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For the first time, the sol-gel method was coupled with electrostatic spray deposition (ESD) to fabricate nanotextured bioactive glass (BG) coatings with a controlled microstructure in a one-pot-process. Three BG compositions belonging to the SiO2-CaO-P2O5 system (S85, S75, and S58) were homogeneously deposited on metallic Ti6Al4V substrates starting from the atomization of precursor solutions. All coatings displayed an amorphous character, as confirmed by XRD. A wide variety of innovative BG morphologies were obtained, tuning the key parameters of ESD, leading from highly porous coral-like to compact reticular-type coatings. The bioactivity, in terms of apatite formation, of as-deposited coatings was tested by immersion in simulated body fluid solution. Textural properties were found to play an important impact in its biological performance. Highly porous ESD-coatings exhibited remarkable bioactivity for S75 and S58 compositions, compared with more compacted ones of equal formulations. S85 composition was found extremely reactive regardless of the coating microstructure.

Introduction

Biomaterials, depending on the demanded application, must fulfill specific requirements [START_REF] Kasuga | Coatings for metallic biomaterials[END_REF]. In particular, load-bearing implants must offer high mechanical strength and fracture toughness making metallic materials like titanium and its alloys (i.e., Ti6Al4V) an adequate alternative because of their low density, high corrosion resistance and mechanical strength. However, to prevent the release of metal ions in the surrounding tissues or bloodstream and improve bioactivity and osseointegration of these implants, biologically active inorganic materials have been widely used to coat implants [START_REF] Verné | Bioactive Glass and Glass-Ceramic Coatings[END_REF]. These bioactive coatings allow metallic prostheses to adapt to the bone cavity avoiding the formation of undesired interfacial fibrous tissue, preventing adverse responses or further damage [START_REF] Fathi | Bioactive glass nanopowder and bioglass coating for biocompatibility improvement of metallic implant[END_REF]. Moreover, the coatings can promote higher integration rates and more effective attachment to the bone than the non-coated bare metallic implants [START_REF] Goodman | The future of biologic coatings for orthopaedic implants[END_REF][START_REF] Zhang | Bioactive coatings for orthopaedic implants-recent trends in development of implant coatings[END_REF][START_REF] Fathi | Preparation and characterization of sol-gel bioactive glass coating for improvement of biocompatibility of human body implant[END_REF][START_REF] Tran | Coatings on metallic implants for biomedical applications[END_REF].

Hydroxyapatite (HAP) and related phases are the mineral constituents of bones, being a widely employed coating material [START_REF] Harun | A comprehensive review of hydroxyapatite-based coatings adhesion on metallic biomaterials[END_REF][START_REF] Nagano | Differences of bone bonding ability and degradation behaviour in vivo between amorphous calcium phosphate and highly crystalline hydroxyapatite coating[END_REF][START_REF] Sun | Material fundamentals and clinical performance of plasma-sprayed hydroxyapatite coatings: A review[END_REF][START_REF] Anene | Additively manufactured titanium alloys and effect of hydroxyapatite coating for biomedical applications: A review[END_REF] that present promising for improving the implants osteointegration [START_REF] Haider | Recent advances in the synthesis, functionalization and biomedical applications of hydroxyapatite: a review[END_REF][START_REF] Kweh | An in vitro investigation of plasma sprayed hydroxyapatite (HA) coatings produced with flame-spheroidized feedstock[END_REF].

However, synthetic materials based on artificial formulations as bioactive glasses (BG) [START_REF] Jones | Review of bioactive glass: From Hench to hybrids[END_REF] have been demonstrated to offer enhanced bioactivity [START_REF] Henao | Bio-active glass coatings manufactured by thermal spray: A status report[END_REF]. After implantation in the body, glass-based materials go through specific reactions [START_REF] Cao | Bioactive materials[END_REF][START_REF] Jones | Bioglass and Bioactive Glasses and Their Impact on Healthcare[END_REF][START_REF] Brandão | Biocompatibility analysis of Bioglass® 45S5 and Biosilicate® implants in the rabbit eviscerated socket[END_REF], being osteoconductive and osteoinductive. Besides, studies show that bioactive glasses' ionic release could promote angiogenesis and stimulate osteogenic factors [START_REF] Gorustovich | Effect of bioactive glasses on angiogenesis: a review of in vitro and in vivo evidences[END_REF][START_REF] Day | Bioactive Glass Stimulates the Secretion of Angiogenic Growth Factors and Angiogenesis in Vitro[END_REF]. From these aspects, BG coatings offer significant advantages to be used as a coating material for medical implants.

The first bioactive glass was developed via the standard melting technique by Hench et al. in 1969, with an approximate composition of 46.3 SiO2, 24.3 Na2O, 26.9 CaO, and 2.5 P2O5 (45S5 Bioglass ® ) [START_REF] Hench | Bonding mechanisms at the interface of ceramic prosthetic materials[END_REF]. Since then, many other BG compositions have been proposed to tune their bioactivity and to adjust their properties to the demanding biomedical market [START_REF] Kaur | A review of bioactive glasses: Their structure, properties, fabrication and apatite formation[END_REF]. BG can be categorized as phosphate-based, borate-based, and silica-based [START_REF] Wen | Bioactive comparison of a borate, phosphate and silicate glass[END_REF]. Among them, silica-based bioactive is the leading group of glasses currently in medical use, showing excellent biocompatibility and bioactivity behavior [START_REF] Al-Harbi | Silica-Based Bioactive Glasses and Their Applications in Hard Tissue Regeneration: A Review[END_REF].

For the moment, the fabrication of bioactive glass coatings remains a technological challenge. Therefore, they are not clinically used yet. Nevertheless, their behavior in vitro and in vivo is widely studied [START_REF] Sergi | A comprehensive review of bioactive glass coatings: State of the art, challenges and future perspectives[END_REF][START_REF] Sola | Bioactive glass coatings: A review[END_REF].

When addressing coatings, it is imperative to state the importance of the final features of the coatings. The principal physical-chemical properties of the obtained composite will depend on the deposition technique.

Many deposition processes such as enameling [START_REF] Sola | Enamelled coatings produced with low-alkaline bioactive glasses[END_REF][START_REF] Cannillo | Different approaches to produce coatings with bioactive glasses: Enamelling vs plasma spraying[END_REF], thermal spray [START_REF] Cannillo | Different approaches to produce coatings with bioactive glasses: Enamelling vs plasma spraying[END_REF][START_REF] Cañas | Microstructural and in vitro characterization of 45S5 bioactive glass coatings deposited by solution precursor plasma spraying (SPPS)[END_REF][START_REF] Monsalve | Bioactivity and mechanical properties of bioactive glass coatings fabricated by flame spraying[END_REF], electrophoretic deposition [START_REF] Kawaguchi | Electrophoretic deposition as a new bioactive glass coating process for orthodontic stainless steel[END_REF][START_REF] Zhitomirsky | Electrophoretic deposition of bioactive glass/polymer composite coatings with and without HA nanoparticle inclusions for biomedical applications[END_REF][START_REF] Mehdipour | A study of the electrophoretic deposition of bioactive glass-chitosan composite coating[END_REF], laser cladding [START_REF] Comesaña | Laser cladding of bioactive glass coatings[END_REF][START_REF] Baino | Bioactive glass coatings fabricated by laser cladding on ceramic acetabular cups: a proof-of-concept study[END_REF] or sol-gel techniques [START_REF] Fathi | Bioactive glass nanopowder and bioglass coating for biocompatibility improvement of metallic implant[END_REF][START_REF] Fathi | Preparation and characterization of sol-gel bioactive glass coating for improvement of biocompatibility of human body implant[END_REF][START_REF] Durán | Sol-gel coatings for protection and bioactivation of metals used in orthopaedic devices[END_REF][START_REF] Hamadouche | Bioactivity of sol-gel bioactive glass coated alumina implants[END_REF] are currently employed to produce BG coatings. Bioactive glass coating preparation based on sol-gel [START_REF] Zheng | Sol-gel processing of bioactive glass nanoparticles: A review[END_REF][START_REF] Deshmukh | Recent advances and future perspectives of sol-gel derived porous bioactive glasses: a review[END_REF] offers great advantages than hightemperature methods since the low annealing temperatures of this wet route allow the preparation of nanotextured materials [START_REF] Boccaccini | Sintering, crystallisation and biodegradation behaviour of Bioglass®-derived glass-ceramics[END_REF]. By using the sol-gel method, it is possible to obtain control in material homogeneity and a wide range of compositions that are not feasible to achieve employing conventional techniques. Additionally, sol-gel-derived BG shows bioactivity in a more extensive compositional range than melt-derived ones [START_REF] Sepulveda | Characterization of melt-derived 45S5 and sol-gel-derived 58S bioactive glasses[END_REF][START_REF] Kaur | Review and the state of the art: Sol-gel and melt quenched bioactive glasses for tissue engineering[END_REF][START_REF] Chen | Investigation on bio-mineralization of melt and sol-gel derived bioactive glasses[END_REF]. Therefore, owing to these merits, the sol-gel approach is gaining particular attention to fabricate BG coatings.

