A new hydroxyapatite-based biocomposite for bone replacement
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Abstract

Since 1970s, various types of ceramic, glass and glass-ceramic materials have been proposed and used to replace damaged bone in many clinical applications. Among them, hydroxyapatite (HA) has been successfully employed thanks to its excellent biocompatibility. On the other hand, the bioactivity of HA and its reactivity with bone can be improved through the addiction of proper amounts of bioactive glasses, thus obtaining HA-based composites. Unfortunately, high temperature treatments (1200°C ÷ 1300°C) are usually required in order to sinter these systems, causing the bioactive glass to crystallize into a glass-ceramic and hence inhibiting the bioactivity of the resulting composite. In the present study novel HA-based composites are realized and discussed. The samples can be sintered at a relatively low temperature (800°C), thanks to the employment of a new glass (BG_Ca) with a reduced tendency to crystallize compared to the widely used 45S5 Bioglass®. The rich glassy phase, which can be preserved during the thermal treatment, has excellent effects in terms of in vitro bioactivity; moreover, compared to composites based on 45S5 Bioglass® having the same HA/glass proportions, the samples based on BG_Ca displayed an earlier response in terms of cell proliferation.
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1. Introduction


The loss of an organ or tissue due to cancer, disease or trauma is a dramatic problem in human health care. An attractive and promising approach to address such issues is to create biological or hybrid substitutes for implantation into the body, exploiting the self-healing potential of the body itself, as proposed in the framework of the emerging tissue engineering [1-3]. The term “tissue engineering” was officially coined at the end of ‘80s to mean, as stated by Langer and Vacanti, “an interdisciplinary field that applies the principles of engineering and life sciences toward the development of biological substitutes that restore, maintain, or improve tissue function or a whole organ” [4]. Tissue engineering, following the principles of cell transplantation and materials science, seeks to regenerate healthy biological tissues, as opposed to the traditional synthetic implants and organ transplantation. In particular, this latter approach is limited due to (possible) adverse immune responses by the patient and to the large disparity between the need for organs and the real availability for transplantation [1-3]. 

Among the many tissues in the body, the regeneration of bone with predetermined shapes for orthopaedic surgery applications is of primary interest, since “there are roughly 1 million cases of skeletal defects a year that require bone-graft procedures to achieve union” [5]. Furthermore, bone is a dynamic tissue, in constant resorption and formation, and has the highest potential for regeneration [6]. Unfortunately, bone tissue engineering is currently limited to cancellous (or spongy) bone and there is lack of progress in compact (or cortical) bone engineering for human long bone repair.

Biomaterials play a critical role in the success of tissue engineering, since they provide mechanical stability to the self-healing tissues and drive their shape and structure [7]. Moreover, they can control and stimulate the regeneration of the living tissue itself by activating specific genes through their dissolution or releasing growth factors and drugs. Signalling molecules can be coated onto the biomaterials or directly incorporated into them [8-10].

Among biomaterials for bone tissue engineering, hydroxyapatite (HA) has raised great interest for many applications in both dentistry and orthopaedics, due to its close chemical and crystal resemblance to the mineral phase of bone that results in an excellent biocompatibility [11, 12]. In particular, HA has been widely employed in the last years in dental devices and hard tissue surgery thanks to its ability to form a bond with the surrounding bone tissue after implantation [13-15]. As an alternative to HA, bioactive glasses [16-17] offer remarkable advantages due to their higher bioactivity index. Among them 45S5 Bioglass®, whose proportions are 45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O and 6 wt% P2O5, is the most bioactive glass, since it is able to bond to soft tissues as well as to hard ones. In fact, when it is exposed to a biological environment, it is able to promote the biomimetic synthesis of HA, which avoids the fibrous encapsulation of the implanted device [18, 19].
Unfortunately, the use of bulk HA and bioactive glasses has been limited so far to non-load-bearing applications due to their relatively poor mechanical properties; moreover, even if the HA biocompatibility is excellent, its close similarity to the mineral component of bone results in the lack of HA biodegradation in the body [20, 21]. In fact, although its degradation rate increases with porosity [21], HA has a limited in vitro reactivity, and in vivo assays have shown low formation of osseous tissue. For these reasons, HA is expected to remain in the body for long periods of time, with no resorption [22, 23]. For instance, while the bioactivity reactions in silica-based glasses occur in few minutes, in HA they take several days [24, 25]. Usually this is an undesirable feature for many applications, in particular for scaffolding. Scaffolds, which are temporary porous templates that allow cells to attach, proliferate, and differentiate, are among the key ingredients of tissue engineering, together with harvested cells and signalling molecules [26, 27]. To be useful, scaffolds should resorb in a predictable manner, at the same rate as the tissue is repaired, with non-toxic degradation products [28]. 

