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Introduction

Periodontitis is an inflammatory disease associated with dysbiosis and characterized by the destruction of periodontal tissues including gingiva, connective tissue and alveolar bone [START_REF] Pihlstrom | Periodontal diseases[END_REF]. It manifests itself as gingival bleeding, clinical attachment loss, abscess, tooth loss, thereby, compromising esthetics and masticatory function [START_REF] Caton | A new classification scheme for periodontal and peri-implant diseases and conditions -Introduction and key changes from the 1999 classification[END_REF]. Periodontal lesion is characterized by the pathological increase of the sulcus depth that corresponds to a potential space between a tooth and the surrounding gingival tissue and is lined by sulcular epithelium (Figure 1). Such drastic increase in sulcus depth correlates with the development of an anaerobic bacterial niche enhancing periodontal pathogens' growth, notably that of Porphyromonas gingivalis (P.gingivalis), and an establishment of a complex pathologic microbiota [START_REF] Hanioka | Hemoglobin concentration and oxygen saturation of clinically healthy and inflamed gingiva in human subjects[END_REF][START_REF] Huang | Periodontitis, and Aging Longitudinal Multi-omics and Microbiome Meta-analysis Identify an Asymptomatic Gingival State That Links Gingivitis[END_REF]. The pocket environment exhibits aerobic and anaerobic characteristics depending on the level of the pocket depth.

Evaluation of partial oxygen pressure (pO2) in periodontal pockets indicated that there is a spectrum of pO2 values that define the microbiological composition of the pocket. Moderately deep pockets (5-6 mm) exhibited a mean pO2 of 15.0 mmHg, whereas deep pockets (7-10 mm) showed a significantly lower pO2 around 12 mmHg. Nevertheless, the lowest p02 was associated with the development of well-described pathogens such as P.gingivalis [START_REF] Gordon | Improved isolation of anaerobic bacteria from the gingival crevice area of man[END_REF][START_REF] Loesche | Oxygen sensitivity of various anaerobic bacteria[END_REF], Loesche et al1983, Mettraux et al., 1983).

Figure 1. Adjunctive local therapy. Following scaling and root planing, hydrogel containing M101 (Xn2%-HA1% M101) will be injected within periodontal pocket. The increase of pO2 will help to restore an aerobic environment and to promote periodontal tissue healing.

Periodontal treatment aims to restore homeostasis and to promote tissue healing [START_REF] Bosshardt | Does periodontal tissue regeneration really work?[END_REF]. It consists mainly of subgingival instrumentation to mechanically disorganize the biofilms, however, for severe forms of the disease, several strategies have been proposed to improve treatment outcomes based on the delivery of active drugs or compounds such as enamel matrix derivative, anti-inflammatory drugs and growth factors [START_REF] Kulakauskienė | Enamel matrix derivate induces periodontal regeneration by activating growth factors: A review[END_REF][START_REF] Petit | Contribution of Statins towards Periodontal Treatment: A Review[END_REF][START_REF] Tan | Sustained Release of Two Bioactive Factors from Supramolecular Hydrogel Promotes Periodontal Bone Regeneration[END_REF]. Oxygen is involved in cell metabolism especially in energy production processes such as ATP production and, thus, eventually, plays an important role in wound healing. Optimum oxygenation is crucial as it counters infection caused principally by the growth of anaerobic bacteria, promotes angiogenesis and favors cell proliferation as well as collagen synthesis [START_REF] Guo | Factors affecting wound healing[END_REF]. Indeed, the microenvironment of the wound is generally depleted in O2 leading to hypoxia, therefore, justifying the interest of oxygenation to improve treatment outcomes [START_REF] Tandara | Oxygen in wound healing--more than a nutrient[END_REF]. Therefore, efficient oxygenation of the affected region can be considered as a potential treatment strategy (Gölz et al., 2014[START_REF] Sabatini | Effects of the application of high-pressure oxygen on the treatment of periodontal disease in diabetic patients[END_REF].

