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ABSTRACT

The aim of this work was to develop a bioresorbable, biodegradable and biocompatible synthetic polymer with adequate mechanical properties for bone tissue engineering applications. Polylactic acid (PLA) biomimetic biodegradable scaffolds, generated by 3D printing using the fused deposition modeling method, were reinforced by incorporation of exfoliated boron nitride (EBN). The physicochemical analysis by X-ray diffraction and Raman spectroscopy confirmed the filler presence. Thermogravimetric analysis and differential scanning calorimetry showed that EBN incorporation did not modify the transition temperature, but decreased the polymer crystallinity. Morphology analysis by scanning electron microscopy indicated that the scaffolds had an average pore size of 500 μm. A tensile test demonstrated that the mechanical properties were not affected following EBN incorporation. Conversely, the surface roughness was modified upon EBN addition.

Moreover, contact angle measurements showed a transition from a hydrophobic surface for the pure PLA to a hydrophilic surface for the PLA/EBN scaffold. Finally, the results of cytotoxicity, cell attachment and proliferation assays using MG-63 and MC3T3 cells indicated that PLA/EBN scaffolds are non-toxic and cytocompatible. Furthermore, EBN addition promoted MG-63 cell mineralization on the PLA scaffold. In conclusion, this new 3D printed nanocomposite appears as a promising scaffold for tissue engineering.

INTRODUCTION.

For decades, bone disorder management has been a challenge due to the limited self-repair after critical damage [START_REF] Tang | Biofabrication of bone tissue: Approaches, challenges and translation for bone regeneration[END_REF] . Therefore, passive artificial junctions are often implanted surgically [START_REF] Aro | Clinical use of bone allografts[END_REF] . However, their removal after recovery is recommended, and this requires additional surgery.

Regenerative tissue engineering allows overcoming the lack of bioactivity of passive implants. Scaffold-assisted regeneration methods are one of the most advantageous regenerative tissue engineering techniques. To facilitate cell adhesion and proliferation, it is crucial that the physico-chemical properties mimic the multi-scale structure of the bone extracellular matrix [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Bose | Recent advances in bone tissue engineering scaffolds[END_REF] . Indeed, the scaffold has to possess an interconnected porous network with a pore size and morphology that allows cells migration 5 . Moreover the chemical composition and the mechanical properties of the scaffolds could influence the regeneration of the tissue [START_REF] Wang | The predominant role of collagen in the nucleation, growth, structure and orientation of bone apatite[END_REF][START_REF] Engler | Matrix Elasticity Directs Stem Cell Lineage Specification[END_REF] .

Biomimetic bone scaffolds are fabricated using biodegradable polymers, such as gelatin [START_REF] Nagarajan | Design of Boron Nitride/Gelatin Electrospun Nanofibers for Bone Tissue Engineering[END_REF] , polycaprolactone [START_REF] Temple | Engineering anatomically shaped vascularized bone grafts with hASCs and 3Dprinted PCL scaffolds[END_REF] and polylactic acid (PLA) [START_REF] Lasprilla | Poly-lactic acid synthesis for application in biomedical devices-A review[END_REF] . PLA is a well-known and popular polymer synthesized from bio-sourced materials, such as corn and cellulose [START_REF] Muller | Combination Of Poly(lactic) acid and starch for biodegradable food packaging[END_REF] , and currently the only one produced worldwide. [START_REF] Babu | Current progress on bio-based polymers and their future trends[END_REF] It is widely used for biomedical applications, such as sutures [START_REF] Cutright | Tissue reaction to the biodegradable polylactic acid suture. Oral Surgery[END_REF] and orthopedic fixation [START_REF] Bos | Degradation of and tissue reaction to biodegradable poly (L-lactide) for use as internal fixation of fractures: a study in rats[END_REF] .