This study introduces a new fabrication method involving the electrostatic spray deposition (ESD) technique combined with the sol-gel process to manufacture bioactive glass coatings. ESD is a low-cost method since it does not require expensive equipment or vacuum generation, with a high coverage rate. These advantages, along with the requirement of just small amounts of precursors, represent an immense scale-up potential.

Additionally, this innovative method offers the great advantage of depositing coatings at low deposition temperatures with a broad range of very distinct microstructures and hierarchical architectures [START_REF] Chen | Electrostatic sol-spray deposition of nanostructured ceramic thin films[END_REF]. ESD has been reported to be employed in depositing a wide variety of oxide materials [START_REF] Lintanf | Elaboration of Ta2O5 thin films using electrostatic spray deposition for microelectronic applications[END_REF][START_REF] Djurado | Electrostatic spray deposition of Ca3Co4O9 + δ layers to be used as cathode materials for IT-SOFC[END_REF][START_REF] Sharma | An efficient hierarchical nanostructured Pr6O11 electrode for solid oxide fuel cells[END_REF] while ensuring strong adhesion to the substrate. When developing biomaterial, the tuning of textural properties, particularly macroporosity, results in a critical aspect to achieve a well-interconnected pore network that allows a proper mass transport between the material and the surrounding physiological media [START_REF] Jones | Optimising bioactive glass scaffolds for bone tissue engineering[END_REF][START_REF] Ohtsuki | Mechanism of apatite formation on CaOSiO2P2O5 glasses in a simulated body fluid[END_REF][START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Kokubo | Novel bioactive materials with different mechanical properties[END_REF]. In this sense, many approaches were proposed to texture BG, depending on the desired form and/or porosity. Sacrifice template filling [START_REF] Hall | A novel route to highly porous bioactive silica gels[END_REF], electrospinning [START_REF] Qian | Fabrication and characterization of biomorphic 45S5 bioglass scaffold from sugarcane[END_REF], or robotic deposition [START_REF] Kim | Production and potential of bioactive glass nanofibers as a nextgeneration biomaterial[END_REF], gave birth to a variety of new three-dimensional architectures [START_REF] Yun | Three-Dimensional Mesoporous-Giantporous Inorganic/Organic Composite Scaffolds for Tissue Engineering[END_REF][START_REF] Minaberry | Macroporous bioglass scaffolds prepared by coupling sol-gel with freeze drying[END_REF].

Briefly, ESD is based on generating a spray of micro-sized charged droplets created due to an applied potential difference between a heated-grounded substrate and a nozzle, from which the precursor solution comes [START_REF] Chen | Electrostatic sol-spray deposition of nanostructured ceramic thin films[END_REF]. The microstructure of ESD deposited films can be easily controlled by the depositions parameters, such as substrate temperature, flow rate, nozzle-to-substrate distance, and deposition time, which influence the size of the droplets impacting the heated substrate. On the other hand, the chemical composition of the coatings is determined mainly by the physical-chemical properties of the precursor solution, including the solvent and the nature of precursors.

In this work, we have focused our efforts on obtaining bioactive glass coatings in the system SiO2-CaO-P2O5, which has been established to exhibit a highly bioactive behavior [START_REF] Meseguer-Olmo | In vitro behaviour of adult mesenchymal stem cells seeded on a bioactive glass ceramic in the SiO2-CaO-P2O5 system[END_REF][START_REF] Arcos | Sol-gel silica-based biomaterials and bone tissue regeneration[END_REF]. By optimization of the precursor solution, we have obtained the formulations S85 (85 SiO2 ̶ 10 CaO ̶ 5 P2O5 mol. %), S75 ( 75SiO2 ̶ 20 CaO ̶ 5 P2O5 mol. %) and S58 (58 SiO2 ̶ 37 CaO ̶ 5 P2O5 mol. %) [START_REF] López-Noriega | Ordered mesoporous bioactive glasses for bone tissue regeneration[END_REF]. The motivations of this study are three. First, we intend to demonstrate that the ESD technique has great potential in fabricating BG coatings. It is a single-step fabrication process that allows the obtention of a wide variety of morphologies and compositions by merely changing the ESD parameters. Here, films based in the SiO2-CaO-P2O5 BG family were obtained in a one-pot process, combining in situ sol-gel transition and thermal annealing. Secondly, by an in-depth study, the objective is to highlight the effect of processing parameters on the morphology and composition of the films. The influence of precursor nature and nominal precursor concentration was addressed in order to obtain coatings with S85, S75, and S58 formulations. Furthermore, the effects of the nature of solvents, substrate temperature as well as deposition time on the microstructure of Si(IV)-based glass coatings has also been studied. In this work, a maximum substrate temperature was found that allows to retain the abovementioned compositions. Finally, we aim to study the correlation of key experimental conditions for the films preparation with their in vitro performance, by testing the apatiteforming ability in simulated body fluid (SBF).

Material and Methods

Sample preparation

Bioactive glasses (BG) coatings were prepared using a vertical ESD set-up on polished commercial Ti6Al4V ELI substrates (ACNIS-Titanium). Previous to the depositions, the substrates were first mirror-polished. The last step of polishing was performed using the suspension (OP-S, 0.25 µm (Struers) with 30 wt. % hydrogen peroxide (Merck) (75:25) on ChemoMet polishing cloth (Buehler) for 30 min. Then, substrates were cleaned ultrasonically in acetone (15 min), ethanol (15 min), and distilled water (10 min). A positive voltage supply was used to generate a potential difference, ranging from 5 to 7 kV, between the nozzle (tilted outlet stainless steel needle, 3 cm long and 0.6 mm inner diameter, STERICAN ® -B. Braun) and the grounded substrate, to produce a spray of micro-sized and positively charged droplets under a Taylor cone-jet mode [START_REF] Taylor | Disintegration of water drops in an electric field[END_REF].