Recently, it was demonstrated that M101 (developed by the biotech company Hemarina), a natural extracellular biopolymer hemoglobin extracted from a marine worm (Arenicola marina) blood, can carry 156 O2 versus 4 for human hemoglobin i.e 40 times more than human hemoglobin [START_REF] Zal | Quaternary structure of the extracellular haemoglobin of the lugworm Arenicola marina: a multi-angle-laser-lightscattering and electrospray-ionisation-mass-spectrometry analysis[END_REF]. Its p50 is around 7.05 ± 0.93 mmHg at 37°C that is similar to the p50 of human hemoglobin (i.e. inside the Red Blood Cell) [START_REF] Rousselot | Arenicola marina extracellular hemoglobin: a new promising blood substitute[END_REF]. Furthermore, the cooperativity of M101 is identical to human hemoglobin (n=2.5).

M101 also possesses a superoxide dismutase property linked to the presence of Cu/Zn [START_REF] Zal | Quaternary structure of the extracellular haemoglobin of the lugworm Arenicola marina: a multi-angle-laser-lightscattering and electrospray-ionisation-mass-spectrometry analysis[END_REF][START_REF] Rousselot | Arenicola marina extracellular hemoglobin: a new promising blood substitute[END_REF]. Such properties are of high interest as they allows M101 to release O2 in hypoxic tissues where the p50 is below the pO2 of the environment [START_REF] Varney | Mini-review on the properties and possible applications of therapeutic oxygen carrier Hemarina-M101[END_REF]. Moreover, a recent study demonstrated potential anti-inflammatory and antibacterial effects of M101 in the context of P.gingivalis infected oral tissue cells [START_REF] Batool | A therapeutic oxygen carrier isolated from Arenicola marina decreased P. gingivalis induced inflammation and tissue destruction[END_REF]. Altogether, the data allows us to hypothesize the potential use of M101 to improve periodontal treatment outcomes.

To deliver active molecules or drugs within periodontal lesion, different types of scaffolds have been proposed including membranes, fibers and gels [START_REF] Batool | Periodontal Tissues, Maxillary Jawbone, and Tooth Regeneration Approaches: From Animal Models Analyses to Clinical Applications[END_REF][START_REF] Batool | In-situ forming implants loaded with chlorhexidine and ibuprofen for periodontal treatment: Proof of concept study in vivo[END_REF][START_REF] Morand | Active Nanofibrous Membrane Effects on Gingival Cell Inflammatory Response[END_REF][START_REF] Morand | Cytokines during periodontal wound healing: potential application for new therapeutic approach[END_REF]. Based on these scaffolds, Hemarina has developed a new formulation of M101 incorporated into a gel to treat periodontal lesions. The gel is based on the mixture of hyaluronic acid (HA) and xanthan gum containing M101 which will be injected at the lesion site. From a clinical perspective, injection of a gel seems to be the most feasible galenic as it does not require advanced surgical techniques and materials. Hence, the aim of this study was to develop and characterize the physical properties of a HA-based hydrogel containing M101 to allow its local delivery and potential use as adjuvant to periodontal treatment.

2.

Materials and methods

Synthesis of the hydrogel

Hydrogel was synthesized through mixing of sodium hyaluronate (HTL Biotechnology, Javené, France) (1%) and xanthan gum (Gargill, Paris, France) (2%) in NaCl 300 mOsmol/kg in water. Xanthan gum powder and hyaluronate fibers were mixed in a 2L glass vessel containing saline buffer under strong magnetic stirring. The hydrogel was then sterilized with steam. Afterwards, sterile M101 solution was added by hydraulic recirculation to the hydrogel at the concentration of 1 and 2 g/L under sterile conditions according to good manufacturing practices (GMP) processes (Hemarina, Morlaix, France). The hydrogels obtained were stored at -20°C until use.

SEM microscopy of Xn2%-HA1%-M101 gels

Xn2%-HA1% gels loaded with 1g/L M101 or without were examined. The gels were thawed and deposited into a 6-wells plate in duplicates. The quantity of the gel/well was ~3g.

The samples were dried by using increasing concentrations of ethanol (50%, 70%, 90%, 100%). The gels were incubated in 10 mL of corresponding concentrations of ethanol. The time of the incubations were as follows: 2x5 min in 50% ethanol, 3x10 min in 70, 90 and 100% ethanol. After metallization with palladium in sputter coating Bal-Tec SCD 005, the samples were observed by using XL SIRION FEG from FEI microscope.