In the last years there have been many attempts to reinforce and combine HA with other ceramics [29], polymers [30] and bioactive glasses, aiming to obtain composite materials with improved biological properties, not achievable by any of the elemental materials acting alone. In particular the possibility of mixing HA and bioactive glasses, which are much more reactive than HA, looks rather promising and may lead to the development of new generation composites with tailored biological properties. The glass composition and volume fraction have a large effect on the phase assembly, mechanical properties and bioactivity of the resulting composites. For example, several works have shown that even small addictions of a phosphate glass (CaO – P2O5) may significantly enhance the sinterability and mechanical strength of HA [31-33]; the use of phosphate glasses ensures that the sintered composite contains only calcium phosphate phases, which are likely to be biocompatible and possibly bioactive. Many glasses belonging to the Na2O-CaO-P2O5 or CaO-P2O5-SiO2 systems have also been tested as second phase in a HA-based composite [34-37]. A very important characteristic of silica-based glasses is that they release critical concentrations of ions (e.g. Si, Ca, P) during their dissolution, which may induce intracellular and extracellular responses, such as gene activation in osteoblasts, and stimulate neo-vascularisation and angiogenesis [8, 9]. In particular, Silicon is believed to be essential in skeletal development [38]; possible antibacterial effects of bioactive glasses have also been studied [39]. In addiction, silicate-based glasses offer additional advantages with respect to phosphate-based ones, as structural and chemical analyses have demonstrated that favourable ionic substitutions may occur in the HA lattice [40]. These ionic substitutions, which include CO32- for OH-, Na+ for Ca2+ and, in particular, SiO44- for PO43-, strongly affect the stability of HA [41] and its surface-structure and charge, which in turn influence the bioactivity of the composite system. From this point of view, silicated HA has been shown to be a highly bioactive material [42]. 

The main disadvantage of using bioactive glasses as second phase in HA-based composites is probably that high-temperature treatments (1200°C÷1300°C) are usually required in order to sinter these systems [43], causing the glass to crystallize with possible negative effects on its bioactivity [44]. In fact, although crystallization does not inhibit the in vitro development of a HA layer on the surface of 45S5 Bioglass®-derived glass-ceramics, even in fully crystallized systems, the onset time for HA formation is increased up to three to four times with respect to the corresponding parent glass [45]. In particular, the in-vitro rate of HA formation on crystallized glasses progressively decreases as the percentage of devetrification increases up to 60%, at which point the onset time for HA development remains relatively constant [46]. Anyway, since 45S5 Bioglass® crystallization kinetics show a rapid tendency of the material to crystallize [47], alternative glass compositions with a reduced tendency to crystallize are expected to open intriguing scenarios for applications in HA-based composites. Additional negative side effects may be caused by high-temperature thermal treatments. First of all, thermal treatments around 1200oC may elicit reactions between glass and HA, with subsequent formation of new phases, such as tricalcium phosphate (TCP) [48, 49], which in turn may alter the biodegradability of the final system. Moreover, at about 1200°C, the HA itself can decompose, resulting in the formation of tricalcium phosphate or CaO [43]. In order to avoid the degradation of the constituent phases, it is mandatory to define new processing routes to obtain bioactive glass-HA composite materials.

