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Abstract
A novel strategy was employed to synthesise highly porous wollastonite-hydroxycarbonate apatite ceramic scaffolds for bone regeneration. A commercial liquid preceramic polymer filled with micro-CaCO3 powders was foamed at low temperature (at 350 °C), using the decomposition of a hydrazine additive, and then converted into ceramic by a treatment at 700 °C. Hydroxycarbonate apatite was later developed by a phosphatization treatment of ceramized foams, in a P-rich solution, while wollastonite was obtained by a second firing, at 900 °C. The effectiveness of the method was proven by X-ray diffraction analysis, showing the presence of the two expected crystalline phases. Porosity, interconnect size distribution and mechanical strength were in the range that is thought to be suitable for  bone regeneration in non-load bearing sites (compressive strength ≈ 3 MPa,  porosity ≈ 90 %, modal interconnect diameter ≈ 130-160 μm). In addition, bioactivity and ion release rate were assessed in simulated body fluid (SBF). MC3T3 osteoblast precursor cells were able to colonise the material in vitro through the pore architecture and expressed osteogenic markers. 
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Introduction 
[bookmark: _Ref399240218]Wollastonite-apatite glass-ceramics are widely recognized as highly efficient biomaterials.[endnoteRef:1]-[endnoteRef:2][endnoteRef:3] The usual approach for their synthesis is based on conventional vitrification followed by controlled crystallization, with two main disadvantages: a complex thermal treatment is normally required and the apatite phase corresponds more specifically to fluorapatite, rather than to hydroxyapatite, present in natural bone.[endnoteRef:4]-,[endnoteRef:5],[endnoteRef:6] [1: . 	Hench L L 1991 Bioceramics: From Concept to Clinic  J. Am. Ceram. Soc. 74 1487-1510  ]  [2: . 	Kokubo T 1991 Bioactive glass ceramics: properties and applications Biomaterials. 12 155–163]  [3: . 	Zhang H, Ye X J, Li J S 2009 Preparation and biocompatibility evaluation of apatite/wollastonite-derived porous bioactive glass ceramic scaffolds Biomed. Mater. 4 045007.]  [4: . 	Nakamura T, Yamamuro T, Higashi S, Kokubo T, Itoo S 1985 A New Glass-Ceramic for Bone Replacement: Evaluation of its Bonding to Bone Tissue  J. Biomed. Mater. Res. 19 685-698 ]  [5:  .	Kokubo T, Ito S, Sakka S, Yamamuro T 1986 Formation of a high-strength bioactive glass-ceramic in the system MgO-CaO-SiO2-P2O5 J. Mater. Sci. 21 536-540]  [6: . 	Kitsugi T, Yamamuro T, Kokubo T 1989 Bonding Behavior of a Glass-Ceramic Containing Apatite and Wollastonite in Segmental Replacement of the Rabbit Tibia Under Load-Bearing Conditions J. Bone Joint  Surg. Am. 71 264-272] 

[bookmark: _Ref400986754][bookmark: _Ref419360697][bookmark: _Ref419360707]An alternative and more recent route for the fabrication of A-W ceramics is offered by preceramic polymers, i.e. polymers that are subjected to conversion into ceramics upon heat treatment. This strategy involves the use of a silicone resin as silica source, filled with active and passive fillers. Calcium carbonate, as active filler, decomposes to CaO, in turn reacting with the silica derived from the oxidative decomposition of silicones; hydroxyapatite powders remain practically inert (passive), but contribute positively to both structural integrity and biocompatibility of the final ceramic.[endnoteRef:7] The approach based on preceramic polymers not only allows for highly phase pure ceramics, despite low processing temperatures, but has the fundamental advantage of combining synthesis and shaping. Preceramic polymers can be made into cellular materials in several ways, e.g. by addition of PMMA microbeads (subsequently burnt out before ceramic conversion),7 by thermal decomposition of hydrated fillers releasing water,[endnoteRef:8] by addition of organic foaming additives[endnoteRef:9], by supercritical CO2-assisted extrusion,[endnoteRef:10] or also by 3D-printing.[endnoteRef:11] [7: . 	Bernardo E, Colombo P, Cacciotti I, Bianco A, Bedini R, Pecci R, Pardun K, Treccani L, Rezwan K 2012 Porous wollastonite-hydroxylapatite bioceramics from preceramic polymer and micro- or nano-sized fillers  J. Eur. Ceram. Soc. 32 399–408]  [8: . 	Bernardo E, Carlotti J F, Dias P M, Fiocco L, Colombo P, Treccani L, Hess U, Rezwan K 2014 Novel akermanite-based bioceramics from preceramic polymers and oxide fillers Ceram. Int. 40 1029-1035]  [9:  . 	Fiocco L, Bernardo E, Colombo P, Cacciotti I, Bianco A, Bellucci D, Sola A, Cannillo V 2014 Novel processing of bioglass ceramics from silicone resins containing micro‐and nano‐sized oxide particle fillers J. Biomed. Mater. Res. A 102 2502-2510]  [10: . 	Bernardo E, Parcianello G, Colombo P, Matthews S 2013 Wollastonite foams from an extruded preceramic polymer mixed with CaCO3 microparticles assisted by supercritical carbon dioxide Adv. Eng. Mater. 15 60–65]  [11: . 	Bernardo E, Colombo P, Dainese E,  Lucchetta G,  Bariani P F  2012 Novel 3D wollastonite-based scaffolds from preceramic polymers containing micro- and nano-sized reactive particles Adv. Eng. Mat. 14 269–274] 