Measurement of swelling ratio, water content and degradation of Xn2%-HA1%-M101 gels

Each type of the gel (~3g) was separately put into 35x10mm Dish, (Nunclon™ Delta) in triplicates. Their respective weights were recorded by using analytical balance (Discovery-Ohaus). The swelling ratio of the gels were calculated after the gels were fully swollen in distilled water 24h and then dried under ventilation (equilibrium degree of swelling: SR= Ws/Wd where Ws is swollen weight and Wd is dry weight). For this purpose, 3.5 ml of distilled water was added into each dish. Ws value was measured by removing excess water after 24h. Then, the gels were dried in a bench mounted fume cupboard (Wesemann Laboreinrichtungen-GmbH) at room temperature for 3 days and weighed again. Water content was calculated as WC= ((Wg-Wd)/Wg) x100, where Wg corresponds to the weight of the hydrogel and Wd to its dry weight. For this part of the study, same type of dish and setup was used as done for the swelling ratio. Degradation of the gels was investigated after incubation in phosphate buffer saline (PBS) for 7 days at 37°C in the incubator (5% CO2) and by measuring their respective weights. Before each measurement, the PBS was taken into a separate falcon tube, then, it was re-added into the dish and the incubation of samples was continued. This process was repeated for 7 days.

Rheological measurements of Xn2%-HA1%-M101 gels

Rheological measurements were carried out using rheometer (Thermo Scientific Haake Mars, Modular Advanced Rheometer System) with parallel plate geometry (40 mm diameter, 1 mm gap). For each test, the appropriate amount of sample was loaded onto the peltier plate, equipped with temperature-controlled system for fast and accurate thermoregulation (±0.001°C). Viscosity flow curves were measured through a steady rate sweep method (0.1-10 000 Pa.s). The linear viscoelastic range (LVER) of the gel was determined by dynamic amplitude sweep and viscoelastic moduli (conservative G' and dissipative G") by frequency sweep test. In these tests, a continuous excitation was applied to the sample within the LVER to avoid gel de-structuration. The range of amplitude sweep test was between 0.01 and 100% and with angular frequency of 0.1 Hz at 20°C for both tests. The frequency sweep analysis was carried out on the gels in the rheometer at 20°C in the angular frequency range between 0.1-100 Hz using 1% constant strain.

Evaluation of O2 diffusion

To evaluate the O2 diffusion from Xn2%-HA1%-M101, the following experiments were carried out. Dialysis membranes only permeable to O2 were used. Membranes (Biotech CE membrane tubing MWCO 0.1-0.5kD, Spectrum laboratories, Lyon, France) were filled with gel alone or buffer containing M101 (1g/L) or Xn2%-HA1%-M101 (1g/L). These membranes making a tube with gel were introduced into an anoxic aqueous environment with equal osmolarity (Figure 2). In order to prepare the anoxic solution, recipient was filled with a saline buffer with 300mOs/L osmolarity and a pH of 7.1 and stirred with a magnetic bar. An oximeter was used to measure the O2 concentration of the buffer. With stirring and injection of nitrogen (N2), 0.0 mg/L of dissolved O2 is obtained. Cellulose ester membrane tubes are filled with the solution or the gel, whether supplemented with M101 or not, and hermetically sealed with forceps. Tubes contain around 6.5 mL of gel or liquid introduced into the anoxic environment by immersion. The experiment was carried out at a temperature of 18 +/-1 ° C.

The pO2 increasing in the anoxic solution over time was followed every minute during 1h.

The measurements were carried out in triplicates.

Figure 2. Measurement of O2 release from M101 liquid or Xn2%-HA1%-M101 gel.

Cell culture

Human oral epithelial cells (EC) (TERT-2 OKF-6, BWH Cell Culture and Microscopy Core, Boston, MA, USA) and human oral fibroblasts (FB) were isolated from gingival biopsy and cultured in Keratinocyte-SFM medium (Life Technologies, Saint-Aubin, France) and RPMI 1640 (Fisher Scientific SAS, Illkirch Cedex-France) respectively. To reduce the risk of contamination, 100 units/mL of penicillin and 100 μg/mL of streptomycin (PromoCell, Heildelberg, Germany) were added to all cell media. Cells were grown at 37 °C in a humidified atmosphere with 5% CO2 and media were changed each 3 days.

