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Introduction

Since first reports made in the 1980s, [START_REF] Brown | A New Calcium Phosphate Setting Cement[END_REF][START_REF] Legeros | Apatitic Calcium Phosphates: Possible Restorative Materials[END_REF][START_REF] Lemaitre | Calcium phosphate Cements: Study of the β-Tricalcium Phosphate -Monocalcium Phosphate System[END_REF] the use of calcium phosphate cements (CPCs) as bone substitutes in clinics is steadily expanding, in particular in trauma surgery [START_REF] Bajammal | The Use of Calcium Phosphate Bone Cement in Fracture Treatment. A Meta-Analysis of Randomized Trials[END_REF][START_REF] Carey | Premixed Rapid-Setting Calcium Phosphate Composites for Bone Repair[END_REF][START_REF] Larsson | Use of Injectable Calcium Phosphate Cement for Fracture Fixation: A Review[END_REF][START_REF] Larsson | Injectable Bone-Graft Substitutes: Current Products, Their Characteristics and Indications, and New Developments[END_REF] since they proved their excellent ability to be replaced by new bone in a few months. However, to extend their use to a larger variety of clinical applications, many developments are currently still needed to improve among others their injectability, cohesion, mechanical properties as well as resorption rate. For that purpose, many types of additives have been added to CPCs, either to the solid or liquid phase, including for example other polymers (e.g., sodium alginate, hyaluronic acid, collagen, polypeptides, chitosan, cellulose ethers or synthetic self-assembling hydrogels) [START_REF] Liu | Novel Injectable Calcium Phosphate/Chitosan Composites for Bone Substitute Materials[END_REF][START_REF] Zhang | Calcium Phosphate Cements for Bone Substitution: Chemistry, Handling and Mechanical Properties[END_REF][START_REF] Alkhraisat | The Effect of Hyaluronic Acid on Brushite Cement Cohesion[END_REF][START_REF] Lopez-Heredia | Bulk Physicochemical, Interconnectivity, and Mechanical Properties of Calcium Phosphate Cements-Fibrin Glue Composites for Bone Substitute Applications[END_REF] or blood derivatives (i.e. whole blood, fresh plasma, platelet rich plasma (PRP), [START_REF] Ko | Properties of Osteoconductive Biomaterials: Calcium Phosphate Cement with Different Ratios of Platelet-Rich Plasma as Identifiers[END_REF] and fibrin-based components). [START_REF] Ko | Properties of Osteoconductive Biomaterials: Calcium Phosphate Cement with Different Ratios of Platelet-Rich Plasma as Identifiers[END_REF][START_REF] Mellier | A Straightforward Approach to Enhance the Textural, Mechanical and Biological Properties of Injectable Calcium Phosphate Apatitic Cements (CPCs): CPC/Blood Composites, a Comprehensive Study[END_REF][START_REF] Bujoli | Fibrin as a Multipurpose Physiological Platform for Bone Tissue Engineering and Targeted Delivery of Bioactive Compounds[END_REF] In this context, we have recently reported that full replacement of the liquid phase of CPCs by blood can in some cases strongly influence the properties of the resulting composites, leading to a highly injectable and cohesive paste, which exhibited far quicker resorption and remodeling of the material by bone cells when implanted in bone critical defects, when compared to the blood-free analogue. [START_REF] Mellier | A Straightforward Approach to Enhance the Textural, Mechanical and Biological Properties of Injectable Calcium Phosphate Apatitic Cements (CPCs): CPC/Blood Composites, a Comprehensive Study[END_REF] In fact, two commercial formulations of apatitic calcium phosphate cements (CPCs), Graftys ® Quickset (QS) and Graftys ® HBS+ (HBS), similar in composition but with different initial setting time (7 and 15 min, respectively) were compared. Surprisingly, after full replacement of the CPC liquid phase by whole ovine blood while keeping the same liquid/powder ratio, the setting time of the HBS/blood composite was dramatically delayed when compared to its QS analogue and the two blood-free references. Moreover, the resorption rate after 12 weeks was more than twice that of the three other CPCs, with a significant replacement by newly formed bone. The promising potential of the HBS/blood composite was then confirmed using a large animal model (adult sheep), where a new approach for intervertebral spine fusion was investigated, which consisted in the injection of the HBS/blood composite in the interbody fusion cage, once placed in the intervertebral space. It was found that the fusion rate in that case was at least as good as results obtained with the classical approach, i.e., filling the cage with autologous bone graft and then insertion of the cage between two adjacent vertebrae. [START_REF] Gonçalves | Injection of Calcium Phosphate Apatitic Cement/Blood Composites in Intervertebral Fusion Cages: A Simple and Efficient Alternative to Autograft Leading to Enhanced Spine Fusion[END_REF] Since these previous reports, the manufacturing process and composition of HBS has been modified leading to the marketing of a new version of this cement, i.e. Graftys® HBS+. We were thus interested to investigate whether this new CPC composition had the same in vivo performances as the initial HBS. In addition, it was also important to assess the reason why this particular CPC/blood composite exhibited such an accelerated resorption rate when implanted. Indeed, the high resorption rate of the HBS/blood composite could not be accounted for by the presence of blood only, since the in vivo degradation of the QS/blood parent composite was similar to the blood-free HBS and QS references. In fact, one major difference between HBS and QS is the particle size of the solid phase. The latter was centered around 4.6 µm for QS and 19 µm for HBS, in order to tune the setting time, which was shorter when the cement solid phase was grinded more finely. In addition, although the two compositions both contained 78 wt% α-tricalcium phosphate and 10 wt% calcium-deficient hydroxyapatite (CDA) as the main components, they slightly differed for the other calcium phosphate additives.

