved drug diffusion and protein release (with almost 80% of BSA released over 5h whereas only 20% at pH = 1.2,

Figure 5).

Another study has been done with carboxymethyl CS chemical hydrogels crosslinked with glutaraldehyde [START_REF] Chen | Synthesis and pH sensitivity of carboxymethyl chitosan-based polyampholyte hydrogels for protein carrier matrices[END_REF], and similar results were obtained. The protein was protected by the hydrogel in the stomach environment, and was then progressively released in the intestine (pH close to 7.4). Similarly, at this neutral pH, there was a fast hydrogel swelling that released 30% of the initially incorporated BSA (burst release), followed by a sustained release of the protein. and at pH = 7,4 (circles) from CS/alginate/genipin hydrogels [START_REF] Chen | A novel pHsensitive hydrogel composed of N,O-carboxymethyl chitosan and alginate cross-linked by genipin for protein drug delivery[END_REF] Thermosensitive CS hydrogels were also used for the controlled delivery of BSA. In 2012, Li and co-workers [START_REF] Li | A covalently crosslinked polysaccharide hydrogel for potential applications in drug delivery and tissue engineering[END_REF] worked on the association of carboxymethyl CS, GP, as well as oxidized alginate, for the elaboration of a thermosensitive chemical hydrogel for the controlled delivery of BSA (incorporated before gelation process). Covalent bonds took place between CS ammoniums and alginate aldehydes, forming a Schiff base (C=N bonds). BSA release was dependent on the pore size, swelling rate, and crosslinking rate of the hydrogel.

First of all, a fast delivery of BSA was observed due to the protein diffusion. It was shown that this protein diffusion was limited by an increased alginate concentration, creating a denser and a less porous hydrogel, unfavourable to protein diffusion. In a second time, the protein release was governed by the hydrogel degradation, more or less fast according to the hydrogel composition.

Bhattarai et al. [START_REF] Bhattarai | PEG-grafted chitosan as an injectable thermosensitive hydrogel for sustained protein release[END_REF] used genipin as a crosslinking agent to delay the release of BSA. In this study, covalent bonds were created between CS and PEG chains, promoting CS solubility in aqueous medium at a neutral pH. Then, genipin was added to allow the hydrogel formation at body temperature in almost 10 min. This crosslinker addition also decreased the pore size, and slowed down the protein release (incorporated before gelation process). Less than 50% of BSA were released over one week for CS/PEG/genipin hydrogels, contrary to CS/PEG that released the same quantity over 5 hours.

Ruel-Gariépy et al. [START_REF] Ruel-Gariépy | Characterization of thermosensitive chitosan gels for the sustained delivery of drugs[END_REF] elaborated thermosensitive physical hydrogels incorporating (before gelation process) FITC-albumin and dextran (between 12,000 and 148,000 g.mol -1 ) and methylene blue (320 g/mol -1 ). The authors also mentioned that the higher the molar mass of the incorporated molecule, the slower the release. Indeed, a plateau around 50% of released albumin was reached after 3 days, when 100% of methylene blue were released over 30h.

As Risbud et al. [START_REF] Risbud | pH-sensitive freezedried chitosan-polyvinyl pyrrolidone hydrogels as controlled release system for antibiotic delivery[END_REF], Li and co-workers [START_REF] Li | A covalently crosslinked polysaccharide hydrogel for potential applications in drug delivery and tissue engineering[END_REF] elaborated a thermosensitive semi-IPN system based on carboxymethyl CS chemical hydrogels crosslinked by genipin and associated to non-crosslinked alginate chains. Alginate chains were expected to enhance i) the hydrogel swelling, ii) the interactions between aldehyde and hydroxyl groups coming from alginate, and with amino, hydroxyl and carboxymethyl groups from modified CS. The aim of the authors was to incorporate proteins before the gelation process, and then to release them in a very acidic environment such as stomach environment.

Tissue engineering applications

As previously mentioned, CS hydrogels can be used for tissue engineering applications. To improve their efficiency, a strategycan be the incorporation of proteins in the hydrogel network.

Muzzarelli et al. [START_REF] Muzzarelli | Osteoinduction by Chitosan-Complexed BMP: Morpho-Structural Responses in an Osteoporotic Model[END_REF] and then Mattioli-Belmonte et al. [START_REF] Mattioli-Belmonte | N,N-dicarboxymethyl chitosan as delivery agent for bone morphogenetic protein in the repair of articular cartilage[END_REF] have worked on the elaboration of chemical hydrogels based on N, N-dicarboxymethyl chitosan (DCMC) associated to bone morphogenetic protein (BMP) (incorporated before gelation process).