Recently another glass composition (BG_Ca), whose proportions are 47.3 mol% SiO2, 45.6 mol% CaO, 4.6 mol% Na2O and 2.6 mol% P2O5 [50], has been employed to realize HA-based composites [51]. This glass shows a reduced tendency to crystallize with respect to the widely used 45S5 Bioglass®, which belongs to the same Na2O-CaO-P2O5-SiO2 system, due to its relatively high CaO-to-Na2O ratio. In this work, this glass composition is applied to realize HA-based composites with different HA/glass proportions. The novel samples can be sintered at a lower temperature (800°C) compared to HA/45S5 Bioglass® composites with the same HA/glass ratio (Tsintering ~ 1150°C).  This fact greatly helps to preserve the amorphous nature of the glass in the HA/BG_Ca composites, allows to prevent the HA decomposition, which typically occurs at higher temperatures, and limits the reactions between HA and glass, with excellent effects in terms of bioactivity. 

In view of a potential application for bone tissue engineering, a preliminary evaluation of the composites biocompatibility and bioactivity was carried out. As a model the mouse calvaria-derived pre-osteoblastic cell line MC3T3-E1 was selected. This cell line mimics osteoblast progenitors by expressing markers associated with differentiation into a mineralizing phenotype [52]. In particular, samples based on HA/BG_Ca displayed an earlier response in terms of cell proliferation in comparison to HA/45S5 Bioglass®.

2. Materials and Methods

2.1.
Composites preparation

The BG_Ca glass powders were prepared by melting the raw powder materials (commercial SiO2, CaCO3, Ca3(PO4)2, Na2CO3 by Carlo Erba Reagenti, Italy) in a platinum crucible at 1450°C. Then the melt was rapidly quenched in water in order to obtain a frit that was subsequently dried overnight in a furnace at 110oC, ball-milled and finally sieved to a grain size below 38 (m. 

BG_Ca and 45S5 Bioglass® powders were added to proper amounts of HA powders with the aim of producing different composites. In particular, the following glass-to-HA ratios were selected for further investigations:

· 20%-BG_Ca: 20 wt.% BG_Ca powders and 80 wt.% HA powders;

· 40%-BG_Ca: 40 wt.% BG_Ca powders and 60 wt.% HA powders;

· 20%-45S5BG: 20 wt.% 45S5 Bioglass® powders and 80 wt.% HA powders;

· 40%-45S5BG: 40 wt.% 45S5 Bioglass® powders and 60 wt.% HA powders.

Commercial HA (CAPTAL( Hydroxylapatite, Plasma Biotal Ltd, UK), with an average particle size below 25 (m, was used. Glass/HA powders were mixed for 6 h in a plastic bottle using a rolls shaker. Subsequently the mixture was used to produce green bodies by uniaxial pressing at 140 MPa for 10 s using propanol as a liquid binder. Several sintering temperatures and thermal treatments were investigated in order to obtain samples with adequate compactness and low crystallization of the glassy phase; in particular, the densification of the composites was monitored by measuring the volume shrinkage and the samples density. The thermal treatment was set at a final temperature of 1150°C for HA/45S5BG and 800o C for  HA/BG_Ca, respectively. Both HA/45S5BG and HA/BG_Ca were heat-treated for 3 h. The heating rate was 10°C/min.

2.2. Microstructural characterization and assessment of in vitro bioactivity 

The scaffolds microstructure was investigated by means of a scanning electron microscope, SEM (ESEM Quanta 200, FEI Co., Eindhoven, The Netherland). Moreover, a local chemical analysis was performed by X-ray energy dispersion spectroscopy, EDS (Inca, Oxford Instruments, UK). The SEM was operated in low-vacuum mode with a pressure of 0.5 Torr. 

The composites were also studied by means of X-ray diffraction (XRD). The samples were analyzed by means of a PANalytical X’pert PRO diffractometer employing a Cu ka radiation. Data were collected in the angular range 10–70o 2θ with steps of 0.02o and 5 s/step.

The in vitro bioactivity of the obtained composites was studied by soaking them in an acellular simulated body fluid (SBF pH 7.4), with ion concentrations approximately equal to those of human blood plasma [53, 54]. In fact, it is generally believed that a biocompatible material able to form an apatite layer on its surface in SBF can develop such a layer also in the living body, therefore the in vitro bioactivity is usually considered as a pre-requirement for in vivo bioactivity. The SBF solution was prepared according to the protocol developed by Kokubo and co-workers. Each sample was immersed in a polyethylene flask containing an excess of SBF (20 ml) calculated on the basis of the equation Vs=Sa/10, where Vs is the volume of SBF (ml) and Sa is the apparent surface area of the specimen (mm2) [53, 54]. The samples were maintained at 37°C and the SBF was refreshed every 48 hours. The samples were then extracted from the solution after given times of 3, 7 and 14 days. Subsequently, the SEM investigation was repeated with the aim to evaluate the amount and morphology of the precipitated HA.