Hence, in the present study one batch of the HBS solid phase was divided in two parts, and one of which was grinded for a longer time in order to decrease the particle size of the cement powder. Each of the two samples was then combined to blood to investigate whether the particle size of the cement solid phase influenced the physical properties of the resulting composites (i.e., setting time, cohesiveness, injectability, microstructure). Keeping in mind prerequisites for the potential medical application of such composites, commercial blood samples of human donors were used, that were conditioned in sampling tubes containing classical blood stabilizers, i.e., either sodium citrate or sodium heparin. Finally, an original ovine model of bone marrow lesion (BML) was developed, and the suitability of the HBS/blood composite to address this indication was studied, in terms of surgical implantation and biological efficiency.

Materials and Methods

Calcium phosphate cements and their blood composites

The apatitic calcium phosphate cements (CPCs) used in this study were obtained from Graftys SA (Aix-en-Provence, France). Graftys® HBS+ (HBS) was a mixture of 78 wt% -tricalcium phosphate (-TCP) (Ca3(PO4)2), 5 wt% dicalcium phosphate dihydrate (DCPD) (CaHPO4,2H2O), 5 wt% monocalcium monohydrate (MCPM) (Ca(H2PO4)2, H2O), 10 wt% calcium-deficient hydroxyapatite (CDA) (Ca10-x[]x(HPO4)y(PO4)6-y(OH)2-z[]z), 2 wt% hydroxypropyl methyl cellulose (HPMC). The finely grounded Graftys® HBS+ powder (HBS-g26) had the same chemical composition as HBS. Graftys® Quickset (QS) was a mixture of 78 wt% -TCP, 10 wt% anhydrous dicalcium phosphate (DCPA) (CaHPO4), 10 wt% CDA, 2 wt% HPMC. The liquid phase consisted of a 5 wt% Na2HPO4 aqueous solution (liquid/powder ratio = 0.59 mL.g - 1 ) and a 0.5 wt% Na2HPO4 aqueous solution (liquid/powder ratio = 0.45 mL.g -1 ), for HBS, HBS-g26 and Graftys® Quickset, respectively. The cement paste samples were prepared by mixing the powders with their respective liquid phase for 2 min to ensure the homogeneity of the obtained paste. The same conditions were applied for the preparation of the corresponding blood/CPC composites, except that the liquid phase was fully replaced by ovine or human whole blood stabilized by addition of sodium citrate (3.2 wt%) or sodium heparin (14.5 to 15.8 USP.mL -1 ). Typically, according to the HBS liquid/powder ratio, 4.72 mL of blood was added and then mixed to 8 g of HBS powder.

Methods

Laser granulometry

According to usual standard procedures for calcium phosphate powders, the particle size analyses were performed on dry powders using a laser diffraction analyser (MasterSizer 3000, Malvern Instruments, United-Kingdom). The vibration of the hopper, and the obscuration detection were respectively set at 100 %, and 20 %.

High frequency impedance

The high frequency impedance measurements were recorded, between 0.4 to 100 MHz, using an experimental setup allowing to operate at 37 °C.

From the complex impedance data, noted Z * , the dielectric permittivity (ε′, related to dipole variation) and dielectric losses (ε″ related to the motion of free charges) were computed using this setup. The initial setting time (ti) was defined as the time elapsed until the first significant variation of dielectric parameters which reflected the α-TCP dissolution (important increase of ε′ and strong decrease of ε″). Then, the final setting time (tf) was defined as the second change in the variation of ε′ and ε″, corresponding to the beginning of the ageing period (ε′ reaches a maximum value and ε″ a minimum value). Each measurement was run in duplicate, and results are given as an average value.

SEM characterization

Polished cross-sections of the CPC samples (hardening time: 72 hours at 37 °C) were obtained using a SM09010 crosssection polisher (JEOL) by applying an argon ion beam accelerated by a voltage up to 6 kV perpendicular to the surface of each specimen (around 1.5 mm²) for 6 hours. SEM observation of the resulting samples was performed using a 7600F Field Emission Gun Scanning Electron Microscope (JEOL). Images were acquired on a backscattered electron mode with an 8.2 pA beam current and accelerated voltage between 8 to 10 kV.

Injectability, cohesion and decalcification studies

• Injectabilities were assessed using a texture analyser (LLYOD Ametek LS5) equipped with a 5 kN sensor (5KN0634, LLYOD Ametek). The test consists in measuring the required force to extrude a cement paste from a syringe. In practice, after mixing the solid and liquid phases together in a mortar for 1 min, the cement paste was transferred into a 1.6mm section syringe (5 mL, TERUMO). The syringe was then placed on the texture analyser and the experiments were started 15 min after the beginning of the mixing, as recommended by the manufacturer for the use of HBS. The displacement speed applied to the syringe plunger was set at 1 mm.sec -1 and the force necessary for extrusion was recorded until full injection of the paste or until a maximal value of 100 N was reached. A picture of the device setup is given in the Supplementary Materials section. The extruded paste was directly collected in a 0.9 wt% sodium chloride solution placed below the syringe outlet. At the end of the extrusion, this solution was placed in an oven at 27 °C, and the cohesion of the paste right after injection and 24 hours later was visually controlled. Each measurement was run in triplicate and results are given as mean ± standard deviation (SD). The syringe was weighed empty and once filled with the cement sample. The syringe was weighed again at the end of the extrusion process, thus allowing to determine the percentage of extruded paste for each assay.

