Evaluation of hydroxyapatite texture using CTAB template and effects on protein adsorption
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Abstract 
This work aims to optimize the texture properties of hydroxyapatite (HA) in view to adopt them as biopharmaceutical drug delivery carrier. For this purpose, cetrimonium bromide (CTAB) has been adopted as nanotemplate. The micellization behavior of this cationic surfactant has been studied within conditions simulating HA synthesis in order to better understand and control its aggregation behavior during HA synthesis. Micelle formation and their size have been monitored by dynamic light scattering (DLS) in the presence of phosphate ions, adopting different CTAB concentrations. Interestingly, distinct populations of CTAB aggregates have been distinguished in the autocorrelation curves derived from DLS analysis. The influence of CTAB aggregation during HA synthesis has been assessed comparing the purified inorganic powders by FTIR, XRD, TGA, BET and TEM analysis. The evolution of the size and shape of HA nanoparticles visualized under TEM has been closely correlated to the change in specific surface area, which has considerably increased (up to 150 m2.g-1) in a narrow range of CTAB concentration. Soybean trypsin inhibitor (STI) was adopted as a model of bone morphogenic protein. Its loading capacity, release rate in vitro and its stability were correlated to the HA nano-texture. 
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1. Introduction
Hydroxyapatite (HA), Ca5(PO4)3(OH), is a natural ceramic, which represents 60-70% of human bones and is therefore extensively in clinical practices since 1970s for bone repair, but also to coat synthetic grafts [1]. However, despite its biocompatibility and good mechanical properties, its lack of osteointegration after implantation has often been reported in the literature [2]. Many strategies have been proposed to promote the integration of this material. One of them consists in the modification of bioceramic porosity to load and locally release active biomolecules [3–6] to enhance healing process [7,8]. 
For this purpose, several biomolecules have been already incorporated into HA. Among them, the bone morphogenetic protein-2 (BMP-2) is particularly attractive in order to promote osteoinduction and is accepted by the US Food and Drug Administration (FDA) for bone regeneration since 2002 [9–11]. Due to its high cost, other model proteins are typically used in the early stage of in vitro screening in order to simulate its behavior when loaded with new potential implants. With very closed macromolecular similarities to BMP-2, the soybean trypsin inhibitor (STI) appears to be a suitable candidate [12,13]. STI is a monomeric protein made from 181 amino acid residues and characterized by a molecular weight of 24 kDa with an isoelectric point at 4.5 [14,15]. Advantageously, the preservation of the conformation of this enzyme can be easily assessed using a simple colorimetric inhibitory assay to control its release rate and bioactivity after incorporation in a given matrix [16].
In order to adjust the loading of this growth factor and its kinetics of delivery, considerable efforts have been devoted to control the nano-texture of HA, in particular to increase their total specific surface area and finely tune their porosity at a nanoscale level [17–19]. Several approaches have been proposed in the literature, specially using surfactants as molecular aggregate template during material synthesis [20–23]. Cetrimonium bromide (CTAB – C16H33N(CH3)3Br), a quaternary ammonium cationic surfactant, has been widely used for this purpose [24–27]. For instance, adopting a hydrothermal method and CTAB, HA micro-needles were synthetized and their influence on osteoblast cell response in vitro was correlated to their texture properties [26]. Besides, Khalid et al. showed that the CTAB addition turned the morphology of HA particles from spherical to needle/rod-like and increased three times its specific surface area [25]. Nevertheless, the studies involving the adoption of this surfactant in HA synthesis are mostly empirical. Indeed, no systematic study has been published in order to correlate the surfactant behavior within experimental conditions of HA production and the resulting texture properties of this ceramic. Moreover, no detailed correlation has been drawn between HA characteristics and biomolecule loading and release rate. 
In order to get more insights on the CTAB performances to act as a template for HA formation, its aggregation behavior has been first evaluated by DLS in real conditions of HA synthesis. The second part of this study was to verify if, by playing on the CTAB concentration and accordingly its aggregation regime, we could precisely control the porosity, specific surface area, and morphology of HA. HA samples has been analyzed by FTIR, XRD, TGA, BET and TEM techniques. The third part of this work correlated HA features with STI loading efficiency and release rate in vitro. 
2. Experimental
2.1 Materials
Calcium nitrate tetrahydrate, Ca(NO3)2•4H2O (>97 %), was purchased from Alfa Aesar (Kandel, Germany); Hexadecyl(trimethyl)ammonium bromide (CTAB, 98 %) and Serine Protease Trypsin Enzyme - porcine pancreas (STE ~10,000 BAEE U/mg) from Sigma-Aldrich, (St. Louis, USA), di-ammonium hydrogen phosphate (99 %), (NH4)2HPO4, ammonia NH3 32 wt %, ethanol and dimethylsulfoxide (DMSO) from VWR (Leuven, Belgium). The protein Soybean Trypsin Inhibitor (STI ≥ 7000 BAEE U/mg) was provided by Carl ROTH (Karlsruhe, Germany), N-α-benzoyl-DL-arginine-p-nitroanilide hydrochloride (DL-BAPA, >97.5 %) by Acros Organic, and the Modified Lowry protein assay kit by Thermo Fisher Scientific (Paisley, UK). All reagents were used without further purification and the aqueous solutions were prepared using Milli-Q water (Millipore®, >18.2 MΩ•cm at 25 °C). 
2.2 CTAB micelles behavior by DLS
To simulate HA reaction conditions, different concentrations of CTAB (0.42, 0.83, 2.5, 5.0, 8.3, 10, and 25 mmol.L-1) were investigated in the presence of phosphate/hydroxyl ions ([(NH4)2HPO4] 0.3 mol.L-1 at pH = 10.5) using Dynamic Light Scattering (DLS). The aggregation behavior of CTAB with its concentration was also compared in Milli-Q water (blank samples) or ammonia solution (pH = 10.5) to evaluate the specific influence of phosphate anions. All CTAB solutions were equilibrated under stirring for 4 h at 25 ⁰C before proceeding to their particle size analysis. All solutions were previously filtered on 0.2 μm Milipore® polyethersulfone membrane into laminar flux to avoid dust interference.
DLS signals were acquired using a Malvern Nanosizer ZS-nano equipped with a He-Ne monochromatic laser beam (4 mW - 633 nm). Non-Invasive Backscatter (NIBS) optics was used to monitor at 173° in order to increase signal to noise ratio of the DLS signal. The average size of the surfactant micelles was assessed in a range of 0.3 nm to 10 μm and calculated from 3 runs of 10 scans, each one of a duration of 0.9 min. The analysis was performed on 1 mL of each sample placed in 12 mm square polystyrene cuvette thermostatized either at 25 ⁰C or 50 ⁰C. The deconvolution of the autocorrelation curves was performed using Zetasizer software provided by Malvern Instruments.
2.3 HA synthesis
HA synthesis was adapted from the protocol reported earlier by Tilkin et al [28]. The reaction was carried out by wet precipitation at 25 °C, according to the chemical equation 1:

