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Abstract

:

A 3D cellular model that mimics the potential clinical application of a biomaterial is here applied for the first time to a bioactive glass, in order to assess its biological potential. A recently developed bioactive glass (BGMS10), whose composition contained strontium and magnesium, was produced in the form of granules and fully investigated in terms of biocompatibility in vitro. Apart from standard biological characterization (Simulated Body Fluid (SBF) testing and biocompatibility as per ISO10993), human bone marrow mesenchymal stromal/stem cells (BM-MSCs) were used to investigate the performance of the bioactive glass granules in an innovative 3D cellular model. The results showed that BGMS10 supported human BM-MSCs adhesion, colonization, and bone differentiation. Thus, bioactive glass granules seem to drive osteogenic differentiation and thus look particularly promising for orthopedic applications, bone tissue engineering and regenerative medicine.
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1. Introduction


A fundamental clinical challenge in dentistry, orthopedics, and reconstructive surgery is the treatment of bone defects and lacunae, caused by trauma or disease. In this context, in the last decades calcium phosphates, such as hydroxyapatite, and bioactive glasses have been widely employed as synthetic bone grafts by virtue of their excellent biocompatibility and their ability of direct bonding to bone, i.e., their so-called bioactivity [1,2,3,4,5].



Recently, 45S5 Bioglass® (45S5) is the most used glass for biomedical applications, although some drawbacks of this material have emerged over time, such as its tendency to crystallize upon thermal treatments required to produce specific products, i.e., glass coatings, porous scaffolds for bone tissue engineering, and composites based on glass and calcium phosphates. In fact, crystallization: (1) makes difficult, or even inhibits, the sintering process which is necessary to obtain fully dense samples of specific shape, starting from glass powders (or from a proper mixture of glass and calcium phosphate powders); (2) retards the reactivity in vivo of the final product; and (3) may cause cracks in the implant or implant’s instability in vivo, since the crystalline phases which formed during sintering are less soluble in physiological environment than the residual glassy phase, which is typically dissolved preferentially [4,6,7,8]. Moreover, it should be stressed that the regenerative potential of bioglasses and bioceramics is strongly influenced by their ionic dissolution products [9], which may be released too slowly by partly crystallized samples. In recent years, the important biological effects of specific ions not present in the original 45S5’s composition (24.4 mol % Na2O, 26.9 mol% CaO, 46.1 mol%, SiO2, and 2.6 mol% P2O5), such as zinc, copper, magnesium, boron, fluorine, and strontium, have been highlighted by several authors [9,10,11,12,13]. These ions are able to provide antibacterial properties, to stimulate angiogenesis, neovascularization, and osteogenesis. Therefore, therapeutic metallic elements (Ag+, Sr2+, Cu2+, etc.) have been incorporated into the compositions of novel bioactive glasses, with the aim to promote a specific and more advanced cell response [9] and/or to enhance the thermal stability of a given bioglass composition [14]. In particular, strontium (Sr) and magnesium (Mg) seem to play a relevant role in bone formation and remodeling. Sr may be used to enhance osteogenesis and reduce bone resorption, since such element has been shown to simultaneously inhibit bone resorption from osteoclasts and stimulate bone formation by osteoblasts. For this reason, Sr is currently used as strontium ranelate in the treatment of osteoporosis, an important bone disease that affects hundreds of millions of people worldwide [15,16,17]. Several investigations regarding bioglasses where strontium partially substitutes calcium have demonstrated its beneficial effect in stimulating bone remodeling [18,19]. On the other hand, magnesium is a very interesting ion as a component of bioglasses by virtue of its fundamental role in bone tissue development and in several biological processes in the human body, in addition to its common use to modify and improve thermal, mechanical, and physical performance of bioactive silicate glasses [12].



Based on these considerations, recently, the new BGMS10 bioactive glass (composition: 2.3 mol % Na2O; 2.3 mol % K2O; 25.6 mol % CaO; 10.0 mol % MgO; 10.0 mol % SrO; 2.6 mol % P2O5; and 47.2 mol % SiO2) has been developed [14]. BGMS10 is characterized by both an excellent in vitro bioactivity, which has been evaluated in a Simulated Body Fluid solution (SBF) according to the protocol by Kokubo et al. [20], and an ultra-high crystallization temperature (TC = 932 °C [14]), which makes such glass an ideal candidate whenever a thermal treatment is required to produce a specific final product. For comparison, it should be noted that 45S5 has a crystallization temperature as low as 650–690 °C [7].