• Once hardened for 72 hours in a 0.9 wt% NaCl solution at 37 °C, the molded cylindrical samples of CPC combined to blood (6mm in diameter and 12 mm in height) were decalcified by immersion in 30 mL of a 10 wt% aqueous solution of ethylenediaminetetraacetic acid (EDTA, Sigma) at room temperature for 3 weeks, with a renewal of the EDTA solution every 5 days. Then, the samples were successively immerged in a 4 wt% formaldehyde solution (5 mL, 2 days), 70% ethanol (10 mL, 1 day), 90% ethanol (10 mL, 1 day), and pure ethanol (10 mL, 8 days). The samples were then rinsed in a water/acetone mixture by increasing the acetone content progressively, to end-up with a final rinsing with pure acetone.

2.3.

In vivo implantation of CPC and blood composite CPC

In vivo implantation of CPC in Vendeen sheep model

The animal study protocol received approval from the regional ethical committee for animal experimentation, was authorized by the French Ministry of Higher Education, Research and Innovation (Apafisnumber #11192), and was conducted in conformity with the European's guidelines for the care and use of laboratory animals (2010/63/UE). Accordingly, sheep were housed in the animal facility of the Oniris College of Veterinary Medicine (Agreement No. E44271).

During the stalling period, animals were housed under standard conditions and checked every day. Moreover, water and food were available at will.

Six adults female Vendeen sheep (3-7 years old) with an average body weight of 81 kg were used in this study. Animal handling and surgical procedures were conducted at the Research and Preclinical Investigation Centre at ONIRIS. A 24 hours fasting period was applied before surgery to decrease the volume of the rumen content.

The six animals were implanted with HBS on the one hindlimb versus its blood composite HBS + citrated ovine blood (HBS blood composite) on the contralateral one.

The HBS cement was prepared by mixing the HSB powder with a 5 wt% Na2HPO4 aqueous solution (liquid to powder ratio = 0.59). The HBS blood composite was prepared by mixing 8 g of Graftys® HBS+ sterile cement powder to 4.72 ml of freshly collected stabilized (sodium citrate) autologous blood harvested from the marginal vein of the ear (no blood treatment).

After an intravenous premedication with methadone (0.2 mg/kg), medetomidine (0.005 mg/kg) and diazepam (0.1 mg/kg), general anesthesia was induced with ketamine (5 mg/kg IV) and propofol (1-2 mg/kg IV to effect). Anesthesia was maintained for surgery with a gas mixture of sevoflurane (EtSevo 1.5-2.3 %), in an oxygen/air mixture (FiO2 40 %), in association with a continuous infusion of lidocaine (3 mg/kg/h) and ketamine (1 mg/kg/h). Postoperative analgesia included meloxicam 0.5 mg/kg IV repeated daily for 4 days and a surgical wound infiltration subcutaneously with bupivacaine 0.5% (1 mg/kg) at the end of the procedure.

Briefly, with the animal in dorsal recumbency, hindlimbs were aseptically prepared for bilateral implantation. A 1-cm long cutaneous incision was made over the medial surface of the tibia a few millimeters below the stifle joint; subcutaneous tissues were incised on the same line and reclined with a mini-Gelpi self-retaining retractor. A 4 mm drill bit was used to create a bone tunnel immediately distal to the tibia plateau under fluoroscopic guidance (Figure 1 (b)), from medial to lateral. Bone debris was removed by saline irrigation. The tested materials were then implanted bilaterally for 4 months in the induced bone tunnel. The cement injection was imaged using fluoroscopy. As reported in Figure 1 (a), cement was injected in a retrograde manner with an 8 G cannula to fill the tibial bone tunnel. At the end of injection, hemostasis was checked during a few minutes to be sure that the injected cement was not pushed out of the bone cavity by intramedullary hemorrhage. Subcutaneous and skin tissues were then routinely sutured. At the end of surgery, animals received an injection of 0.5 mg/kg of meloxicam (Métacam Bovin®, Boehringer Ingelheim, Germany) to provide analgesia that was repeated every day during the five following postoperative days. Animals were kept in individual cages during the first two postoperative days and allowed to move freely in collective runs thereafter. No perioperative and postoperative complication were observed. Animals were XR imaged at 1 and 12 weeks after surgery and sacrificed after 18 ± 1 weeks.

Four months after implantation, general anesthesia was induced by a mixed injection of ketamine (Imalgène®1000, Merial, France) and xylazine (Rompun®, Bayer, France) and the animals were euthanized by intravenous injection of 240 mg/kg of pentobarbital (Doléthal®, Vétoquinol S.A., France) through a catheter placed into the jugular vein. The explanted bone specimens were immediately placed in a 10 wt% aqueous formaldehyde solution and stored at 4 °C before analysis, including 3D microcomputer tomodensitometry (µ-CT), scanning electron microscope (SEM) and light microscopy histological study on stained sections.

Human blood CPC composite

Human based blood CPC composites were obtained by combined human blood to the Graftys HBS+ cement powder as previously described. The human blood was purchased from Cambridge Bioscience (UK), and harvested from healthy donors between 18 to 69 years old. Blood was stabilized in sodium heparin or sodium citrate during the collection process, and delivered overnight at 5 °C. Blood tubes were kept at 4 °C, and a maximal period of storage of 3 weeks was routinely applied before use. IRB certificates are given in the supplementary section.