The compositions selected for HA synthesis are disclosed in Table 1. Four different concentrations of CTAB were chosen from DLS results where CTAB micelles showed more homogeneous size distribution (0.01, 0.025, 0.05 and 0.1 mol.L-1). Briefly, a determined volume of CTAB 0.21 mol.L-1 was diluted up to 84 mL with Milli-Q water in a Schott Duran GL45 flask of 250 mL. After 24 h under stirring, 18 mL of (NH4)2HPO4 2 mol.L-1 were added into the flask. The solution was stirred during 1 h, before adding ammonia 32 wt% to achieve a pH = 10.5. Subsequently, 120 mL of Ca(NO3)2•4H2O 0.51 mol.L-1 were injected at a flow-rate of 5 mL.min-1 controlled by a peristaltic pump. During Ca2+ addition, the pH was monitored and kept constant to 10.5 ± 0.2 by ammonia 32 wt % addition. The gel formed was aged for 24 h at 25 ⁰C before proceeding to supernatant elimination by centrifugation at 8000 rpm/8586 RCF (Van Der Heyden centrifuge, rotor 5615/1454, model 4125) during 5 min. Thereafter, the sample was dried at 100 °C for 24 h and washed with Milli-Q water and ethanol. The dry step should to be prioritized before washing to avoid the formation of other calcium phosphate phases in the gel due to change of pH during the wash step. The final product was filtered on qualitative paper filter (n°1), dried at room temperature, grinded with a pistil and stored at room temperature before physico-chemical characterization. A synthesis without CTAB addition was performed under the same conditions described above. Calcination step was not performed in neither sample in order to avoid the decrease in surface area of HA particles. However, a moiety of HA powder was calcinated at 350 ºC during 24 h just for comparison proposes.
2.4 STI loaded HA
[bookmark: _Hlk80709361]STI loaded HA samples were performed via an impregnation method [16]. In brief, 10 mg of HACTAB samples into 2 mL Eppendorf tubes were incubated with 1 mL of STI 1 mg.mL-1 in phosphate buffer (PBS 10 mmol.L-1 pH = 7.4) under agitation with a rotator end-over-end at 650 rpm at 25 ± 2 °C for 24 h or 72 h. The supernatants were collected after centrifugation of the HA suspension at 10000 rpm/2683 RCF for 5 min (Eppendorf centrifuge, model mini Spin Plus). The STI impregnated on HA was quantified by determining the fraction of free STI remaining in the supernatants using the Modified Lowry protein assay [29]. A calibration curve at 750 nm was established with STI concentrations ranging from 5 to 250 µg.mL-1 in PBS pH = 7.4 (Spectrophotometer PerkinElmer, Lambda 25). The amount of STI loaded was evaluated in triplicate.
2.5 Physico-Chemical Characterization
HA samples were evaluated by Fourier-Transform Infrared Spectroscopy (FTIR) using IRAffinity-1 device from Shimadzu. FTIR spectra were acquired in ATR mode (QATR™ 10 Single-Reflection ATR Accessory with a Diamond Crystal) at the wavelength range 400-4000 cm-1 with a resolution of 2 cm-1 and 30 scans. Data acquisition and FTIR spectra analyzes were realized with the LabSolutions IR software.
The powder crystalline structure was analysed by X-ray diffraction, using a powder diffractometer (D8 Twin-Twin, Bruker). This diffractometer was setup with CuKα radiation (λ = 0.154 nm), a step duration of 0.15 s/detector strip and a step size of 0.02°. In order to extract information about crystallite size, ten peaks in the 20-38° 2theta range were fitted with the TOPAS software. The fundamental parameter approach [R.W. Cheary, A. Coelho, J. Appl. Crystallogr. 25 (1992) 109–121] and a Lorentzian function were used to model the instrumental and crystallite size contributions to the peak profiles, respectively. The values of average crystallite size CS (more exactly, the mean column length along the scattering direction) reported in section 3.2.2. were obtained through the expression CS=λ/(IB.cosθ), where λ is the X-ray wavelength, θ is the half of the scattering angle and IB is the integral breadth of the Lorentzian, i.e., the width of the rectangle with the same height and area as the Lorentzian.