BMP are proteins implied in bone and cartilage morphogenesis after cartilage lesions. It has been shown that the complexes formed by electrostatic interactions between DCMC and BMP enhanced the cell density and the filling of cartilage lesions, while constraining inflammation of surrounding tissue. Furthermore, this system incorporating BMP and DCMC also leaded to an interesting in vivo cell proliferation and their differentiation into chondrocytes.

Ishihara et al. [START_REF] Ishihara | Controlled release of fibroblast growth factors and heparin from photocrosslinked chitosan hydrogels and subsequent effect on in vivo vascularization[END_REF] have elaborated CS/lactose chemical hydrogels, photo-crosslinked by UV irradiation, and incorporating BSA and growth factors (FGF-A, FGF-2, VEGF 165 , EGF, b-EGF, added before gelation process) in order to promote the extracellular matrix formation.

The authors have shown that the higher the polymer concentration, the slower the release, probably because of a slower diffusion of the protein. Firstly, a burst effect was observed with the delivery of 15% of the initially incorporated growth factors during the first day. Then, this burst effect was followed by their sustained delivery thanks to the in vivo progressive hydrogel degradation over 10 to 14 days. These authors have also shown that this progressive delivery allowed vascularization in less than 5 days, which is very interesting for tissue engineering applications.

Chenite and co-workers [START_REF] Chenite | Novel injectable neutral solutions of chitosan form biodegradable gels in situ[END_REF] have elaborated thermosensitive CS/GP physical hydrogels for controlled delivery of growth factors and chondrocytes (incorporated before gelation process) for regeneration of cartilage and intervertebral discs [START_REF] Richardson | Human mesenchymal stem cell differentiation to NP-like cells in chitosan-glycerophosphate hydrogels[END_REF]. Gelation was achieved at pH = 7.15 at 37°C, and was demonstrated to be reversible (Figure 6). After an in vivo subcutaneous injection on rats, the formation of neo-tissues was also interestingly observed. Naderi et al. [START_REF] Naderi-Meshkin | Chitosan-based injectable hydrogel as a promising in situ forming scaffold for cartilage tissue engineering[END_REF] examined the scaffold elaboration based on CS, GP, and hydroxyethylcellulose hydrogels for cartilage regeneration too. A hormone, insulin (protein of ca 5,800 g.mol -1 ), was incorporated into these hydrogels before their gelation with the aim of replacing IGF-1 growth factor (implied in chondrocytes differentiation and thus in cartilage regeneration) because they are structurally analogous. It has been shown that these thermosensitive hydrogels could delay the release of insulin over 8 days compared to the reference.

Other studies [START_REF] Tian | Delivery of demineralized bone matrix powder using a thermogelling chitosan carrier[END_REF] have shown that the incorporation of demineralized bone matrix (essentially composed of BMP and collagen) could also be performed (before gelation process) into thermosensitive CS/GP hydrogels to enhance osteoinduction process. Thanks to these systems, Tian et al. have revealed in vivo in rat models, the formation of a new cellular layer between the hydrogel and the pre-existing tissue in less than 7 days. Nevertheless, note that an inflammatory response has been observed due to the presence of GP (i.e., an increase of macrophage and lymphocyte concentrations, which decreased 3 weeks after injection).

Antibodies (immunoglobulin, IgG) or antibodies fragments (Fab antibodies fragments) have also been incorporated into CS/alginate physical hydrogels [START_REF] Fletcher | Controlled delivery of antibodies from injectable hydrogels[END_REF]. These biomacromolecules (incorporated before gelation process) could be slowly released by a diffusion process. The authors mentioned that the higher CS/alginate ratio (not exceeding 50% v/v) the slower the release (Figure 7). According to the authors, electrostatic interactions between cationic CS chains and anionic charged antibodies could be a possible explanation.

The authors also showed that antibodies (due to their higher size) were slower released than antibodies fragments. 

Wound healing

Three distinct and successive steps are implied in wound repair process: i) inflammation, ii) granulation and tissue formation, iii) matrix formation and remodelling [START_REF] Clark | Cutaneous tissue repair: Basic biologic considerations. I[END_REF]. FGF-2 (ca 18,000 g.mol -1 ) is one of the growth factors that plays a role in proliferation of fibroblasts (dermis cells) [START_REF] Mcgee | Recombinant basic fibroblast growth factor accelerates wound healing[END_REF], as well as in vascularization [START_REF] Montesano | Basic fibroblast growth factor induces angiogenesis in vitro[END_REF] (these two biological processes involved in steps ii) and iii). However, the half-life of FGF-2 is very short. Thus, its incorporation in CS hydrogels seemed to be interesting to improve the efficiency of FGF-2 in situ [START_REF] Gainza | Advances in drug delivery systems (DDSs) to release growth factors for wound healing and skin regeneration[END_REF]. In this context, Obara and co-workers [START_REF] Obara | Photocrosslinkable chitosan hydrogel containing fibroblast growth factor-2 stimulates wound healing in healing-impaired db/db mice[END_REF] have elaborated a photo-crosslinked chemical hydrogel based on CS chemically modified by lactose and azide (to make CS water-soluble). The incorporation of FGF-2 into this CS hydrogel (before gelation process) has induced a better and faster wound healing than the same hydrogel but without FGF-2 (Figure 8), while maintaining humid environment necessary for wound healing. The progressive release of FGF-2, efficient over 7 days in vivo in mouse, was due to CS hydrogel degradation.