Precursor solutions were prepared by using either triethyl phosphate, referred to as TEP (Aldrich, 99.8%) or H3PO4 (Aldrich, 85%) as P(V) source, tetraethyl orthosilicate, TEOS (Aldrich, 99,999%) as Si(IV) source and Ca(NO3)2.4H2O (Merck, 99.95%) as Ca(II) source. Methanol (CH3-OH, MetOH), ethanol (CH3-CH2OH, EtOH), and diethylene glycol monobutyl ether, referred to as butyl carbitol (C4H9(OCH2CH2)2OH, BC), were chosen as solvents for the preparation of the precursor solution. Solution acidity was scan and finally set constant in 2 mM of HNO3 for H3PO4-based solutions, while water content was kept constant at 1 M (Milli-Q ® H2O) for all precursor solutions. Relevant precursor solutions are summarized in Table 1. The samples were deposited from solvent mixtures of MetOH: EtOH (8:2), pure EtOH, and BC: EtOH (8:2), referred to as M, E, and B, respectively. Stock solutions of 100 mM of P(V), Ca(II), and Si(IV) precursors were used to prepare the working solutions. The conductivity of the solutions was measured with a CDRV 62 conductivity-meter at 25 °C. For all depositions, the distance between the nozzle and the substrate was fixed at 30 mm. Precursor solutions were delivered through the nozzle by a syringe pump (KD Scientific) at a flow rate set at 1.5 mL h - 1 . A calibrated temperature-control unit determined the heating of the substrates. The substrate temperature was varied between 300 and 450 °C. The deposition time was varied between 10 to 90 min to evaluate the effect of concentration in the precursor solution on the composition of the coatings. When using optimized deposition conditions, deposition time was varied between 30 to 90 min to evaluate the effect of growth rate on the microstructural properties of the coatings. A deposition time of 90 min was selected to study processing parameters such as the nature of the precursor, solvents, and substrate temperature. Table S1 reports ESD process parameters employed in this work and the chemical composition of obtained BG coatings by EDS analysis. 

Characterization techniques

The microstructure and composition of the ESD films were analyzed by scanning electron microscopy (SEM) with a field emission gun, (ZEISS GeminiSEM 500) coupled with an EDS probe (EDAX ® ), operating at 5 kV voltage and 6 mm working distance to observe the coating morphology. 10 kV voltage and 10 mm working distance were employed for chemical analysis. For EDS analysis, each sample was analyzed in 3 spots (the center and the edges of the films) at a 500X magnification. The particle size of microstructures of BG coatings was estimated from the SEM images using an image analysis tool (Image J ® software). Moreover, the average thickness and cross-section morphology of BG coatings were determined on cross-sectioned silicon wafers.

X-ray diffraction (XRD) patterns were collected using a PANalytical X'Pert PRO MPD diffractometer, employing Cu Kα1 radiation with λ = 1.54056 Å. The data were obtained in the Bragg-Brentano geometry in 2ϴ range from 10 to 55°, with a 0.033° step width and ~10 s/step time. To characterize the molecular structure of the coatings Raman characterizations were performed using a Renishaw InVia Raman spectrometer equipped with dielectric filters (InVia) to remove the Rayleigh line. Raman photons were collected with a cooled CCD detector. The 514.5 nm line (green light) from an argon-ion laser was used as the excitation source in all cases. It was focused on the sample through an objective (G = 50). Spectra were collected from an accumulation of 5 scans with 150 s acquisition time/scan. The power reaching the sample was 10 mW.

In vitro performance

Assessment of in vitro bioactivity was carried out in SBF solution according to the ISO standard norm (22317: 2014) [START_REF]International Standard ISO 23317 : Implants for surgery -In vitro evaluation for apatite-forming ability of implant materials[END_REF]. As-deposited BG coatings on Ti6Al4V disk of 1 cm in diameter were placed vertically in sterilized flasks. Disks were soaked at 37 °C in an adequate volume of SBF, following this protocol. After 24 h of incubation, the disks were taken out, rinsed with Milli-Q ® H2O several times, and dried at 37 °C.

The resulting samples were analyzed by SEM/EDS, XRD, and Raman spectroscopy to study the microstructural evolution of the coatings and to assess the formation of an apatite layer on its surface. After soaking the discs, the pH of the SBF solutions was measured with a pH meter (Crison GPL21), fitted with an electrode In-lab Micro pH (Mettler Toledo). Moreover, in terms of apatite precipitation, the most reactive samples were soaked for a prolonged time of 3, 7, and 14 days. Subsequently, the samples were washed and left to dry for further examination by XRD analysis.

Results and Discussion

Optimizing the precursor solution towards S58, S75, and S85 BG coatings

To deposit ESD BG coatings with defined chemical, structural and microstructural properties of S58, S75, and S85 compositions, an investigation optimizing the precursor solution needs to be addressed by varying P(V) precursor nature and total precursor concentration.

Influence of P(V) precursor nature

In the ESD process, the adequate selection of precursors is an important parameter to examine, especially when depositing volatile elements and/or precursors, such as phosphorus (P) in this study. Previous work demonstrated that ESD presents a robust method for the fabrication in one step of pure nanostructure HAP coating with tunable morphologies by using solutions based on Ca(NO3)2 and TEP precursors [START_REF] Müller | Design of advanced onestep hydroxyapatite coatings for biomedical applications using the electrostatic spray deposition[END_REF].

However, an in-depth study of processing parameters was performed to understand the mechanism of HAP formation by ESD and prevent TEP evaporation during electrostatic atomization of the solution due to the temperature gradient between the nozzle and the heated substrate.

For producing SiO2-CaO-P2O5 based films, two P(V) precursor solutions have been selected based on their chemical nature, the organic P(V) precursor, TEP, and an inorganic P(V) one, H3PO4. Solutions of both P(V) precursors, prepared as described in the experimental section, have been sprayed at a medium substrate temperature of 350 °C for 90 min with fixed nozzle-to-substrate distance (30 mm) and flow rate (1.5 mL h - 1 ). A series of experiments was conducted to evaluate the most suitable P(V) precursor for the deposition of bioactive glass coatings with optimized compositions [START_REF] López-Noriega | Ordered mesoporous bioactive glasses for bone tissue regeneration[END_REF]. The chemical composition of as-deposited films was analyzed by the EDS technique and is compiled in Table 2.

When working with Ca(II) based solutions, the main advantage of using TEP is its ability to be dissolved in several solvents at high concentrations. Thus, in the presence of free calcium ions and at any Ca/P ratios, early precipitation of undesirable CaP phases is not expected to occur in the precursor solution. Hence, no precursor concentration restrictions nor pH adjustment in the solution are required. The fabrication of BG coatings in the SiO2-CaO-P2O5 system using TEP as P(V) precursor was studied by varying TEP concentration from 1.4 mM to 5.6 mM, in pure EtOH-based solutions and by keeping constant the Ca(II) and Si(IV) concentrations at 1.4 mM and 12.2 mM, respectively to get the Ca/Si molar ratio corresponding to S85 formulation. Table 2 compiles the chemical composition of the obtained as-deposited films. In both cases, for 1.4 mM and 5.6 mM TEP concentration-based solution, the samples show the absence of P even while using four times of what is needed of TEP (5.6 mM) for the desired phosphorus level of S85 formulation. Indeed, due to the alkoxidic-nature of TEP, the effective incorporation of P(V) as inorganic phosphate in the final coatings is strongly conditioned by the competition between hydrolysis of TEP and its evaporation during the ESD process. In this work, incorporating P(V) into the coating using TEP-based solutions failed at any employed condition, in contrast with our previous studies [START_REF] Müller | Design of advanced onestep hydroxyapatite coatings for biomedical applications using the electrostatic spray deposition[END_REF], probably because of the presence of Si(IV) precursor, which competes as TEP for the Ca(II) source. Due to this phenomenon, the fabrication of S75 and S58 BG coatings using TEP as P(V) precursor was not addressed.