Unfortunately, such biodegradable synthetic materials usually have surface state properties that are incompatible with biological tissues [START_REF] Hamad | Properties and medical applications of polylactic acid: A review[END_REF] . These properties could be improved by integrating boron nitride (BN), in its graphene form, in the scaffold formulation [START_REF] Kumar | Compatibility confirmation and refinement of thermal and mechanical properties of poly (lactic acid)/poly (ethylene-co-glycidyl methacrylate) blend reinforced by hexagonal boron nitride[END_REF] . BN is an isoelectric analogue of graphite, non-toxic to cells, and BN-functionalized polymers are highly dispersed in aqueous and organic solvents [START_REF] Ciofani | Boron nitride nanotubes: an innovative tool for nanomedicine[END_REF] . Among the different nanofillers to reinforce polymer matrices, BN is electrically insulated and has major chemical, mechanical and thermal stability [START_REF] Golberg | Boron nitride nanotubes and nanosheets[END_REF] . Moreover, BN nanosheet synthesis does not involve the use of acids or organic solvents [START_REF] Biscarat | Graphene-like BN/gelatin nanobiocomposites for gas barrier applications[END_REF] . BN use in biomedical fields has been much studied [START_REF] Lahiri | Boron nitride nanotube reinforced polylactide-polycaprolactone copolymer composite: mechanical properties and cytocompatibility with osteoblasts and macrophages in vitro[END_REF] . For example, our laboratory successfully exfoliated BN using gelatin and fabricated electrospun gelatin fibers reinforced with BN to improve their mechanical properties without affecting cell viability and proliferation [START_REF] Nagarajan | Design of graphene-like boron nitride/gelatin electro spun nanofibers as new bio nanocomposite material for tissue engineering[END_REF] . Other studies have shown that BN nanotubes have a good potential for biomedical applications [START_REF] Ciofani | Boron nitride nanotubes: an innovative tool for nanomedicine[END_REF][START_REF] Ciofani | interactions, and uptake of polyethyleneimine-coated boron nitride nanotubes by living cells: Confirmation of their potential for biomedical applications[END_REF] . Moreover, boron-containing compounds are interesting for anticancer therapy [START_REF] Scorei | Boron-Containing Compounds as Preventive and Chemotherapeutic Agents for Cancer[END_REF] , particularly in material composites for drug loading and release [START_REF] Weng | Highly water-soluble, porous, and biocompatible boron nitrides for anticancer drug delivery[END_REF] .

Moreover, BN nanotubes improve cell differentiation in vitro [START_REF] Li | Boron nitride nanotube-enhanced osteogenic differentiation of mesenchymal stem cells[END_REF] and in vivo [START_REF] Salvetti | In vivo biocompatibility of boron nitride nanotubes: Effects on stem cell biology and tissue regeneration in planarians[END_REF] .

In tissue engineering, many different methods have been used for scaffold fabrication, such as solvent casting/particulate leaching [START_REF] Liao | Fabrication of porous biodegradable polymer scaffolds using a solvent merging/particulate leaching method[END_REF] , emulsion freeze drying [START_REF] Sultana | PHBV/PLLA-based composite scaffolds fabricated using an emulsion freezing/freeze-drying technique for bone tissue engineering: surface modification and in vitro biological evaluation[END_REF] , phase separation 29 and electrospinning [START_REF] Nagarajan | Design of graphene oxide/gelatin electrospun nanocomposite fibers for tissue engineering applications[END_REF] . However, these techniques are limited by the poor control of pore size and 3D architecture, and by the difficulty to process into different shapes. On the other hand, 3D printing allows printing customized structures (size, geometry, porosity) for tissue repair and regeneration [START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF][START_REF] Chia | Recent advances in 3D printing of biomaterials[END_REF] . 3D printing techniques, such as stereolithography [START_REF] Gauvin | Microfabrication of complex porous tissue engineering scaffolds using 3D projection stereolithography[END_REF] , 3D plotting [START_REF] Luo | Concentrated gelatin/alginate composites for fabrication of predesigned scaffolds with a favorable cell response by 3D plotting[END_REF] , selective laser sintering [START_REF] Williams | Bone tissue engineering using polycaprolactone scaffolds fabricated via selective laser sintering[END_REF] , bioprinting [START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF] and fused deposition modeling (FDM) [START_REF] Serra | High-resolution PLA-based composite scaffolds via 3-D printing technology[END_REF] , are employed to print various polymers and polymer composites. Different studies have demonstrated that the 3D controlled architecture of the scaffold significantly affects its mechanical properties [START_REF] Senatov | Mechanical properties and shape memory effect of 3D-printed PLA-based porous scaffolds[END_REF][START_REF] Gómez | Design and properties of 3D scaffolds for bone tissue engineering[END_REF] as well as cell adhesion and proliferation [START_REF] Rogina | Macroporous poly(lactic acid) construct supporting the osteoinductive porous chitosanbased hydrogel for bone tissue engineering[END_REF][START_REF] Rosenzweig | 3D-printed ABS and PLA scaffolds for cartilage and nucleus pulposustissue regeneration[END_REF] . Therefore, 3D printing can be used to put in shape BN-based nanocomposites in order to obtain a final material with improved mechanical properties. For example, FDM has been used to print different BN-based polymers, such as thermoplastic polyurethane or acrylonitrile-butadiene-styrene, with better thermal conductivity [START_REF] Liu | Improved thermal conductivity of thermoplastic polyurethane via aligned boron nitride platelets assisted by 3D printing[END_REF][START_REF] Quill | Thermal and mechanical properties of 3D printed boron nitride -ABS composites[END_REF] , while a photosensitive BN nanoplatelet-based polymer printed using stereolithography showed enhanced damping behavior [START_REF] Bustillos | Stereolithography-based 3D printed photosensitive polymer/boron nitride nanoplatelets composites[END_REF] . A bio-ink containing poly-lactic-coglycolic acid (PLGA)-based hexagonal BN was used to print a nanomaterial for bioelectronic applications. This study showed that the mechanical and thermal properties could be controlled using the right amount of filler without inducing any cytotoxicity [START_REF] Guiney | Three-Dimensional Printing of Cytocompatible, Thermally Conductive Hexagonal Boron Nitride Nanocomposites[END_REF] . However, to the best of our knowledge, no study tried to improve BN capacity to enhance the bioactivity properties of 3D printed polymer materials for bone tissue engineering.

