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maximum of 660 nm for Ge fibers and 210 nm for Ge/SH fibers. The presence of Ge and SH was confirmed in the membranes by Raman spectroscopy. Ge membranes had low mechanical properties and only small samples of 0.5 cm in size could be retrieved from the collector as larger sample tended to tear and break. Ge/SH membranes could be retrieved from the collector slightly easily. Membranes could be handled carefully but in vivo implantation could not be planned due to poor mechanical resistance. Crosslinking by glutaraldehyde vapors reduced the mean porosity of Ge membranes; it totally prevents membranes to be retrieved from the collector. Beta tricalcium phosphate (β-TCP) particles were added with Ge during electrospinning to increase osseointegration of the membranes and promote bone formation. β-TCP particles formed agglomerates outside the fibers, and we could not obtain β-TCP particles inside the Ge fibers due to their low diameter. In general, electrospun membranes lacked reproducibility. Despite the great interest of Ge-based membranes and Ge/β-TCP membranes, the low mechanical properties of the fibers, the lack of reproducibility and the difficulty to retrieve the membranes from the collector did not allow our biomaterials to be implanted or to be envisaged for industrial production.

Résumé

Les fibres à base de gélatine (Ge) ont été produites par électrospinning avec un solvant non toxique pour préparer des membranes utilisables en chirurgie maxillo-faciale. Des nanofibres de Ge et de Ge/ hyaluronate de sodium (SH) ont été obtenues par électrospinning pour produire des membranes dont l'épaisseur était d'environ 150 à 200 µm. Le diamètre moyen des fibres a atteint un maximum de 660 nm pour les fibres de Ge et 210 nm pour les fibres de Ge/SH. La présence de Ge et de SH a été confirmée dans les membranes par spectroscopie Raman. Les membranes de Ge avaient de faibles propriétés mécaniques et seuls de petits échantillons de 0,5 cm pouvaient être 

INTRODUCTION

Electrospinning is a simple and cost effective method to produce membranes, made of intertwined polymeric fibers, that mimic extracellular matrices [START_REF] Pham | Electrospinning of polymeric nanofibers for tissue engineering applications: a review[END_REF]. The high specific surface area or surface exchange of the electrospun membranes improves cell adhesion and cell proliferation [START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF]. Porosity, pore interconnectivity and size, controlled by the fiber diameter, promote cell colonization and angiogenesis [START_REF] Rnjak-Kovacina | Tailoring the porosity and pore size of electrospun synthetic human elastin scaffolds for dermal tissue engineering[END_REF][START_REF] Kumbar | Electrospun nanofiber scaffolds: engineering soft tissues[END_REF]. Electrospinning is now recognized as an efficient process used in various biomedical fields including tissue engineering, drug delivery, wound dressings [START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF][START_REF] Braghirolli | Electrospinning for regenerative medicine: a review of the main topics[END_REF][START_REF] Bhardwaj | Electrospinning: a fascinating fiber fabrication technique[END_REF] and other fields such as filtration, photovoltaic cells, biosensors, textile manufacture [START_REF] Bhardwaj | Electrospinning: a fascinating fiber fabrication technique[END_REF][START_REF] Teo | A review on electrospinning design and nanofibre assemblies[END_REF].

Membranes made by electrospinning can be used in oral and maxillofacial surgery for guided bone regeneration in maxillary sinus floor elevations (sinus lift), or alveolar ridge preservation. Membranes act as a physical barrier to isolate a bone defect from epithelial cells and other non-osteogenic cells, allowing the bone defect to be colonized only by cells from the nearby bone tissue thus improving and accelerating bone regeneration [START_REF] Dahlin | Healing of maxillary and mandibular bone defects using a membrane technique: An experimental study in monkeys[END_REF][START_REF] Buser | Evaluation of filling materials in membrane-protected bone defects. A comparative histomorphometric study in the mandible of miniature pigs[END_REF].