Thermogravimetric analyses were performed in order to evaluate the thermostability and composition of the HA samples. These analyzes were performed with a Perkin Elmer Pyris 1 equipment under nitrogen atmosphere. A 10 mg sample weighted in aluminum pan was submitted to a heating cycle composed of a first heating phase from 30 °C to 90 °C at 20 °C/min, followed by a slower increase in temperature from 90 °C to 750 °C at 10 °C/min. The % of weight loss was calculated for each component between 100 °C and 750 °C. Means and standard deviations (STD) related to thermal degradation were calculated from duplicate analysis performed on each composite (i.e. n=2). 
The textural properties were characterized by nitrogen adsorption-desorption isotherms, using an ASAP 2420 multi-sampler volumetric device from Micrometrics. Degazing process was performed at 100 °C for 300 min. The specific surface area, as well as the size of the pores, were estimated via Brunauer, Emmet and Teller theory (BET analysis) and Barrett, Joyner and Halenda (BJH analysis) [30].
Transmission electron microscopy was used to analyze the microstructure of HA powders. The samples were directly embedded in epoxy resin SPI-PON 812 (SPI-CHEM), hard mixture for diamond knife, and were left to polymerize in an oven at 60 °C for 3 days. Ultra-thin sections (80 nm) of the resin embedded samples were  cut with a diamond knife (Diatome) on an ultamicrotome Reichert Ultracut-E. The sections were observed in a TEM/STEM-LaB6 Tecnai G2 twin (FEI, The Netherlands) under 200 kV of accelerating voltage.
2.6 In vitro STI release
HA loaded with STI was prepared by impregnation method as described in section 2.4. After STI impregnation in HA powder, the release kinetics of STI was carried out in maleate buffer 100 mmol.L-1 (pH = 7.4) at 37 °C under lateral agitation equal to 50 rpm. 
Brief, 1 mL of maleate buffer was added in each sample of HA loaded with STI (10 mg). At time equal to 0.25, 3, 6, 24, 48, 72 h and 7, 15, 28 days, the samples were centrifuged at 10000 rpm/1073 RCF (Eppendorf centrifuge, model mini Spin Plus) during 5 min in order to collect their supernatants. In each collect time, 1 mL of fresh buffer maleate buffer was replaced to continue the release kinetics. STI concentration in the released medium was determined by Modified Lowry protein assay [29]. A calibration curve was established adopting STI standards dissolved in maleate buffer and in a concentration ranging from 10 to 80 µg.mL-1. Absorbance was measured at 750 nm with a spectrophotometer PerkinElmer, Lambda 25. STI release was evaluated in triplicate for each sample.
2.7 In vitro STI Activity
STI enzyme activity was evaluated using DL-BAPA as substrate and STE according to a method reported by Zhoul et. al. [31] and by Liu et. al. [32]. 
In brief, 160 µL of each STI sample (supernatants after HA loading or collected from the release kinetics) were incubated into 10 mL tube at 37 ⁰C for 5 min, before adding 400 µL of DL-BAPA 1.6 mg.mL-1 (in Tris Buffer 50 mmol.L-1, pH = 8.2, containing 20 mmol.L-1 CaCl2 and 4 % DMSO). The enzymatic assay was started by mixing 160 µL of prewarmed 37 ⁰C STE solution (80 µg.mL-1 in HCl solution 1 mmol.L-1, pH = 2.5, 5 mmol.L-1 CaCl2) into the tube. After exactly 10 min, 80 µL of 30 wt % acetic acid solution were added to stop the reaction.  Do 410 nm was measured with a PerkinElmer, Lambda 25. A calibration curve was established using STI standards of concentration ranging from 10 to 80 µg.mL-1 dissolved in maleate buffer (100 mmol.L-1, pH = 7.4). STI activity was evaluated in triplicate for each sample and calculated using the equation 2:
        