Therefore, the objective of this work was to create a 3D porous scaffold with controlled architecture and adequate composition to support bone cell adhesion. Using FDM, a 3D multifunctional PLA composite scaffold was fabricated with an interconnected porous structure and reinforced with exfoliated BN (PLA/EBN). Different parameters were analyzed to assess the influence of BN addition to PLA on the adhesion, proliferation and differentiation of osteosarcoma cells. Our results suggested that this new PLA/EBN scaffold is a very interesting support for a potential use in bone regeneration.

EXPERIMENTAL SECTION.

2.1. Materials. PLA pellets were purchased from Natureworks LLC. Type A gelatin (48722-500G-F) obtained from porcine skin (gel strength 170-195 g Bloom, CAS 9000-70-8), dichloromethane (CH2Cl2, <99.9%, CAS 75-09-2), ethanol (96% vol, CAS 64-17-5), 37% formaldehyde (FA, 37 wt. % in H2O, CAS 50-00-0), 25% glutaraldehyde (GTA, 25% in H2O, CAS 111-30-8), cetylpyridinium chloride (CAS 6004-24-6), phosphate-buffered saline (PBS) 2.2. Preparation of PLA/EBN scaffolds. BN sheets were exfoliated from BN powder as previously described [START_REF] Weng | Highly water-soluble, porous, and biocompatible boron nitrides for anticancer drug delivery[END_REF] . Briefly, 1 g of BN powder was added to 20% gelatin solution (100 mL) prepared by dissolving gelatin in water at 75°C. To facilitate exfoliation, the solution was sonicated using an ultrasonic probe system (SONOPULS HD 3100) (pulse on/off for 1 second) with 60% amplitude at 50°C overnight. EBN was separated by centrifugation at 6000 rpm for 30 minutes. The resulting precipitates were dried at 80°C for 48 hours and then calcined at 600°C in air for 2 hours to obtain EBN. [START_REF] Li | Boron nitride nanotube-enhanced osteogenic differentiation of mesenchymal stem cells[END_REF] The PLA (10 mL of 10% (w/v)) solution was prepared using dichloromethane as solvent. EBN (0.1wt %) was dispersed in acetone (1 mg per mL) and placed in an ultrasonic bath for 15 minutes. The solution containing EBN was introduced in the polymer solution under constant magnetic stirring until homogeneous. The PLA/EBN dispersion was poured into a Teflon dish and dried at room temperature overnight. The obtained dried polymer was a film that was cut into pieces and introduced into a single screw extruder (Noztek pro) at an extrusion temperature of about 200°C. The nozzle diameter of the extruder (1.75 mm) was suitable for the 3D printer. A filament with a diameter of 1.75 mm was obtained and used for 3D printing with a Prusa Research MK2S 3D printer.

The scaffold was modeled using the computer-aided design (CAD) software (Design Spark Mechanical). Once the scaffold shape was determined, a STL file was created to be analyzed by the Prusa 3D Slicer software. All printing parameters are given in Table S1.

Chemical and structural properties.