Metabolic activity

To assess the cytocompatibiliy of Xn2%-HA1%-M101 gel, an Alamar Blue assay (Life Technologies, Saint-Aubin, France) was performed as described previously in EC and FB [START_REF] Batool | A therapeutic oxygen carrier isolated from Arenicola marina decreased P. gingivalis induced inflammation and tissue destruction[END_REF]. The release medium was prepared by placing all gel types (~5g each) in a 6-wells plate following their incubation with 3 mL of PBS overnight at room temperature.

4x10 4 EC and FB were seeded into 24-wells plates. EC and FB were treated with the mixture containing 5 and 10% of the release medium and corresponding cell culture media. The metabolic activity was evaluated by Alamar Blue assay after 6, 24h and 48h by measuring the absorbance at optical density at 570 and 595 nm by a spectrophotometer (Multiskan, ThermoScientific) to determine the percentage of Alamar Blue reduction.

Antibacterial Assay

Porphyromonas gingivalis (ATCC 33277) strain was used to assess the antibacterial properties of the test samples. Bacterial culture was performed under strict anaerobic conditions at 37°C in brain-heart infusion medium (BHI) (BD, France) supplemented with hemin (5 μg/mL) and menadione (1 μg/mL). 5 and 10% of Xn2%-HA1%-M101 released medium was used to evaluate the antibacterial properties for 6 to 30h. Ethanol was used as positive control. Bacterial growth was measured at OD=595 nm by a spectrophotometer (Multiskan).

Statistical analysis

All experiments have been performed at least in triplicate and statistical analysis was performed using ANOVA and Mann-Whitney U test. A p-value < 0.05 was considered significant.

Results

Injectability of Xn2%-HA1%-M101

Xn2%-HA1%-M101 gels were preserved at -20°C and thawed at room temperature before use. During the injection, they showed a continuous flow and stayed stable without spreading into the plate at the end of the injection demonstrating their stability and a plastic behavior of the gels (Figure 3). 

SEM microscopy of Xn2%-HA1%-M101 gels

Xn2%-HA1%-M101 and Xn2%-HA1% were imaged by SEM. Xn2%-HA1% gel displays smoother surface in comparison with M101 containing gel (Figure 4). The homogenously spread white particles in Figure 4B indicated the M101 Arenicola marina's hemoglobin.

Figure 4. SEM micrographs of Xn2%-HA1% gels A) Xn2%-HA1% B) Xn2%-HA1%-1g/L M101.

Measurement of the swelling ratio, water content and degradation of Xn2%-HA1%-M101 gels

Water content and swelling ratio values were calculated based on the wet and dry weights of the gels. The water content of the gel was measured to be 92%. There was no difference between the gels with and without M101. Presence of the M101 caused an increase in the swelling ratio of Xn2%-HA1%-M101 hydrogels. 2 g/L M101 containing hydrogels can swell considerably more compared to 1 g/L M101 containing hydrogels or Placebo (Figure 5A) Degradation of the gels in PBS was investigated with weight loss/change up to 5 days (Figure 5B). At Day0, the gels were weighed and incubated in PBS at 37°C. The mass of the gels was measured at Day1, Day4 and Day5 by removing PBS. At day1, all gel types were fully swollen. At the following time points, the mass of the gels started to decrease gradually. 

Rheologic characterization of Xn2%-HA1%-M101 gels

Dynamic strain and shear stress sweep were performed on gels in the rheometer. G′ (storage modulus) and G′′ (loss modulus) show the elastic state and the viscous state of the gels, respectively. Amplitude sweep experiments were conducted and revealed that incorporation of M101 at a higher concentration (2 g/L) induced a weakness of the gel (Figure 6B). This can be related to the intercalation of M101 with the gel mesh, lowering its intermolecular networking. All the formulations break down when deformation is raised to 100 %, meaning that a relatively high deformation can occur without the loss of elastic properties.