where  is the mean STI concentration value obtained from DL-BAPA assay and  is the mean STI concentration value obtained from Modified Lowry protein assay [16].	
3 Results and Discussion
3.1 CTAB micelles behavior by Dynamic Light Scattering (DLS)
The adoption of CTAB surfactant as nanotemplate for HA synthesis has been already investigated in the literature, notably by Tari et al. [33], Gopi et al. [34] and Wang et al. [35]. However, no in-depth analysis have been reported in order to correlate the properties of CTAB micelles within HA synthesis conditions (typically in an alkaline pH = 10.5 and in the presence of phosphate ions). This study is extremely relevant, once the aggregation behavior of thisL cationic surfactant is affected by ionic strength, temperature and concentration [36–38]. Therefore, for the final goal to better adjust specific surface and texture of HA, our study has investigated CTAB micelle behavior in a simulated HA synthesis conditions. Table 2 shows the DLS results of CTAB micelles as a function of its concentration (0.42, 0.83, 2.5, 5.0, 8.3, 10, and 25 mmol.L-1). The micelle behavior was studied in phosphate solution (pH = 10.5) to simulate the HA reaction medium before Ca2+ addition, as well as in Milli-Q water (blank) and ammonia (pH = 10.5) to compare the ion effect progressively.
Knowing that Critical Micelle Concentration (CMC) of CTAB has been previously reported around 0.9 mmol.L-1 at 25 °C in water [39,40], we decided to analyze its behavior in Milli-Q water in two concentration ranges, i.e. either below or above CMC.  As expected, just above CTAB CMC (i.e. > 0.9 mmol.L-1) a DLS peak could be observed at 3.6 nm [39]. Interestingly, the hydrodynamic size of these micelles decreased from 3.6 nm to 1.0 nm when raising CTAB concentration from 2.5 mM to 25 mM. This behavior was followed by a second micelle peak at 10 mmol.L-1. Although of lower intensity this peak (peak 2/peak 1 (P2/P1) = 0.1), the second population exhibited higher hydrodynamic size (13.5 nm at 10 mM and 15.7 nm at 25 mM). This bimodal size distribution could be explained by change of CTAB micelles morphology from spherical (lower size) to non-spherical (larger size) as observed by other authors [37,38,41]. For instance, Imae et al. have shown the formation of CTAB micelles with 44 nm in length [42]. Thereby, to assign the peaks (P1) and (P2) in Table 2 as spherical and non-spherical CTAB micelles, respectively, would be a valuable hypothesis.
In ammonia solution (pH = 10.5), CMC value appeared in lower concentration than in Mili Q water (at 0.83 mmol.L-1). Further, the second micelle population was observed in lower concentration with higher P2/P1 ratio, suggesting that the formation of non-spherical micelles is more favorable in ammonia solution than water. 
In phosphate solution, CTAB micellization differed significantly from the two former conditions. Interestingly, the CMC value shifted to below 0.42 mmol.L-1 and a bimodal size distribution appeared only within the lowest CTAB concentration regime, i.e. from 0.42 mmol.L-1 up to 0.83 mmol.L-1. It seems that the micelle distribution in phosphate medium achieves an equilibrium size (7 ± 0.5 nm) above 2.5 mM of CTAB. All these observations evidence that CTAB solubility and aggregation is significantly affected by the presence of phosphate ions. 
These findings indicate that CTAB concentration should be taken into account to benefit of the nanotemplate action expected from surfactant micelles to generate HA nanopowders. Accordingly, surfactant concentrations equal to 10, 25, 50 and 100 mmol.L-1 were selected to HA synthesis, giving rise to more homogeneous CTAB micelle populations.  Moreover, no significant difference in micellization behavior of CTAB was observed either at 25 or 50 °C (see Figure S1 in Supplementary Information for more details), then HA synthesis was performed at 25°C for convenience.
3.2 Physico-chemical Characterization of HA samples
After synthesis and purification HA powders have been analyzed by various analytical techniques in order to control their chemical identity, purity (FTIR and TGA), crystallinity (XRD), and textural properties (BET). Nano-morphology of HA powders has been also observed by TEM in order to consolidate XRD and BET observations.
3.2.1 Fourier-Transform Infrared Spectroscopy (FTIR)
As disclosed in Figure 1, the FTIR spectra of all samples exhibited the characteristic peaks of HA, in particular the bending of phosphate elements (PO43-) at 559-561 cm-1 and 598-600 cm-1, the stretching of phosphate groups at 960-962 cm-1 (i.e. symmetric O-P-O stretching), 1022-1024 cm-1 and 1086-1090 cm-1 (i.e. asymmetric O-P-O stretching). Structural OH- peaks were also visible at 629-631 and 3578 cm-1 [28,43,44].
Further, FTIR spectra showed the presence of carbonate groups at 874-876 cm-1 (i.e. C-O bending) and at 1408-1418 cm-1 and 1456 cm-1 (i.e. C-O stretching) [45]. Taking into account that HA synthesis was not carried out under inert atmosphere, an ionic exchange may occur during the HA synthesis with substitution of hydroxyl (OH-) or phosphate (PO43-) by carbonate (CO32-) ions [25]. All the other peaks detectable were exclusively corresponding to hydroxyapatite. 
Surfactant removal could be realized either under washing or heating above the melting point of CTAB (237-243 °C). Washing has been privileged to avoid a lost in the specific surface area. Indeed, heating HA powders at high temperatures is well known to drastically reduce the specific surface area of this inorganic compound while increasing its crystallite size [46].
Interestingly enough, if CTAB peaks should be well resolved from HA, especially the C-H stretching bands (2840-3000 cm-1, aliphatic chain) [47], no specific signal could be detected from the HA samples whatever the CTAB content adopted in synthesis. This observation is worth to mention, because it highlights the efficiency of the washing protocol. Indeed, technical issues could be anticipated taking into account the relatively high surfactant content in this synthesis (3.6 wt % to HACTAB4 sample) but also the well-known difficulty to desorb surfactant from materials, especially nanoshaped ones, which are exhibiting high specific surface area. 