To obtain BG coatings with S85, S75, and S58 compositions, inorganic P(V) precursor, i.e., H3PO4, is proposed as a suitable alternative for optimizing the precursor solution. However, H3PO4 brings as counterpart the risk of precipitation of CaP species within the precursor solution. Solutions of increasing acidity using HNO3, were tested to avoid premature precipitation of the precursor solution. Indeed, for the Ca(II) most concentrated solutions, corresponding to the S58 formulation, a white precipitate appears practically instantly when the HNO3 concentration is not adjusted. This white precipitate corresponds probably to monetite (CaHPO4), a CaP phase which is prone to precipitate at moderate P(V) and Ca(II) concentrations [START_REF] Abbona | The initial phases of calcium and magnesium phosphates precipitated from solutions of high to medium concentrations[END_REF][START_REF] Lundager Madsen | Precipitation of calcium phosphate from moderately acid solution[END_REF]. The minimum H + concentration that allows working with clear solutions at the employed concentrations was found at 2 mM of HNO3. Table 1 summarizes the optimized conditions to obtain coatings based on S85, S75, and S58 using stable precursor formulations. The EDS analysis results (Table 2) confirmed the presence of Si, P, and Ca elements, uniformly distributed along with the coatings, with atomic proportions to S85, S75, and S58 compositions. The XRD patterns of the three formulations of as-prepared BG coatings are shown in Fig. 1. The patterns confirm the formation of amorphous BG coatings. Indeed, except for the presence of narrow diffraction peaks of the substrate, no other characteristic diffraction peaks were observed for S85 and S75 coatings. In all cases, a large bump is visible from 10 to 40°, meaning that the coatings solidified in the form of a glassy structure. For S58 BG coating, characterized by a higher Ca(II) content, barely distinguishable peaks at 25.73 o and 32.02 o are observed that could be assigned to Ca2SiO4, mounted over the broad diffraction peak of glassy silica. This work shows a strong connection between the nature of the P(V) precursor and the content of P(V) in the deposited coating. When using TEP as a P(V) source, phosphorus cannot be detected in the coatings by EDS. These results indicate that under electrospraying, TEP rather evaporates instead of decomposing and incorporating into the SiO2 network. The TEP complete loss is probably due to the Si(IV) presence in the precursor solution. During electrospraying, both Si(IV) and P(V) must hydrolyze to compete with the Ca(II) source. It is well known that the precursor TEOS is easily fully hydrolyzed in acid and base conditions [START_REF] Harris | The base-catalyzed hydrolysis and condensation reactions of dilute and concentrated TEOS solutions[END_REF][START_REF] Cihlář | Hydrolysis and polycondensation of ethyl silicates. 1. Effect of pH and catalyst on the hydrolysis and polycondensation of tetraethoxysilane (TEOS), Colloids Surfaces A Physicochem[END_REF]. On the other hand, phosphoric acid triesters are readily hydrolyzed in acidic and alkaline solutions to the corresponding diesters, but subsequent hydrolysis stages are relatively slow [START_REF] Cox | Mechanisms of nucleophilic substitution in phosphate esters[END_REF]. In this scenario, due to its low hydrolysis kinetics, TEP completely evaporates during the ESD process. Consequently, its replacement for an inorganic phosphorus precursor (i.e., H3PO4), free of such hydrolysis requirements, has been proven to be more suitable. 1). These patterns are representative of the S58, S75, and S85 series in all solvent mixtures.

Influence of the total precursor concentration

The influence of the total precursor concentration of TEOS, H3PO4, and Ca(NO3)2 on coating microstructure has been investigated using pure EtOH-based solution with S85 formulation (S85E). Total precursor concentration was varied from 5 to 45 mM. The deposition was carried out at a substrate temperature and a flow rate of 350 °C and 1.5 mL h -1 , respectively. The time of deposition was adjusted to deposited coatings with comparable mass loading and thickness. Depending on total precursor concentration, deposition time was fixed at 90, 30, and 10 min for solutions with 5, 15, and 45 mM concentration, respectively.

The morphology of ESD deposited films depends mainly on the size of the droplets impacting the heated substrate. The influence of total precursor concentration was investigated since it is known that the conductivity of the precursor solutions strongly determines the initial droplet size. According to Gañan-Calvo's equation [START_REF] Gañán-Calvo | Current and droplet size in the electrospraying of liquids. Scaling laws[END_REF], the droplet size at the top of the nozzle can be estimated from the solution properties (K the electrical conductivity, ρ, the solution density and γ, surface tension), with ε0 being the vacuum permittivity (8.85×10 -12 F m -1 ) and Q, the precursor solution flow rate.

6 / 1 3 0 ~        K Q D γ ρε (Equation 1)
Additionally, the final droplet size impacting the heated substrate is also strongly dependent on the solutions' boiling point since it determines the solvent evaporation rate during flight time [START_REF] Sharma | An efficient hierarchical nanostructured Pr6O11 electrode for solid oxide fuel cells[END_REF].

The resulting microstructures are shown in Fig. 2. In all cases, the overall microstructure is a coral-like morphology with a thickness of ~9 µm on average. As explained in detail in the next section, this topography is expectable from a pure EtOH-based solution [START_REF] Müller | Design of advanced onestep hydroxyapatite coatings for biomedical applications using the electrostatic spray deposition[END_REF]. Moreover, a larger precursor concentration implies a larger conductivity of the solution (from 120 to 280 µm cm -1 ). Hence, the formation of smaller atomized droplets in the spray, according to Gañan-Calvo's equation [START_REF] Gañán-Calvo | Current and droplet size in the electrospraying of liquids. Scaling laws[END_REF], from 3.5 µm (in 5 mM and 15 mM based solutions) to 3.1 µm on the 45 mM total precursor concentration solution. Smaller droplets contain a lesser amount of liquid, therefore, will reach the substrate in drier conditions. Under such conditions, these dried particles tend to agglomerate during the deposition due to electrostatic attraction between the charged particles and the more pronounced curvatures of the substrate surface. This phenomenon is known as the preferential landing effect [START_REF] Chen | Electrostatic sol-spray deposition of nanostructured ceramic thin films[END_REF][START_REF] Lintanf | Elaboration of Ta2O5 thin films using electrostatic spray deposition for microelectronic applications[END_REF][START_REF] Marinha | Comprehensive Review of Current Developments in IT-SOFCs[END_REF]. Consequently, a coral-like structure develops earlier and grows faster for the more concentrated solutions. As a result, a hierarchical porous microstructure is obtained after just 10 min of spraying using a solution with 45 mM total precursor concentration. However, on this obtained film, the presence of particles of ~500 nm, indicated by arrows in Fig. 2, can be observed. Given the composition of the precursor solution, these particles can be attributed to SiO2 particles resulting from premature precipitation during the ESD process. SiO2 formation occurs during the flight of the droplets. Indeed, due to the nature of the solvent (pure EtOH), a high solvent evaporation rate is expected. As a consequence, the reagent concentration in the droplets increases while they are approaching the heated substrate. This situation can be seen as comparable to a supersaturated solution where larger amounts of a hydrolyzed Si(IV) source react to form SiO2 particles. A similar phenomenon is observed when using S58E based formulations. For a solution with 45 mM total precursor concentration, the formation of SiO2 particles also occurs, as Fig. S1 shown. So, the conditions for obtaining S85, S58, and to extension S75 BG coatings without SiO2 early precipitation must operate under a nominal total precursor concentration smaller than or equal to 15 mM. 

Tuning microstructure versus ESD processing parameters

Once the precursor formulation has been optimized in the ESD process, the influence of other relevant ESD parameters has to be investigated to tune the BG coatings microstructure. For this purpose, the substrate temperature and the employed solvents were chosen to influence droplet size and droplet evaporation rate during the ESD process. The deposition time was also evaluated because of being a parameter that influences the coating thickness and the microstructure definition.