Data acquisition and analyses

Microcomputer tomography (µ-CT analyses)

The tibial specimens were inserted in a foam base impregnated with alcohol, and the samples were imaged using X-ray radiation micro-CT (Skyscan 1272®, Bruker, Belgium/USA). Scanning analysis was performed at 26-μm isotropic resolution with the X-ray tube operated at 100 kV and 100 μA. Image reconstruction was performed using the NRECON® software. The CTAn® software was used for image analysis and the DataViewer® software (orientation, VOI selection) for 3D visualization of the scanned areas. Quantitative analysis of the bone content (Tissue volume TV, Bone volume BV, and BV/TV ratio) into a standardized region of interest (VOI) slightly larger than the bone tunnel (VOI : 225*225*750 vx ; 5.85*5.85*19.5 mm) was determined using both 2D and 3D measurements. Calculation of other parameters included trabecular thickness (Tb.Th, µm), trabecular separation (Tb.Sp, µm) and trabeculae number (Tb.N). Results obtained for all parameters were compared with each other in the two conditions of implantation of the study, HBS versus HBS blood composite, and to a control untreated selected bone of an equivalent VOI.

Scanning Electron Microscopy (SEM) analyses

The fixed bone specimens were dehydrated with graded ethanol, and were then infiltrated and embedded in glycol methyl methacrylate (GMMA). The samples were then cut in two pieces using a Leitz® diamond saw passing through the center of the tibial bone tunnel parallel to the medio-lateral drilling axis to provide longitudinal sections, and perpendicularly to the drilling axis to provide transverse sections. The resulting resin blocks were polished and then sputtered-coated with Au/Pd (Desk V ® Denton vacuum, Moorestown, NJ, USA). The samples were observed by SEM (GeminiSEM 300, Zeiss, Germany) and the images were acquired with the back-scattered electron detector. Full image of the implant surface was obtained by reconstruction of selected scanned area images (Smart Stich software, Zeiss).

After an appropriate thresholding using the ImageJ Fiji software to differentiate the newly formed bone from the implanted cement, quantitative SEM analysis was made to determine the respective amount of remaining cement into a selected area. Quantitative analyses were performed with DragonFly (ORS, Canada) version 2022.1.0.1231 using a deep learning module for realistic and accurate quantification of bone tissue. Dragonfly provides solutions for advanced image processing, segmentation, and quantification with higher accuracy compared to human expert executing the same task. [START_REF]Key Features of Dragonfly[END_REF] 

Histological analyses

In accordance with our routine protocol, [START_REF] Verron | In Vivo Bone Augmentation in an Osteoporotic Environment Using Bisphosphonate-Loaded Calcium Deficient Apatite[END_REF] undecalcified 7 µm-thick sections of each sample were obtained using a hard tissue microtome (HistoCore Autocut R, Leica) and were then mounted on an adhesive tape (Histfilm, Watson Biolab) to avoid stripping. Sections were observed using hematoxylin-eosin (HE) staining, Goldner's trichrome and Movat's pentachrome stains. The latter was perfectly adapted to distinguish mineralized bone (yellow to green), osteoid tissue (red) and cement (blue). Quantitative histological analyses were performed to determine the proportion between bone and cement into a selected area thanks to Weka Segmentation using the ImageJ Fiji software.

Statistical analyses

Statistical analysis of the injectabilities and cohesions measurements was performed according to the non-parametric Kruskal-Wallis test. A p value less than 0.05 was considered significant.

A quantitative assessment of the remaining cement and new bone formation was performed, using a linear mixed effect model on paired measured associated to a trabecular control bone area regarding µ-CT 3D analysis. A p value less than 0.05 was considered significant. Variances analyses were made per individual and per tibia, when associated to a trabecular bone control.

Results & discussions

Granulometry of the studied cement powders

The particle size of the studied cement powders was measured by laser diffraction analysis, and as expected, the HBS powder which corresponded to the less grinded composition showed the coarsest particles (Figure 2a). Moreover, when grinded for a longer time, the HBS-g26 samples contained a larger amount of fine particles, with a particle size distribution profile (see Table 1, and Figure 2 (b), and Figure 2 (c)) very similar to that of the fast-setting QS CPC. Therefore, in order to investigate whether the granulometry of the CPC powder influences its physical properties once combined to blood, the HBS and HBS-g26 samples seemed suitable for this study, since they exhibited the same chemical composition but a significantly different particle size distribution.

Setting time monitoring of the studied cements using high frequency impedance

In previous studies, we have reported that the Gillmore needles standard method [START_REF]Standard Test Method for Time of Setting of Hydraulic-Cement Paste by Gillmore Needles[END_REF] was inappropriate to measure the setting time of CPC/blood composites [START_REF] Mellier | A Straightforward Approach to Enhance the Textural, Mechanical and Biological Properties of Injectable Calcium Phosphate Apatitic Cements (CPCs): CPC/Blood Composites, a Comprehensive Study[END_REF] by contrast with high frequency impedance measurements that were found to be a relevant and general method for the in situ monitoring of the chemical reaction which drives the hardening process of apatitic CPCs. Indeed, the alpha-tricalcium phosphate (-TCP) main component of the CPC is gradually dissolved with the concomitant precipitation of calcium-deficient hydroxyapatite (CDA) crystals in the intergranular space, leading to a gradual increase of the stiffness of the cement paste upon entanglement of the CDA crystals to form a 3-dimensional network. [ref Driessens]. In fact, we have shown that the dielectric permittivity (' , related to dipole variation) and dielectric losses ('', related to the motion of free charges), which can be computed from the complex impedance data, exhibited a sharp variation at the beginning of the conversion of -TCP into CDA [START_REF] Despas | High-Frequency Impedance Measurement as a Relevant Tool for Monitoring the Apatitic Cement Setting Reaction[END_REF] which denotes the initial setting time of the CPC. Then, a smooth evolution of the ' and '' values occurred corresponding to the time point at which the cement became rigid (final setting time). Finally, after a few days the dielectric permittivity and dielectric losses started to stabilize during the CPC curing period. As expected, the more finely grinded HBS powder (HBS-g26) resulted in a decrease of both initial and final setting times by comparison with the original HBS solid phase (see Table 2, and Figure 3). These values were comparable with those measured for the fast-setting Graftys ® QS cement, [START_REF] Mellier | A Straightforward Approach to Enhance the Textural, Mechanical and Biological Properties of Injectable Calcium Phosphate Apatitic Cements (CPCs): CPC/Blood Composites, a Comprehensive Study[END_REF] consistent with the fact that QS and HBS-g26 exhibited a similar particle size distribution. In the case of HBS, the larger particle size made the powder less reactive, leading to a cement composition showing a slower hardening kinetics. ovine heparinized blood.