Thanks to all these works, it was demonstrated that these hydrogels could be very interesting for wound healing applications, as well as growth factor delivery. [START_REF] Obara | Photocrosslinkable chitosan hydrogel containing fibroblast growth factor-2 stimulates wound healing in healing-impaired db/db mice[END_REF] Finally, another different study has described a chemical modification of CS chains by macromolecules [START_REF] Chen | Peptide-modified chitosan hydrogels promote skin wound healing by enhancing wound angiogenesis and inhibiting inflammation[END_REF]. Chen and co-workers have indeed elaborated CS chains grafted with a SKYVAV peptide (6 amino acids) to improve wound healing. It has been shown that a better wound closure and a better vascularization around the wound were obtained thanks to these hydrogels, while constraining immune response of the organism. For example, the K1 marker (specific to keratinocytes differentiation in epidermis cells) was more expressed into wounds treated by peptide grafted-CS hydrogels (mean K1 density = 0.22) than unmodified CS hydrogels (mean K1 density = 0.16) after 14 days.

Cancer and other disease treatments

Chen et al. [START_REF] Chen | Injectable chitosan thermogels for sustained and localized delivery of pingyangmycin in vascular malformations[END_REF] have elaborated a thermosensitive CS/GP physical hydrogel to delay the release of Pingyangmycin (PYM, ca 1,440 g.mol -1 ), an anticancer drug. This drug is also called Blomycin A5, and was incorporated before the gelation process in this study. In vitro, this drug was released over 12 days thanks to the slow hydrogel degradation by lysozymes. In vivo, the drug stability was enhanced by a longer half-life, and a prolonged action. The authors also mentioned that the gelation time could be modulated by varying GP concentration.

For cancer treatments, another strategy has consisted in over-expressing genes in the tumours, via transglutaminase, an enzyme implied in tumour cell proliferation. Han et al. [START_REF] Han | Chitosan hydrogel for localized gene silencing[END_REF] have elaborated a thermosensitive CS/GP physical hydrogel incorporating ribonucleic acid (RNA) and interfering RNA (SiRNA). A slowdown in cell proliferation has been shown with a decrease in TG2 gene expression (implied in tumour growth) about 60% after 48h in vitro injection. In vivo, intratumoral injection in mice has produced a tumour size reduction about 48%. The same authors have also shown that the efficiency of an anticancer drug (docetaxel) incorporated in hydrogel was increased without immune response on the injection site.

As previously mentioned, alginate chains can be associated to CS hydrogels to develop specific properties to resulting hydrogels such as a more compact structure or a pore size decrease. Xu and co-workers [START_REF] Xu | Sustained release of avastin® from polysaccharides cross-linked hydrogels for ocular drug delivery[END_REF] have used this approach for the treatment of age related macular degeneration with the incorporation (before gelation process) of the bevacizumab antibody (Avastin®) in CS/alginate chemical hydrogels (involving a Schiff base reaction between glycol CS and oxidized alginate) for an intraocular administration. 30% of bevacizumab were released during the 4 first hours (diffusion process), followed by a sustained drug delivery over 3 days (slow hydrogel degradation). According to these authors, the higher the alginate concentration, the slower the degradation, and thus the slower the release.

Another thermosensitive CS/GP physical hydrogel has been elaborated by Nazar et al. [START_REF] Nazar | A once-a-day dosage form for the delivery of insulin through the nasal route: in vitro assessment and in vivo evaluation[END_REF] for the controlled delivery of insulin (ca 5,800 g.mol -1 , incorporated before gelation process) via nasal mycosis for the glycaemia regulation. Interesting results were obtained in vitro, and in vivo on diabetic mice, with a delayed release of initially incorporated insulin (50% over 90 min by intranasal route contrary to 50% over 60 min by sub-cutaneous route. Furthermore, the insulin release was then sustained over 24 hours, which was very promising 680 for diabete treatment.