2.3. Biological evaluation

2.3.1 Preparation, Sterilization and Neutralization

Composites were cut into pieces of about 0.5 g and sterilized in dry heat at 180°C for 3 hours [55]. Samples were then pre-treated in SBF, prepared according to the Kokubo protocol [53, 54] and kept at 37°C for 19 days. Each sample was soaked in 20 ml of SBF. The solution was refreshed every 24 hours to simulate the recirculation of physiological fluid and the consequent formation of HA aggregates on the glass surface [52]. During soaking in SBF, pH measurements were performed on each sample to monitor the pH variations due to ion exchange process between bioactive composites and the surrounding fluids. At the end of the incubation time with SBF, samples were rapidly soaked in complete alpha-Minimum Essential Medium (α-MEM) [Sigma] for 3 hours at 37°C 5% CO2 prior to cell seeding.

2.3.2 Cell Seeding and Culturing

To investigate the ability of the prepared composite samples to support cell growth for bone tissue regeneration mouse calvaria-derived pre-osteoblastic MC3T3-E1 (CRL 2594) cell line from American Type Culture Collection [ATCC] was selected. Cells were propagated as indicated by the supplier using α-MEM containing ribonucleosides, deoxyribonucleosides, sodium bicarbonate and supplemented with 2 mM of L-glutamine, 1% of penicillin:streptomycin solution (10,000 U/ml:10 mg/ml), 10% of fetal bovine serum and antimycotic (complete α-MEM). Cells were allowed to proliferate for 24 hours prior to the incubation with osteogenic medium, prepared by adding to the complete α-MEM ascorbic acid γ-irradiated [50 μg/ml] and β-glycerolphosphate disodium salt hydrate [10 mM] [56].

2.3.3 Cell Adhesion and Proliferation Assay

A preliminary biological evaluation of the suitability of the prepared composites to sustain cell adhesion and proliferation was carried out as follows: samples (pieces of 0.5 g) were placed in 24 well plates and cells were seeded directly onto the scaffold’s surface at a concentration of 2.5x104 per sample in a final volume of 0.8 ml, and were then allowed to proliferate for 15 days. After 24 hours from the seeding samples were transferred in a new plate, in order to evaluate the proliferation of only the cells grown onto their surfaces. Growth medium was refreshed every 48 hours and the proliferation rate was measured at day 2, 7 and 14 after conditioning in osteogenic medium, by using the Alamar-Blue® assay [Invitrogen]. Briefly, the alamar-Blue® reagent, diluted 1:10, was added to the culture and incubated for 24 hours. Supernatants were then re-plated in 96 well culture plates and analyzed with a Biorad microplate reader. Measurements of resorufin dye absorbance were carried out at 565 nm, with the reference wavelength at 595 nm. Cell proliferation was expressed as percentage in respect to the value obtained for cells grown on tissue culture polystyrene.

2.3.4 Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) activity was determined in cultured MC3T3-E1-sample constructs on days 2, 7 and 14 after conditioning in osteogenic medium. The measurement was assessed with a colorimetric method that is based on the conversion of p-nitrophenyl phosphate into p-nitrophenol by the ALP enzymatic activity. The samples were washed two times with PBS and then placed into 1 ml of a lysis buffer, containing Triton X-100 (0.2%), Magnesium Chloride [5 mM] and Trizma Base [10 mM] at pH 10. Samples underwent freezing-thawing cycles by keeping at –20°C and subsequently at room temperature (RT) [57]. This process was repeated three times in order to extract the intracellular ALP [58]. Following this step, a volume of 20 μl of supernatant was taken from the samples and added into 100 μl of p-nitrophenyl phosphate substrate (Sigma). A standard calibration, prepared by dissolving alkaline phosphatase from bovine kidney (Sigma) in the same lysis buffer, was added to the substrate and the reaction was left to take place at 37°C for 30 minutes. The reaction was stopped by adding 50 μl of 2 M NaOH solution and after 5 minutes waiting absorbance was measured at 405 nm in a spectrophotometer. The molar concentration of alkaline phosphatase activity was normalized with the total protein content of each sample, which was measured using Bradford protein assay (Pierce). The amount of the proteins was calculated against a standard curve of serum bovine albumine. The results for alkaline phosphatase activity assay were reported as nano-moles (nmol) of substrate converted into product*(mg of protein*minute)-1.