Raman spectra of scaffolds and films were obtained in ambient conditions using a HORIBA Jobin Yvon microscope equipped with a 659.55 nm laser. The X-ray diffraction (XRD) patterns of PLA and PLA/EBN scaffolds were recorded using CuKα radiation, 2Ɵ range of 10-70° with a scan speed of 2°min -1 , using the PANalytica Xpert powder XRD system. The Fourier transform infrared (FTIR) spectrum of PLA and PLA/EBN nanocomposites was recorded with a NEXUS instrument, equipped with an attenuated total reflection accessory in the frequency range of 600-4000 cm -1 . For FTIR spectrometry, resolution was 4 cm -1 , and the signals were averaged from 32 scans.

Thermal properties.

The different scaffolds were analyzed using a DSC 2920 differential scanning calorimeter, equipped with the RCS90 cooling system. Samples were accurately weighed (≈ 4mg) in an aluminum TA pan and sealed. An empty sealed pan was used as a reference. Samples were first cooled to 25°C and then heated up to 210°C with a heating rate of 10°C.min -1 using nitrogen as purge gas. The degree of polymer crystallinity was calculated with the following formula: 𝜒 = ∆𝐻𝑓-∆𝐻𝑐𝑓 ∆𝐻∞ where ΔHf is the enthalpy of fusion, ΔHcf is the enthalpy of cold crystallization, and ΔH∞ is the reference melting enthalpy for 100% crystalline polymer (ΔHꝏ= 93 J.g -1 ).

The resulting differential scanning calorimetry (DSC) curves were analyzed to determine the polymer glass transition (T g ) temperature, melting temperature (Tm), cold crystallization temperature (Tcc), and crystallinity (X c ). The thermogravimetric analysis (TGA) was performed with a TGA G500 apparatus (TA Instruments). About 10mg of each sample was heated from room temperature to 900°C in air atmosphere at a heating rate of 10°C min -1 .

Mechanical properties.

The mechanical properties of the 3D printed PLA/EBN scaffold were characterized with standard centimeter samples loaded using a MTS (1/ME) traction machine coupled with a 5 kN force sensor. Samples were printed in the shape of a dog bone (40 mm length, 4 mm width, and 1.5 mm thick) (Figure S1), clamped between jaws, and pulled at a constant speed of 0.01 mm s -1 until they broke. During loading, samples were imaged with a 16 Mb camera (SVS-VISTEK) at 1 Hz. Initially, samples were randomly patterned with thin black paint to perform digital image correlation (DIC). Using a DIC algorithm dedicated to large deformations and already presented [START_REF] Vu | Soft grain compression: beyond the jamming point[END_REF][START_REF] Vu | Deformation Field in Diametrically Loaded Soft Cylinders[END_REF] , the sample strain changes were reliably computed without inaccuracy coming from the machine and the jaws.

Linear elastic regions from the stress-strain graphs were used to calculate the Young's modulus from at least three trials. The stress at which samples began to break was also measured.

Morphological properties.

The size, morphology, and microstructure of the scaffolds were analyzed using a HITACHI S4800 scanning electron microscopy (SEM) system. For this, scaffolds were coated with platinum using a Polaron SC7620 Mini Sputter Coater. The Image J software was used to calculate the diameter of the struts and of the obtained pores. A stylus profilometer STIL equipped with a CHR1000 captor was used to characterize the 3D topography of 10mm cylinder surface areas of 3D printed PLA and PLA/EBN scaffolds.

Determinations were made on two different locations of 2*2 mm for each scaffold with 5 µm step. The SurfaceMap software was used for data post-treatment. The chosen area roughness parameter was Sa (i.e., the surface arithmetical mean height).

A B-CAM-21-BW (CCCIR) monochrome camera and a Led R60 lamp (Conrad) were used to measure the contact angles of ultrapure water on 3D printed PLA and PLA/EBN scaffolds by the sessile drop method [START_REF] Lee | Vascular endothelial growth factor immobilized on mussel-inspired three-dimensional bilayered scaffold for artificial vascular graft application: In vitro and in vivo evaluations[END_REF] . Equilibrium contact angles (considered at 60 seconds) were measured for 5 μL droplet volumes in three different locations for each condition. One Touch Grabber and Image J were used to calculate the obtained contact angles.

Cell viability and adhesion assays.