This efficiency in CTAB removal from HA samples is of course critical to demonstrate in order to comply with safety and regulatory constraints imposed for medical applications [27]. 
3.2.2 X-ray powder diffraction (XRD)
Being requested for approval of hydroxyapatite in Medical Applications ISO 13779-3/2008, XRD analysis is suitable to control the crystallinity of HA and to detect the presence of other crystalline phases. The XRD pattern of HA blank has been compared to the standard diffraction pattern HA (JCPDS Card No. 09-0432), as shown in Figure 2. The peaks obtained at 2θ = 25.9º, 31.8º, 39.8º, 46.7º, 49.4º, and 53.2º related to the respective lattice planes at (002), (211), (310), (222), (213) and (004) were well consistent with those of standard crystalline HA. 
XRD pattern of the HA samples synthetized with CTAB have been compared to the HA blank one (Figure 2a). All difractograms exhibited very similar diffraction pattern. No other phase, such as β-TCP, was detected. Moreover, the broad width of the characteristic peaks of all HA samples indicates the presence of crystallites in nano-range that was investigate by fitting 10 peaks in the 20-38° 2θ range (see details of the procedure in the experimental section). The 002 peak at 2θ ~ 25.9° was visibly less broad than the other nine peaks, therefore two crystallite sizes were refined, as reported in Table 3. The larger crystallite size associated to the 002 peak (about 25 nm against approx. 10 nm) indicates an anisotropic crystallite shape with a long axis along the c direction of the hydroxyapatite crystallographic structure. This is in agreement with the literature, where HA particles synthetized in the presence of CTAB are reported to exhibit different shapes, the most common one being the cylindrical/rod shape [49]. 
3.2.3 Thermal Analysis
Thermogravimetric analyses were performed from 30 to 750 °C to evaluate the thermostability and the chemical purity of the HA powders. Figure 2c shows the TGA and DTG curves of the HA powders, which achieved a maximal weight loss around 10 % upon heating to 750 °C. All TGA curves exhibited a first event occurring up to 100 °C, typically assigned to the evaporation of free water. Hence, the percentage of adsorbed water was equal to 2.5, 2.8, 3.7, 3.7 and 2.0% for HA blank, HACTAB1, HACTAB2, HACTAB3 and HACTAB4, respectively.
The second thermal event corresponds to a slow and progressive mass loss, which extends up to the maximal temperature (750 °C). This TGA profile is characteristic of the progressive elimination of water molecules physically entrapped within the hydroxyapatite crystallites. Interestingly, a slightly difference has been noticed in this second phase of weight loss observed between 100 to 750 °C. This second event show weight loss equal to 5.5, 4.8, 5.9, 6.9 and 5.5 % for HA blank, HACTAB1, HACTAB2, HACTAB3 and HACTAB4, respectively. These values could be directly correlated to the amount of water into HA structure. 
Keeping in mind the limit of sensitivity of thermal analysis (i.e. 0.1 %, 0.1 mg in 10 mg HA) and considering the HA blank sample as reference, the TGA curves suggest that the washing procedure was efficient to eliminate CTAB residues, independently of its initial concentration used in the synthesis. Further, DSC analysis have not shown any peaks (Figure S2 in Supplementary Information), supporting which CTAB is not present in the HA samples after washing. However, it cannot be ruled out that CTAB residue (< 0.1 %) could still be present in the HA samples. 
3.2.4 Textural Analysis
Nitrogen adsorption-desorption analysis was performed to all HA samples (HACTAB and HABlank) to evaluate their textural properties. To investigate the influence of calcination on the HA formation, the isotherm of HA blank calcined at 350 °C was also assessed (labelled HA350). Figure 3 (a-b) shows the isotherms obtained from all HA samples and Table 4 displays their respective specific surface area extracted from BET curves. According to the BDDT classification, HA Blank and HA350 are characterized by a mixture of Type II and IV isotherms [50] (Figure 3a). Indeed, the volume of adsorbed nitrogen increased rapidly at high pressure, reflecting a macroporous solid (Type II), while the two isotherms also disclosed a hysteresis, representative of mesoporous solid (Type IV). After calcination at 350 °C, the hysteresis of HA exhibited different porous distribution and lower specific surface area values. Indeed, the calcination process could strongly reduce the surface area of HA by sintering of pores [28,51]. Khalid et al. [25] showed HA powder with decrease up to 10 m².g-1 when calcined at 900 °C. Hence, the heating process should be avoided in order to preserve a high specific surface area of HA.
Similarly, all HACTAB samples showed isotherm characteristic of a mixture of Type II and Type IV, as shown in Figure 3b. HACTAB1 and HACTAB4 samples exhibited their hysteresis at higher pressure compared to the HACTAB2 and HACTAB3, indicating the presence of larger mesopores. Furthermore, their specific surface area value was lower than the other HACTAB samples and close to HA synthetized without CTAB (80-90 m2.g-1). Thereby and as anticipated, at a too low concentration of CTAB (10 mmol.L-1) (i.e. HACTAB1, 80 m2.g-1) the specific surface area of HA was below 100 m2.g-1. Interestingly enough, an optimal CTAB concentration, ranging from 25 mmol.L-1 (HACTAB2) to 50 mmol.L-1 (HACTAB3) during the HA synthesis, considerably increased the specific surface area of HA. Indeed, the value of specific surface area of HACTAB3 sample was equal to 150 m2.g-1, almost 70 % higher than HA blank. According to these data, 50 mmol.L-1 seems to be the most appropriate surfactant concentration in this synthesis condition of HA, allowing higher interaction with macromolecules and improving drug load capacity. Above this concentration, i.e. 100 mmol.L-1, the surfactant did not enhance anymore the development of inorganic surface (HACTAB4 disclosing a specific surface area of 90 m2.g-1). 