[bookmark: _Ref400985615][bookmark: _Ref400985753]CaCO3 is not only a valid CaO precursor for polymer-derived wollastonite, but also can be considered by itself as the major phase in biomaterials, in form of foams and microspheres, in turn referring to various polymorphs (calcite, aragonite, vaterite).[endnoteRef:12]-[endnoteRef:13][endnoteRef:14] Calcite-based ceramics can be transformed into hydroxycarbonate apatite (HCA) ceramics by a phosphatization treatment, i.e. by immersion in a Na2HPO4 aqueous solution. HCA is actually more similar to the natural apatite phase,1 favoring integration with bone, but several problems still remain. First, obtaining calcite-based materials is quite complicated, considering the low decomposition temperature (e.g. foams are obtained by infiltration of PU foams with calcium hydroxide, later subjected to carbonation);12,13 second, the mechanical properties of these particular ceramics are quite low (e.g. the compressive strength of foams is in the order of kPa).12 Stronger materials can be obtained only using very specific firing conditions (e.g. CO2 atmosphere).[endnoteRef:15] [12: . 	Maruta M, Matsuya S, Nakamura S, Ishikawa K 2011Fabrication of low-crystalline carbonate apatite foam bone replacement based on phase transformation of calcite foam Dent. Mater. J. 30 14-20]  [13: . 	Senouchi K,  Tsuru K, Maruta M,  Kawachi G, Matsuya S, Terada Y, Ishikawa K 2012 Fabrication of solid and low-crystalline carbonate apatite microspheres as bone substitutes using calcite microspheres as a precursor Dent. Mater. J. 31 549-557]  [14: . 	Maeda H, Maquet V, Kasuga T, Chen Q Z, Roether J A, Boccaccini A R 2007 Vaterite deposition on biodegradable polymer foam scaffolds for inducing bone-like hydroxycarbonate apatite coatings J. Mater. Sci: Mat. in Med.18 2269-2273.]  [15: . 	Monchau F, Hivart P, Genestie B, Chai F, Descamps M, Hildebrand N F 2013 Calcite as a bone substitute. Comparison with hydroxyapatite and tricalcium phosphate with regard to the osteoblastic activity Mater. Sci. and Eng. C. 33 490–498] 

Here, the aim was to fabricate a material with the mechanical properties of porous wollastonite, to improve on the mechanical strength of previous foam-like 3-D scaffolds, while maintaining bioactivity and interconnected pore network for cell and tissue ingrowth. The route chosen was to develop a composite material through polymer-derived-ceramic methodology for synthesizing and shaping the scaffolds and a novel phosphatization treatment to develop for developing an HCA coating, prior to ceramization. 

Experimental procedure

a) Starting materials
	A commercially available liquid silicone, H62C (Wacker-Chemie GmbH, Munich, Germany), was used as silica source. The polymer was first dissolved in isopropanol (10 g in 15 ml) and then mixed with the fillers, which consisted of micro-sized powders. CaO was provided by CaCO3, in form of microparticles (<10 μm, Industrie Bitossi, Vinci, Italy). Dicarbamoylhydrazine (DCH, Alfa Aesar GmbH, Germany) was added to act as the foaming agent (2 wt% in overall ceramic residue), being subjected to decomposition at approximately 250 °C.
All the other chemicals and reagents were purchased from Invitrogen/ Life Technologies Ltd. (Paisley, UK) and Sigma-Aldrich (Gillingham, UK).

b) Foam synthesis
The balance between the two main constituents (CaO precursor:silicon) was fixed at the stoichiometric CaO:SiO2 molar ratio equal to 0.8 and 1.6 (the specific stoichiometric ratio for wollastonite is CaO:SiO2=1).
The use of liquid silicone as a source of silica dictates the rheological properties given to the mixtures. Being liquid at room temperature, this polymer allows the achievement of a preliminary mixture with adequate viscosity and homogeneity, which is a crucial point for the foaming step and, more generally, for the production of a high-quality final component.
The mixing was performed by magnetic stirring and ultrasonication for one hour in total, which resulted in stable and homogeneous dispersions. The preceramic mixture was later cast in large glass containers and left to dry overnight at 60 °C.
After drying, the H62C-based mixtures were in the form of pastes, fluid enough to be poured into cylindrical Al moulds, where they were subjected to a foaming treatment at 350 °C in air (samples were placed directly in oven, for 30 min). 
Cylindrical foam samples (approximately 15 mm in diameter and 30 mm in height) were obtained upon foaming. Smaller samples (10 mm diameter and 10 mm height) were cut from bigger ones and manually polished with abrasive paper.
The foams were thermally treated at 700 °C for 1 h, using a heating rate of 5 °C/min. The ceramized samples were later immersed in a 1 mol/L Na2HPO4 phosphatizing solution at 60 °C for 14 days, in order to have some of the outer CaCO3 phosphatized.12,13 Finally, the samples were subjected to a reactive ceramization up to 900 °C for 1 h, using a heating rate of 1 °C/min. 

c) Characterization
The bulk density was determined using a caliper and a digital balance. The skeletal density was measured on foams, using a He gas pycnometer (Micromeritics AccuPyc 1330, Norcross, GA).The percentage of porosity was then calculated using the following equation:
%P=1-(ρb/ρs)
where ρb was the bulk density and ρs was the skeletal density.
Mercury intrusion porosimetry (PoreMaster 33, Quantachrome UK) was used to determine the pore interconnect size distribution. 
Optical stereomicroscopy (AxioCam ERc 5s Microscope Camera, Carl Zeiss Microscopy, Thornwood, New York, US) on foams and scanning electron microscopy (JSM 6010 L, JEOL USA; LEO GEMINI 1525 FESEM, LEO electron microscopy, Thornwood, New York, USA) on gold-coated specimens were used to examine the morphological and textural features of the samples. 
The phase identification was performed by means of X-ray diffraction (XRD; Bruker AXS D8 Advance, Bruker, Germany – CuKα radiation, 0.15418 nm, 40 kV-40 mA, 2θ=15-70°, step size=0.05°, 2s counting time), supported by data from PDF-2 database (ICDD-International Centre for Diffraction Data, Newtown Square, PA) and Match! programme package (Crystal Impact GbR, Bonn, Germany).
The compressive strength of foams was measured at room temperature, using an Instron 1121 UTM (Instron Danvers, MA), equipped with a 10 kN load cell, with a crosshead speed of 1 mm/min. The mean value of five to ten samples was used for each data point. 