Influence of the solvent composition

In this part, three solvent mixtures: M, E, and B, have been used to prepare solutions of 15 mM total concentration of S85, S75, S58 formulations using H3PO4 as P(V) precursor, according to Table 1. All coatings have been deposited at a nozzle-to-substrate distance, a flow rate, a substrate temperature, and a deposition time of 30 mm, 1.5 mL h -1 , 350 °C, and 90 min, respectively. The principal reason to work with a solvent mixture is to control the droplet evaporation during the ESD flight time. One can observe rough and crack-free microstructures, whatever the solvents' composition (Fig. 3a). However, when the mixture of solvents passes from M, E to B for the three formulations, an open coral-type morphology is progressively changed to a cauliflower-type, as shown in the cross-sections (Fig. 3b), when the boiling point of the solvent mixture is increasing. The cauliflower-type coatings are thinner (~4 µm) and denser than the coral-type ones (~30 µm). The average particle size was similar (~200 nm) for the three solvent mixture compositions. 1, b) SEM crosssections of S58 formulation on top of Si-wafer using M, E and B solvent mixtures. A nozzle-to-substrate distance of 30 mm, a flow rate of 1.5 mL h -1 , a temperature of deposition of 350 °C, and a deposition time of 90 min were used for all ESD films. S58 cross-section images are representative of the morphologies of other S85 and S75 coatings, whatever is the nature of the solvent (M, E, or B). Thus, for clarity, we did not add other cross-section images.

One can also notice that regardless of the relative precursor composition (S85, S75, or S58 formulation), the observed microstructures are similar while working with the same solvent mixture. Indeed, the initial electrospray droplet sizes calculated using the Gañan Calvo's equation [START_REF] Gañán-Calvo | Current and droplet size in the electrospraying of liquids. Scaling laws[END_REF] were found independent of the relative precursor composition (for the same solvent mixture). This estimation is following the measured electrical conductivity of these solutions. This solution property is dictated by the HNO3 content, which is dissociated in the employed precursor solutions. Consequently, when using solutions based on a total precursor concentration of 15 mM, the formed droplets will be subject to similar drying processes, and thus, producing similar microstructures irrespective of their Si(IV), P(V), and Ca(II) content.

Furthermore, the solvent evaporation rate during the deposition process, and so the coating microstructure, is predominantly influenced by the boiling point of the solution. As far as the boiling point of the mixture of solvents is increased, when passing from M to E, and finally the solvent mixture B, the droplet size impacting the substrate is becoming larger for two reasons: i) the quantity of liquid that arrives on the substrate is increased since the evaporation rate is strongly related to this key parameter (solution's boiling point), and ii) the initial droplet size at the top of the nozzle increases, since, according to Gañan-Calvo (Eq. 1) the measured conductivity of the precursor solution is decreased (Table 1). Solvent mixtures characterized by a low conductivity and a high boiling point should lead to larger initial droplets, which do not dry entirely during flight time. Such droplets constitute the primary building blocks for forming the coating; thus, the coatings display droplet-like features. Reaching the substrate in liquid conditions, the droplets spread and dry along its heated surface producing coatings with lower porosity and thinner thickness. On the contrary, when E and M are used, a strong evaporation rate occurs during flight time, and smaller droplets are produced. As a result, incoming solid particles and droplets will preferentially land on the top of the pronounced curvatures on the substrate [START_REF] Chen | Electrostatic sol-spray deposition of nanostructured ceramic thin films[END_REF][START_REF] Lintanf | Elaboration of Ta2O5 thin films using electrostatic spray deposition for microelectronic applications[END_REF]. Consequently, this leads to the preferential landing effect. Hence, it gives rise to coatings with a highly porous coral-like microstructure and a larger thickness.

So, the final microstructure depends primarily on the election of solvents over the chemical composition of the solution precursor. S85, S75, and S58 derived ESD coatings display similar morphology when deposited with the same solvent mixture. In all cases, the chemical composition determined by EDS of as-deposited samples was similar to the ones of S85, S75, and S58 BG formulations, for M and E-based solutions (Table S1). In the case of a B-based solution used at a substrate temperature of 350 °C, the departure of phosphorus during the deposition process has been clearly observed, as discussed in the following section.

Influence of the substrate temperature

The substrate temperature was varied from 250 to 450 °C by steps of 50 °C. Nozzle-to-substrate distance, flow rate, and deposition time were kept constant at 30 mm, 1.5 mL h -1 , and 90 min, respectively. Two solvent mixtures, E and B, characterized by a low and a high boiling point, respectively, were chosen to study the influence of the substrate temperature in the coating microstructure. Depositions were carried out using solutions with S85 (15 mM: 12.2 mM TEOS, 1.4 mM H3PO4 and 1.4 mM Ca(NO3)2) and S58 (15 mM: 8.4 mM TEOS, 1.4 mM H3PO4, and 5.2 mM Ca(NO3)2) formulations (Table 1) since they represent the two extremes of the SiO2-CaO-P2O5 BG series studied in this work. The evolution of microstructure for S85 composition, representative of the SiO2-CaO-P2O5 group, is shown in Fig. 4. Additionally, SEMmicrographs for a larger magnification are compiled in Fig. S2. Three types of morphologies can be observed: the coral-type with E solution, whatever is the deposition temperature, with an estimated grain size of ~200 nm. When solution B is employed, a reticular one can be observed at low substrate temperature (250 °C), which evolves towards a cauliflower-type. This microstructure, appearing at an intermediate temperature of 300 °C, is still present at 450 °C. However, when the substrate temperature increases from 300 to 450 °C, the incoming droplets become drier and drier. Consequently, the particle size is much smaller at 450 °C (140 ± 40 nm) than the obtained one at 300 °C (230 ± 70 nm).

As stated earlier, coating formation in the ESD process is mainly the result of solvent evaporation in the droplet, spreading processes, and the precipitation of precursors. The higher the temperature of the substrate, the higher the evaporation rate of the solvents is. So, the droplets will dry before reaching the substrate and will arrive on its surface as dried particles producing a porous coral-like coating due to preferential landing effect [START_REF] Chen | Electrostatic sol-spray deposition of nanostructured ceramic thin films[END_REF][START_REF] Lintanf | Elaboration of Ta2O5 thin films using electrostatic spray deposition for microelectronic applications[END_REF][START_REF] Marinha | Comprehensive Review of Current Developments in IT-SOFCs[END_REF]. Consequently, the substrate temperature is an important parameter to consider when tuning microstructure. From E solutions, just a small influence in terms of microstructure can be seen when the substrate temperature is increased from 250 to 450 °C, as shown in Fig. 4 and Fig. S2. Certainly, a low boiling point solvent presents a high evaporation rate during flight time, and the obtained microstructure corresponds to a coral-like type, even at 250 °C. However, the surface of the layer becomes rougher and more porous as substrate temperature increases. This increased roughness is the result of the particle agglomeration due to the preferential landing of dried droplets. Indeed, coating thickness increases from ~20 µm for depositions carried at the lowest substrate temperature (250 °C) up to ~49 µm at 450 °C (Fig. 4). On the contrary, when working with solvent mixture B, characterized by a high boiling point solvent, the evaporation rate is lower. A large difference in the microstructure can be seen among the coatings deposited at 250 and 450 °C for B-based solution (Fig. 4). At 250 °C, droplets reach the substrate in a wet condition, spreading and drying when impacting the heated substrate. As a result, a compact and reticulated structure with a thickness of ~2 µm can be observed. When substrate deposition is increased up to 450 °C, a lesser amount of liquid is present in the droplets. Thus, the coating exhibits a three-dimensional microstructure with a fine cauliflower-type microstructure of ~10 µm thick. From XRD patterns of S85E, S85B (Fig. S3a), S58E, and S58B (Fig. S3b), prepared at substrate temperatures from 300 to 450 °C, no secondary phase appears even at the higher deposition temperature.

Although, it is worth mentioning that 450 °C is still considered a low-temperature process for sol-gel methods. Indeed, all coatings remain amorphous. Nevertheless, it is crucial to define a range of working substrate temperatures for both types of solutions that allow the fabrication of BG coatings with the optimized composition. The final P/Si and Ca/Si ratios of as-deposited S85E, S85B, S58E, and S58B films deposited at different substrate temperatures, measured by EDS are shown in Fig. 5. These chemical analyses show that even when employing H3PO4 as a precursor, P(V) is significantly lost at substrate temperatures such as 400 and 450 °C when E-based solution is used and above 350 °C for B-based solution.