Membranes for sinus lift are already commercially available and are mainly made of collagen or synthetic polymers such as poly(lactic-co-glycolic acid) (PLGA). Collagen is mainly used because it is the main component of extra-cellular matrix. However, collagen can be expensive and some studies have suggested that electrospinning of collagen requires solvents such as hexafluoropropanol (HFIP) and other fluorine-based solvents that alter the collagen triple helix structure [START_REF] Zeugolis | Electro-spinning of pure collagen nano-fibres-just an expensive way to make gelatin?[END_REF][START_REF] Yang | Mechanical properties of single electrospun collagen type I fibers[END_REF]. In addition, halogenated solvents represent a serious health risk factor and the need for green technologies for biomaterial manufacturing is mandatory nowadays [START_REF] Nath | Green nanotechnology-a new hope for medical biology[END_REF][START_REF] Kerton | Alternative solvents for green chemistry[END_REF][START_REF] Anonymous | IARC monographs on the evaluation of the carcinogenic risk of chemicals to humans. Some halogenated hydrocarbons[END_REF]. Gelatin (GE) is produce by thermal denaturation or partial alkaline hydrolysis of insoluble collagen; it is an interesting alternative to collagen because of its low cost, good biocompatibility as a biomaterial and easy handling [START_REF] Gómez-Guillén | Functional and bioactive properties of collagen and gelatin from alternative sources: A review[END_REF][START_REF] Cecoltan | Nanocomposite particles with improved microstructure for 3D culture systems and bone regeneration[END_REF]. Hyaluronic acid (HA) is also a good alternative as it is one of the main component of the extracellular matrix of connective tissues; it has a suitable biocompatibility and biodegradability [START_REF] Necas | Hyaluronic acid (hyaluronan): a review[END_REF]. HA is responsible of the maintenance of the viscoelasticity of liquid connective tissues and has unusual rheological properties.

It has a great ability to bind water molecules. However, HA has been reported to be difficult to electrospin in aqueous solutions as the viscosity can be very high for a small concentration of HA. Its high molecular weight, viscosity and surface tension make it almost impossible to electrospin without using blowing-assisted electrospinning [START_REF] Um | Electro-spinning and electro-blowing of hyaluronic acid[END_REF] or co-electrospinning in association with other polymers such as collagen [START_REF] Hsu | Electrospun hyaluronate-collagen nanofibrous matrix and the effects of varying the concentration of hyaluronate on the characteristics of foreskin fibroblast cells[END_REF][START_REF] Kim | Macroporous and nanofibrous hyaluronic acid/collagen hybrid scaffold fabricated by concurrent electrospinning and deposition/leaching of salt particles[END_REF][START_REF] Fischer | Electrospinning collagen and hyaluronic acid nanofiber meshes[END_REF].

Natural polymers are usually more difficult to electrospin than synthetic polymers [START_REF] Ki | Characterization of gelatin nanofiber prepared from gelatin-formic acid solution[END_REF], however electrospinning of both material types requires mainly toxic organic solvents such as HFIP, dimethylformamide (DMF), tetrahydrofuran (THF) or dichloromethane (DCM). At the end of the process, membranes must be washed but traces of these toxic solvents can remain in electrospun membranes, which is an important concern for biomedical applications and can lead to rejection of the CE marking.

To our knowledge, commercial membranes focus on the physical barrier side of the membrane and less on the bone regeneration part of the biomaterial. In this study, we propose to use β-TCP elementary grains inside the membranes to promote bone formation and osseointegration. β-TCP is a synthetic ceramic chemically close to the mineral phase of bone and possesses excellent osseointegration properties [START_REF] Legeros | Properties of osteoconductive biomaterials: calcium phosphates[END_REF]. It is easily resorbable by macrophages and stimulates bone formation [START_REF] Arbez | Behavior of macrophage and osteoblast cell lines in contact with the β-TCP biomaterial (beta-tricalcium phosphate)[END_REF][START_REF] Arbez | Human macrophages and osteoclasts resorb β-tricalcium phosphate in vitro but not mouse macrophages[END_REF]. It widely used for filling bone defects in a granular form [START_REF] Terranova | Analysis of betatricalcium phosphate granules prepared with different formulations by nano-computed tomography and scanning electron microscopy[END_REF] and is known to increase osteoconductivity when added to polymers [START_REF] Zerbo | Histology of human alveolar bone regeneration with a porous tricalcium phosphate[END_REF][START_REF] Horch | Synthetic, purephase beta-tricalcium phosphate ceramic granules (Cerasorb®) for bone regeneration in the reconstructive surgery of the jaws[END_REF][START_REF] Stavropoulos | Clinical and Histologic Evaluation of Granular Beta-Tricalcium Phosphate for the Treatment of Human Intrabony Periodontal Defects: A Report on Five Cases[END_REF].