The size distribution of the mesoporous of these samples was analyzed by BJH [52], as shown in Figure 3 (c-d). It was observed that HA calcination modified the porous size distribution and decreased the specific surface area by sintering of the particles. Among the other samples without calcination process, HACTAB2 and HACTAB3 obtained higher pore sizes besides the increase of specific surface area. These findings suggest that CTAB is an effective template to optimize the specific surface area as well as the size of pores of HA powder.
3.2.5 Transmission Electron Microscopy (TEM) 
In order to understand the origin of the texture changes of HA and correlate them with morphological modification of HA crystals, all samples were observed by TEM. Figure 4 depicts the TEM micrographies of HA blank, HA 350, and HACTAB samples (HACTAB1 to HACTAB4). Figure 4a-b shows the size and morphology of the HA blank and HA 350 samples. Rod-like nanoparticles in the range of 30-50 nm with high aggregation were present for both samples. Additionally, the morphology of HA blank changed after calcination at 350 °C, exhibiting larger and denser particles in comparison to the untreated sample. 
In contrast, HACTAB samples exhibited more elongated particles than the HA blank. This morphology noticed for HA prepared in the presence of CTAB is therefore supporting the concept that this surfactant is efficiently working as nano-template as expected to impose the morphology and size distribution of HA. Further, these results could be correlated with the observations pointed out in the DLS analysis of CTAB micelles, where non-spherical particles with larger size appeared to be formed in CTAB concentration above 2.5 mmol.L-1 in phosphate medium. Accordingly, HACTAB1 and HACTAB2 samples showed similar elongated rod-like shape, although HACTAB2 also seems to contain some small particles (~50 nm). At higher CTAB concentrations, significant changes in morphology were observed with a shape transition from rods (HACTAB2) to less aggregate thin needles (HACTAB3) clearly noticed in those samples. For the HACTAB4 sample, TEM micrograph showed thicker needle-like particles compared to HACTAB3 one. This evolution in the morphological with CTAB concentration are well supporting the modification in specific surface area of HA mentioned before. The highest value of specific surface area for HACTAB3 sample (150 m2 g-1, Table 4) can be explained from the thin needle shape geometry, while more agglomerated HA particles were noticed using lower CTAB concentrations during the synthesis.
The influence of CTAB concentration on the growth of nanohydroxyapatite has been already investigated in previous studies. Nathanael et al. synthetized HA nanowires using a low CTAB concentration (≤ 1 mmol.L-1) by a hydrothermal method [26]. Gopi et.al. reported the formation of HA with different shapes such as spheres, rods and fibers, depending on the CTAB concentration [34]. According to the authors, CTAB used with a concentration equal to 240 mmol.L-1 is able to produce HA fibers using a microwave irradiation method. Nevertheless, besides using more complicated synthesis methods, the specific surface area of these powders as well as further physico-chemical properties were not explored in these works. Therefore, the present work showed a simple and efficient synthetic route able to produce mesoporous HA samples with high specific surface area.
3.3 STI loaded HA
The protein binding capacity within HA is expected to be affected by intrinsic properties of this inorganic substrate, in particular its specific surface area, porosity, surface charge. Further, the experimental conditions, such as the pH of the protein solution, the duration of impregnation, the temperature, the wetting conditions, should significantly affect the drug loading. Accordingly, STI loading capacity of HA has been assessed after 24 h and 72 h of impregnation (Table 4). Interestingly, STI adsorption in HA samples proceeded relatively quickly allowing to achieve protein loading equal to 39-80 mg of STI/g of HA after 1 day of impregnation. The adsorption equilibrium was not achieved after 24 h; a slight, but still significant increase (10 to 30 %) of STI loading was observed after 72 h of impregnation. A considerable decrease of STI loaded was noted for HA sintered at 350 ⁰C in comparison to HA without thermal treatment to both impregnation time (> 30 % at 72 h). All HA synthetized in the presence of CTAB gave rise to higher and faster STI loading in comparison to the other HA samples. Moreover, the amount of STI loading evolved in close correlation with the specific surface area. Accordingly, the highest protein loading was observed for HACTAB3 sample (~90 mg/g) which exhibited a specific surface area of 150 m2/g (see Table 4). However, the STI adsorption capacity do not appear dependent only to specific surface area of HA, once the HACTAB1 and HACTAB4 showed higher protein loading than HA blank and HA350 even though they have close surface area values. Thus, considering that HACTAB samples reveled distinct shape and size distribution from HA synthetized without CTAB template, it seems that HA morphology is an important factor in the HA/protein interaction.
Studies on the incorporation of protein on HA suggest that this process is mostly dominated by ionic interactions with a fast and reversible adsorption [53]. Thereby, the HA surface charge plays a pivotal role in adsorbing proteins. It is well known that HA possesses two different binding sites on the particle surface called C and P, where C sites are rich in calcium with positive charge and have more interactions with acid groups of proteins [17,54]. Further, some authors have claimed that (001) HA crystallography plane has exhibited higher adsorption strength for proteins [10,55]. Once the particle morphology may affect the exposal of crystallography plane distribution and C sites of HA, it can also strongly interfere on the protein adsorption at the HA surface. 