When a low boiling point solvent is used, i.e. M and E solvent mixtures, at a substrate temperature above 400 °C, a decay of up to ~50% in P(V) content is observed. This behavior is enhanced with higher boiling point solvents, such as the B mixture. This phenomenon is probably due to the formation of volatile P(V) species during the deposition process, such as P2O5, since it is known that H3PO4 precursor is prone to dehydration and polymerization processes [START_REF] Hocking | Handbook of Chemical Technology and Pollution Control[END_REF][START_REF] Hared | Pyrolysis of wood impregnated with phosphoric acid for the production of activated carbon: Kinetics and porosity development studies[END_REF]. When the B solvent mixture is used, the stoichiometry of the precursor solution is preserved up to 300 °C. From 350 to 450 °C, a decay in P(V) content, up to ~100%, is observed. Furthermore, it is worth noticing that a substrate temperature below 300 °C cannot be used since the chemical decomposition of precursors does not occur. Consequently, to avoid massive loss of P(V) precursor and at the same time favor its thermal decomposition toward the fabrication of Si(IV)-based BG coatings, the microstructural tuning of bioactive S85, S58, and for extension S75, glass coatings must be performed within 300 -350 °C for M and E-based solution and around 300 °C for B-based solution.

Although these conditions may seem restrictive, this work shows that the manufacture of original morphologies, derived from very porous coral coatings towards a more compact reticular and cauliflower type with optimized S85, S75, and S58 compositions is possible. Furthermore, the tuning of the microstructure of ESD-derived coatings can also be addressed by variations of other processing parameters, such as deposition time (in the following section). 1). Nominal P/Si (dashed black line) and Ca/Si (dashed red line) ratios of S85 and S58 compositions are added as a guide to the eyes. Nozzle-to-substrate distance, flow rate, and deposition time were set at 30 mm, 1.5 mL h -1 , and 90 min, respectively, for all depositions.

Influence of deposition time

The thickness and the morphology of the ESD coatings are time-dependent due to particle accumulation.

The thickness of the coatings is a parameter to control since it will influence the dissolution period making it possible to alter the reactivity of the film in a physiological medium. In this work, two batches of coatings have been prepared, from E and B solvent mixtures, using the S85 formulation, at a nozzle-to-substrate distance and a flow rate of 30 mm, and 1.5 mL h -1, respectively. According to the temperature domain mentioned above, the substrate temperature was set a 350 °C for E-based solution and 300 °C for B-based solution. The influence of deposition time was studied by depositing films for 30 and 90 min. As shown in Fig. 6, the obtained microstructures are strongly dependent on time deposition. Indeed, one can notice a development toward hierarchical microstructures versus time mainly due to a preferential landing effect. Thus, producing films of a larger roughness and thickness with deposition time. When E solutions (composed of pure EtOH, a solvent of a low boiling point) are used, a higher evaporation rate of the droplets during flight time is expected than when using B-based solutions. Accordingly, protrusions are prone to accumulate on the surface of the substrate, and a high coating growth rate is expected. Indeed, a thickness of 8.5 µm is obtained at 30 min deposition time that increases up to 32.7 µm when the deposition time is set in 90 min, producing in both cases a highly porous coral-like microstructure due to massive solvent evaporation. On the other hand, when using the B solvent mixture (EtOH: BC (8:2)), the growth rate of the films is lower, passing from 1.7 µm thick to 2.9 µm when deposition time is increased from 30 to 90 min.

Since BC has a boiling point of 231 ºC, droplets do not dry entirely during flight time, and consequently, they constitute the building blocks of coating. When reaching the heated substrate, the droplets spread along its surface, creating more compacted structures. This phenomenon is particularly noticeable at 30 min deposition time. Where droplet-derived features, such as micron-sized rings, are noticeable due to the arrival of individual droplets that spread and dry onto the heated substrate. The obtained ring-like structure can be explained in terms of the solvent evaporation rate during flight time. It is well known [START_REF] Ring | Ceramic Powder Synthesis[END_REF][START_REF] Luo | Theoretical Model for Drop and Bubble Breakup in Turbulent Dispersions[END_REF][START_REF] Jayanthi | Modeling of solid particle formation during solution aerosol thermolysis: The evaporation stage[END_REF] that when droplets move towards a heated target, the evaporation of the solvent is faster on the edges of the droplets.

Consequently, the precursor concentration is higher at this location, and precipitation starts from the exterior to the interior of the droplets when they impact the heated substrate. min with E solvent mixture, and (c) 30 and (d) 90 min with B solvent mixtures, respectively. For cross-section analysis, coatings were deposited on top of the Si-wafer. Solution compositions are compiled in Table 1. Depositions were carried at a nozzle-to-substrate distance of 30 mm, a flow rate of 1.5 mL h -1 , and a substrate temperature of 350 °C for E solution and 300 °C for B solution.

In vitro performance

The bioactivity of S85, S75, and S58 ESD coatings, characterized by different microstructures, was evaluated by immersion for 24 h in SBF solution. Samples of optimized composition were deposited from M, E, and B solvent mixtures (Table 1) at a nozzle-to-substrate distance, a flow rate, and a deposition time of 30 mm, 1.5 mL h -1 , and 90 min, respectively. The substrate temperature was set at 350 °C for M and E solutions and 300 °C for B solutions. EDS analysis on as-deposited coatings (Table S1) confirms a good match with the S85, S75, and S58 BG composition according to the precursor solution formulations used.

Once S85, S75, and S58 BG are exposed to the SBF solution for 24 h, the pH of this solution is found to increase from 7.42 to 7.75 -7.85 values whatever is the coating composition, structure, and microstructure.

As previously reported [START_REF] Meseguer-Olmo | In vitro behaviour of adult mesenchymal stem cells seeded on a bioactive glass ceramic in the SiO2-CaO-P2O5 system[END_REF][START_REF] Luo | Theoretical Model for Drop and Bubble Breakup in Turbulent Dispersions[END_REF], this increase in pH is due to ion releases from the BG coating and ion exchange between the coating and the solution. Fig. 7 shows BG microstructures after 24 h soaking in SBF.