The aim of our study was to produce gelatin and hyaluronic acid membranes that include β-TCP elementary grains by standard electrospinning (GE) and co-electrospinning (Ge/HA) using non-toxic solvents.

Material and methods

Preparation of gelatin solutions

Gelatin (GE) solutions were prepared by dissolving type B Ge (250 LB 8, Rousselot SHS, L'Isle sur Sorgue, France) in water/ethanol (9/1) for 40 min at 45°C in different proportions shown in Table 1 and gently stirring in a hermitically sealed glass vial to avoid solvent evaporation.

Preparation of gelatin/hyaluronic acid solutions

Ge solutions were prepared as described above. Table 1 gives the concentration of Ge used for each solution. Once Ge was totally dissolved, sodium hyaluronate (PHI 2860, HTL Biotechnologies, Javené, France) was added to obtain gelatin/sodium hyaluronate ( Ge/SH) solutions at different Ge/SH proportions shown in Table 1.

Preparation of Ge/β-TCP solutions

A 9 %w/v Ge solution was prepared as described above. β-TCP elementary grains (Kasios, L'Union, France) were crushed in powder in a mortar then added at 1 %(w/v) to the Ge solution which was heated to 45°C in a hot water bath in a hermitically sealed glass vial. The solution was sonicated for 30 min to have a homogenous β-TCP repartition in the solution.

Electrospinning of the solutions

Nanofibers were prepared by electrospinning using a 2.2.D-500 electrospinning machine (YFlow, Malaga, Spain). The solutions were loaded in a 10 mL plastic syringe. A Teflon tube was connected from the syringe to a metallic needle (inner diameter: 0.4 mm) disposed vertically above a grounded collector. The needle was charged thanks to a high voltage power supply and a pump controlled the flow rate of the syringe. Once the critical voltage was reached, the pending drop at the tip of the needle formed a jet that was ejected to the collector due to electrostatic forces. During the flight time, the solvent evaporates; the droplets elongated, and dry fibers were produced on the surface of the collector. The electrospinning chamber temperature was fixed at 44 ± 2°C with a relative humidity from 30 to 70 %. Fibers were obtained with a plate collector wrapped in an aluminum foil. Electrospinning parameters for each solution are shown in Table 1.

Crosslinking

Some samples of the 15 % (w/v) Ge membrane produced as described above were crosslinked. The electrospun samples were retrieved by cutting them directly on the aluminum foil. They were placed in a glutaraldehyde saturated atmosphere obtained in a sealed chamber with a 1 % (v/v) glutaraldehyde solution in PBS (pH = 7.4). The crosslinking time varied from 30 min to 24 hours.

Characterization Raman spectroscopy

Chemical characterization of the nanofibers was analyzed by Raman spectroscopy on a Senterra microscope with OPUS 5.5 software (Bruker optic, Ettlingen). The excitation laser wavelength was 785 nm with an excitation power of 100 mW and 8-12 cm -1 resolution. The final spectrum was obtained by averaging five scans of 40 sec each. A concave rubberband base line correction was applied (11 iterations, 64 points).

Scanning electron microscopy

Surface morphology of the Ge and Ge/SH nanofibers were analyzed by SEM on a JEOL 6301F (JEOL Paris, France). All samples were coated with a 20 nm layer of platinum by sputtering with a high vacuum coater (Leica EM ECA600, Leica, France). Images were captured in the secondary electron mode with an acceleration tension of 3 kV. Ge/β-TCP were observed in the secondary electron and in the backscattered electron modes using an EVO LS10 (Carl Zeiss Ltd., Nanterre, France) after carbon coating (5 nm).

Porosity and fiber diameters estimations

Secondary electron mode images were binarized and the mean diameter of the fibers (as well as the mean porosity) were estimated with the DiameterJ plugin [START_REF] Hotaling | DiameterJ: A validated open source nanofiber diameter measurement tool[END_REF] for ImageJ (ImageJ 1.52a, NIH).