In this work, for the first time, BGMS10 has been produced in form of granules and tested in terms of biological performance in vitro, in particular with respect to human mesenchymal stem cells. First of all, biocompatibility was assessed as recommended by international standard procedures (ISO 10993), with the aim of excluding cytotoxicity effects of the bioactive glass itself. Subsequently, the osteoinductivity of BGMS10 was evaluated, by using a cellular model that mimicked the potential clinical application of the biomaterial itself in the orthopedic field. In fact, bone tissue undergoes a life-long process of bone remodeling, where osteoclasts break bone down and osteoblasts make new bone tissue [21]. Osteoblasts as derived from a differentiation process of human bone marrow mesenchymal stromal/stem cells (BM-MSCs), as discovered in 1968 [22], for several decades, BM-MSCs have been used for pre-clinical and clinical bone tissue engineering studies. In 2D standard culture BM-MSCs are seeded into a culture vessel, promptly adhere to the plastic surface and proliferate, once reaching the confluence, BM-MSCs are able to differentiate in bone lineage adding proper stimuli to the culture media [23].



Here, a 3D cellular model, using human BM-MSCs, was used to investigate the adhesion, colonization and bone differentiation ability of BM-MSC combined with BGSM10. It is worth noting that such 3D cellular model has been previously proposed and utilized to assess the osteoinductivity of other biomaterials types, such as ceramic scaffolds [24,25], but it was utilized for the first time in this work to investigate bioactive glasses.




2. Materials and Methods


2.1. Glass Preparation and Characterization


The preparation of the BGMS10 glass by means of a classical melt-quenching route has been already reported elsewhere [13,14]. Briefly, the raw powder reagents (SiO2, Ca3(PO4)2, Na2CO3, CaCO3, K2CO3, SrCO3, Mg(OH)2·5H2O, Carlo Erba Reagenti, Rodano-Milano, Italy) were melted at 1450 °C in a Pt crucible in air. The molten bioglass has been rapidly quenched in water to obtain a frit, subsequently left to dry at 110 °C for 12 hours. Finally, the frit was ground and sieved to obtain granules with grain size between 300 and 600 μm.



The phase composition of the granules and the possible formation of undesired crystalline phases were studied by means of X-ray diffraction (XRD: X’Pert PRO; Panalytical, Almelo, the Netherlands). Data collection was performed by a 2θ scan method in the range of 10–70° using Cu-kα X-ray line (step size: 0.017° 2θ; scan step time: 61.59 s).




2.2. SBF Testing


Prior to the biological evaluation, the bioactivity of BGMS10 granules was confirmed in vitro in Simulated Body Fluid (SBF). SBF was prepared according to the Kokubo protocol [20] and stored at 37 °C. The pH was adjusted at 7.4 before use. BGMS10 granules were soaked in SBF using a 75 mg glass to 50 mL SBF ratio, as recommended in [26], and placed in an incubator at 37 °C. The samples were incubated for 1, 3, and 7 days. At the end of each time period, the granules were collected by filtration, gently rinsed with DI water and then with acetone [26]. Finally, the samples were left to dry at room temperature in the laboratory environment for 24 h. The precipitation of a hydroxyapatite layer on the surface of the BGMS10 granules was investigated by means of an environmental scanning electron microscope, ESEM (ESEM Quanta 200-FEI Company, Eindhoven, The Netherlands), coupled with an Energy-Dispersive X-ray (EDS) microanalysis system (INCA, Oxford Instruments, Abingdon, UK). The microscope was operated in a low-vacuum mode with a pressure of 0.5 Torr.




2.3. Biocompatibility of BGMS10 According to ISO 10993-5


Biocompatibility was investigated according to ISO10993 [27]. Eluates were prepared incubating overnight BGMS10 granules with Dulbecco Modified Eagle Medium-DMEM (Gibco) at 37 °C [28].