Frequency sweep tests were performed within the LVER, i.e. prior to strain induced G' decrease. For this experiment, the high frequency region correlates to shot-time behavior (rapid motion), while the low frequencies mimic the long-term behavior of the system. The diminution of the complex viscosity confirms the clear character of the shear-thinning behavior of the gel (Figure 7A). In addition, whatever the frequency range, the elastic behavior of the system remained predominant (Figure 7B). A slight dependence of the moduli versus the frequency was observed but the G' still remained higher than G" even at low frequencies (long time motion), indicating a more solid-like behavior of the system than liquid, with a yield stress. If so, it could be expected that the gel with 2 g/L would deteriorate more rapidly than 1 g/L. Viscosity of the gel was studied over the temperature range of 20°Cto 45°C at a fixed shear rate of 1s -1 (Figure 8). The values of G′ were higher than G′′, which indicates that the elastic behavior of the system was greater than the viscous behavior, hence, the gel was not affected by the temperature and should maintain its properties at the body temperature (mouth temperature is equal to 36.5°C). and Xn 2%-HA1%-M101(2 g/L).

O2 diffusion is not affected by Xn2%-HA1%

To evaluate the diffusion of O2 from the Xn2%-HA1%-M101 gel, gels and liquid containing M101 (1g/L) were placed in a dialysis tube and in anaerobic conditions. pO2 was measured during 1h in the initially anoxic media. Significant changes in pO2 were observed in the medium surrounding Xn2%-HA1%-M101 and liquid M101 (Figure 9). No significant differences were observed under these experimental conditions between the gel form and the liquid form supplemented with M101 at 1g/L validating the M101 activity (O2 delivery in anoxic conditions) even when incorporated in the Xn2%-HA1% gel. 

Antibacterial activity

P.gingivalis growth was followed for 30h in the presence of samples of released media

(5 and 10%) obtained from 1g/L and 2g/L Xn 2%-HA1%-M101 gels (Figure 10). 1g/L (10%) and 2g/L (10%) M101 containing media significantly decreased the bacterial growth after 24h. Higher concentration of release media was as inhibitory as the positive control (ethanol 70%). Interestingly, an inhibition of P.gingivalis growth was also observed for 10% released media of Xn 2%-HA1%-placebo validating a potential effect associated with the presence of HA. 

Xn 2%-HA1%-M101 gel is not cytotoxic

An Alamar Blue test was conducted to evaluate cytocompatibility of Xn2%-HA1%-M101 gels in EC and FB. The release media (5 and 10%) obtained from Xn2%-HA1%-M101 gel were added in the cell culture media of EC and FB. There were no significant changes in the presence of placebo and Xn2%-HA1%-M101(1g/L) gels validating their cytocompatibility (p>0.05) (Figure 11). 

Discussion

In this study, we demonstrated the interest of Xn2%-HA1%-M101 loaded gels to effectively deliver O2. It was observed that such gel formulation displays interesting physical properties allowing its application in a periodontal pocket. Moreover, incorporation of M101 within the gel neither modified the molecule's antibacterial properties nor affected its cytocompatibility, thereby, validating its potential use in the context of periodontal treatment.

Physical characterization revealed that Xn2%-HA1%-M101gel exhibits high water content (92%) without any changes induced by the loading of M101. However, it has been observed that the gel loaded with 2 g/L M101 has a two-fold increased swelling ratio with respect to placebo and 1g/L M101 containing gels. Xn2%-HA1%-M101gel has fully swollen after one day of incubation in PBS. The degradation of the gel was estimated by the loss of their mass following 7 days of incubation in PBS. Although Xn2%-HA1%-M101 is a slow degrading gel, the gels which contain either 1g/L and 2 g/L of M101 have shown higher loss of mass.