Statistical analysis

Statistical analysis was performed using the Systat statistical software release 13.0 (Systat Software Inc., San José, CA). All data were expressed as mean ± standard deviation. Differences between the groups were sought with the Kruskall-Wallis nonparametric analysis of variance followed by the Conover-Inman test for all pairwise comparisons. A difference was considered as significant when p<0.05.

RESULTS

Raman spectroscopy

Identification of the peaks on the Raman spectra was done according to previous publications obtained by Raman spectroscopy on collagen and amino acids [START_REF] Frushour | Raman scattering of collagen, gelatin, and elastin[END_REF][START_REF] Jastrzebska | Raman spectroscopic study of glutaraldehyde-stabilized collagen and pericardium tissue[END_REF][START_REF] Nguyen | Characterization of type I and IV collagens by Raman microspectroscopy: Identification of spectral markers of the dermo-epidermal junction[END_REF][START_REF] Zhu | Raman spectra of amino acids and their aqueous solutions[END_REF].

Similarly, the peaks for SH were identified according to the literature [START_REF] Synytsya | Raman spectroscopic study on sodium hyaluronate: an effect of proton and γ irradiation[END_REF][START_REF] Yeom | Effect of cross-linking reagents for hyaluronic acid hydrogel dermal fillers on tissue augmentation and regeneration[END_REF].

Ge (raw product)

The Raman spectrum of the commercially available Ge powder used to prepare the solutions is shown in fig. 1. The highest peak of the spectrum was attributed to aliphatic -CH bounds and more precisely δ(CH2, CH3). The two peaks located at around 1260 and 1680 cm -1 corresponded to the amide III and amide I respectively. The rest of the peaks identified were caused by amino acids. Peaks at 833 and 876 cm -1 were induced by tyrosine. Peak at 940 cm -1 corresponded to two convoluted peaks from proline and glycine. Peaks at 1021, 1050 and 1333 cm -1 were attributed to phenylalanine, proline and tryptophan respectively.

SH (raw product)

Fig. 2 shows the Raman spectrum of raw SH used for electrospinning. The peak at 907 cm -1 corresponded to β-glycosidic bounds. Peak at 957 cm -1 is induced by the contribution of both amide V and ν(CNC). The wavelength ran Ge from 1135 to 1060 cm - 1 corresponded to stretching (ν(CO), ν(CC)) and bending (δ(COH)) frequencies. δ(COH)

were also attributed to the peak at 1340 cm -1 as well as the amide III and δ(CH). δs(CH3) and νs(COO -) deformations corresponded respectively to the peaks at 1382 and 1413 cm -1 .

Ge nanofibers

The peaks identified for the commercially available Ge were also present on the Raman spectrum of the Ge nanofibers (fig. 3-A). Some vibration frequencies were shifted between the raw Ge and the Ge nanofibers. The relative intensity of the peak at around 1330 cm -1 attributed to the tryptophan on the raw Ge spectrum as well as the amide I peak at 1286 cm -1 increased.

Ge/SH nanofibers

All the peaks identified on the Ge nanofibers spectrum were also found on the Ge/SH nanofibers spectrum confirming the presence of Ge in the fibers (fig. 3-B). Two peaks that were absent on the Ge fibers spectrum appeared on the Ge/SH nanofibers spectrum at 1056 and 1379 cm -1 (arrows on fig. 3-B). Those peaks were attributed to raw SH that represents the superposition of both Ge and SH (fig. 3-C).