Table 3 summaries the studies described above and others found in the literature about the delivery of macromolecular drugs from CS hydrogels. As a conclusion, this review shows that chitosan hydrogels can be used for the delivery of various drugs, such as antibiotics, anaesthetics, hypotensors, or anticancer drugs. Indeed, chemical hydrogels, that is to say crosslinked with one or several chemical crosslinkers, and physical hydrogels, formed thanks to physical interactions, are revealed to be very efficient systems to incorporate hydrophilic, hydrophobic, as well as macromolecular drugs. Most of these studies deal with the incorporation of hydrophilic drugs, facilitated by the hydrophilic behaviour of CS hydrogel. Nevertheless, an increasing team number examine the incorporation of hydrophobic and macromolecular drugs. Indeed a lot of drugs, for example anticancer ones, present a hydrophobic behaviour. In general, they can be incorporated into CS hydrogels after chemical functionalization of CS chains. This increases their bioavailability in the organism. Furthermore, numerous hydrogels described in literature are pH-sensitive or thermosensitive, and so allow either a targeted delivery of drugs at a specific pH, or the development of injectable formulations. Whatever the incorporated drugs, the CS hydrogels act as a diffusion barrier, reducing the burst effect and side effects. Nevertheless, although the burst effect can be reduced, it can still remain non negligible and some research has to be done to design more efficient drug delivery systems. For example, an ongoing approach to improve this delayed release capacity is the incorporation of drugs into colloids, themselves entrapped within the hydrogel matrix. These colloids create a second diffusion barrier, the effect of which will add to that of the CS hydrogel.
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 3 Figure3. Cumulative release in PBS at pH = 7,4 (% of total incorporated amount) of amoxicillin from CS/polyaniline after application of a 3V electric field (on) during 3 min from Qu et al.[START_REF] Qu | Injectable antibacterial conductive hydrogels with dual response to an electric field and pH for localized 'smart' drug release[END_REF] 

Figure 4 .

 4 Figure 4. Mean release profile of FITC-albumin incorporated into a CS/GP hydrogel in PBS at pH = 7.4 and 37°C before and after lysozyme additions(at 2 different lysozyme concentrations)[START_REF] Ruel-Gariépy | Characterization of thermosensitive chitosan gels for the sustained delivery of drugs[END_REF] 
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 5 Figure 5. Cumulative release of BSA (% of total incorporated amount) at pH = 1.2 (squares)

Figure 6 .

 6 Figure 6. Elastic modulus G' variations of a CS/GP thermosensitive hydrogel as a function of temperature at pH = 7.15[START_REF] Chenite | Novel injectable neutral solutions of chitosan form biodegradable gels in situ[END_REF] 

Figure 7 .

 7 Figure 7. Cumulative release of immunoglobulin (IgG) from hydrogelswith various alginate/CS ratios[START_REF] Fletcher | Controlled delivery of antibodies from injectable hydrogels[END_REF] 

Figure 8 .

 8 Figure 8. Wound closure of FGF-2-incorporated chitosan hydrogels in mice over 14 days without treatment (1 st line), after the use of CS hydrogel (2 nd line) or the use of FGF-2incorporated CS hydrogel (3rd line) representative of eight mice in each group[START_REF] Obara | Photocrosslinkable chitosan hydrogel containing fibroblast growth factor-2 stimulates wound healing in healing-impaired db/db mice[END_REF] 
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 3 Delivery of various macromolecular drugs from chemical or physical CS hydrogels epidermal growth factor 4 FGF = fibroblast growth factor 5 IgG = immunoglobulin 6 PYM = Pingyangmycin

  

  

Table 1 .

 1 Delivery of various hydrophilic drugs from chemical or physical CS hydrogels

	Drug	Hydrogel type	Biomedical application	Administration route	Reference
	5-fluorouracil	Chemical	Anticancer	Intratumoral	[51]
	Benzoic acid	Chemical	Food additive	Unspecified	[65]
	Amoxicillin	Chemical	Antibiotics against Helicobacter Pylori	Oral	[61], [62]
	Acetylsalicylic acid	Chemical, in situ gelation	Antalgic, antiplatelet antipyretic, anti-inflammatory,	Oral	[60]
		Physical, in	Anti-inflammatory		
	Benzydamine	situ	for buccal mycosis	Oral	[75]
		gelation	treatment		
		Physical, in			
	Methylene blue	situ	Model molecule	Unspecified	[71]
		gelation			
		Physical, in			
	Calcein	situ	Model molecule	Unspecified	[71]
		gelation			
	Chlorpheniramine	Physical, in situ gelation	Antihistaminic for fever treatment rhinitis, urticaria, allergy, asthma and	Parenteral	[71]

Table 2 .

 2 Delivery of various hydrophobic drugs from chemical or physical CS hydrogels

	Drug	Hydrogel type	Biomedical applications	Administration route	Reference
		Chemical,			
	Camptothecin	in situ	Anticancer	Intratumoral	[85]
		gelation			
	Curcumin	Chemical, in situ	Antibacterial, anti-oxidative, anti-inflammatory	Sub-cutaneous	[93]