This phenomena in protein adsorption behavior by different HA morphology has been investigated by Kandori et. al [19]. The authors disclosed that plate-like HA particles resulted in higher BSA protein adsorption than rod-like ones due to formation of a larger fraction of positively charged adsorbing sites on the C sites of HA. Taking into account these findings, further studies should be performed to investigate if the higher STI protein loading observed for HACTAB3 is associated with the prevalence of C sites of its needle shape.
3.4 In vitro STI release and activity
Pharmacological efficiency and safety of an implant doped with BMPs can only be satisfied if the growth factor is released locally under an active form and in a sustained release way [9]. Although physically adsorbed on the inorganic substrate, the keeping of its biological activity remains challenging due to its possible conformation change upon surface adsorption. If several publications have reported protein adsorption and release from inorganic matrix [18,56], very few studies have verified the activity of the protein released from these substrates.
Thus, in order to get more insights about the protein interaction and activity with the inorganic matrix, the release profiles of STI from the HA blank, HA350, and HACTAB3 samples were investigated. The HACTAB3 sample has been chosen for its highest protein loading.
The results have shown STI release from HA samples extended over 28 days (Figure 5a) with a kinetics profile not linear and composed by three different phases. At the first 15 minutes, a burst effect was noticed for the three HA samples and accounts to ~20 % of the total amount of loaded protein which was immediately released upon dispersion of the HA in PBS. During the second phase observed until 24 h, the release of the protein proceeded also quickly, before giving rise to a slow but sustained dissolution of STI up to 28 days (third phase). Similar release profiles were noticed for the three HA samples evaluated, with a slightly more rapid desorption rate from HA350 (10 % higher over 1 day compared to HA blank and HACTAB3). Although far to be linear, similar protein release profile has been reported by other authors [57]. Shen et al. obtained a sustained of BMP-2 from silk fibroin-nanohydroxyapatite scaffold up to 3 weeks with a burst release of 54 % at 24 h, when the protein was directly adsorbed onto scaffold [58].
The percentage of active form of STI released from HA was assessed at 3, 7, 15 and 28 days (Figure 5b). Although submitted to unexpected fluctuations, the percentage of active STI was higher for STI released from HA blank, especially just after onset of the dissolution. In contrast, the lowest residual activity of STI was noticed from the HACTAB3 sample and ranges between 20 to 40 % without correlation with the release duration. These remarks are likely due to differences in the textural properties of the HA samples, where the mesoporosity and morphology of the particles play an important role in the STI HA interactions and protein conformation.
It is worth to mention that significant loss of STI activity (~60 %) has been already reported after its incorporation by physisorption within silica gel [16]. The stability of this protein is well known to be strongly affected by the pH of the medium or even by local pH within HA, which could be at least two units different compared to the buffer pH. So, change in conformation resulting from STI adsorption to HA seems however plausible. 
Conformational change of proteins induced by adsorption onto ceramics particles has been observed by Differential scanning calorimetry (DSC) and FTIR analysis [59]. The authors have claimed that the adsorption process results in destabilization and structural loss of three different proteins: bovine serum albumin, hen’s egg lysozyme and bovine serum fibrinogen. Further, other studies suggest that higher electrostatic interaction may cause conformational changes in proteins by exposing more polar charges [60]. However, none of these studies have mentioned that those conformational changes were reversible or not. 
Accordingly, it could be anticipated that the difference in protein stability among the HA powders depends on the surface charges of those samples. Additionally, once the electrostatic interactions between protein and HA may be ruled by the distribution of C sites in the HA matrix, it is rational to note that the morphology (needles, spheres…) of HA particles plays also an important role in protein interaction and stability. Nevertheless, more studies should be performed to explore the effects of HA morphology on the protein activity.
 Conclusions 
In conclusion, CTAB micelles represent a very attractive nano-template for HA production according to a simple wet synthesis method, giving rise to a fine tuning of their texture with a high specific surface area, but also to high biopharmaceutical drug loading capacity with a sustained release. An optimal concentration in CTAB of 50 mmol.L-1 gave rise to the highest specific surface area equal to 150 m².g-1 of HA, which has been correlated to the spindle and fine shape of HA crystals. Moreover, and as expected, a close relationship has been observed between the specific surface area of HA and the STI loading. Indeed, the highest drug loading, close to 10 %, has been observed for the HACTAB3 sample. A sustained release of the protein was observed up to one month with 80 % STI delivered with enzymatic activity kept (minimum 25 %) for HACTAB 3 sample. These results show that CTAB can efficiently modify the HA shape and surface and and that interface exhibited by HA nanostructure plays an important role in protein loading and release. However, further studies should be conducted to investigate how HA surface modification could affect the protein stability in order to prevent irreversible conformational change.
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TABLES:
Table 1- HA synthesis conditions
	Sample
	[CTAB]*
(mol.L-1)
	[(NH4)2HPO4]* (mol.L-1)
	[Ca(NO3)2•4H2O]
(mol.L-1)
	Ca/P molar ratio