A fibroblast cell line recommended by ISO10993, namely L929, was seeded at a density of 10000 cells per 96 wells (Corning), with expansion media composed by DMEM supplemented with 10% Fetal Bovine Serum (FBS, Euroclone) and 1% Penicillin-Streptomycin (Gibco). Twenty-four hours after seeding, the culture media was substituted with eluates at different concentrations: 100%, 46.41%, 21.54%, and 10% (v/v in DMEM and 1% Penicillin/Streptomicin-Gibco). Negative control was set using the expansion media and a positive control was obtained with addition of 0.1% SDS to the expansion media. Then, after 24 hours, cultures were observed at the microscope Observer A1 (Zeiss) at magnification of 10X. To better quantify cytotoxicity, MTT assay was performed as well. Tetrazolium salts were added to the cell culture in a solution 1mg/ml in DMEM, and incubated for 2 hours as recommended by ISO10993 [29] and then were reduced by NAD(P)H oxidoreductase, resulting in formazan. Formazan, a purple compound, was measured with the multiplate reader Enspire (Perkin Elmer, Waltham, MA, 02451 USA). MTT assay was performed in sextuplicate.




2.4. Combination of BM-MSCs with BGMS10


BM-MSCs (a kindly gift from prof. Massimo Dominici), isolated from bone marrow of three healthy donors, were thawed, seeded at a density of 6000 cell/cm2 in 2D standard culture vessels (Greiner BIO-one). The cells were amplified for four passages, with amplification media composed by α-minimum essential medium (MEM) without nucleosides (Gibco, Invitrogen), supplemented with 8% platelet lisate, 1% L-Glutamine (Gibco Invitrogen), 1 UI/mL heparin (Sigma-Aldrich), and 1% Penicillin-Streptomycin, (Gibco). Once reached the confluence, BM-MSCs were detached using a solution of Trypsin/EDTA (Gibco) and then blocked with blocking media composed by DMEM supplemented with 10% FBS and 1% Penicillin/Streptomycin, centrifuged and re-suspended in expansion media, following the proper dilution suitable for the next experiment.



BGMS10 granules (0.05 g), previously sterilized by UV light for 2 hours [30], were loaded in each well of a MW96 low adhesion plate (Corning) and promptly used for cell seeding without washes. A pivotal study was performed to assess the suitable cell density, reported as ratio of number of cells for mg of biomaterial: 1500/mg, 3000/mg and 6000/mg in expansion media and incubated in control condition (5% CO2, 37 °C). The expansion media was changed 3 times per week until the end of the experiment.



Finally, to visualize the cells adhered to the biomaterial, Crystal violet staining was performed at 1 hour, 4 days, 7 days and 14 days post seeding. Samples were fixed with ice methanol (Fisher Chemical), stained with 0.4% of Crystal violet solution (Sigma-Aldrich), washed again and left to dry.




2.5. Bone Differentiation Assay on BGMS10


After selecting the proper cell density, BM-MSCs samples underwent bone differentiation assay. BM-MSCs were seeded at 3000/mg of biomaterials, i.e., BGMS10, (n = 6), maintained in expansion media for one week and then shifted to Osteo Differentiation media composed by expansion media supplemented with 10 nM dexamethasone, 0.1 mM L-ascorbic acid-2-phosphate, 10 mM Beta-glycerol phosphate (all from Sigma Aldrich) for 2 weeks and 100 ng/ml of BMP2 (PreProtech), added only in the second week. As proper controls, BM-MSCs were seeded at 3000/mg of biomaterials (n = 6) and maintained in expansion media until the end of the differentiation assay. To investigate the cell ability to differentiate in bone lineage in vitro, BM-MSCs were seeded at 10000 cell/cm2 in 2D standard culture and after 3 days, expansion media was substituted with Osteo Differentiation media (n = 3). 2D control cultures were obtained keeping BM-MSCs in expansion media (n = 3).



To detect mineralized tissue, Alizarin Red S staining was performed. Osteo Differentiation or expansion media were discarded, cultures were washed with water, and incubated with 2% pH 5.5 of Alizarin (Sigma Aldrich), washed again with water, PBS and left to dry.



Once dried, 2D cultures were observed with an Observer (Zeiss) at magnification of 10x and 3D cultures were observed by means of an AxioZoom V16 microscope (Zeiss, Jena, Germany) (Zeiss). The images were acquired at magnification of 100X, resolution 0.8 µm, depth of field 12 µm, and with an exposure time of 639 ms. Multiple thicknesses were imaged to show the various depth of cell growth in the 60–200 μm range. Image reconstructions were then performed by ZEN pro Software (Zeiss, Jena, Germany).