2.3.5 Morphological Observation of Cultured Cells

Morphological analysis of MC3T3-E1 cultured on composite samples was carried out at day 21 after osteogenic conditioning. After removal of the culture medium, each cell-cultured samples was rinsed twice with PBS, and the cells were then fixed with 2% glutaraldehyde solution, which was diluted from a 25% glutaraldehyde solution (Sigma) with PBS 1X, at 1.5 ml/well. After 1 hour of incubation, it was rinsed again with PBS and then treated with 1.5 ml/well of sodium cacodylate [0.1 M] pH 7.4 for approximately 1 minute. After cell fixation, the specimen was dehydrated in ethanol solution of varying concentration (i.e. 10, 30, 50, 70, 90, and 100%, respectively) for 15 minutes at each concentration. It was then dried in 100% of tetramethylsilan to remove any water traces. The fixed sample was mounted on a Scanning Electron Microscopy (SEM) stub, coated with gold, and observed by SEM.

2.3.6 Statistical Analysis

The in vitro biological tests were performed on triplicate samples for each material, and the data are represented as mean ( standard deviation. Statistical difference was analyzed using one-way analysis of variance (ANOVA) [59], and a p value of <0.05 was considered significant.

3. Results and Discussion
3.1. Composites characterization and assessment of the in vitro bioactivity

The BG_Ca glass has been characterized in a previous work [51], where a differential thermal analysis reported a crystallization onset temperature at about 850°C. For comparison, it should be noted that the widely used 45S5 Bioglass® crystallizes already at around 600°C [60]. The BG_Ca ability to maintain its amorphous nature up to very high temperatures is confirmed by the XRD analysis (Figure 1(a)) performed on a BG_Ca sample (pressed powder) treated at 800°C for 3 hours, which is the same temperature employed to sinter the BG_Ca-based composites. The XRD spectrum shows a broad halo, thus confirming that the glass is still amorphous. 

The XRD investigation of the HA/BG_Ca sintered samples before soaking in SBF is reported in Figures 1(b) and 2(a). The XRD spectra look rather similar, since all the main peaks are associated to HA, independently of the BG_Ca amount in the composite. This suggests that the low-temperature sintering cycle minimizes both the glass devetrification process and the reaction between glass and HA. Instead the literature concerning HA/glass composites often reports a complete crystallization of the glassy phase and/or a reaction between the original constituent phases, resulting in a reduction of the HA amount and the formation of additional phases such as α- and β-tricalcium phosphate (TCP). Tancred et al., for example, reported that glass additions as low as 2.5 and 5 wt.% promoted the development of α-TCP or β-TCP in the HA matrix [48]. Generally speaking, the results obtained by Tancred et al. suggest that the final HA/TCP ratio is strongly influenced by the glass amount introduced in the composite. Moreover, these authors observed that the addition of glass delays the composites densification to higher temperatures, thus negatively affecting the sintering process. The analysis of the fracture surfaces of the samples investigated by Tancred et al. (25  and 50 wt.% glass addictions) also revealed the formation of progressively larger pores as the sintering temperature increases which is a consequence of the reaction between bioglass and HA. Göller et al. reported the transformation of HA into silicocarnotite (Ca5(PO4)2SiO4) and Ca2P2O7·4H2O in samples sintered at 1200o C and originally composed of HA with a 10 wt.% of Bioglass® [61]; a complete transformation of HA in silicocarnotite and α-TCP was also observed by Santos and co-workers for HA/5wt.% Bioglass® sintered at 1350°C [33]. The presence of these phases can lead to non trivial consequences in terms of mechanical stability and bioactivity of the resulting composites. As a term of comparison, in the present contribution also 45S5 Bioglass®-HA composites were produced. In order to obtain fully dense materials, the sintering temperature was fixed at 1150°C, which is much higher than the sintering temperature of the BG_Ca-based counterparts. The XRD analysis of a 40%-45S5Bioglass® sample (sintered at 1150°C) before soaking in SBF is reported in Figure 2(b). The XRD pattern reveals that crystallization had occurred extensively; at least two phases can be identified: a sodium calcium silicate (wollastonite, CaSiO3) and rhenanite (NaCaPO4). Presumably the original bioactivity of the constituent phases (HA and Bioglass®) was modified by the sintering process. Nevertheless, the new crystalline phases in the composite materials are still bioactive. In fact NaCaPO4 has been shown to support cellular proliferation and to possess high ability to enhance osteogenesis [62, 63]. Also NaCaPO4-containing glass ceramics may be bioactive [64]. On the other hand, the bioactivity and biocompatibility of wollastonite is well demonstrated in the literature [65, 66]. 
Figure 3 reports a micrograph of the surface of the 40%-BG_Ca specimen after heat treatment at 800°C for three hours. The constituent phases are homogeneously distributed and the composite is well consolidated. In particular, the 40%-BG_Ca surface looks rather similar to the 40%-45S5 Bioglass® one reported in Figure 4. This is an interesting result, since a higher temperature treatment was required for 40%-45S5 Bioglass® to obtain an adequate compactness. Figure 3(b) presents the results of the EDS analysis performed on the 40%-BG_Ca surface. It should be noted the higher Ca/Na ratio compared to the EDS spectra in Figure 4(c), which refers to a 40%-45S5 Bioglass® sample.