They have to be compared with the as-deposited ones for M and E-based formulations (Fig. 3) and B-based formulation (Fig. 4). Depending on the coating composition, two situations are observed: i) for S85 formulation, the films undergo significant changes in contact with SBF. Certainly, after 24 h soaking, regardless of the initial coating microstructure, a disappearance of the films occurs. As shown in Fig. 7, SEM micrographs for this composition display the bear Ti6Al4V substrate with small remaining S85 coating on top of it, as confirmed by EDS analysis (Fig. S4). Indeed, only the spectral signature from the Ti6Al4V substrate and just small traces of Si element are detectable. ii) for S75 and S58 formulations, whatever is the solvent mixture (M, E, or B), the surface morphology appears similar before and after soaking, which might indicate retention of coatings microstructure. Indeed, for M and E-based formulations, the coatings still exhibit a highly porous morphology after SBF immersion (Fig. 3 vs. Fig. 7). Furthermore, the conservation of morphology is also observed for the coatings deposited using the B solvent mixture, characterized by a more compacted morphology (Fig. 4 vs. Fig. 7). Nevertheless, S75 and S58 samples are covered by a new phase composed of small and smooth spherical particles. A larger magnification of these films after soaking time is shown on the insets of Fig. 7. EDS analysis (Fig. S4) confirmed that the chemical composition of this phase can be assigned to a Ca-deficient apatite layer (1.60 ± 0.05). Consequently, the obtained results can be divided into two mechanisms: i.e., massive dissolution/erosion (S85) and formation of an apatite layer (S75 and S58). The extremely low signal of Si observed for these biomineralized samples indicates a massive interconversion of the BG coating into apatite. Despite the fact that that S85 samples do not elicit apatite-forming ability after 24 h soaking in SBF, the rapid dissolution behavior of such composition might be of interest but when used in combination with other material. As an example, the fabrication of a metallic implant with a composite coating could be envisaged, based on a HAP layer topped by an S85 layer. This hybrid architecture would benefit from bringing the best of both materials. Since, besides HAP's numerous advantages, this CaP phase is well-known for having a low dissolution rate, expected to slow down bone integration. Thus, such composite construction might help to boost a fast fixation of the implant due to the rapid ion release of the S85 top-layer while maintaining the long-term durability from the HAP first-layer. XRD patterns of S75M, S75E, S75B, and S58M, S58E, S58B coatings after 24 h of soaking in SBF are compiled in Fig. 8a. The sharp diffraction peaks pertain to the Ti6Al4V substrate in all diffractograms, while visible bumps are present at 2θ ~25.9° and ~31.9°. These signals correspond to characteristics peaks of the apatite phase. The intensity of these bumps decreases from S75M, S58M (highly porous samples) to S75B and S58B samples, characterized by a more compact microstructure, respectively. Although it is not possible to completely disentangle the influence of the film microstructure on its apatite-forming ability in this work, it is nevertheless easy to assess its overall effect. According to the apatite signal from the normalized diffractogram (to the most intense peak of the Ti6Al4V substrate) (Fig. 8a), it seems that a highly porous coral-like microstructure (in S75M and S75E, S58M, and S58E) favors apatite formation in comparison with the denser S75B, S58B, respectively. Probably because this hierarchical morphology might facilitate the exchange of ions between the solution and the film, on the opposite, films deposited using B solvent mixture, more compact and thinner (~ 3 µm thick) than the ones deposited at 350 °C using M and E solutions (~30 µm thick), (as shown in Fig. 3b) might present a slower dissolution rate. These observations are completed by Raman spectroscopy, a technique sensitive to detect molecular vibrations and the degree of short-range structural ordering presented in CaP amorphous species. Fig. 8b collects the Raman spectra of S75 and S58 BG films before and after soaking for 24 h in SBF. Before soaking, the spectra present characteristic peaks associated mainly with the Si-O bonds in silica tetrahedra, with a different number of non-bridging oxygens [START_REF] Bellucci | In situ Raman spectroscopy investigation of bioactive glass reactivity: Simulated body fluid solution vs TRIS-buffered solution[END_REF]. After 24 h soaking, sharply defined peaks that correspond to apatite layer are observed for all samples: 400 -490, 570 -625 and 1020 -1095 cm -1 originated from the ν2 (doubly degenerated), ν4 (triply degenerated) and ν3 PO4 3--tetrahedron modes, respectively, and the single strongest peak at 962 cm -1 assigned to the non-degenerated ν1 PO4 3-mode of apatite [START_REF] Koutsopoulos | Synthesis and characterization of hydroxyapatite crystals: A review study on the analytical methods[END_REF]. Although Raman spectroscopy is commonly associated with molecular structure determination and qualitative analysis, quantification is also possible when some technical aspects are overcome [START_REF] Pelletier | Quantitative Analysis Using Raman Spectrometry[END_REF][START_REF] Robin | Insights into OCP identification and quantification in the context of apatite biomineralization[END_REF]. All the presented spectra were obtained in the same conditions, detailed in the experimental part. Thus, a semi-quantification is possible by analyzing the obtained Raman intensity. Indeed, a decrease of PO4 3-overall signals is observed for the S75 and S58 coatings (from M to the B-derived samples) whose microstructure is becoming more compact. This observation is in good agreement with the XRD analysis presented in Fig. 8a. Nevertheless, this tendency to control apatite formation by managing the microstructure of the film requires further study. Exposed films correspond to S75, and S58 formulations obtained with different solvents mixture (Table 1), at a nozzle-to-substrate distance, a flow rate, and a deposition time 30 mm, 1.5 mL h -1 , and 90 min, respectively. The substrate temperature was set at 350 °C for M and E-based solutions and 300 °C for the B solvent mixture.

The S75M and S58M samples, which were found the most reactive, in terms of apatite formation were subjected to a prolonged immersion time. The XRD patterns of samples S75M and S58M after 3, 7, and 14 days of soaking in SBF are presented in Fig. 9a. In both cases, the intensity of the bumps characteristics of the apatite phase increases with immersion time. After 14 days of soaking, well defined, although still broad, apatite diffraction patterns are observed, confirming the poor crystalline nature of this developed layer.

Interestingly, up to 7 days of soaking time, the intensity of the peaks assigned to apatite precipitation is higher in the coatings with S58 composition (Fig. 9b). This result might be explained in terms of the reaction kinetics between the coatings and the SBF solution. The S58M samples, characterized by a larger M solvent mixture (Table 1) at a substrate temperature, nozzle-to-substrate distance, a flow rate, and a deposition time of 350 °C, 30 mm, 1.5 mL h -1 , and 90 min, respectively. b) Relative intensity of (002) X-ray diffraction peak of apatite (*) as a function of immersion time in SBF solution for S75M and S58M coatings. A dotted line is added as a guide to the eyes.

Although, the relevance of SBF tests to assess bioactivity is still questionable. This well-known solution is recognized for being helpful in evaluating the ability of materials to promote apatite precipitation. The development of an apatite layer after immersion in SBF, which is a phase similar to the mineral component of human bone, may be considered a favorable indicator of the tendency of materials to support mineralization processes [80]. However, cell tests are still necessary to exclude material cytotoxicity. This work opens the gate for the preparation of highly homogeneous nanotextured coatings with precise control of the in vitro biomineralization response since the coating properties can be easily tuned and modified along with a given deposition. The ESD process is promissory in preparing advanced coatings with a porosity gradient, which in principle should affect and regulate the cellular response to these scaffolds [START_REF] Hollister | Porous scaffold design for tissue engineering[END_REF][START_REF] Doernberg | In vivo behavior of calcium phosphate scaffolds with four different pore sizes[END_REF].

Conclusions

The study aimed to investigate the feasibility of depositing in one-step BG coatings in the system SiO2-CaO-P2O5, by ESD with controlled microstructure and chemical composition. It was found that typical sol-gel procedures must be tuned for the ESD technique to ensure the expected coating composition. Coatings with S85, S75, and S58 compositions were successfully obtained after optimization of i) the precursor solution (based on H3PO4 as P(V) precursor and a total precursor concentration equal or below 15 mM), and ii) the substrate temperature (the deposition must be carried out between 300 and 350 °C for solvent mixtures of a low boiling point or at around 300 °C for the ones of a high boiling point). All the obtained ESD-coatings were crack-free and presented an amorphous structure. The influence of ESD processing parameters in the morphology of BG coatings was systematically studied, obtaining original coating microstructures ranging from highly porous coral-like toward more compact reticular-type.

The ESD method has proven to be very successful in developing highly reactive BG coatings. Moreover, the biological performance of coatings was found to be textural dependent. Highly porous BG coatings led to remarkable bioactivity on the films with S75 and S58 compositions compared with more compacted ones of the equal formulation. In contrast, the S85 coatings are massively dissolved. ESD appears to be a robust method, able to manufacture BG coatings with controlled composition and microstructure, and simultaneously tune their bioactivity.

Fig. 1 .

 1 Fig.1. XRD patterns of as-deposited films using H3PO4 as P(V) precursor, for a nozzle-to-substrate distance of 30 mm, a flow rate of 1.5 mL h -1 , deposition temperature of 350 °C, and a deposition time of 90 min. for S85E, S75E, S58E formulations (Table1). These patterns are representative of the S58, S75, and S85 series in all solvent mixtures.