2.6. Statistics


All results were reported as mean ± standard deviation (mean ± SD) and Student’s t-test was used to assess the significant differences between specimens.





3. Results and Discussion


3.1. BGMS10 Characterization


A detailed thermal characterization of BGMS10 has been already reported in a recent work devoted to sintered BGMS10 samples [14]. Compared to 45S5, the BGMS10 is characterized by a remarkably higher crystallization temperature (932 °C), larger processing window and it can be sintered at lower temperature (737 °C vs. 1000–1100 °C, which is typically reported for 45S5 [6,7]), thus maintaining its amorphous nature and potential pronounced bioactivity after the thermal treatment. Moreover, BGMS10 could result particularly interesting by virtue of its biological performance, since it contains ions, such as strontium and magnesium, whose biological relevance has been confirmed by the literature [9,12,15,16,17]. In this work, for the first time, BGMS10 has been produced in form of particulate (granules with grain size between 300 and 600 μm) to have a suitable bone substitute material for specific applications in dentistry and orthopedics, i.e., to fill and repair bone defects. It is known that the higher reactivity of bioactive glasses compared to typical bioceramics, such as hydroxyapatite, is due both to their chemical composition and their amorphous nature. Figure 1 shows the XRD spectrum acquired on the granules, which is characterized the typical trend of amorphous glasses, without any undesired crystalline peak due to possible crystallization phenomena, which may have occurred during the production of the material.




3.2. SBF Testing


In view of the biological characterization of BGMS10 granules, their bioactivity has been preliminary assessed in vitro in SBF, which is an acellular solution with ion concentration analogous to that of human blood plasma. Such protocol, originally developed by Kokubo et al. [20], has been re-proposed more recently and properly modified to take into account bioactive glass granules and powders [26]. Figure 2 shows the surface of BGMS10 granules after immersion in SBF for increasing times.



After 1 day in SBF the granules’ surface is characterized by several cracks, while after 7 days it is possible to observe the formation of white globular precipitates with the typical morphology of hydroxyapatite. The results of the EDS analysis (Figure 2e) performed on the precipitates reports a Ca/P stoichiometric value analogous to that of hydroxyapatite (~1.67 [31]), apart from local fluctuations, thus confirming the bioactivity of BGMS10 granules. In fact, SBF tests aim to qualitatively estimate the bone-bonding ability of a given biomaterial by evaluating the ability of hydroxyapatite to nucleate on the sample after soaking in SBF. Such superficial layer of hydroxyapatite is similar to the biological apatite, i.e., the mineral component of bone tissue, therefore it is able to enhance the attachment of implants to bone supporting new bone growth along the implant itself. This property is known as osteoconductivity [32]. It should be stressed that the formation of hydroxyapatite on a given bioglass in SBF depends on the glass composition, production route (melting or sol-gel) and, in particular, morphology (fully dense bodies, porous scaffolds, granules, pellets…), which means very different specific surface areas exposed to the SBF or the physiological environment [26]. The cracks and fractures on the granules’ surface after 1 and 3 days in SBF (Figure 2a,b) are ascribable to the drying and subsequent delamination of a silica gel film, whose formation is among the initial steps of the process which leads to the precipitation of hydroxyapatite on bioactive glasses, according to the model originally proposed by L.L. Hench [5] and subsequently confirmed by several studies both in vitro and in vivo [33,34,35,36]. The findings here discussed, regarding the BGMS10 bioactivity, are analogous to those previously reported about bioactive glasses of different compositions containing strontium and/or magnesium, further confirming that the presence of these elements have negligible negative effects on the samples’ bioactivity [13].




3.3. Biocompatibility of BGSM10 According to ISO10993


Biocompatibility of BGMS10 was assessed according to ISO10993. Eluates were added to L929 and after 24 hours specimens were observed. In the positive control, cell debris was detected suggesting that cells were dead. On the contrary, L929 of negative control and tested samples resulted in viable cells, adherent with a fibroblastoid morphology, and no debris was observed. To further investigate a possible toxic event, MTT assay was performed as recommended by ISO10993, since it is a fast assay and it is commonly applied in cytotoxicity studies. Positive control showed an average of 8.15% ± 0.02%, significantly different from the negative control that has been normalized at 100.00% ± 0.08% (p-value < 0.05).