Scaffolds were sterilized with ethanol for 30 minutes and under UV light (405nm) for 1 hour. MG-63 osteosarcoma and MC3T3-E1 preosteoblast cells were cultured on the sterilized scaffolds in MEM alpha, 10% FBS and 1% penicillin/streptomycin for up to 7 days before cell viability and adhesion assays. Cell viability and proliferation were analyzed with the MTT assay. At different time points during culture, 100 µL of culture medium containing 0.05 mg.mL -1 of MTT solution was added to the cultures for 3h. MTT reduction by living cells leads to the production of purple-colored formazan crystals that were solubilized by addition of 100 µL of DMSO (BDH Prolab 23486.297). The absorbance of the formazan solution was recorded at 560 nm using a Multiskan plate reader (Thermos, USA). For the adhesion assay, MG-63 cells and MC3T3-E1 preosteoblast were fixed in 4% formaldehyde (500 µL/well) at room temperature for 20 minutes. Fixed cells were washed with PBS, permeabilized with PBS/0.1% Triton X 100 (Sigma) for 15 minutes, and incubated with PBS/1% BSA solution for 3 hours. Then, the cell cytoskeleton was stained with an anti-actin antibody at 4°C overnight. After two washes with PBS/0.05% Tween 20, an Alexa-conjugated anti-mouse IgG secondary antibody was added with Hoechst 33342, to stain the nuclei, at room temperature for 1 hour. Samples were mounted in Mowiol and fluorescent images were recorded using a fluorescent microscope (DM6000 Leica). Cells attachment and morphology on the scaffolds were recorded using SEM. MG-63 Cells were cultured for 48 hours days on the scaffolds and fixed using 2.5% of Glutaraldehyde for 30 min. Scaffolds were washed using serial concentrations of ethanol (30%, 50%, 70%, 90%, and absolute ethanol). The scaffolds were then treated with 1 mL of hexamethyldisilazane to dry the sample. Scaffolds were finally coated with platinum using a Mini Sputter Coater before to be observed with SEM.

Mineralization assay.

MG-63 cells were plated in Petri dishes on the scaffolds and grown until confluence (day 0). Then, medium was switched to differentiation medium supplemented with ascorbic acid (50 mg.ml -1 ), ß-glycerophosphate (5 mM) and dexamethasone (10 -8 M), and refreshed every 48 hours. Formation of mineralized nodules was monitored at day 0, 14 and 21 by Alizarin Red-S staining. Briefly, cells were rinsed twice with PBS followed by fixation in 4% formaldehyde at room temperature for 20 minutes.

Then, cells were rinsed twice with PBS (pH 4.2) and stained with 40 mM Alizarin Red-S (pH 4.2) at room temperature for 20 minutes, and extensively rinsed with water. For quantification, the staining was eluted with 10% (wt/vol) cetylpyridinium chloride, and the supernatant absorbance was measured at 540 nm using a microplate reader (Bio-Rad).

Differences between groups were assessed with the Student's t-test and were considered significant at *p<0.05 and **p<0.005.

RESULTS AND DISCUSSION.

Structural and chemical characterization of the scaffolds.

To reinforce PLA, EBN fillers were added to the polymer matrix at 0.1% wt. The composite was extruded via a single screw extruder and put in shape using a FDM system. PLA before extrusion is denoted as PLA-film (see Figure 1 for a schematic representation of the working plan). In a first step, we characterized the chemical and structural properties of the nanocomposites.

BN Raman spectrum showed a characteristic band at 1390 cm -1 that corresponded to the E2g mode (Figure 2a). PLA-film spectrum showed the characteristic bands at 1127, 1294, 1447 and 1764 cm -1 (asterisks in Figure 2a). In the PLA/EBN spectrum, the morphology and intensity of the characteristic Raman band at 1390 cm -1 changed compared with the PLA spectrum (arrows in Figure 2a). This change confirmed EBN incorporation in the polymer matrix.

To understand PLA organization and BN interactions with the polymer matrix during the nanocomposite fabrication, FTIR spectra were recorded (Figure 2b). The two major EBN peaks observed at 1271 and 763 cm -1 were assigned to B-N stretching and out-of-plane B-N bending in the hexagonal rings, respectively. A slight difference between the peaks at 1231 cm -1 of pure PLA and PLA/EBN was observed (arrows). This could be due to EBN incorporation, but cannot be confirmed because the absorbance of the PLA peaks was greater than that of EBN. In addition, the EBN peaks were in the same range as those of PLA and thus were covered by them. BN influence on PLA thermal stability was monitored by TGA analysis (Figure 3a). For PLA, the 1% weight loss observed below 200°C was due to the adsorbed water. The second major weight loss, observed between 300 and 400°C, showed the degradation of the PLA polymer with a maximum loss at 298°C. The third major weight loss, observed from ∼410°C, was due to the thermochemical decomposition of the remaining organic content. Concerning PLA/EBN, the first weight loss was observed at 225°C. The major decrease that corresponded to the degradation of the polymer composite was observed at 359°C, and the last degradation step was observed from 400°C with a weight loss of 3%.