A particular emphasis was given to the in vitro behaviour of the composites. SBF-based in vitro studies simulate the ionic composition of physiological fluids and therefore the inorganic reactions taking place once the material is implanted in the body. Although the debate in literature is still open [67], it is commonly accepted that the rate of hydroxyapatite formation on the material surface when it is soaked in a simulated body fluid solution is related to its in vivo bioactivity, which in turn depends on crystallinity, chemical composition, defects and porosity [21]. The surface micrographs of 40%-45S5 Bioglass® and 40%-BG_Ca samples after immersion in SBF for three days are shown in Figure 5. The composites have already started their dissolution and the surface of both samples is almost completely covered by a new layer formed by spherical aggregates with the typical morphology of HA, which are progressively growing and diffusing. After 7 days of immersion (Figure 6) the EDS analysis shows that this layer is mainly composed of Na, O, Si, Cl, Ca and P. In particular, the Ca/P ratio is similar to that of stoichiometric HA (~1.67 [61]) for both samples, since it is ~1.75 and ~1.36 for 40%-BG_Ca and 40%-45S5 Bioglass®, respectively. From this point of view, the HA precipitation process seems to be in a more advanced stage in the BG_Ca-based composite, where the glassy phase is still present. The Si in the EDS spectrum of both samples is due to a silica gel underneath the precipitates. The presence of Cl is due to chloride compounds precipitated from the SBF, as often reported in literature [68]. The rapid dissolution of the amorphous phase in the 40%-BG_Ca composite results in the formation of a widespread porosity (Figure 6(b)), which could favour cell infiltration and therefore the bio-integration of the material with the surrounding bone tissue once implanted in the body. Such a porosity was not detected on the 40%-45S5 Bioglass® samples because of the lower solubility of the crystalline phases in SBF. Figure 7 reports the surface of 40%-45S5 Bioglass® and 40%-BG_Ca samples after 14 days of immersion in SBF. In this case, it is possible to observe a diffused macroporosity also in on the 40%-45S5 Bioglass® surface, thus confirming a delayed dissolution and HA precipitation compared to the novel 40%-BG_Ca composites. In particular, in the latter samples most macropores disappeared under a thick layer of HA (Figure 7(d)). 

For these reasons, it is possible to look with optimism to the new BG_Ca-based composites, which are able to combine the high bioactivity of a glass belonging to the 45S5 Bioglass® family with the unique properties of HA, together with an adequate compactness which can be obtained at relatively low temperatures. Last but not least, it should be kept in mind that low temperature treatments result in cheaper technological protocols. Since the findings dealing with in vitro tests for 20%-45S5 Bioglass® and 20%-BG_Ca samples can be discussed in the same way, they are not reported.