Hydrogels are three-dimensional (3D), insoluble, cross-linked polymer networks that can retain a large amount of water and biological fluids in their swollen state. Hydrogels have innumerable application, for instance, in food additives, pharmaceuticals, biomedical implants, tissue engineering and regenerative medicine, diagnostics, cellular immobility, cell encapsulation, separation of biomolecules or cells and barrier materials, for the regulation of biological adhesions, biosensor, and biomedical micro electro-mechanical devices. There are also several applications of the hydrogels in dentistry, as scaffold for the dental pulp stem cells, for lubrication and sealing of the implants, bioengineering of the tooth bud, for drug delivery through micro-nanoparticle laden or injectable scaffolds [START_REF] Yu | Effects of 3-dimensional Bioprinting Alginate/Gelatin Hydrogel Scaffold Extract on Proliferation and Differentiation of Human Dental Pulp Stem Cells[END_REF][START_REF] Cao | A thermosensitive chitosanbased hydrogel for sealing and lubricating purposes in dental implant system[END_REF][START_REF] Smith | Bioengineering Tooth Bud Constructs Using GelMA Hydrogel[END_REF][START_REF] Ribeiro | Hybrid Antimicrobial Hydrogel as Injectable Therapeutics for Oral Infection Ablation[END_REF]. Mechanical characterization and rheology of hydrogels have attracted attention since mechanical properties and rheology are important design parameters to be considered from pharmaceutical and biomedical point of view. The rheological analysis on the hydrogels can be adopted to obtain information about the intermolecular interactions and can be correlated with the morphological structure of the hydrogels. Here, we observed that Xn2%-HA1%-M101 loaded gels display plastic behavior with high viscosities at shear rates close to 0 (around 200 Pa.s), which reflects that the fluid does not flow at rest while under shearing stress they have liquid-like flowing property. This shear thinning behavior is quite similar for all the gels tested, which indicates that the presence of M101 does not influence the gel structure and its flowing properties, close to classical xanthan gum behavior [START_REF] Xuewu | Rheological models for xanthan gum[END_REF]. This shear thinning behavior is interesting for a potential large-scale processing as well as for the application: once administrated (flow injection), the gel will stay in place (high zero shear viscosity).

Hyaluronic acid plays several physiological roles as a major component of the extracellular matrix in connective tissues like maintenance of the structure, tissue lubrication and wound healing. Moreover, the recent evidence, suggesting its antimicrobial and antiviral [START_REF] Pirnazar | Bacteriostatic effects of hyaluronic acid[END_REF][START_REF] Carlson | Bacteriostatic properties of biomatrices against common orthopaedic pathogens[END_REF], Ardizonni et al 2011), anti-inflammatory [START_REF] Dahiya | Hyaluronic Acid: a boon in periodontal therapy[END_REF]) capacities, as well as its proangiogenic [START_REF] Deed | Early-response gene signalling is induced by angiogenic oligosaccharides of hyaluronan in endothelial cells. Inhibition by non-angiogenic, high-molecular-weight hyaluronan[END_REF]) and osteoinductive [START_REF] Mendes | Effects of single wall carbon nanotubes and its functionalization with sodium hyaluronate on bone repair[END_REF][START_REF] Kawano | Mechanism involved in enhancement of osteoblast differentiation by hyaluronic acid[END_REF][START_REF] De Brito Bezerra | Association of hyaluronic acid with a collagen scaffold may improve bone healing in critical-size bone defects[END_REF] in a planktonic phase, depends on the concentration and molecular weight of HA [START_REF] Pirnazar | Bacteriostatic effects of hyaluronic acid[END_REF].