d) Bioactivity test
After the complete 3-step synthesis cycle, foams with weight of 37.5 mg were immersed in 25 ml of simulated body fluid (SBF) at 37 °C and 120 rpm for 1, 2, 4, 8, 24, 72, 168, 336, 504 h.[endnoteRef:16] At each time point, the pH was measured and samples of 1 ml of the medium were taken and refreshed. After dilution with 9 ml of 2M HNO3, the reacted medium was analyzed by inductive coupled plasma (ICP) spectroscopy (Thermo Scientific ICP Spectrometer, Model iCAP 6300 Series Duo, Thermo Fisher Scientific, Waltham, MA, USA) for Si, Ca, P concentration in solution. All the experiments were done in triplicate. [16: . 	Maçon A L B et al 2015 A unified in vitro evaluation for apatite-forming ability of bioactive glasses and their variants 2015 J. Mater. Sci.: Mat. in Med. 26 (2) 1-10] 

At each time point, the foams were washed in distilled water, dried and analyzed by attenuated reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Scientiic Nicolet iS10) at room temperature, to monitor the growth of the HCA layer, using a wavenumber resolution of 4 cm-1 for 32 scans from 4000 to 600 cm-1. 

e) Cell culture and seeding
MC3T3 osteoblast precursor cells were culture expanded to confluence in monolayer cultures in basal media (α-MEM supplemented with 10% (v/v) FCS, 100 unit/ml penicillin, 100 µg/ml streptomycin). Cultures were maintained in humidified atmosphere at 37 °C, 5 % CO2 and 21 % O2. 
Foams were cut to 37.5 mg weight samples (the size was approximately 5×5×5 mm3) and sterilised with 70% EtoH, then washed with PBS and then plain α-MEM. 
	MC3T3 cells were harvested at confluence from monolayer cultures and suspended in basal media at a concentration of 1×106 cells in 25 ml. 25 ml of cell suspension was added to each sterile 50 ml Falcon tube containing one foam 3-D scaffold. The tubes were placed in an incubator (humidified atmosphere at 37 °C, 5% CO2 and 21% O2) for 2 h with gentle agitation every 30 minutes to allow diffused cell adhesion. The solution was then replaced with osteogenic media (basal α-MEM supplemented with 100 μM ascorbate-2-phosphate, 10 nM dexamethasone and 10 mM of β-glycerophosphate). Cell-seeded foams were cultured in humidified atmosphere at 37 °C, 5% CO2 and 21% O2 for 21 days with media changes every 3-4 days. 1 ml of culture medium was collected prior to each media change for ICP analysis of Si, Ca and P concentrations for dissolution study in cell culture medium.

f) Analysis of cell viability 
Cell viability of MC3T3 cells cultured in the 3-D foams was determined by colorimetric WST-1 assay, which is based on the cleavage of the water-soluble tetrazolium salt WST-1 to formazan by mitochondrial dehydrogenases in metabolically active cells. Three day-3 cell-seeded foams were collected and each submerged in 5 ml of WST-1 reagent (1:10 dilution in α-MEM, Roche Diagnostic, West Sussex, UK). 100 μl was aspirated in triplicate from each sample following 2 and 4 hours incubation and, the optical density was measured spectrophotometrically at 440 nm using a SpectraMax M5 microplate reader. The mean optical densities values (n=3) of the solution were calculated at 2 and 4 hours time points and compared using Mann-Whitney U test with b
Bonferroni correction. Cells were deemed viable if an increase in optical density of the solution was observed.

g) Immunohistochemistry staining
Cell-seeded foams were fixed with 4% (w/v) paraformaldehyde (PFA) and used for immunohistochemical analysis of cell attachment (day-3 samples) and osteogenic differentiation (day-21 samples). After permeabilisation with buffered 0.5% (v/v) Triton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 20 mM Hepes and pH 7.2) and blocking with 10 mg/ml BSA in PBS, samples were incubated with relevant primary antisera (diluted appropriately using 10 mg/ml BSA in PBS) at 4 °C overnight. This was followed by hour-long incubation with Alexa Fluor® 488-conjugated secondary antibody. Negative controls (omission of the primary antisera) were performed in all immunohistochemistry procedures. No staining was observed in the samples used as negative controls.
The anti-Vimentin antibody (rabbit polyclonal, IgG, Abcam, Cambridge, UK), anti-Collagen Type I antibody (rabbit polyclonal, IgG, Abcam, Cambridge, UK), anti-Osteopontin antibody (rabbit polyclonal, IgG, Merck Millipore, Watford, UK) and anti-Osteocalcin antibody (rabbit polyclonal, IgG, Merck Millipore, Watford, UK) were used at dilutions of 1:500, 1:1000, 1:500 and 1:500 respectively. Alexa Fluor® 488-conjugated secondary antibody (goat anti-rabbit, IgG, Abcam, Cambridge, UK) was used at a dilution of 1:1000.
F-actin was labelled using CytoPainter F-actin staining kit (Abcam, Cambridge, UK) following the manufacture’s instruction. Briefly, Alexa Fluor® 568-conjugated phalloidin (1:1000 dilution in labelling buffer) was added simultaneously with the secondary antibody during the incubation period. All samples were counter-stained with DAPI (0.1 μg ml-1 in PBS). 

h) Confocal and scanning electron microscopy
The samples were imaged under confocal microscopy (Leica SP5 MP laser scanning confocal microscope and software, Leica Microsystems, Wetzlar, Germany). The same samples were then dehydrated using an ascending series of ethanol and hexamethyldisilazane (HDMS) prior to sputter coating with gold and observation under scanning electron microscopy (JSM 6010 L, JEOL USA).