Interestingly, a dramatic increase of the initial setting time (from 7 up to 15 hours -see Figure 4) was observed for HBS when using stabilized blood as the liquid phase, depending on the nature of the blood (ovine versus human) and stabilizer (sodium citrate versus sodium heparin). By contrast, an increase of the initial setting time was also noticed in the case of HBS-g26 but to a far lower extent (ca. 30 minutes). In the case of the heparin stabilizer, the dielectric permittivity, and dielectric losses profiles for the HBS composites were the same for the two blood samples, with an initial setting time close to 7.5 hours. A longer setting time was observed in the case of the citrated blood samples combined to HBS. It is important to note that the commercial human citrated blood was collected using a standard citrated tube while for the ovine blood, a certain amount of sodium citrate was added to the tube right after the blood collection (i.e., 0.5 mL of sodium citrate to approximatively 4.5 mL of whole blood leading to a final concentration of ca. 3.2 wt% sodium citrate). This might likely explain the difference of initial setting time observed for the two corresponding composites (ca. 10.5 hours [human blood] versus 15 hours [ovine blood]).

Table 2. Dielectric permittivity and dielectric losses recorded at 37 °C during the hardening of HBS and HBS-g26 formulations and their analogues combined with blood (human or ovine) stabilized with heparin or citrate. 

Studied conditions

Injectability and cohesion assessment of the studied cements

To be suitable for minimally invasive surgery, CPCs need to be fluid enough to allow their easy injection, and cohesive enough to avoid their disaggregation once implanted. The commercial Graftys HBS exhibited such features, and the different compositions investigated in this study were thus compared to this material of reference. Our standard procedure consisted in extruding the cement paste at a constant rate, 15 minutes after mixing the solid and liquid phases. As shown in Figure 5, the force necessary for extrusion of the paste was measured, as well as the amount of paste that could be injected (Figure 5 (b)). For the four compositions, the entire content of the syringe could be injected (Figure 5 (b)), with no statistical difference between the four conditions. However, the force necessary for extrusion of the paste was significantly higher (p < 0.05) for the HBS-g26 sample, since the shorter setting time of this composition resulted in a densification of the cement making it more difficult to inject. Importantly, it can be noted that the two blood-containing compositions were highly injectable, even easier than the HBS reference. Moreover, while the cohesion of the HBS CPC was found to be moderate, the cohesion of the more finely grinded analogue was very good, as a result of its shorter setting time (Figure 6). Interestingly, both corresponding blood composites exhibited an excellent cohesion although their respective setting time was delayed, giving evidence of the positive role of blood which prevented disaggregation of the CPC when immersed in a liquid.

Figure 6.

Cohesion assessment for HBS and HBS-g26, and their analogue combined to ovine citrated blood: immediately after extrusion (top views), and 24 hours after extrusion in a solution kept at 37 °C (bottom views).

Analysis of the microstructure of the hardened cements

Given the marked increase of the setting time when HBS was combined with blood, this raised the question whether the presence of blood might influence the microstructure of the corresponding composite once hardened, by comparison with its blood-free analogue. As shown in Figure 7, polished cross-sections of HBS and HBS-g26 showed a similar microstructure, in which the -TCP particles have a geode like shape upon transformation into CDA, homogeneously embedded in a network of small interdigitated platelet CDA crystals. As expected, the size of the geode like particles was smaller for the more grinded HBS sample. Interestingly, in the presence of blood, the CDA platelet network between the particles for HBS showed at some places areas of lower density in which the size of the platelet crystals was significantly larger. This was also the case for the HBS-g26 blood composite, but to a far less extent. To complete these data, samples of the blood composites were decalcified at different time points in order to investigate the fate of the blood component as the cement setting reaction progressed. Interestingly, in the case of the HBS blood composite, no residue could be observed upon decalcification for elapsed times shorter than 24 hours, but after one day, the amount of insoluble organic residues started to increase and became denser and denser to end-up with a brick-colored solid which retained the cylindrical shape of the hardened sample before decalcification. Appearance of the insoluble organic residue started earlier in the case of the HBS-g26 blood composite. Given that the blood component can only be present in the liquid continuous phase when preparing the cement paste, blood seemed to affect the formation of the CDA crystals network between the cement particles and slowly aggregated to form a blood clot filling the space available between the CDA crystals. 