Moreover the peak of maximum degradation temperature shifted from 298°C for PLA to 359°C for the nanocomposites with 0.1% of BN, as shown in the derivative weight curves (Figure 3b). The two curves showed little difference; however, this mass loss corresponding to the cleavage of the polymer chains started with an offset of 62°C for PLA/BN compared with pure PLA. This may be due to the relatively small amount of BN particles present in the sample, and to a low thermal barrier effect caused by BN. BN particles are expected to retard degradation, and randomly protect a few inner layers of polymer. BN trapped the degradation products inside the polymer by dissipating the heat in the planar direction. When the heat energy is absorbed, the thermal equilibrium is reached [START_REF] Barkoula | Fatigue properties of highly oriented polypropylene tapes and all-polypropylene composites[END_REF] . Samples exhibited strong interaction with BN, which resulted in the high thermal stability of the composites.

EBN influence on PLA crystallinity and on Tg, Tcc and Tm were evaluated by DSC analysis (Figure 3c). Enthalpy of fusion, glass transition and melting point were measured and are summarized in Table 1, together with the calculated crystallinity. The Tg and Tm of PLA were 59°C and 168°C before (PLA-film) and 61°C and 169°C after extrusion, respectively.

This indicated that the extrusion process did not affect PLA thermal properties. After extrusion, PLA showed a cold crystallization peak at 100°C that was not present in the PLAfilm before extrusion (Figure 3c), as reported in a previous study [START_REF] Huda | Dynamic mechanical properties of solution-cast poly(L-lactide) films[END_REF] . In line with these observations, PLA crystallinity was lower after (21%) than before (32%) extrusion, and this change could have been caused by the extrusion process [START_REF] Ravi | Poly-L-lactic acid: Pellets to fiber to fused filament fabricated scaffolds, and scaffold weight loss study[END_REF] . For PLA reinforced with 0.1% BN before extrusion, the Tg was 59°C, and decreased to 53°C after extrusion. This was followed by an exothermic cold crystallization peak at 110°C (Figure 3c).

Addition of EBN significantly decreased the PLA Tm from 169°C to 156°C after extrusion, and this was associated with the appearance of a double melting peak at 156 °C (Figure 3c).

This suggests the presence of two sizes of crystallites that could have been induced by BN charges in the polymer matrix.

After extrusion, EBN addition decreased PLA crystallinity from 21% to 5%. This lower crystallinity of the PLA/EBN scaffold could be due to the number of interacting sites between the polymer matrix and the filler that might reduce the PLA chain mobility. Additionally, EBN aggregates may have physically disturbed the polymer crystallization. Finally, thermal analysis by TGA and DSC showed that EBN presence in the polymer matrix did not affect filament extrusion. The 3D printing conditions also were not influenced by EBN addition.

However, EBN increased the thermal stability of the nanocomposite scaffolds.

Mechanical properties of the 3D printed nanocomposites.

Composites used for bone tissue engineering applications must withstand high loads. Therefore, the mechanical properties of PLA and PLA/EBN nanocomposites were analyzed using dog bone shaped samples (Figure S1). For bone engineering, the elastic region is a very important parameter and therefore, it was important to determine the influence of EBN addition on PLA elastic modulus. The Young's modulus of PLA increased with EBN from 2 to 2.2 GPa (not statistically significant) (Figure 4). Similarly, tensile stress at break and Poisson's ratio were not significantly different in PLA and PLA/EBN samples. This demonstrates that EBN addition did not affect the mechanical properties of the PLA scaffold, and that EBN can be used as a filler to improve the bioactivity of PLA scaffolds without effects on their mechanical properties. 

Morphological analysis of PLA/EBN scaffolds.