Results and Discussion

a) Scaffold characterization
The molar ratio of CaO:SiO2 was at first kept lower than that used for previous investigations on polymer-derived bioceramics based on wollastonite,7,10,11 in order to achieve dispersions with higher homogeneity and lower viscosity. Fig.1a shows that the molar ratio of CaO:SiO2=0.8 samples (F1) led to foams with very uniform pore size (mean diameter of 500 μm) and good interconnectivity (well defined openings are visible between adjacent cells). The porosity was provided by the thermal decomposition of the hydrazine additive below 350 °C. At this temperature, the cross-linking of the same polymer hindered any viscous collapse of the pore structure, which was finally stabilized by the ceramization at 700 °C. The samples from the mixture corresponding to a higher CaO:SiO2 molar ratio (CaO:SiO2=1.6 samples, F2) had less homogeneous distribution of pores, so while there were some large pores, there were also many smaller pores were much less uniform (Fig.1b). For bone tissue engineering applications, the porosity, pore size and pore interconnectivity are critical parameters: in general, interconnected pores with a mean diameter of 100 μm or greater and open porosity higher than 50% are considered to be the minimum requirements to allow cell penetration, tissue ingrowth and eventually vascularisation.[endnoteRef:17] The graph in Fig.1c shows that the obtained foams had modal interconnect diameters of 161 μm (F1) and 135 μm (F2), matching the above mentioned constraints: for both formulations, most of the interconnected pores had diameters greater than 100 μm, as required for cell penetration and vascularisation. [17: . 	Rahaman M N, Day D E, Bal B S, Fu Q, Jung S B, Bonewald L F, Tomsia A P 2011 Bioactive glass in tissue engineering Acta Biomater. 7 2355–73] 


[image: C:\Users\Laura\Dropbox\Laura Fiocco\Londra\FIGURE_BOZZE\fig 1_new.tif]
Fig.1:	Stereomicroscopy of scaffolds after the complete synthesis cycle for 
a) CaO:SiO2=0.8 and b) CaO:SiO2=1.6 compositions, with c) interconnect size distribution obtained from mercury porosimetry.

Fig.2 shows the phase evolution upon the three processing steps by XRD. After the first non-reactive ceramization at 700 °C, as expected, calcium carbonate did not decompose (CaCO3 - PDF 86-2334) and the selected thermal treatment only caused the formation of an amorphous silica-rich matrix derived from the thermal decomposition of the preceramic polymer, for both formulations (see Fig.2a and Fig.2b). After phosphatization, calcium carbonate was partially transformed, again for both formulations. Weak peaks, in positions consistent with those of hydroxycarbonate apatite (HCA - PDF#04-0697), were visible, while the calcite peaks decreased in intensity. The weakness of the peaks attributable to HCA is reasonable, owing to the probable confinement of transformation at the calcite particle present at the surface of cell walls. The high width-to-height ratio of the apatite peaks, in addition, is reasonably due to the limited crystal size.
After the reactive ceramization at 900 °C, the weak peaks attributed to HCA did not change, while calcium carbonate underwent complete decomposition and reacted with the surrounding silica-rich matrix, with formation of mixed calcium silicates (β-wollastonite, β-CaSiO3 - PDF#420547; di-calcium silicate, β-Ca2SiO4 - PDF#83-0460) for both the formulations. Anyway, the balance between the two phases was different, with more peaks related to β-CaSiO3 in F1 samples (Fig.2a) and more related to β-Ca2SiO4 in F2 samples (Fig.2b). Some cristobalite (SiO2 – PDF#76-0936) traces were also visible in the two spectra at 900 °C, but the samples from CaO-poor formulation (Fig.2a) showed a higher content. 

[image: ]
Fig.2: 	XRD patterns of a) CaO:SiO2=0.8 and b) CaO:SiO2=1.6 scaffolds, taken at different steps of the synthesis cycle.

Further evidence of transformation of calcite into HCA as a consequence of the phosphatization treatment is provided by a SEM micrograph reported in Fig.3a, taken on a F1 sample that underwent the complete 3-step treatment, which emphasized the formation of flower-like precipitates, a common morphology for apatite phases. A higher magnification detail of the HCA precipitates is reported in Fig. 3b. Precipitates of analogous morphology were observed on F2 samples, but they were not reported for brevity. The EDS spectrum taken on the precipitates (Fig.3c) exhibited high P and Ca contents. The peak corresponding to Na was reasonably due to the presence of Na+ ions in the phosphatizing solution, prepared starting from a sodium phosphate salt, while the peaks associated with Au were the effect of the gold-sputter coating carried out before SEM imaging.

[image: C:\Users\Laura\Dropbox\Laura Fiocco\Londra\FIGURE_BOZZE\fig 3_2016.tif]
Fig.3: 	a) SEM micrographs of CaO:SiO2=0.8 scaffold surface after the complete synthesis cycle; b) higher magnification detail; c) EDS spectrum on the HCA phase formed on the scaffold surface. 

[bookmark: _Ref421525020]Tab.1 summarises the mechanical and physical properties of the foams after each step of the treatment process, including the compressive strength, the bulk density, the skeletal density and the porosity. The differences in homogeneity, already observed with Fig.1, had a significant impact on mechanical properties. F1 samples exhibited a compressive strength of 2.9 ± 0.5 MPa, despite the high porosity  of 91 %. As the percentage of porosity of F2 samples was 77% compared to 91%, F2 samples were expected to have a higher strength than F1 ones, while they The compressive strength for F2 samples did not exceed 1.6 MPa, even if their porosity was lower at 77%.  F2 samples, therefore, had lower inherent strength within their struts, which could be due to the distribution of porosity or to the contribution of different crystal phases (as mentioned above, the balance between calcium silicates was different in F1 and F2 samples). However, the measured compressive strength This compares to 2.4 MPa for sol-gel bioactive glass foams (porosity of 82%, modal interconnect diameter of 98 µm)[endnoteRef:18] and 1.9 MPa for melt-derived bioactive gel-cast foams (79% porosity, modal interconnect size of 144 µm).[endnoteRef:19]  [18: . 	Jones J R,  Ehrenfried L M, Hench L L 2006 Optimising bioactive glass scaffolds for bone tissue engineering Biomaterials 27 964-973]  [19: . 	Wu Z Y, Hill R G, Yue S, Nightingale D, Lee P D, Jones J R 2011 Melt-derived bioactive glass scaffolds by gel-cast foaming technique Acta Biomater. 7 1807-1816] 