In vivo implantation of CPCs and their blood composites

Bone marrow lesions (BMLs) occur in the cancellous bone tissue located at the interface with the articular cartilage in the subchondral bone area, below the articular surface or close to the ligament or tendon attachment. First reported in 1988 by Wilson et al., [START_REF] Wilson | Transient Osteoporosis: Transient Bone Marrow Edema?[END_REF] this bone pathology results in very acute pain especially when characterized by a cyst-like lesion into the subchondral bone, most often in knee joints since this bone area usually undergo high mechanical stresses. [START_REF] Perry | Association between Bone Marrow Lesions & Synovitis and Symptoms in Symptomatic Knee Osteoarthritis[END_REF] BML are evolutive lesions whose description has been considerably improved thanks to the routine use of MRI to document joint diseases. Changes in MRI can be used to evaluate the course of the disease or the effect of a treatment. [START_REF] Felson | Bone Marrow Lesions in Knee Osteoarthritis Change in 6-12 Weeks[END_REF] As shown by Compagnoni et al., [START_REF] Compagnoni | Validation of a New Topographic Classification of Bone Marrow Lesions in the Knee: The Six-Letter System[END_REF] BMLs can exhibit different size (Figure 8) and can progress toward and irreversible destruction of the articular cartilage if not treated in time, thus requiring in more severe cases joint realignment or full joint replacement. [START_REF] Bonadio | Bone Marrow Lesion: Image, Clinical Presentation, and Treatment[END_REF] Moreover, there is a current debate on the fact that BMLs might be an early stage of more severe diseases such as arthrosis. In this context, many treatments have been investigated to reduce chronic pain and stop the progress of BMLs, including (i) decompression of the bone cavity by microperforation or microfracture, [START_REF] Gobbi | Long-Term Results after Microfracture Treatment for Full-Thickness Knee Chondral Lesions in Athletes[END_REF] (ii) bone resorption inhibitors in the case of osteoporotic lesions, [START_REF] Meier | Effect of Ibandronate on Spontaneous Osteonecrosis of the Knee: A Randomized, Double-Blind, Placebo-Controlled Trial[END_REF] or (iii) vasodilators to improve fluid circulation in the oedema region. [START_REF] Mayerhoefer | Short-Term Outcome of Painful Bone Marrow Oedema of the Knee Following Oral Treatment with Iloprost or Tramadol: Results of an Exploratory Phase II Study of 41 Patients[END_REF] In 2007, the fluoroscopy-guided subchondroplasty technique has been developed for the treatment of BMLs, consisting in the injection of autologous biological products to promote bone remodeling, [START_REF] Cohen | Subchondroplasty for Treating Bone Marrow Lesions[END_REF] i.e. platelet rich plasma (PRP) or concentrated bone marrow, [START_REF] Meier | Effect of Ibandronate on Spontaneous Osteonecrosis of the Knee: A Randomized, Double-Blind, Placebo-Controlled Trial[END_REF], [START_REF] Mayerhoefer | Short-Term Outcome of Painful Bone Marrow Oedema of the Knee Following Oral Treatment with Iloprost or Tramadol: Results of an Exploratory Phase II Study of 41 Patients[END_REF] although a full bone redensification was never obtained through this approach.

Nowadays, the subchondroplasty technique is still proposed with in some cases the use of injectable CPCs for which promising clinical results were reported in both cystic-like and non-cystic-like lesions. [START_REF] Angadi | Calcium Phosphate Injection of Symptomatic Bone Marrow Lesions of the Knee: What Is the Current Clinical Evidence?[END_REF][START_REF] Astur | Evaluation and Management of Subchondral Calcium Phosphate Injection Technique to Treat Bone Marrow Lesion[END_REF][START_REF] Rebolledo | Hitting the Mark: Optimizing the Use of Calcium Phosphate Injections for the Treatment of Bone Marrow Lesions of the Proximal Tibia and Distal Femur[END_REF] In this case, the use of low diameter cannulas is needed as well as highly injectable and cohesive CPCs, given the high intra-osseous pressure needed during the injection procedure to fill the cystic-like lesion and/or diffuse into the surrounding trabecular network of the subchondral bone. [START_REF] Angadi | Calcium Phosphate Injection of Symptomatic Bone Marrow Lesions of the Knee: What Is the Current Clinical Evidence?[END_REF], [START_REF] Astur | Evaluation and Management of Subchondral Calcium Phosphate Injection Technique to Treat Bone Marrow Lesion[END_REF] Taking account of the observed physical properties of the HBS blood composite, such a CPC might be appropriate for subchondroplasty, and therefore an original ovine BML model was developed to investigate the potential of this composite for this indication.

In an attempt to mimic the surgical treatment of a subchondral BML of the knee joint, a bone tunnel was created underneath the tibia plateau as part of the decompression procedure and as an access to allow a calcium phosphate bone cement injection. [START_REF] Eriksen | Treatment of Bone Marrow Lesions (Bone Marrow Edema)[END_REF] Inclusion in the on-going repair process of BML requires a highly reactive and resorbable CaP cement that can contribute to both the filling of the lesion and the rapid regeneration of the initial trabecular bone architecture.

Microcomputed tomography (µ-CT) analysis

Orientation and region of interest (VOI) selection with the DataViewer® software permitted to select a 225*225*750 vx zone which was analyzed with the CTAn® software. Quantitative analysis of the bone content (Tissue volume TV, Bone volume (BV), BV/TV (%) and trabecular parameters are summarized in Table 4. A control VOI in the surrounding trabecular bone was also analyzed and compared to both conditions. Table 4. Micro-CT quantitative measurement (ovine citrate blood were used for the HBS blood composite). Results are given as mean ± SD.

Micro-CT allowed to distinguish both cements and to select a representative VOI for quantitative analysis (Figure 9). The HBS cement remained dense 4 months after implantation with minimal resorption whereas the HBS blood composite showed a high level of remodeling with a noticeable induced macroporosity. Grey levels from the cements were very close to those observed in the surrounding host bone. That is the reason why results concerning Tissue volume, Bone volume and the ration BV/TV were not relevant as the CTAn® software was not able to clearly differentiate bone from the implanted cements. In fact, the BV measurement included both the remaining cement and the newly formed bone inside the bone tunnel without any significant difference between the two types of cements. Although slightly lower for the HBS blood composite, thus suggesting a higher cement resorption of this cement, the BV/TV ratios were not significantly different between the two cements.