3.2. Biological evaluation
3.2.1. Neutralization of composite samples

The rate and the amount of ion release and the related pH variation, when a glass-ceramic is placed in contact with physiological fluids, are extremely important for its biocompatibility. It is known that osteoblasts prefer moderately alkaline conditions, i.e. pH values close to 7.8, while changes in pH cause severe damage to cell viability [69]. Hence, pH variations were studied by soaking composite samples in SBF for 19 days, refreshing the solution every 24 hours. Figure 8 reports the pH trend for samples during their soaking in SBF. All the typologies of composites showed a good trend of pH neutralization. In particular, SBF in contact with 45S5 Bioglass® samples displayed initial values of pH around 7.8 while for the samples based on BG_Ca the values were around 8-8.1. Nevertheless, the 19 days of conditioning in SBF stabilized the in vitro pH of all the investigated samples at a physiological value of 7.4. Moreover, the extensive washing in SBF reduced the presence of contaminants that may derive from the fabrication process and induced the formation of a HA surface layer for mineralized tissue attachment [70]. Prior to cell seeding, samples were rapidly washed with complete -MEM for few hours, and no further variations of medium pH were observed. 

3.2.2. Cell Viability and Proliferation

Quantitative evaluation of cells proliferation onto the prepared specimens, performed by Alamar Blue assay at day 2, 7 and 14, highlighted an increase of cell proliferation during the culturing period (Figure 9(a)). In particular, samples based on BG_Ca (20-40%) displayed an earlier response in terms of cell proliferation with significant values at days 2 and 7 (p < 0.001) in comparison to the values obtained from 45S5 Bioglass®-based composites. This fact further confirms on a cellular level the excellent in vitro bioactivity of the novel BG_Ca samples. In fact, the preservation of their amorphous nature leads to the rapid dissolution of the amorphous phase during SBF soaking, thus resulting in the formation of increased porosity in comparison to 45S5 Bioglass® samples. This behaviour could favour cell infiltration and explain the higher values of MC3T3 cell proliferation cultured on BG_Ca samples at 2 and 7 days. Longer culture time showed similar values of cell proliferation for all the typologies of samples. Overall, preliminary biological evaluations suggested the suitability of the selected composites to sustain the MC3T3-E1 adhesion and proliferation with a promising role for applications in bone tissue regeneration.

3.3.3. Alkaline Phosphatase Activity

The bone isoform of alkaline phosphatase is considered an early marker of the expression of osteoblastic phenotype. ALP is a glycosylated membrane-bound enzyme that catalyses the hydrolysis of phosphomonoester bonds and may also play a physiological role in the metabolism of phosphoethanolamine and inorganic pyrophosphate [56]. The bioactivity of composite samples was then investigated by measuring the ALP activity of MC3T3-E1 pre-osteoblast.

Preliminary results showed promising ALP activity for all the investigated samples (Figure 9(b)). MC3T3-E1 cells cultured on BG_Ca based composites showed the presence of ALP for all the endpoints, with a time-dependent increasing trend. The blend with the higher concentration of BG_Ca (40%) displayed significantly higher values of ALP (p < 0.05) in respect to the samples prepared with a lower percentage of BG_Ca (20%). The 45S5 Bioglass®-based samples highlighted a limited ALP production only at day 7 and 14 for both the percentages of glass, with a higher value for the blend containing the 40% of 45S5 Bioglass® (p < 0.05).

The ALP detected from the MC3T3-E1 cells cultured onto 40%-BG_Ca constructs suggested a higher bioactivity of these samples. As previously showed (Figure 9), the marked starting point of the differentiation process took place between 2 and 7 days of culture. In fact as reported by the literature [71], osteoblasts development is characterized by two distinct stages: the active replication of undifferentiated cells followed by a diminished cell growth with consequent expression of bone cell phenotype. The limited increase of proliferation, quite evident for the cells cultured on 40%-BG_Ca-based composites between day 2 and 7 of culture (Figure 9(a)), was coupled to the expression of high levels of alkaline phosphatase activity (Figure 9(b)), a marker of mature osteoblast function. Finally, the suitability to support the differentiation process of the MC3T3-E1 cell line cultured on 40%-BG_Ca-based samples might be correlated to the preservation of the glassy phase and to the observed widespread porosity that could favour cell colonization.