Morphology Ge membranes

Ge membranes produced by electrospinning were only peeled off the collector locally since the membranes tended to break. The membrane handling was difficult due to the poor mechanical properties. Morphological differences were observed on the fibers depending on the Ge concentration of the electrospun solution (fig. 4). At the lowest concentration, some small beads inside the fibers were present with a diameter of less than one µm in diameter. Some bigger beads (up to three µm in diameter) were observed outside or at the intersection of fibers. At 9 % (w/v), big beads seemed to decrease in number although small beads were still evidenced. At 15 % (w/v), no small beads inside the fibers were observed and very few beads of 1 to 2 µm in diameters were present. Then, the amount of large beads outside the fibers increased as the concentration increased and their diameter reached up to 5 µm at 20 % (w/v) of Ge and up to 25 µm for 25 % (w/v). The mean fiber diameter seemed to be stable under 25 % (w/v) of Ge and dramatically increased by 4 times between 20 and 25 % (w/v) of Ge. Fig. 5 shows a non-linear relationship between Ge concentration and the mean fiber diameter. A significant increase in the fiber diameter was observed with a 25 % (w/v) of Ge. Similarly, the mean pore size was significantly increased with the 25 % concentration of Ge. The mean fiber diameter ranged from 160 nm to 660 nm and the mean pore size from 0.6 to 7.8 µm². However, porosity seemed stable for all Ge membranes and varied between 50 and 55 %. The porosity dropped under 45 % when the mean diameter fiber was under 130 nm.

Crosslinked Ge membranes

The morphological analysis of the crosslinked Ge membranes is shown in Fig. 6. The microarchitecture of the fibers was roughly preserved up to a 1h15 crosslinking time but was severely altered as the time increased. After a 24h crosslinking, microarchitecture has completely changed, and fibers seemed to have fused. The control sample showed more beads than the sample on Fig. 4 although both samples were produced with a 15 % (w/v) Ge solution. This showed a lack of reproducibility during electrospinning. The alteration of microarchitecture that occurred during crosslinking happened together with a modification of porosity (Fig. 7). Porosity decreased non-linearly with the increase of the crosslinking time. The membranes stuck to the aluminum foil and it was not possible to retrieve them.

Ge/SH membranes

The fibers that composed the Ge/SH-1 membrane presented many small beads along with an amorphous underlying matrix (Fig. 8-A). When the Ge/SH ratio was reduced, no amorphous matrix was evidenced but larger beads, up to 5 µm in diameter, appeared outside the fibers (Fig. 8-B). Ge/SH-1 and Ge/SH-2 membranes were not retrievable from the collector because of weak mechanical properties. Increasing Ge concentration in the electrospun solution without changing the Ge/SH ratio produced fibers without beads as shown in the Ge/SH-3 membrane (Fig. 8-C). The fiber density was lower than the other membranes and the diameter showed a wide range due to the variations of tension and flow rate during electrospinning. It is likely that parameters had changed during electrospinning because of the jet solidification and instability. The membranes could be retrieved from the collector (Fig. 8-D) but they appeared brittle and showed holes due to a weak mechanical resistance probably caused by the fiber density.

Decreasing slightly the Ge concentration (with the same Ge/SH ratio) produced a stable jet and led to fibers with almost no beads (Fig. 8-E). The Ge/SH-4 membrane was retrieved from the collector (Fig. 8-F) and was less than 0.5 mm in thickness. The mean fiber diameter was 210 nm with a mean porosity of 44.9 %.

Ge/β-TCP

The Ge/β-TCP membranes micro-architecture was composed of a large number of spherical beads up to 5 µm in diameter and few thin fibers containing beads (Fig. 9-A, B). The backscattered electron images evidenced the presence of β-TCP elementary grains (Fig. 9-C, D). β-TCP elementary grains seemed to form 1-2 µm agglomerates in size outside of the fibers. The average diameter of the Ge/β-TCP fibers was in the range of 100 nm, which is several orders of magnitude below the size of the β-TCP agglomerates. This explained why the β-TCP could not be present inside the fibers. The Ge/β-TCP membranes could not be retrieved from the collector.

DISCUSSION

-11 -Ge can be dissolved in warm aqueous solutions, but it solidifies to form a gel at a temperature below 37°C. Gel formation can be attributed to strong H-bonds that are temperature sensitive and are destroyed when the temperature increases.

Electrospinning of Ge was performed at a temperature above 37°C to limit solidification of the Ge+solvent at the needle tip. We found that electrospinning was improved when a relatively high humidity was applied in the chamber, otherwise the polymer solidified.