More interestingly, trabecular parameters Tb.Th and Tb.N were similar between the newly formed bone associated with the HBS blood composite and the control untreated bone equivalent VOI. A significant difference in Tb.Th was observed between the two cement conditions and the control bone areas (p < 0.001). Tb.Th was significantly lower in the case of the HBS blood composite compared to the HBS cement (p < 0.01), showing that the newly formed trabeculae in the case of the implanted HBS blood composite were thinner and closer to the physiological architecture (Figure 10 Results are given as mean ± SD.

SEM analyses

Full reconstructed images of the implant surface were observed to evaluate cement distribution and new bone formation. Specimens implanted with HBS showed much less cement degradation and new bone formation than those implanted with the HBS blood composite (Figure 11). The HBS blood composite showed complete incorporation of the remaining cement particles into a new bone trabecular network. New bone formation was easily identified between and around the remaining calcium phosphate cement particles, as SEM imaging provided better definition than µ-CT to differentiate the remaining cement from the newly formed bone. As observed with µ-CT analysis, all tibias implanted with HBS blood composite always showed a more homogeneous bone healing response than HBS alone over the entire drilling groove. Quantitative image analysis of the SEM images allowed determining the respective amount of remaining cement into a selected area centered on the bone tunnel, cropped to remove the peripheral host bone. The remaining cement percentage in the tunnel filled with the HBS cement was 51.9 ± 12.3 % versus 16.1 ± 9.0 % in the tunnel filled with the HBS blood composite (Figure 12). However, grey level thresholding remained difficult, and the percentage of remaining cement was probably underestimated as seen in Figure 13. SEM quantitative image analysis demonstrated a significant difference between HBS and the HBS blood composite regarding percentages of remaining cement (p < 0.001) and newly formed bone (p < 0.01).

Light microscopy histological analyses

No adverse cellular effects were observed with any of the two injected cements (Figures 14 and15). Goldner's trichrome and Movat's pentachrome stains confirmed the important resorption of the HBS blood composite and its substitution by a newly formed bone trabecular network whose mineralization and architecture were close to those present in the surrounding trabecular bone. Conversely, most of the bone defect was still filled with the HBS cement that exhibited limited resorption and new bone formation.

Thanks to a more obvious color differentiation, Movat's pentachrome stained sections were used to determine the respective amount of newly formed bone and remaining cement into a selected area of the bone tunnel. Results were obtained in pixel number distribution between bone and the remaining cement and transformed into percentages.

Significant differences (p < 0.001) between HBS and the HBS blood composite were observed in the relative amount of new bone formation and cement resorption. In the bone cavities filled with HBS, the amount of newly formed bone was 8.58 ± 4.83 % and the remaining cement amount was 79.03 ± 6.87 %. In the bone cavities filled with the HBS blood composite, the amount of newly formed bone and remaining cement were 41.82 ± 14.68 and 13.07 ± 7.31 % respectively (Figure 16).

Results were consistent with those observed in SEM for both cements, confirming a significantly greater resorption of the cement and higher new trabecular bone network formation after injection of the HBS blood composite. Quantitative analysis on stained sections appeared more accurate as the stained sections provided better distinction between the implanted cements and the new bone tissue than the grey level distribution of the SEM images.

It is important to note that the injection of calcium phosphate cements has been proposed as a viable option to treat BML, provided that a highly injectable and reactive cement can be injected into the lesion area. Indeed, as reported recently (ajouter ici référence du reviewer 2), the use of poorly reactive CPC having a slow resorbing rate was found to be not suitable for this indication in human patients, since no bone replacement was observed after a few years. As demonstrated by the in vivo results presented in this study, by contrast with the commercial HBS+ which showed very slow resorption, the parent blood composite exhibited a high resorption rate and bone replacement, that might thus make it a potentially interesting candidate for the treatment of BML. In fact, the homogeneous bone healing observed over the entire length of the drilling 4 months after implantation suggested that any long-term encapsulation of the implanted cement (HBS blood) might be unlikely, thus avoiding the release of CPC microparticles that would result in a chronic inflammation deleterious for the BML treatment. 

Conclusions

Combination of the solid phase of a commercial calcium phosphate (Graftys ® HBS) with blood resulted in an increase of its injectability properties (ca. decrease of the applied forces to inject the cement paste, and an improvement of the cohesion). Moreover, the use of blood as the liquid phase led to a significant increase of the setting time by ca. 7-15 hours, depending on the blood source (ovine versus human) and blood stabilizer (citrate versus heparin). The granulometry of the cement powder was found to strongly influence the setting reaction since a decrease of the size of the cement particles resulted in a fast-setting time. The slow formation of a 3D organic network was found to occur in the HBS blood composite. This phenomenon was found to affect the formation of CDA crystals in the intergranular space, leading to the presence of areas of low mineral density spread in the whole volume of the HBS blood composite.

When injected in tibial subchondral cancellous bone in a bone marrow lesion ovine model, quantitative SEM and histological analyses showed a highly significant difference between the HBS reference versus its analogue combined to blood. After a 4-month implantation, the cement resorption and new bone formation were remarkably high for the HBS blood composite, resulting in a very low amount of remaining cement and a high amount of newly formed bone in the treated area, while resorption was found to be very limited in the case of the HBS reference. These results demonstrated that the HBS blood composite was significantly more efficient than HBS to restore the trabecular architecture of the newly formed bone network. Given that the use of CPC for intra-osseous injection to treat BML has been shown to be of limited interest in the case of CPC having slow resorption rate, the higher reactivity and resorbability of the HBS blood composite developed in this study might make it an interesting and relevant candidate for subchondroplasty.