3.3.4. Morphological Observation of Cultured Cells

Scanning electron microscopy analysis allowed for the characterization of the morphology of the MC3T3-E1 grown on the composite samples, performed after 21 days of osteogenic culturing conditions. As shown in Figure 10, MC3T3-E1 cells showed features indicative of cell activation, including numerous filopodia and fiber-like processes [72]. Moreover, it was possible to observe the presence of HA crystals on the sample surface and the anchorage of the cells to the substrate by multiple bridges. Finally, MC3T3-E1 seemed to colonize efficiently the samples  with an evident adhesion and spreading on the roughened surface. In fact, topography is known to influence cells responses, and it is generally accepted that a roughened surface is preferential to cell attachment at tissue–implant interfaces [55].. 

4. Conclusions

Highly bioactive and biocompatible composites for bone tissue applications were obtained sintering mixtures of HA and 20 or 40 wt.% of a silicate-based glass with a relatively high CaO-to-Na2O ratio. The employed glass, named BG_Ca, shows a reduced tendency to crystallize with respect to the widely used 45S5 Bioglass®, therefore it was possible to sinter the composites at a relatively low temperature, thus preserving the glassy phase in the composite during sintering, with excellent effects in terms of bioactivity. Additionally, it was possible to avoid reactions between glass and HA or the decomposition of the HA itself, which typically occurs at higher temperatures. The realized samples were used as three-dimensional supports for the culture of mouse calvaria-derived pre-osteoblastic cells MC3T3-E1. The samples demonstrated to be able to support cell adhesion and proliferation and a promising initial mechanism of differentiation towards an osteoblastic phenotype. In particular, compared to composites based on 45S5 Bioglass® with the same HA/glass proportions, samples based on BG_Ca (20-40%) displayed an earlier response in terms of cell proliferation, probably due to an increased porosity of the constructs that promotes cell colonization. This fact further confirms on a cellular level the excellent in vitro bioactivity of the novel compositions. Future studies will be devoted to perform additional investigations of osteoblast differentiation process by assessing the collagen production and later markers as extracellular matrix mineralization and osteopontin.
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7. Figure captions

Figure 1. (a) XRD analysis of a BG_Ca sample treated at 800°C for 3 hours; (b) XRD analysis of the 20%-BG_Ca composite treated at 800°C for 3 hours.

Figure 2. (a) XRD analysis of the 40%-BG_Ca composite treated at 800°C for 3 hours; (b) XRD analysis of the 40%-45S5 Bioglass® composite treated at 1150°C for 3 hours.

Figure 3. (a) Micrograph of the 40%-BG_Ca surface specimen and (b) EDS results of the analysis carried out on the area reported in (a). 

Figure 4. Micrographs of the 40%-45S5 Bioglass® surface specimen at different magnification degrees (a, b) and (c) EDS results of the analysis carried out on the area reported in (a). 

Figure 5. (a, b) Micrographs of a 40%-45S5 Bioglass® and (c, d) 40%-BG_Ca surface after 3 days in SBF.

Figure 6. (a) Micrograph of a 40%-45S5 Bioglass®  and (b) 40%-BG_Ca surface after 7 days in SBF; (c, d) EDS spectra obtained on the 40%-45S5 Bioglass® and 40%-BG_Ca samples, respectively.
Figure 7. (a, c) Micrographs of the 40%-45S5 Bioglass® and (b, d) 40%-BG_Ca surface after 14 days in SBF at low and high magnification degree. 

Figure 8. pH monitoring of SBF in contact with composite samples: (a) 20%-45S5 Bioglass®, (b)  40%-45S5 Bioglass®, (c) 20%-BG_Ca and (d) 40%-BG_Ca.

Figure 9. (a) Cell proliferation of MC3T3-E1 cultured onto composites, evaluated by Alamar-Blue® assay; (b) ALP activity from MC3T3-E1 cultured onto composite samples.

Figure 10. SEM micrographs of MC3T3-E1 cultured on composite samples at day 21 of osteogenic culturing conditions: (a) 20%-45S5 Bioglass®, (b)  40%-45S5 Bioglass®, (c) 20%-BG_Ca and (d) 40%-BG_Ca.
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