Table 1: Physical and mechanical properties of foams at different steps of the synthesis cycle
	Foam formulation
	Bulk density
(g/cm3)
	Skeletal density (g/cm3)
	Porosity 
(%)
	Compressive strength (MPa)

	CaO:SiO2=0.8 [F1]
700 °C
	0.34 ± 0.09
	2.54 ± 0.01
	87
	1.6 ± 0.2

	CaO:SiO2=0.8 
700 °C + Phosph.
	0.37 ± 0.07
	2.31 ± 0.02
	84
	3.6 ± 0.8

	CaO:SiO2=0.8 
700 °C + Phosph. + 900 °C
	0.27 ± 0.02
	2.85 ± 0.07
	91
	2.9 ± 0.5

	CaO:SiO2=1.6 [F2]
700 °C
	0.68 ± 0.06
	2.96 ± 0.05
	64
	1.5 ± 0.7

	CaO:SiO2=1.6 
700 °C + Phosph. 
	0.80 ± 0.04
	2.52 ± 0.01
	68
	1.0 ± 0.7

	CaO:SiO2=1.6 
700 °C + Phosph. + 900 °C
	0.96 ± 0.06
	2.68 ± 0.01
	77
	1.6 ± 0.2



b) Surface/solution reactions, ion release and pH
The behaviour of the foam scaffolds in SBF was investigated in order to monitor the surface reactions of the material, the dissolution profiles and the pH change as a function of time. 
Fig.4 shows the elemental concentrations (from ICP) of calcium (Fig.4a), silicon (Fig.4b) and phosphorous (Fig.4c) in SBF, as a function of immersion time for the scaffolds, with a control of pure SBF (without scaffolds added). The pH change as a function of time is shown in Fig.4d. Soluble silica and calcium ions were released from the scaffolds and phosphate deposited on the scaffolds over time.
SBF contains approximately 80 μg ml-1 of calcium ions. The calcium content of the control SBF was constant concentration at around 72 μg ml-1. Concerning the release profile of Ca2+ ions  from the foams (Fig.4a), the concentration of Ca in SBF increased and reached plateau at saturation concentration of 249 μg ml-1 after 7 days. The Ca concentrations, however, decreased slightly as the soaking time increased from 7 days to 21 days, reaching 225 μg ml-1 after 21 days. This was likely caused by calcium phosphate deposition on the scaffold surface after 7 days immersion. 
SBF does not contain Si, as proven by the control (Fig.4b). After immersion of F1 samples in SBF for 24 h, the Si species increased to 57 μg ml-1. From 24 h to 72 h, the concentration of Si species increased to 72 μg ml-1, but with a slower rate of Si release, as the solution neared saturation. From 72 h to 21 days, the amount of Si found in SBF was maintained at approximately 70 μg ml-1. 
With respect to phosphorous (Fig.4c), SBF contains around 30 μg ml-1. The control SBF showed levels of P between 28 and 24 μg ml-1 up to 21 days immersion. In contrast, when foams were immersed in SBF, the P concentration rapidly decreased to 2 μg ml-1 after 72 h. Phosphorous was expected to be released by foams due to the phosphatising step of the synthesis cycle. The formation of a HCA layer on the scaffolds surface, as shown by FTIR spectra (Fig.5), was likely the reason for decreased P concentration in SBF (coupled with the decrease in Ca content).
The dissolution of the foams caused the pH of the medium to increase from 7.42 to 7.75 over 1 week, as shown in Fig.4d. Then it increased to 7.85 between 1 week and 3 weeks.
For F2 samples, the trend of Ca, P, Si content of the SBF as a function of time was similar, but with some differences in the μg ml-1 levels and in the dissolution rate. The amount of Ca species released was higher, reaching 320 μg ml-1 after 2 weeks (see Fig.4a). The release rate for Si species was slower in comparison to the previous material and the rate was almost linear from 72 h to 3 weeks, finally reaching 75 μg ml-1 (Fig.4b). The precipitation rate of P species was also slower, however P was mostly removed by 2 weeks (Fig.4c).
The pH trend was similar to that for F1 samples. The highest value of 8 was reached after 2 weeks, after which the pH decreased to 7.95 between 2 weeks and 3 weeks. The initial rapid dissolution did not appear detrimental, since the pH fluctuation was within the buffering capability of culture medium. 

[image: C:\Users\Laura\Dropbox\Laura Fiocco\Londra\FIGURE_BOZZE\fig.4_new.tif]
Fig. 4: 	Dissolution profiles for a) Ca, b) Si, c) P and d) pH trend as a function of time, for foams subjected to the complete synthesis cycle, after soaking in SBF for 21 days. Results are presented as mean ± SD, n=3 per each time point.

Fig.5 compares FTIR (Fig.5a) spectra and XRD (Fig.5b) patterns of the samples before and after 3 week immersion in SBF. For unreacted samples of both formulations, the FTIR spectra contained vibration bands at 510, 900 and 1010 cm-1 which can be reasonably associated with wollastonite (CaSiO3).[endnoteRef:20] The same peaks were not detected in the FTIR spectra for the samples after soaking in SBF, meaning that wollastonite was progressively subjected to decomposition in SBF, in agreement with the calcium release (Fig.4). This is also confirmed by the XRD patterns for the samples after soaking in SBF (Fig.5b), which showed no evidence of wollastonite, but peaks attributable to SiO2, Ca2SiO4 (only for F2 samples) and to apatite phases were found, the latter partially constituted by apatite incorporating –OH groups (labelled as HAp) and mainly by HCA.  [20: . 	Downs R T 2006 The RRUFF Project: an integrated study of the chemistry, crystallography, Raman and infrared spectroscopy of minerals. Program and Abstracts of the 19th General Meeting of the International Mineralogical Association in Kobe, Japan. O03-13 (spectrum ID R040131).] 