To facilitate bone regeneration, scaffolds with a porous interconnected network and pore size between 300 μm and 500 µm were generated. SEM was used to analyze EBN effect on the morphology and pore size of the 3D printed PLA/EBN scaffolds. SEM micrographs revealed the scaffold porous morphology (Figures 5a andb). The pores size of PLA scaffolds was 405 μm (±20) with a wall width of 380μm (±65), which is crucial for osteoblast cell infiltration and good mineralization [START_REF] Di Luca | Gradients in pore size enhance the osteogenic differentiation of human mesenchymal stromal cells in three-dimensional scaffolds[END_REF][START_REF] Matsiko | Scaffold Mean Pore Size Influences Mesenchymal Stem Cell Chondrogenic Differentiation and Matrix Deposition[END_REF][START_REF] Bružauskaitė | Scaffolds and cells for tissue regeneration: different scaffold pore sizes-different cell effects[END_REF] .

Indeed, the influence of pores size on cell proliferation and migration was well demonstrated [START_REF] Bružauskaitė | Scaffolds and cells for tissue regeneration: different scaffold pore sizes-different cell effects[END_REF][START_REF] Karageorgiou | Porosity of 3D biomaterial scaffolds and osteogenesis[END_REF] . The shift of pores sizes with EBN addition might have an impact on the cells proliferation on the scaffolds. EBN addition to the PLA resulted in a modification of the composite filament. This change led to an increase in pore size during printing. The reduction of the walls separating the pores led to pore enlargement in the scaffold.

The 3D topography images allowed comparing the surfaces of the PLA and PLA/EBN composite scaffolds (Figures 5c andd). The scaffold surface was modified upon EBN incorporation in the polymer matrix. Scaffolds with EBN incorporation presented positive values of Sa than PLA scaffolds, due to the filler presence at the surface and fine dispersions in the polymer matrix (Table 2). In bone tissue engineering, the surface chemistry of biomedical devices is very important. It influences the material hydrophilicity and is required for cell attachment to the scaffold surface to proliferate and differentiate for bone regeneration [START_REF] Mitra | Scaffolds for bone tissue engineering: Role of surface patterning on osteoblast response[END_REF] . The measurements of water contact angles (Figures 5e andf) showed a significant reduction of the values (p < 0.00005)

for PLA/EBN scaffolds compared with PLA (Table 2). In summary, EBN addition significantly improved the PLA scaffold hydrophilic character. 3.5. Biological studies. The biocompatibility of 3D printed PLA/EBN scaffolds was investigated using MG-63 osteosarcoma and MC3T3-E1 preosteoblast cells that display osteogenic potential [START_REF] Czekanska | A phenotypic comparison of osteoblast cell lines versus human primary osteoblasts for biomaterials testing[END_REF] . EBN effect on cell viability, attachment and proliferation was analyzed and compared with the results obtained for cells grown with PLA scaffolds and without scaffolds (control). The presence of EBN (0.1%) in the scaffold did not affect viability (MTT assay) after 4 or 7 days of culture (Figure 6a and6b). This suggests that 3D printed PLA/EBN scaffolds do not release any toxic fragment and that direct contact of cells with EBN is possible without damage.

Interestingly, previous research using conducting polymers (particularly polypyrrole (Ppy))

reported no significant toxicity towards mouse peritoneum cells, whereas some toxicity of Ppy nanoparticles was detected towards bone marrow-derived stem cells [START_REF] Ramanaviciene | Biocompatibility of polypyrrole particles: an in-vivo study in mice[END_REF][START_REF] Vaitkuviene | Evaluation of cytotoxicity of polypyrrole nanoparticles synthesized by oxidative polymerization[END_REF] . The toxicity towards stem cells was dose-dependent and, at lower concentrations, PPy did not show any toxicity towards other cell types including primary mouse embryonic fibroblasts (MEF), mouse hepatoma cell line (MH-22A), and human T lymphocyte Jurkat cells [START_REF] Vaitkuviene | Some biocompatibility aspects of conducting polymer polypyrrole evaluated with bone marrow-derived stem cells[END_REF] .