As reported in Figure 3, specimens incubated with 100% eluates and with further dilutions displayed viability above 70%, thus confirming that BGMS10 is biocompatible according to ISO10993. Notably, specimens incubated with 100% eluates, and with dilutions of 46.41% and 21.54% resulted to be higher than the negative control: in fact, for specimen incubated with 100% of eluates, an average of 114.98 ± 0.27% was obtained. Although the difference is not statistically significant, with a p-value > 0.05 with respect to control samples, it is possible to hypothesize that the compounds released in the eluates exert an effect on the metabolism of BM-MSCs. In [37], Leite et al. reported similar results, obtaining an increase of the metabolism in the cell line of osteosarcoma (Saos-2) when co-cultured with bioactive glass nanoparticles. Also Nardone et al. described the biological role of strontium on MSCs proliferation [38]. However, further studies to investigate the amount of strontium released from bioactive glasses and to clarify its biological role in 3D cultures are the focus of current and future research.




3.4. BM-MSCs Adhere and Colonize BGMS10 Granules


After verifying the biocompatibility of BGMS10, the aim was to predict the impact of the bioactive glass granules on bone tissue, using a 3D cellular model. Such model has been designed considering the clinical use, where biomaterials should be delivered to the operating theatre and promptly implanted.



In [39], Detsch et al. described the osteogenic differentiation of two types of mesenchymal stem cells when seeded on 45S5 bioglass, however, before seeding, bioglasses were incubated for 2 weeks in cell culture media, and the media was changed every day. On the contrary, in this work, BGMS10 has been designed for prompt use without washes, therefore the impact of the rinse of biomaterials on cell survival was evaluated. No difference on cell adhesion and proliferation was observed on BGMS10 with or without rinses (data not shown), suggesting that the granules can be promptly implanted in vivo without performing any type of wash that could represent a bias for the subsequent in vivo studies and clinical use.



BM-MSCs were seeded on dried BGMS10 granules, which are intrinsically 3D, at different densities to find out the proper one in terms of cells attachment, survival, and ability to colonize the biomaterial.



It is worth noting that the combination of human BM-MSCs with the biomaterial was successfully performed on osteoinductive ceramic scaffolds [24]. In this work, we challenged the association of human BM-MSCs with bioactive glasses.



In order to identify the best amount of cells required for BGMS10 colonization, three different densities were assayed: 1500/mg, 3000/mg, 6000/mg. Then, BM-MSCs onto BGMS10 were detected by Crystal violet staining, as in a previous study [24]. In Figure 4, four time points of the 3D culture are displayed: 1 hour, 4 days, 7 days, and 14 days after seeding. For all cell densities, at 1 hour post seed, purple round shaped positive elements were observed, resembling the morphology of BM-MSCs just seeded (Figure 4A–C). At 4 days post seeding, cells spread onto the bioactive glass, showing the fibroblastoid shape and resulting homogeneously distributed on the seeded biomaterials (Figure 4D–F). Notably, at 7 days of culture (Figure 4G-I), BM-MSCs with their fibroblastoid morphology were observed, as well as a purple dark area resembled bundles of cells that colonize the biomaterials in order to generate a tissue-like structure. At 14 days post seeding (Figure 4J–L), no fibroblastoid cells were founded adherent to BGMS10, but only purple dark bundles were detectable, suggesting that BM-MSCs were able to colonize the biomaterial.



In this last time point of the culture, it was possible to observe that BGMS10 resulted to be differently colonized in the three cell densities. In Figure 4K, referred to BGMS10 seeded with 3000/mg and kept in culture for 14 days, a greater amount of stained area was detected, compared to 1500/mg (Figure 4J) and 6000/mg (Figure 4L). We could hypothesize that in cultures seeded with 1500/mg there were a few BM-MSCs, whilst in condition of 6000/mg, detachment occurred because static conditions could not be suitable for this density. These findings addressed the selection of 3000/mg as the seeding density with the best performance in terms of attachment, survival, and proliferation.