[bookmark: _Ref414569698]For ceramics of both compositions, the FTIR spectra contained vibrational bands at 567 and 603 cm-1, corresponding to the P-O υ4 bending vibrations, and at 1040 cm-1, corresponding to the P-O υ3 stretching vibrations. Vibrational bands were also observed for carbonate ions at 1400-1600 cm-1, corresponding to the carbonate υ3 vibrational mode, and at 873 cm-1, corresponding to υ2. All of them can be associated with the presence of crystalline HCA,[endnoteRef:21]-[endnoteRef:22][endnoteRef:23] which can also be correlated with the peaks in the XRD patterns. [21: . 	Rehman I, Bonfield W 1997 Characterization of hydroxylapatite and carbonated apatite by photo acoustic FTIR spectroscopy J. Mater. Sci.: Mat. in Med. 8 1-4 ]  [22: . 	Siriphannon P, Kameshima Y, Yasumori A, Okada K., S. Hayashi 2012 Formation of hydroxyapatite on CaSiO3 powders in simulated body fluid J. Eur. Ceram. Soc. 22 511-520]  [23: . 	Jones J R, Tsigkoua O, Coates E E, Stevens M M, Polak J M, Hench L L 2007 Extracellular matrix formation and mineralization on a phosphate-free porous bioactive glass scaffold using primary human osteoblast (HOB) cells Biomaterials 28 1653–1663] 

Si-O absorption bands were observed in the FTIR spectra at 1080, corresponding to the stretching vibrations, and at and 800 and 460 cm-1, corresponding to the bending vibrations.18,[endnoteRef:24] In particular, the peak at 800 cm-1 is present before and after soaking for F1 samples, but only after soaking for F2 samples, while the peak at 460 cm-1 and at 1080 cm-1 increased in intensity for both the formulations after soaking. All these peaks are probably related to the presence of silica: in fact, considering the XRD patterns, SiO2 is present in all the samples and, in particular, the intensity of its peaks is even higher after soaking, but it is notably lower for F2 unreacted samples. [24: . 	Serra J, Gonzalez P, Liste S, Serra C, Chiussi S, Leon B, Perez-Amor M, Ylanen H O, Hupa M 2003 FTIR and XPS studies of bioactive silica based glasses J. Non-Cryst. Sol. 332 20–27] 


[image: ]
Fig. 5: a) FTIR and b) XRD spectra of scaffolds subjected to the complete synthesis cycle, before and after soaking in SBF for 21 days. 

These results are likely in agreement with Siriphannon et al.: the mechanism of HAp formation on CaSiO3 was hypothesized to involve its initiation from a rapidly-formed silica-rich interlayer, followed by the formation of an amorphous calcium phosphate layer resembling HAp, by reaction of Ca2+ with PO43-  and OH- ions from the SBF solution. After the prolonged soaking, the amorphous layer grows and crystallizes to HAp with partial incorporation of CO32-.22

c) Dissolution study in cell culture medium
Throughout the 21-days cell culture period, the cell culture medium was analysed by ICP to determine the concentration of Si, Ca and P in the solution. Fig.6 shows a graph of the elemental content found in the culture medium as a function of time. 
	With regard to phosphorous, first it should be noted that the culture medium was itself was rich in P due to the addition of β-glycerophosphate. Indeed, prior to the immersion of the foams (t=0), the level of P was already 260 μg ml-1. For F1 foams, the P concentration increased from 260 to 300 μg ml-1 after 3 days immersion. This observation suggests that a certain amount of phosphate was released by the scaffolds. P content decreased and maintained between 230 and 250 μg ml-1 until the end of the third week. Then the scaffolds stopped releasing P, or alternatively kept releasing P, but it was employed in the formation of a HCA layer. 
	Ca concentration increased from 75 to 100 μg ml-1 after 10 days and then decreased to 70-80 μg ml-1 in the following days until the end of the test. This reduction was likely due to the migration of the Ca to the surface of the scaffolds and its combination with P, forming a HCA layer. 
	The culture medium contained calcium and phosphorous, but not silicon. The Si concentration increase was due to the dissolution of the foams and stabilised between 20 and 10 μg ml-1, with a peak of 50 μg ml-1 at day 17.
The fluctuation of the pH (Fig.6c) was within the range of normal cell culture pH, so the foams did not cause detrimental pH change in the culture medium.
For the samples with double the content of CaCO3, the calcium levels were similar to the previous ones (Fig.6b). However, there were two clear differences: the content of soluble silica was much lower, as expected, while the content of phosphorous was slightly lower. This could mean that the extra Ca reacted with P and formed more HCA on the surface of the scaffolds, providing the samples with more intense bioactive properties.

[image: C:\Users\Laura\Dropbox\Laura Fiocco\Londra\FIGURE_BOZZE\new fig 6.tif]
Fig. 6:	Elemental concentration of the culture medium for a) CaO:SiO2=0.8 and b) CaO:SiO2=1.6 samples subjected to the complete synthesis cycle, after removal from the culture plate, dilution and filtration, with c) pH trend. Controls are cell culture media with scaffolds immersed without cells.

After 3 days and 21 days of cell culture, the attachment of the cells to the scaffolds surface, the cell morphology and the formation of cell matrix were investigated by SEM imaging. After 3 days (Fig.7a), the cells spread across the 3D surface,  formed a compact layer and colonized the pores, following the architecture of the pores, whereas after 21 days (Fig.7b) the cells appeared to have formed mineralized bone nodules, in the form of white globular precipitates. 
The CaO-rich samples (F2) seemed to enhance the cellular response, compared to F1 samples . After 3 days, the cells were spread across the surface and the interconnections demonstrating elongated profiles, as shown in Fig.7d, even if they did not form compact layers of cells as in Fig.7a. However, after 21 days of culture (Fig.7e) they seemed to have more mineralized bone nodules. One explanation for this discrepancy in the cell morphology could be the higher content of calcium. 
The EDS spectra in Fig.7c (F1) and Fig.7f (F2) were taken on the apparent bone nodules formed by the cells and on the scaffold surface adjacent to the cell groups (samples were previously sputtered with gold, thus explaining the presence in the spectra of peaks related to gold). The spectra on the cellular deposits show that calcium and phosphorous were present, suggesting that mineralization occurred; the spectra on the scaffold surfaces adjacent to the cell groups shows that phosphorous and calcium content was much lower when compared with silicon. Concerning the formation of mineralised bone nodules, the EDS data are confirmed by a positive expression of Osteocalcin, a marker for bone formation which will be later reported.
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Fig. 7:	SEM micrographs of MC3T3 cells following culture on the scaffolds subjected to the complete synthesis cycle, with details of EDS spectra on surfaces adjacent to the cells and on apparent bone nodules: a-c) CaO:SiO2=0.8; d-f) CaO:SiO2=1.6.