Figure 1 .

 1 Figure 1. (a) Implantation procedure of the cement formulations (b) under fluoroscopic guidance in the induce bone cavity.

Figure 2 .

 2 Figure 2. Particle size distribution obtained by laser diffraction analysis of the (a) HBS, (b) HBS-g26, and (c) QS powders.

Figure 3 .

 3 Figure 3. (a) Dielectric permittivity and (b) dielectric losses recorded at 37 °C during the hardening of HBS and HBS-g26 formulations.

Figure 4 .

 4 Figure 4. Dielectric permittivity and dielectric losses recorded at 37 °C during the hardening of HBS and HBS-g26 formulations and their analogues combined with (a,b) human citrated blood, (c,d) human heparinized blood, (e,f) ovine citrated blood, and (g,h)

Figure 5 .

 5 Figure 5. Injectability assessment for HBS and HBS-g26, and their analogue combined to ovine citrated blood: (a) Force necessary for extrusion of the paste, 15 minutes after mixing the solid and liquid phases; (b) amount of extruded paste. (*: p < 0.05). Results are given as mean ± SD.

Figure 7 .

 7 Figure 7. SEM observation of a polished cross-section of (a) HBS, (b) HBS-g26, (c) HBS combined to ovine citrated blood, and (d) HBS-g26 combined to ovine citrated blood after a setting time of 72 hours at 37 °C. Magnification: x1500 (top views), x7500 (middle views), and x15000 (bottom views).

[ 25 ]Figure 8 .

 258 Figure 8. Schematic representation of different BMLs affecting (a) the tibia or (b) the femur in the knee joint area. Adapted from Compagnoni et al.[START_REF] Compagnoni | Validation of a New Topographic Classification of Bone Marrow Lesions in the Knee: The Six-Letter System[END_REF] 

FormulationsFigure 9 .

 9 Figure 9. Micro-CT transverse and longitudinal images of bone specimens and selected VOI (yellow rectangle) for quantitative analyses in both HBS (a,b) and HBS blood composite (c,d) formulations. Resolution : 26 µm.

  (a)). Moreover, the difference in Tb.N between the HBS blood composite and the control trabecular bone was not significantly different, emphasizing the restoration of a trabecular organization similar to the physiological one after injection of the HBS blood composite (Figure10 (b). No significant difference was observed for the Tb.Sp parameter between the different conditions.

Figure 10 .

 10 Figure 10. Quantitative µ-CT measurements of morphometric trabecular parameters (a) Tb.Th and (b) Tb.N after implantation of HBS versus HBS blood composite (ovine citrate blood), and in a control untreated trabecular bone volume (**: p < 0.01 ; ***: p < 0.001). Results are given as mean ± SD.

Figure 11 .

 11 Figure 11. SEM images of transverse and longitudinal sections of the bone tunnel, 4 months after implantation of HBS (a and b) versus the HBS blood composite (c and d).

Figure 12 .

 12 Figure 12. Quantitative SEM analysis after implantation of HBS versus HBS ovine citrate blood composite (** : p < 0.01 ; *** : p < 0.001). Results are given as mean ± SD.

Figure 13 .

 13 Figure 13. Quantitative SEM analysis after implantation of HBS versus HBS blood composite (**: p < 0.01 ; ***: p < 0.001). Results are given as mean ± SD. High magnification SEM images in transverse section of the bone tunnel, 4 months after implantation of HBS (a) versus the HBS blood composite (b). Note the higher resorption/bone substitution process in the case of the HBS blood composite and the formation of a new trabecular bone network in which the remaining cement particles were embedded. Magnification: x 4.

[ 38 ]Figure 14 .

 3814 Figure 14. Histological images in transverse (a, b, c) and longitudinal sections (d, e, f) of the bone tunnel 4 months after implantation of the HBS cement after staining with hematoxylin-eosin (HE), Goldner's trichrome and Movat's pentachrome respectively. Magnification : x 20.

Figure 15 .

 15 Figure 15. Histological images in transverse (a, b, c) and longitudinal sections (d, e, f) of the bone tunnel 4 months after implantation of the HBS ovine citrate blood composite after staining with hematoxylin-eosin (HE) staining, Goldner's trichrome and Movat's pentachrome respectively. Magnification : x 20.

Figure 16 .

 16 Figure 16. Quantitative light microscopy analysis after implantation of HBS versus the HBS ovine citrate blood composite (**: p < 0.01 ; ***: p < 0.001). Results are given as mean ± SD.

  

Table 1 .

 1 Particles size parameters of the HBS, HBS-g26 and QS cement powders (analyses were performed in volume mode).

	Parameters	HBS	HBS-g26	QS
	Mean size (µm)	18.9	13.0	11.9
	Median (µm)	45.3	53.9	52.1
	Mode (µm)	18.7	5.21	4.58
	d10 (µm)	1.65	0.87	0.88
	d50 (µm)	9.86	5.92	6.17

Table 3 .

 3 Monitoring of the kinetics of the blood clot formation, by decalcification of hardened HBS (left views), and HBS-g26 (right views) combined to ovine citrate blood.

	Hardening	HBS + blood	Hardening		HBS-g26 + blood
	time at 37 °C (h)	Clotting	Pictures	time at 37 °C (h)	Clotting	Pictures
	12 h	No		18 h	In pro-gress	
	24 h	No		24 h	Yes	
	48 h	In pro-gress		32 h	Yes	
	72 h	In pro-gress		40 h	Yes	
	108 h	Yes		56 h	Yes	
	144 h	Yes		72 h	Yes	
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