3.5. BM-MSCs Are Able to Differentiate versus Bone Lineage


Since BM-MSCs were able to adhere, spread on the material, and colonize, the osteogenic differentiation assay was performed by addition of a mix of growth factors to the expansion media. Alizarin Red staining was used to detect calcium deposits in the mineralized matrix in ex vivo bone differentiation assay, as reported in the literature [40].



Induced cultures resulted homogeneously and completely positive to the staining, showing round bright red structure resembling calcium deposits (Figure 5A). Notably, also cultures maintained only with expansion media (Figure 5B) had resulted to the staining, highlighting the ability of the material itself to induce cells towards an osteogenic differentiation, probably due to the modification and dissolution of the material when in contact with the culture media, as already reported in literature for other bioactive glasses [41].



Ions released during the culture stimulated BM-MSCs to differentiate, even in the absence of proper growth factors, underlying the osteoinductivity of the biomaterial itself.



Also, bone differentiation on 2D cultures was performed as a control to show that BM-MSCs were able to make bone in vitro. As reported in Figure 5C, positive calcium deposits were observed in presence of induction media and not in the control culture (Figure 5D).



These findings clearly showed that BGMS10 can support human BM-MSCs adhesion, colonization, and bone differentiation. Moreover, the results from cultures maintained only with expansion media suggested that the granules and their dissolution products are prone to influence the commitment of BM-MSCs toward osteoblast differentiation. Thus, it can be hypothesized that the ions released from the BGMS10 granules may exert a promising osteogenic effect.





4. Conclusions


In this work, for the first time, the novel bioactive glass BGMS10 was originally produced in form of particulate (i.e., granules with grain size between 300 and 600 μm), in order to create a suitable bone substitute for applications in orthopedics, dentistry, and in general for tissue engineering. BGMS10, which is characterized by a remarkably higher crystallization temperature (932 °C) than 45S5, maintains its amorphous nature upon thermal treatments and thus has an incredible potential in terms of bioactivity. Moreover, its composition contains strontium and magnesium, whose beneficial effects are well known.



In this context, the results showed the great potential of BGMS10 granules. Indeed BGMS10 gave positive results in terms of SBF testing and biocompatibility according to ISO10993 standard. Moreover, a 3D cellular model that mimicked the potential clinical application of a biomaterial was here applied for the first time to a bioactive glass, with such a model designed considering the clinical use—where biomaterials have to be delivered to the operating theatre and promptly implanted—utilized human bone marrow mesenchymal stem cells (BM-MSCs).



BM-MSCs adhered and colonized bioactive glass granules, and were able to differentiate versus bone lineage, thus highlighting the ability of BGMS10 to induce cells to osteo-differentiation. Moreover, ions released during the culture stimulated BM-MSCs to differentiate, even in the absence of proper growth factors, underlying the osteoinductivity of the biomaterial itself. In conclusion, the findings clearly showed that BGMS10 supports human BM-MSCs adhesion, colonization, and bone differentiation.







Author Contributions


Investigation (preparation of the materials), Writing, D.B.; Investigation (biological tests), E.V., V.S., T.P., A.M. and I.M.; Funding Acquisition, Supervision M.D.; Conceptualization, Writing, Supervision, V.C.




Funding


MD is supported by Progetti Dipartimenti Eccellenti MIUR 2017.




Acknowledgments


The authors would like to acknowledge Fondazione Democenter-Sipe.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Buser, Z.; Brodke, D.S.; Youssef, J.A.; Meisel, H.J.; Myhre, S.L.; Hashimoto, R.; Park, J.B.; Yoon, S.T.; Wang, J.C. Synthetic bone graft versus autograft or allograft for spinal fusion: A systematic review. J. Neurosurg. Spine 2016, 25, 509–516. [Google Scholar] [CrossRef]

	



Campana, V.; Milano, G.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Lattanzi, W.; Logroscino, G. Bone substitutes in orthopaedic surgery: From basic science to clinical practice. J. Mater. Sci. Mater. Med. 2014, 25, 2445–2461. [Google Scholar] [CrossRef]

	



Habraken, W.; Habibovic, P.; Epple, M.; Bohner, M. Calcium phosphates in biomedical applications: Materials for the future? Mater. Today 2016, 19, 69–87. [Google Scholar] [CrossRef]

	



Jones, J.R. Reprint of: Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2015, 23, S53–S82. [Google Scholar] [CrossRef]