d) In vitro cell attachment, viability and differentiation 
Following 3 days of culture, WST-1 cell proliferation assay was used as a quantitative indication of total cell viability. The assay demonstrated a significant increase (p<0.05) in mean absorbance (i.e. optical density) for WST-1 solution mixed with both cell-seeded F1 and F2 constructs from 2 to 4 hours of incubation, suggesting excellent ongoing cell survival and growth (Fig.8). Excessive mitochondrial Ca2+ uptake and accumulation can result in a switch from a useful physiological regulatory mechanism to a potentially harmful pathological pathway.[endnoteRef:25] In this study, there was no significant difference in optical densities observed between the two material compositions at either the 2 or 4 h time point of the assay. Doubling the Ca2+ ions in F2 foams, therefore, did not raise concerns regarding the cellular toxicity. One possible explanation is the likely precipitation of calcium in the form of calcium phosphates, limiting the Ca2+ ions in cell culture media.  [25: . 	Duchen M R 2000 Mitochondria and calcium: from cell signalling to cell death J. Physiol. 529 57-68] 
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Fig. 8: Total cell viability of day-3 cell-seeded constructs subjected to the complete synthesis cycle, determined by WST-1 assay [values expressed as mean ± SD, n=3 in each group]. 

	Cell adhesion on a scaffold is essential for the development of anchorage-dependent cells in tissue engineering applications. HCA is chemically similar to the mineral component of bones in mammals and, its innate capacity to adsorb serum proteins plays a vital role in providing the matrix for cell attachment and the subsequent cellular events.[endnoteRef:26] The formation of HCA on the surface of the 3-D foam scaffolds allowed excellent cell attachment. As shown in Fig.9, the expression of the vimentin and actin cytoskeletal proteins was evident in MC3T3 cells seeded on both F1 and F2 foams following 3 days of culture. The expression of these cytoskeletal proteins was previously shown in osteoblasts cultured on matrix protein (e.g. Collagen Type I) coated glass coverslips.[endnoteRef:27]  It should be noted, however, that the organisation of the actin cytoskeleton appeared to be more advanced with extensive vimentin throughout the cytoplasm on cell-seeded F2 constructs.  [26: . 	Wang K, Zhou C, Hong Y, Zhang X 2012 A review of protein adsorption on bioceramics Interface focus. 2 259-277]  [27: . 	Demais V, Audrain C, Mabilleau G, Chappard D, Baslé M F 2014 Diversity of bone matrix adhesion proteins modulates osteoblast attachment and organization of actin cytoskeleton Morphology. 98 53-64] 
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Fig. 9: a-b) Expression of vimentin and actin cytoskeletal proteins by MC3T3 cells in samples subjected to the complete synthesis cycle, following 3 days of cell culture; c-h) Immunohistochemical examination of samples subjected to the complete synthesis cycle, following 21 days of cell culture.

[bookmark: _Ref398722089]	For analysis of osteogenic differentiation, day-21 cell-seeded constructs were immunostained with antibodies against phenotypic osteogenic proteins (Fig.9). The osteoblastic activity of both cell-seeded F1 and F2 constructs was evidently supported by the positive immunolocalisation of Collagen Type I, a commonly used extracellular matrix marker for early bone matrix deposition. Interestingly, the Collagen Type I appeared more organised in F2 constructs. Similarly, robust expression of Osteopontin, an early marker of osteogenic differentiation, was observed in F2 constructs in comparison to F1 constructs. The expression of late osteogenic marker Osteocalcin by MC3T3 cells on F1 foams was negligible. In contrast, the expression of Osteocalcin was noticeably upregulated in F2 constructs by day 21 and this, along with the EDS data shown in. The upregulated expression of Osteocalcin can be partially related to the enhanced deposition of Collagen Type I on F2 samples. The events of osteogenesis take place in the presence of a collagenous matrix.[endnoteRef:28] The binding of MC3T3 cells to this collagenous matrix is mediated by α2β1 integrin, the binding of which at the cell membrane induces the expression mitogen-activated protein kinases (MAPK). It has been shown that the phosphorylation of these MAPK activates Alkaline Phosphatase and Runx2, which in turn promote the downstream expression of Osteocalcin.28  [28: .   Xiao G, Gopalakrishnan R, Jiang D, Reith E, Benson M D, Franceschi R T 2002 Bone morphogenetic proteins, extracellular matrix, and mitogen-activated protein kinase signaling pathways are required for osteoblast-specific gene expression and differentiation in MC3T3-E1 cells J. Bone Miner. Res. 17 101-110 ] 