Cell attachment and proliferation on the scaffolds was monitored by staining the cytoskeleton with an anti-actin antibody and nuclei with Hoechst 333342 at day 1 and 4. As shown in Figure 6c, EBN incorporation increased MG-63 cell attachment monitored after 1 day of culture. This was confirmed using the MTT assay at day 1 (Figure 6d) and was also observed with MC3T3 cells (data not shown). Similarly, quantification of cell proliferation at days 4 and 7 confirmed that the PLA/EBN scaffolds promoted cell proliferation at higher levels than the PLA scaffold (Figure 6d). SEM analysis performed after 7 days of culture until maximum confluence (Figure 6c) confirmed cell proliferation on the PLA and PLA/EBN scaffolds with cells appearing less flattened on the PLA/EBN scaffold. Altogether, these data indicated that EBN incorporation in the PLA scaffolds increased their cytocompatibility. Finally, mineralization (i.e., calcium deposition on scaffolds by MG-63 cells) was determined by colorimetric quantification after Alizarin Red-S staining at day 1, 14 and 21 of culture (Figure 7). A significantly higher calcium deposition was observed at day 21 in cultures with PLA/EBN scaffolds compared with PLA scaffolds, demonstrating the good mineralization on scaffolds. This effect could be linked to EBN interaction with the matrix and the modification of surface states or pore size upon EBN incorporation. These results demonstrate that EBN is biocompatible and shows good bioactivity by enhancing MG-63 cell mineralization activity. 

CONCLUSIONS.

This study shows that it is possible to fabricate PLA/EBN nanocomposites with controlled morphology and a network of interconnected pores around 500 μm using FDM-assisted 3D printing. Altogether, our results demonstrated that EBN incorporation 1) increased the polymer surface roughness and decreased its hydrophobicity, 2) enhanced the polymer thermal stability, 3) decreased the polymer crystallinity, 4) did not affect the scaffold mechanical properties, and 5) promoted bone cell attachment, proliferation and differentiation. Our data clearly indicate that PLA reinforcement with 0.1% EBN could represent a good strategy to obtain 3D printed scaffolds with attractive bioactivity for a potential application in bone tissue engineering.
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Figure 1 .

 1 Figure 1. Schematic representation of the different steps leading to scaffold generation (production of the composite film, extrusion of the nanocomposite and 3D printing)

Figure 2 . 3 . 2 .

 232 Figure 2. Chemical and structural properties of the nanocomposites: (a) Raman spectroscopy, (b) FTIR spectra, and (c) XRD diffractograms of exfoliated boron nitride (EBN), PLA-film, and PLA/EBN nanocomposites.

Figure 3 .

 3 Figure 3. Thermal properties of nanocomposite materials: (a) TGA, and (b) derivative TGA curves of 3D printed PLA/EBN nanocomposites; (c) representative DSC graphs showing Tg, Tcc and Tm of PLA and PLA/EBN nanocomposites.

Figure 4 .

 4 Figure 4. Mechanical properties of the scaffolds: (a) Young's modulus, (b) Tensile stress at break, and (c) Poisson's ratio of PLA and PLA/EBN nanocomposites (ns= not significant).

Figure 5 .

 5 Figure 5. Scanning electron micrographs of FDM-based 3D printed PLA and PLA/EBN scaffolds: Top view of the architecture of 3D printed (a) PLA and (b) PLA/EBN scaffolds; inset, zoom showing the surface. Topography of the scaffolds: Representative 3D images of the surface roughness of PLA (c) and PLA/EBN (d) scaffolds. Images showing the contact angle of water on: (e) PLA and (f) PLA/EBN scaffolds.

Figure 6 .

 6 Figure 6. Cell viability of MG-63 cells (a) and MC3T3-E1 cells (b) grown on PLA and PLA/EBN scaffolds assessed with the MTT at day 4 and 7 (ns = not significant), (c) MG-63 cell attachment on PLA nanocomposites was analyzed by immunofluorescence staining of actin (red), DNA staining (blue) and SEM at the indicated time points and (d) cell proliferation of MG-63 (MTT assay) (ns = not significant, *p<0.05, **p<0.005).

Figure 7 .

 7 Figure 7. Mineralization evaluated by Alizarin Red-S staining of MG-63 cells cultured on PLA and PLA/EBN nanocomposite scaffolds at the indicated time points after switching to differentiation medium (ns = not significant, *p<0.05).

Table 1 .

 1 Temperatures, enthalpies of different thermal transitions and crystallinity of PLA and PLA/EBN

Table 2 .

 2 Roughness parameters and contact angles of PLA and PLA/EBN scaffolds with H2O: Saarithmetical mean height of the surface.

	Samples Pore size (µm) Wall width (µm) Sa (µm) Contact angles (°)
	PLA	405 ± 20	380 ± 65	5.8 ± 1.5	118 ± 6
	PLA/EBN	500 ± 80	350 ± 25	9.3 ± 2.7	80 ± 13
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