	



Hench, L.L. Bioceramics: From concept to clinic. J. Am. Ceram. Soc. 1991, 74, 1487–1510. [Google Scholar] [CrossRef]

	



Boccaccini, A.R.; Chen, Q.; Lefebvre, L.; Gremillard, L.; Chevalier, J. Sintering, crystallization and biodegradation behaviour of bioglass®-derived glass–ceramics. Faraday Discuss. 2007, 136, 27–44. [Google Scholar] [CrossRef]

	



Bretcanu, O.; Chatzistavrou, X.; Paraskevopoulos, K.; Conradt, R.; Thompson, I.; Boccaccini, A.R. Sintering and crystallization of 45S5 bioglass® powder. J. Eur. Ceram. Soc. 2009, 29, 3299–3306. [Google Scholar] [CrossRef]

	



Bellucci, D.; Anesi, A.; Salvatori, R.; Chiarini, L.; Cannillo, V. A comparative in vivo evaluation of bioactive glasses and bioactive glass-based composites for bone tissue repair. Mater. Sci. Eng. C 2017, 79, 286–295. [Google Scholar] [CrossRef] [PubMed]

	



Hoppe, A.; Güldal, N.S.; Boccaccini, A.R. A review of the biological response to ionic dissolution products from bioactive glasses and glass-ceramics. Biomaterials 2011, 32, 2757–2774. [Google Scholar] [CrossRef] [PubMed]

	



Durand, L.A.H.; Vargas, G.E.; Romero, N.M.; Vera-Mesones, R.; Porto-Lòpez, J.M.; Boccaccini, A.R.; Zago, M.P.; Baldi, A.; Gorustovich, A. Angiogenic effects of ion dissolution products released from a boron-doped 45S5 bioactive glass. J. Mater. Chem. B 2015, 3, 1142–1148. [Google Scholar] [CrossRef]

	



Kaur, G.; Sriranganathan, N.; Waldrop, S.G.; Sharma, P.; Chudasama, B.N. Effect of copper on the up-regulation/down-regulation of genes, cytotoxicity and ion dissolution for mesoporous bioactive glasses. Biomed. Mater. 2017, 12, 045020. [Google Scholar] [CrossRef] [PubMed]

	



Diba, M.; Tapia, F.; Boccaccini, A.R. Magnesium-containing bioactive glasses for biomedical applications. Int. J. Appl. Glas. Sci. 2012, 3, 221–253. [Google Scholar] [CrossRef]

	



Bellucci, D.; Sola, A.; Salvatori, R.; Anesi, A.; Chiarini, L.; Cannillo, V. Role of magnesium oxide and strontium oxide as modifiers in silicate-based bioactive glasses: Effects on thermal behaviour, mechanical properties and in-vitro bioactivity. Mater. Sci. Eng. C 2017, 72, 566–575. [Google Scholar] [CrossRef] [PubMed]

	



Bellucci, D.; Cannillo, V. A novel bioactive glass containing strontium and magnesium with ultra-high crystallization temperature. Mater. Lett. 2018, 213, 67–70. [Google Scholar] [CrossRef]

	



Gentleman, E.; Fredholm, Y.C.; Jell, G.; Lotfibakhshaiesh, N.; O’Donnell, M.D.; Hill, R.G.; Stevens, M.M. The effects of strontium-substituted bioactive glasses on osteoblasts and osteoclasts in vitro. Biomaterials 2010, 31, 3949–3956. [Google Scholar] [CrossRef] [PubMed]

	



Marie, P.J.; Ammann, P.; Boivin, G.; Rey, C. Mechanisms of action and therapeutic potential of strontium in bone. Calcif. Tissue Int. 2001, 69, 121–129. [Google Scholar] [CrossRef]

	



Querido, W.; Rossi, A.L.; Farina, M. The effects of strontium on bone mineral: A review of current knowledge and microanalytical approaches. Micron 2016, 80, 122–134. [Google Scholar] [CrossRef]

	



Moghanian, A.; Firoozi, S.; Tahriri, M. Characterization, in vitro bioactivity and biological studies of sol-gel synthesized SrO substituted 58S bioactive glass. Ceram. Int. 2017, 43, 4880–14890. [Google Scholar] [CrossRef]