Ge being thermosensitive and having weak mechanical properties, crosslinking is usually recommended to chemically stabilize the fibers and increase their Young's modulus [START_REF] Bigi | Mechanical and thermal properties of gelatin films at different degrees of glutaraldehyde crosslinking[END_REF]. Crosslinking was suggested in the present study to help forming mechanically resistant Ge membranes that could easily be peeled off the collector and handled. Glutaraldehyde is one of the widest used crosslinkers for collagen-derived materials as its aldehyde groups react with lysine and hydroxylysine free amino groups found in the polypeptide chains [START_REF] Damink | Glutaraldehyde as a crosslinking agent for collagen-based biomaterials[END_REF]. When crosslinked with glutaraldehyde for 19 h with a 0.5 % (w/w) concentration solution, gelatin fibers exhibited a different morphology than the native fibers and showed fused fibers as observed in our experiment [START_REF] Sisson | Evaluation of cross-linking methods for electrospun gelatin on cell growth and viability[END_REF].

Morphological changes appeared faster in the present study because the more concentrated glutaraldehyde solution. Another study showed similar fiber changes after a 6 day crosslinking with glutaraldehyde [START_REF] Zhang | Crosslinking of the electrospun gelatin nanofibers[END_REF]. Some Ge/SH membranes were formed by fibers on an amorphous matrix that seemed to be composed of fused fibers. When the SH concentration was reduced, this amorphous matrix was not obtained. This could be attributed to SH reacting with the residual unevaporated solvent or with the high humidity degree present in the electrospinning chamber. A Ge/SH ratio of 100/10 was considered unsuitable for electrospinning and reducing the ratio to 100/3 improved the results. The high density of large beads outside the fibers suggested that concentrations of both polymers (Ge and SH) were too low, therefore Ge concentration was increased from 4.5 % (w/v) to 15 % (w/v) with the same Ge/SH ratio. However, a too high concentration provoked jet instability, so concentration was reduced to 9 %(w/v). At this concentration, no beads were observed but membranes were highly adherent to the aluminum foil and were hardly removed from the foil. We could obtain small square samples, ~0.5 cm by size with a thickness ranging about 150-200 µm that were resistant enough to be handled gently. Very few studies mention the size of the electrospun membranes or the method to handle them. In one of them, a 3D macroporous HA/collagen scaffold was obtained but collapsed into a 2D membrane when the voltage was turned off [START_REF] Kim | Macroporous and nanofibrous hyaluronic acid/collagen hybrid scaffold fabricated by concurrent electrospinning and deposition/leaching of salt particles[END_REF]. A 3D scaffold that kept its shape was successfully produced but only when NaCl particles, acting as a porogen, were used.

To our knowledge, no study was published on electrospun Ge/β-TCP fibers but some showed the possibility to produce electrospun fibers containing β-TCP with other polymers such as polystyrene (PS), lactic acid (LA) or polycaprolactone (PCL [START_REF] Terranova | Repair of calvarial bone defects in mice using electrospun polystyrene scaffolds combined with β-TCP or gold nanoparticles[END_REF][START_REF] Park | Preparation and characterization of LA/PCL composite fibers containing beta tricalcium phosphate (β-TCP) particles[END_REF].

Adding β-TCP elementary grains in electrospun polystyrene (PS) was reported to lead to an increase of osteoblasts proliferation in vitro and a faster bone reconstruction rate in vivo in a murine model [START_REF] Terranova | Repair of calvarial bone defects in mice using electrospun polystyrene scaffolds combined with β-TCP or gold nanoparticles[END_REF]. The presence of β-TCP on the fiber surface and inside the PS fibers was evidenced by SEM with backscattered electron imaging. In our study, β-TCP was not incorporated inside the fibers due to the low fiber diameter, which was 660 nm at maximum. Similar findings were reported with electrospun LA/PCL fibers [START_REF] Park | Preparation and characterization of LA/PCL composite fibers containing beta tricalcium phosphate (β-TCP) particles[END_REF].

In our work, samples were produced on aluminum foils to facilitate handling but GE, Ge/SH and Ge/β-TCP were electrospun directly on the collector without morphological difference (data not shown). Retrieving Ge membranes was as difficult on the collector as on aluminum foil. Electrospinning of GE, Ge/SH and Ge/β-TCP showed a lack of reproducibility that makes application at an industrial scale impossible. The lack of mechanical resistance was the most critical factor impairing industrial and in vivo application.