Recently, there has been an increased interest towards the molecule M101 owing to its antioxidant and high O2 carrying properties [START_REF] Varney | Mini-review on the properties and possible applications of therapeutic oxygen carrier Hemarina-M101[END_REF]. This molecule of natural origin is non-immunogenic and not allergenic and has already been tested in several animal models by IV injection and ex-vivo for organ preservation for kidney in pigs [START_REF] Thuillier | Supplementation with a new therapeutic oxygen carrier reduces chronic fibrosis and organ dysfunction in kidney static preservation[END_REF] and during clinical trial for human kidney transplantations [START_REF] Le Meur | First-inhuman use of a marine oxygen carrier (M101) for organ preservation: A safety and proof-ofprinciple study[END_REF], for porcine liver transplantation [START_REF] Alix | Adding the oxygen carrier M101 to a coldstorage solution could be an alternative to HOPE for liver graft preservation[END_REF], porcine lung transplantation [START_REF] Glorion | Prevention of ischemia-reperfusion lung injury during static cold preservation by supplementation of standard preservation solution with HEMO2life® in pig lung transplantation model[END_REF], for human and rat pancreas [START_REF] Lemaire | Beneficial effects of the novel marine oxygen carrier M101 during cold preservation of rat and human pancreas[END_REF] and for human face transplantation [START_REF] Lantieri | First human facial retransplantation: 30-month follow-up[END_REF] in order to improve tissue oxygenation. Interestingly, in a model of traumatic brain injury in rat, the administration of M101 induced the restoration of 86% of the pre-injury brain tissue oxygen tension without any cerebral vasoconstriction [START_REF] Moon-Massat | Cerebral Vasoactivity and Oxygenation with Oxygen Carrier M101 in Rats[END_REF]. Moreover, besides its oxygenation properties, it was also demonstrated that Arenicola marina's hemoglobin has antioxidant properties associated with its intrinsic superoxide dismutase activity that is higher than that in the human red blood cell [START_REF] Rousselot | Arenicola marina extracellular hemoglobin: a new promising blood substitute[END_REF][START_REF] Thuillier | Supplementation with a new therapeutic oxygen carrier reduces chronic fibrosis and organ dysfunction in kidney static preservation[END_REF]. Nevertheless, in a partially aerobic environment, Arenicola marina's hemoglobin release and saturation with O2 will be dependent on the pO2. Therefore, we hypothesized that local delivery of M101 in the periodontal pocket will allow the release of O2 where pO2 is low, especially at the most anaerobic part of the pocket with a constant reloading of O2 from its most coronal part. Such properties open new prospects for its use in the management of several diseases where oxidative stress and hypoxia play a critical role in their development and progression. In the context of periodontitis, such parameters are of paramount importance. Periodontal lesions are characterized by the development of an anaerobic flora [START_REF] Uzel | Microbial shifts during dental biofilm re-development in the absence of oral hygiene in periodontal health and disease[END_REF] that exacerbates the inflammatory host-response [START_REF] Hajishengallis | Polymicrobial communities in periodontal disease: Their quasi-organismal nature and dialogue with the host[END_REF]. For instance, it was observed that hypoxia contributes synergistically to NLRP3 inflammasome activation and caspase-1 activation by P.gingivalis lipopolysaccharide leading to pro-inflammatory cytokines secretion and periodontal cell death [START_REF] Cheng | Porphyromonas gingivalis-Derived Lipopolysaccharide Combines Hypoxia to Induce Caspase-1 Activation in Periodontitis[END_REF][START_REF] Yang | Hypoxia and Porphyromonas gingivalis-lipopolysaccharide synergistically induce NLRP3 inflammasome activation in human gingival fibroblasts[END_REF]. Recently, it was demonstrated that the administration of M101 (1g/L) in a P.gingivalis induced abscess decreased significantly its lesion size, tissue inflammation and bone destruction. Interestingly, M101 also induced a significant decrease in the pro-inflammatory cytokines expression, such as TNF-α, IL-1β and IL-8, in oral epithelial cells infected by P.gingivalis and inhibited bacterial growth as well [START_REF] Batool | A therapeutic oxygen carrier isolated from Arenicola marina decreased P. gingivalis induced inflammation and tissue destruction[END_REF]. As already suggested in other models, it was hypothesized that the observed anti-inflammatory and antibacterial effects were associated with O2 delivery and intrinsic properties of M101.

Ideal carrier for periodontal treatment should be safe, easy to use and with physical properties that allow its stability and retention within the 3D periodontal pocket. Therefore, a specific focus has been made on gels as they are easy to handle by clinicians. Here, HA and xanthan gum were selected to synthesize the gel. Hyaluronic acid is widely used in medical applications as it is highly biocompatible and has manageable resorbable properties [START_REF] Deed | Early-response gene signalling is induced by angiogenic oligosaccharides of hyaluronan in endothelial cells. Inhibition by non-angiogenic, high-molecular-weight hyaluronan[END_REF]. In the context of periodontal or maxillofacial treatments, several strategies based on HA-based scaffolds have been developed so far [START_REF] Casale | Hyaluronic acid: Perspectives in dentistry. A systematic review[END_REF]. Hyaluronic acid has been used as an adjuvant for non-surgical treatment and its administration has shown improved treatment outcomes such as reduction of the bleeding on probing (BOP) and decrease in the number of residual pockets [START_REF] Bertl | Hyaluronan in non-surgical and surgical periodontal therapy: a systematic review[END_REF]. Hyaluronic acid is also used as a carrier for active biomolecules. For instance, some studies developed gels to deliver growth factors such as bone-morphogenetic protein (BMP) to promote bone healing through induction of osteoblasts differentiation [START_REF] Fujioka-Kobayashi | Hyaluronic Acid Gel-Based Scaffolds as Potential Carrier for Growth Factors: An In Vitro Bioassay on Its Osteogenic Potential[END_REF][START_REF] Kim | Biomodification of compromised extraction sockets using hyaluronic acid and rhBMP-2: An experimental study in dogs[END_REF].