Fig. 2 .

 2 Fig. 2. SEM surface and cross-section micrographs of as-deposited BG films deposited with S85 formulation in pure EtOH-based solution at different total precursor concentration: a) 5 mM: 4.1 mM TEOS, 0.45 mM H3PO4 and 0.45 mM Ca(NO3)2, b) 15 mM: 12.2 mM TEOS, 1.4 mM H3PO4 and 1.4 mM Ca(NO3)2, c) 45 mM: 36.6 mM TEOS, 4.2 mM H3PO4 and 4.2 mM Ca(NO3)2, for different deposition time: 90 min, 30 min and 10 min, respectively. Otherparameters remain constant, a nozzle-to-substrate distance of 30 mm, a flow rate of 1.5 mL h -1, and a substrate temperature of 350 °C. For cross-section images, coatings were deposited on top of a Si-wafer, keeping all ESD parameters constant as for the depositions on Ti6Al4V substrates.

Fig. 3 .

 3 Fig. 3. a) SEM surface micrographs of as-deposited BG coatings for S85, S75, and S58 formulations, obtained with different mixtures of solvents, M (MetOH: EtOH (8:2)), E (pure EtOH), and B (BC: EtOH (8:2)); the compositions of the employed precursor concentration in the solutions are compiled in Table 1, b) SEM cross-

Fig. 4 .

 4 Fig. 4. SEM micrographs of as-deposited S85 coatings for two different solvents, E and B solvent mixtures (Table 1), at different substrate temperatures from 250 to 450 °C. A nozzle-to-substrate distance of 30 mm, a flow rate of 1.5 mL h -1 , and a deposition time of 90 min were used for all ESD films. These SEM images are representative of the SiO2-CaO-P2O5 series since, in the growth mechanism of the films we have discussed above, the composition of solvents is predominant over the relative concentration of precursors. Insets are given for cross-sections of S85 coatings on top of Si-wafer deposited at 250 °C, 350 °C, and 450 °C for E and B solvent mixtures.

Fig. 5 .

 5 Fig. 5. Experimental P/Si and Ca/Si molar ratios of as-deposited coatings measured by EDS as a function of the substrate temperature for coatings deposited using a) S85E and S85B-based solutions and b) S58E and S58B-based solutions (Table1). Nominal P/Si (dashed black line) and Ca/Si (dashed red line) ratios of S85 and S58 compositions

Fig. 6 .

 6 Fig. 6. SEM micrographs (surface and cross-sections) of as-deposited S85 BG coatings deposited for (a) 30 and (b) 90

Fig. 7 .

 7 Fig. 7. SEM surface micrographs of as-deposited BG coatings for S85, S75, and S58 compositions after 24 h soaking in SBF solution. The films were obtained using the solvent mixtures M, E, and B, precursor concentrations are compiled in Table 1. *M and *E-based solutions were deposited at a substrate temperature of 350 ºC, while **Bbased solutions were deposited at a substrate temperature of 300 ºC, to obtain coatings of S85, S75, and S58 optimized compositions.

Fig. 8 .

 8 Fig. 8. a) XRD patterns and b) Raman spectra of S75 and S58 BG coatings after 24 h soaking in SBF solution.

Fig. 9 .

 9 Fig. 9. a) XRD patterns of S75M (thin line) and S58M (bold line) BG coatings for increasing immersion time in SBF solution after (1) 3 days, (2) 7 days, and (3) 14 days. Exposed films of S75 and S58 formulations were obtained with

Table 1 .

 1 Chemical composition of optimized solutions that allow obtaining films with S85 (85 SiO2 ̶ 10 CaO ̶ 5

	P2O5 mol. %), S75 (75 SiO2 ̶ 20 CaO ̶ 5 P2O5 mol. %) and S58 (58 SiO2 ̶ 37 CaO ̶ 5 P2O5 mol. %) [59],
	Conductivity (K) of the precursor solution, boiling point (b.p.), estimated from a weighted average of solvents'
	properties [61] and estimated initial droplet size at the tip of the nozzle (D)

from Eq. 1.

  

			S85			S75			S58	
	Formulation	(85 SiO2 ̶ 10 CaO ̶ 5 P2O5 mol %)	(75 SiO2 ̶ 20 CaO ̶ 5 P2O5 mol. %)	(58 SiO2 ̶ 37 CaO ̶ 5 P2O5 mol. %)
	Molar fraction Si(IV): P(V): Ca(II)		81: 9.5: 9.5			71.5: 19: 9.5			55: 35: 9.5	
	Sample code	S85M	S85E	S85B	S75M	S75E	S75B	S58M	S58E	S58B
	TEOS [mM]	12.2	12.2	12.2	10.8	10.8	10.8	8.4	8.4	8.4
	Ca(NO3)2•4H2O [mM]	1.4	1.4	1.4	2.8	2.8	2.8	5.2	5.2	5.2
	H3PO4 [mM]	1.4	1.4	1.4	1.4	1.4	1.4	1.4	1.4	1.4
	HNO3 [mM]	2	2	2	2	2	2	2	2	2
	H2O [M]	1	1	1	1	1	1	1	1	1
	Ethanol [% v/v]	20	100	20	20	100	20	20	100	20
	Methanol [% v/v]	80	-	-	80	-	-	80	-	-
	Butyl Carbitol [% v/v]	-	-	80	-	-	80	-	-	80
	K [µS cm -1 ]	370	130	16.1	380	135	16.9	424	150	17.3
	b.p. [°C]	67	79	167	67	79	167	67	79	167
	D [µm]	2.9	3.5	4.9	2.9	3.5	4.8	2.8	3.4	4.8

Table 2 .

 2 Chemical composition expressed as molar atomic fraction [at. x], of as-deposited coatings S85, S75, and S58, deposited using TEP or H3PO4 as P(V) precursor measured by EDS at different locations in the samples ( §2.2).

	Coatings were deposited using EtOH-based solution with 1.4 mM Ca(NO3)2 and 12.2 mM TEOS, P(V) precursor
	concentration was set at 1.4 mM or 5.6 mM for TEP or 1.4 mM for H3PO4, at a nozzle-to-substrate distance of 30 mm,
	a flow rate of 1.5 mL h -1 , a substrate temperature of 350 °C and a deposition time of 90 min.	
			S85				S75		S58
			Experimental at. x from				
	Element Nominal at. x	1.4 mM TEP	5.6 mM TEP	H3PO4	Nominal at. x	Experimental at. x from H3PO4	Nominal at. x	Experimental at. x from H3PO4
	Si	0.810	0.89 ± 0.02 0.90 ± 0.01 0.82 ± 0.02	0.715	0.73 ± 0.04	0.553	0.55 ± 0.02
	Ca	0.095	0.11 ± 0.01 0.10 ± 0.01 0.09 ± 0.01	0.190	0.19 ± 0.01	0.352	0.35 ± 0.01
	P	0.095	̶	̶	0.09 ± 0.01	0.095	0.08 ± 0.02	0.095	0.10 ± 0.01
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Ca(II) content than in S75M, are prone to larger initial apatite precipitation. According to Hench's theory [START_REF] Cao | Bioactive materials[END_REF], ionic exchange between Ca 2+ from the BG and H + from the SBF solution should take place, leading to formation of silanol groups, a mandatory process for the subsequent apatite formation [START_REF] López-Noriega | Ordered mesoporous bioactive glasses for bone tissue regeneration[END_REF]. Thus, a larger amount of Ca(II) helps to enhance the BG bioactivity. However, after 14 days, the relative intensity of the (002) X-ray diffraction peak, characteristic of apatite, is similar for both samples (Fig. 9b), suggesting that the BG coatings were dissolved and fully transformed into the apatite layer after this period of immersion in SBF.