The observation from immunohistochemical analyses suggests a material preference to MC3T3 osteoblast precursor cells for F2 foams as a substratum during osteogenic differentiation in vitro. The dissolution products of the bioactive foams likely had a significant impact on osteogenic differentiation of MC3T3 cells. In the complex field of biomaterials design, in fact, the simple inclusion of an ion generally induces important changes in gene expression, metabolic pathways and the membrane composition of osteoprogenitor cells.[endnoteRef:29] The enhanced osteogenic response of MC3T3 cells in the presence of F2 foams can be partly explained due to the increase Ca2+ concentration in culture media. The role of Ca2+ in osteoblast activity is well established. While moderate Ca2+ concentration (2-4 mM) was suitable for proliferation and survival of osteoblasts, higher Ca2+ concentration (6-8 mM) can favour osteogenic differentiation and matrix mineralisation in both monolayer and 3-D cultures of murine primary osteoblasts.[endnoteRef:30] Extracellular calcium receptors were reported to be involved in the mechanism in which MC3T3 respond to Ca2+ in media.[endnoteRef:31],[endnoteRef:32] [29: . 	Autefage H, Gentleman E, Littmann E, Hedegaard M A B, Von Erlach T, O’Donnell M, Burden F R, Winkler D A, Stevens M M 2015 Sparse feature selection methods identify unexpected global cellular response to strontium-containing materials PNAS 112 4280-4285]  [30: . 	Maeno S, Niki Y, Matsumoto H, Morioka H, Yatabe T, Funayama A, Toyama Y, Taguchi T, Tanaka J 2005 The effect of calcium ion concentration on osteoblast viability, proliferation and differentiation in monolayer and 3D culture Biomaterials 26 4847-4855 ]  [31: . 	Takaoka S, Yamaguchi T, Yano S, Yamauchi M, Sugimoto T 2010 The Calcium-sensing Receptor (CaR) is involved in strontium ranelate-induced osteoblast differentiation and mineralization Horm. Metab. Res. 42 627-631]  [32: . 	Yamauchi M, Yamaguchi T, Kaji H, Sugimoto T, Chihara K 2005 Involvement of calcium-sensing receptor in osteoblastic differentiation of mouse MC3T3-E1 cells Am. J. Physiol. Endocrinol. Metab. 288 608-616 ] 

Studies have also reported that silicon deficiency in chicks and rats led to defective bone and cartilage tissue, both of which were restored with the addition of soluble Si to their diet.[endnoteRef:33]-[endnoteRef:34] Si therefore also play an important role in skeletal tissue development. Indeed, soluble silica has been shown to stimulate Collagen Type I production and Alkaline Phosphatase activity by human osteoblast cells at a concentration of 10-20 mmol.[endnoteRef:35]  [33: . 	Carlisle E M 1972 Silicon: an essential element for the chick Science 178 619-621]  [34: . 	Schwarz K, Milne D B 1972 Growth promoting effects of silicon in rats Nature 239 333-334]  [35: . 	Reffitt D M, Ogston N, Jugdaohsingh R, Cheung H F J, Evans B A J, Thompson R P H, Powell J J, Hampson G N 2003 Orthosilicic acid stimulates collagen type 1 synthesis and osteoblastic differentiation in human osteoblast-like cells in vitro Bone 32 127-135] 

Numerous studies have reported on the osteogenic effects of bioactive silicate glasses and their dissolution products, which release both Ca2+ and soluble silica. Xynos et al. demonstrated that genes that play a role in metabolism, proliferation and cell-cell and cell-matrix interaction were significantly up-regulated when human osteoblastic cells were cultured in bioactive glass dissolution products.[endnoteRef:36]-[endnoteRef:37],[endnoteRef:38] The effect of bioactive glass dissolution products on osteogenic differentiation has been found to be dose-dependent, with the highest gene expression observed at ~20 µg ml–1 of soluble silica, accompanied by 60–90 µg ml–1 of calcium ions.[endnoteRef:39]  A similar response was observed for human foetal osteoblasts, with 15–20 µg ml–1 of soluble silica promoting highest metabolic activity, with expression of the core-binding factor alpha 1 (Cbfa1) and enhanced formation of mineralised bone nodules.[endnoteRef:40] The concentrations of Ca (~300 μg ml-1) and Si (~70 μg ml-1) released by the wollastonite-hydroxycarbonate apatite were notably higher in comparison to conventional bioactive glass used in the aforementioned previously published studies. A direct comparison between the effects of wollastonite-hydroxycarbonate apatite and bioactive glass on osteogenesis will therefore need to be investigated in future studies. [36: . 	Xynos I D, Edgar A J, Buttery L D K, Hench L L, Polak J M 2001 Gene-expression profiling of human osteoblasts following treatment with the ionic products of Bioglass® 45S5 dissolution  J. Biomed. Mater. Res. 55 151-157]  [37: . 	Xynos ID, Edgar AJ, Buttery LDK, Hench LL, Polak JM 2000 Ionic products of bioactive glass dissolution increase proliferation of human osteoblasts and induce insulin-like growth factor II mRNA expression and protein synthesis Biochem. Biophys. Res. Commun. 276 461-465]  [38: . 	Xynos ID, Hukkanen MVJ, Batten JJ, Buttery LD, Hench LL, Polak JM  2000 Bioglass® 45S5 stimulates osteoblast turnover and enhances bone formation in vitro: Implications and applications for bone tissue engineering Calcified Tissue Int. 67 321-329]  [39: . 	Hench L L 2009 Genetic design of bioactive glass J. Eur. Ceram. Soc. 29 1257-1265]  [40: . 	Tsigkou O, Jones J R, Polak J M, Stevens M M 2009 Differentiation of fetal osteoblasts and formation of mineralized bone nodules by 45S5 Bioglass® conditioned medium in the absence of osteogenic supplements Biomaterials 30 3542-3550
] 


Conclusions
In this study, highly porous wollastonite-hydroxycarbonate apatite composite ceramics were synthesized and shaped from preceramic polymers filled with calcium oxide precursor. A novel method was chosen to develop a hydroxycarbonate apatite coating by immersion in a phosphatizing solution, prior to ceramization at 900 °C. Concerning the pore structure and mechanical properties, the samples fulfilled the requirements for being promising scaffolds for bone tissue engineering applications, exhibiting a compressive strength reaching around 3 MPa, a porosity of 90 % and a modal interconnect pore diameter of approximately 130-160 μm.
The obtained foams (in particular those with enhanced calcium content) demonstrated excellent bioactivity, biocompatibility, as well as osteogenic potential when MC3T3 cells were cultured on the scaffolds in vitro.
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