Furthermore, HA displays pro-regenerative properties that are of interest in the context of periodontal healing and regeneration. Studies demonstrated that it has intrinsic proregenerative properties as it upregulates the mineralization potential of osteoblasts [START_REF] Fujioka-Kobayashi | Hyaluronic Acid Gel-Based Scaffolds as Potential Carrier for Growth Factors: An In Vitro Bioassay on Its Osteogenic Potential[END_REF] and has also demonstrated bacteriostatic effects on some periodontal pathogens including Aggregatibacter actinomycetemcomitans [START_REF] Dahiya | Hyaluronic Acid: a boon in periodontal therapy[END_REF]. In this study, Xn2%-HA1%-M101 loaded gel decreased significantly the growth of P.gingivalis.

Noteworthily, this effect was strongly amplified when M101 was present confirming its potential antibacterial properties [START_REF] Batool | A therapeutic oxygen carrier isolated from Arenicola marina decreased P. gingivalis induced inflammation and tissue destruction[END_REF] due to O2 release. It should be mentioned that, in this study, hydrogels' characteristics were determined in dry conditions. As the environment, dry or aqueous, may influence such characteristics [START_REF] Koenig | Cell-laden Hydrogel/Titanium Microhybrids:Site-specific cell delivery to metallic implants for improved integration[END_REF], future studies should evaluate Xn2%-HA1%-M101 loaded gels in aqueous conditions that will be closer to periodontal pocket. Moreover, the antibacterial effect of the tested M101 loaded gels has only been tested for one pathogen, P.gingivalis. As periodontitis is associated with a dysbiosis involving the growth of several bacterial strains, this effect needs to be investigated in multispecies biofilms involving pathogens and commensals.

Altogether, the results of this study demonstrated that Xn2%-HA1% is an interesting and easy to handle carrier for M101 as the loading of M101 within this gel did not change its properties related to O2 transportation. The promising results obtained so far open prospects for application in the management of periodontal lesions through local delivery of M101.

Further studies need now to be carried out in experimental periodontitis models to establish further its therapeutic interest.
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 5 Figure 5. Swelling ratio (A) and degradation profile (B) of the Xn2%-HA1%-M101 gels.

Figure 6 .

 6 Figure 6. Viscosity measurement (A) and amplitude sweep measurement (B) of Xn 2%-HA1%, Xn 2%-HA1%-M101(1g/L), Xn 2%-HA1%-M101(2 g/L).

Figure 7 .

 7 Figure 7. Influence of the oscillation frequency (A) on complex viscosity and (B) on G' and G" of Xn 2%-HA1%, Xn 2%-HA1%-M101(1g/L), Xn 2%-HA1%-M101(2 g/L). Empty symbols refer to the elastic modulus G' while the plain symbols refer to the loss modulus G".

Figure 8 .

 8 Figure 8. Temperature sweep measurement of Xn 2%-HA1%, Xn 2%-HA1%-M101(1g/L)

Figure 9 .

 9 Figure 9. Concentration of diffused O2 (mg/L) in liquid/gel alone and gel containing 1 g/L M101 in anoxic chamber.

Figure 10 .

 10 Figure 10. P.gingivalis growth in the presence or absence of the 5% and 10 % M101 containing growth medium. *:p<0.05 vs negative control at 24h; +: p<0.05 vs negative control at 30h.

Figure 11 .

 11 Figure 11. Viability of human FB (A) and EC (B) at 6, 24 and 48 hours of growth in the absence and presence of 5 and 10 % of 1g/L and 2 g/L M101. Experiment has been performed in triplicate (biological and technical replicates).
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