	HA blank
	0
	0.3
	0.51
	1.67

	HACTAB1
	0.01
	0.3
	0.51
	1.67

	HACTAB2
	0.025
	0.3
	0.51
	1.67

	HACTAB3
	0.05
	0.3
	0.51
	1.67

	HACTAB4
	0.1
	0.3
	0.51
	1.67


*CTAB concentration when Ca2+ was added.
Table 2 – Comparison of the size of CTAB micelles prepared either in Milli-Q water (blank), ammonia solution (pH = 10.5), and phosphate ions solution at 25 °C.
	CTAB (mmol.L-1)
	Milli-Q Water
	Ammonia
(pH = 10.5)
	Phosphate
(pH = 10.5)

	
	
	Hydrodynamic Size (nm)
	

	
	Peak 1
	Peak 2
	Intensity
Ratio*
P2/P1
	Peak
1
	Peak 
2
	Intensity
Ratio*
P2/P1
	Peak
1
	Peak 
2
	Intensity
Ratio*
P2/P1

	0.42
	-
	-
	-
	-
	-
	-
	0.6
	4.8
	1.0

	0.83
	-
	-
	-
	6.5
	-
	-
	0.7
	5.6
	1.2

	2.5
	3.6
	-
	-
	3.6
	-
	-
	-
	7.5
	-

	5.0
	1.7
	-
	-
	2.3
	-
	
	-
	6.5
	-

	8.3
	1.7
	-
	-
	1.5
	8.7
	0.1
	-
	6.5
	-

	10
	1.5
	13.5
	0.1
	1.1
	10.1
	0.1
	-
	6.5
	-

	25
	1.0
	15.7
	0.1
	1.1
	15.7
	0.8
	-
	7.5
	-


* Intensity peak ratio between the Peak 2 and Peak 1.


Table 3 - Crystallite size of HA samples
	Sample
	CS 
(002 peak)
	CS 
(9 other peaks)

	HA blank
	25(1) nm
	10.6(3) nm

	HACTAB1
	29(1) nm
	11.9(3) nm

	HACTAB2
	23(1) nm
	9.3(3) nm

	HACTAB3
	25(1) nm
	8.0(3) nm

	HACTAB4
	24(1) nm
	10.5(3) nm



Table 4 – Specific surface area of HA samples and amount of STI loaded by HA after 24 h and 72 h of impregnation  
	Samples
	
	STI loaded

	
	SBET 
	24h
	72h

	
	(m².g-1)
	(mg/g)
	(mg/g)

	HA blank
	90
	48.9 ± 3.0
	63.5 ± 3.6

	HA350
	80
	38.7 ± 2.0
	43.1 ± 1.3

	HACTAB1
	80
	71.7 ± 0.8
	75.2 ± 0.4

	HACTAB2
	115
	71.6 ± 1.3
	77.6 ± 1.3

	HACTAB3
	150
	79.7 ± 2.0
	89.3 ± 0.2

	HACTAB4
	90
	70.5 ± 1.8
	76.2 ± 1.2


[bookmark: _Toc39825594][bookmark: _Toc42290914]Note: HACTAB1, HACTAB2, HACTAB3, HACTAB4 represent samples synthetized with 10, 25, 50 and 100 mmol.L-1 of CTAB, respectively. 

Figure Captions:
Figure 1 - FTIR spectra of HACTAB1 (), HACTAB2 (), HACTAB3 () and HACTAB4 (). (a) Range of 400-4000 cm-1 and (b) 400-1300 cm-1.
[bookmark: _Toc39825596][bookmark: _Toc42290916][bookmark: _Toc39825597][bookmark: _Toc42290917]Figure 2 – (a) XRD patterns of HA samples, (b) XRD patterns of HA blank (upper) and standard HA (bottom) and (c) TGA curves of samples. HA blank () HACTAB1 (), HACTAB2 (), HACTAB3 () and HACTAB4 ().
Figure 3 – (a-b) Nitrogen adsorption-desorption isotherms and (c-d) Porous size distribution determined by BJH of HA Blank (), HA calcined at 350 °C (), HACTAB1 (), HACTAB2 (), HACTAB3 () and HACTAB4 ().
Figure 4 – TEM micrographs of HA powders (a) HA blank, (b) HA calcined at 350 °C, (c) HACTAB1, (d) HACTAB2, (e) HACTAB3 and (f) HACTAB4. 
Figure 5 – (a) STI release profile from HA blank (HA), HA modified with CTAB (HACTAB) and HA sintered at 350 ⁰C (HA350) over 28 days and inset graph of STI release profile up to 24 hours. (b) Residual STI activity at 3, 7, 15, 28 days of release. 
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