Conclusion

In this study, we prepared Ge and Ge/SH membranes composed of nanofibers by electrospinning. The fibers did not present beads and the membranes were retrieved from the collector and carefully handled but lacked a sufficient mechanical resistance to be implanted in vivo. β-TCP particles were added during electrospinning of Ge and tended to agglomerate outside of Ge fibers due to the low mean fiber diameter. The low mechanical properties of Ge/β-TCP fibers did not allow the membranes to be retrieved from the collector. Although GE, Ge/SH, Ge/β-TCP membranes have a large potential for surgical grafts in maxillofacial surgery but the membranes could not be produced at a laboratory level. Table 1: Concentration and electrospinning parameters for each prepared solution. n/a = not applicable. 
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 3 prélevés dans le collecteur, car les échantillons plus grands avaient tendance à se déchirer et à se casser. Les membranes Ge/SH pouvaient être extraites du collecteur avec une certaine facilité. Les membranes ont pu être manipulées avec précaution mais l'implantation in vivo n'a pas pu être planifiée en raison de la faible tenue mécanique. La réticulation par les vapeurs de glutaraldéhyde a réduit la porosité moyenne des membranes de Ge ; elle a totalement empêché le retrait des membranes du collecteur. Des particules de phosphate tricalcique bêta (β-TCP) ont été ajoutées au Ge pendant l'électrospinning pour augmenter l'ostéointégration des membranes et favoriser la formation osseuse. Les particules de β-TCP ont formé des agglomérats à l'extérieur des fibres, et nous n'avons pas pu obtenir de particules de β-TCP à l'intérieur des fibres de Ge en raison de leur faible diamètre. En général, les membranes électrofilées manquaient de reproductibilité. Malgré le grand intérêt potentiel des membranes à base de Ge et des membranes Ge/β-TCP, les faibles propriétés mécaniques des fibres, le manque de reproductibilité et la difficulté de récupérer les membranes dans le collecteur n'ont pas permis d'implanter nos biomatériaux ni d'envisager une production industrielle.

Fig. 1 :

 1 Fig. 1: Raman spectrum of the Ge powder used to prepare the electrospinning solutions. The major bands attributable to the main amino acids or molecular bonds are figured.

Fig. 2 :

 2 Fig. 2: Raman spectrum of the raw SH used to prepare the electrospinning solutions.The major bands attributable to the main molecular bonds are figured.

Fig. 3 :

 3 Fig. 3: Raman spectra of A) Ge nanofibers, B) Ge/SH nanofibers and C) The spectrum of raw SH is figured for comparison. Note that two peaks, at 1056 and 1379 cm - 1 characteristic of SH, appear on the Ge/SH nanofibers spectrum and not on the GE nanofibers.

Fig. 4 :

 4 Fig.4: SEM images of Ge fibers electrospun with solutions at different Ge concentrations. For each concentration, the low magnification is figured (the white bar in the 7.5% image stands for 10 µm) and a higher magnification appears in a cartridge (the white bar in the 7.5% cartridge stands for 1 µm). The dimensions are the same for all concentrations. Note the abundance of beads excepted for the 15% concentration.

Fig. 5 :

 5 Fig. 5: Mean Ge fibers diameter vs. Ge concentration in the electrospun solution and mean membrane porosity and pore size vs. Ge concentration in the electrospun solution.

Fig. 6 :

 6 Fig.6: SEM images of Ge fibers crosslinked with glutaraldehyde vapors for different crosslinking time. For each time period, the low magnification is figured (the white bar in the control image stands for 10 µm) and a higher magnification appears in a cartridge (the white bar in the control cartridge stands for 1 µm).The dimensions are the same for all time period. Note the progressive fusion of the fibers along time.

Fig. 7 :

 7 Fig. 7: Mean porosity of crosslinked Ge membranes vs. crosslinking time.

Fig. 8 :Fig. 9 :

 89 Fig.8: SEM aspects of the Ge/SH-1 membrane (A), Ge/SH-2 membrane (B), Ge/SH-3 membrane (C), Ge/SH-4 membrane. For each membrane, the low magnification is figured (the white bar in image A stands for 10 µm) and a higher magnification appears in a cartridge (the white bar cartridge on image A stands for 1 µm). The dimensions are the same for all concentrations. (E). Photographs of Ge/SH-3 membrane (D) and Ge/SH-4 membrane (E), see description in the text.
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