	



Taherkhani, S.; Moztarzadeh, F. Influence of strontium on the structure and biological properties of sol–gel-derived mesoporous bioactive glass (MBG) powder. J. Sol-Gel Sci. Technol. 2016, 78, 539–549. [Google Scholar] [CrossRef]

	



Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27, 2907–2915. [Google Scholar] [CrossRef]

	



Florencio-Silva, R.; Sasso, G.R.d.; Sasso-Cerri, E.; Simões, M.J.; Cerri, P.S. Biology of Bone Tissue: Structure, Function, and Factors That Influence Bone Cells. Biomed. Res. Int. 2015, 2015, 421746. [Google Scholar] [CrossRef] [PubMed]

	



Afanasyev, B.V.; Elstner, E.; Zander, A.R. A.J. Friedenstein, founder of the mesenchymal stem cell concept. Cell. Ther. Transplant. 2009. [Google Scholar] [CrossRef]

	



Grisendi, G.; Anner, C.; Cafarelli, L.; Sternieri, R.; Veronesi, E.; Cervo, G.L.; Luminari, S.; Maur, M.; Frassoldati, A.; Palazzi, G.; et al. GMP-manufactured density gradient media for optimized mesenchymal stromal/stem cell isolation and expansion. Cytotherapy 2010, 12, 466–477. [Google Scholar] [CrossRef] [PubMed]

	



Veronesi, E.; Murgia, A.; Caselli, A.; Grisendi, G.; Piccinno, M.S.; Rasini, V.; Giordano, R.; Montemurro, T.; Bourin, P.; Sensebé, L.; et al. Transportation Conditions for Prompt Use of Ex Vivo Expanded and Freshly Harvested Clinical-Grade Bone Marrow Mesenchymal Stromal/Stem Cells for Bone Regeneration. Tissue Eng. Part C Methods 2014, 20, 239–251. [Google Scholar] [CrossRef] [PubMed]

	



Livingston, T.L.; Gordon, S.; Archambault, M.; Kadiyala, S.; McIntosh, K.; Smith, A.; Peter, S.J. Mesenchymal stem cells combined with biphasic calcium phosphate ceramics promote bone regeneration. J. Mater. Sci. Mater. Med. 2003, 14, 211–218. [Google Scholar] [CrossRef]

	



Maçon, A.L.; Kim, T.B.; Valliant, E.M.; Goetschius, K.; Brow, R.K.; Day, D.E.; Hoppe, A.; Boccaccini, A.R.; Kim, I.Y.; Ohtsuki, C.; et al. A unified in vitro evaluation for apatite-forming ability of bioactive glasses and their variants. J. Mater. Sci. Mater. Med. 2015, 26, 115. [Google Scholar] [CrossRef]

	



International Organization for Standardization. Biological Evaluation of Medical Devices; ISO 10993; ISO: Geneva, Switzerland, 2009. [Google Scholar]

	



International Organization for Standardization. Biological Evaluation of Medical Devices—Part 12: Sample Preparation and Reference Materials; ISO 10993-12; ISO: Geneva, Switzerland, 2012. [Google Scholar]

	



International Organization for Standardization. Biological Evaluation of Medical Devices—Part 5: Tests for in vitro Cytotoxicity; ISO 10993-5; ISO: Geneva, Switzerland, 2009. [Google Scholar]

	



Dai, Z.; Ronholm, J.; Tian, Y.; Sethi, B.; Cao, X. Sterilization techniques for biodegradable scaffolds in tissue engineering applications. J. Tissue Eng. 2016, 7, 2041731416648810. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Lee, J.K.; Moursi, A.; Lannutti, J.J. Ca/P ratio effects on the degradation of hydroxyapatite in vitro. J. Biomed. Mater. Res. A 2003, 67, 599–608. [Google Scholar] [CrossRef]

	



Albrektsson, T.; Johansson, C. Osteoinduction, osteoconduction and osseointegration. Eur. Spine J. 2001, 10, S96–S101. [Google Scholar]

	



Brovarone, C.V.; Verné, E.; Appendino, P. Macroporous bioactive glass-ceramic scaffolds for tissue engineering. J. Mater. Sci. Mater. Med. 2006, 17, 1069–1078. [Google Scholar] [CrossRef]

	



Bellucci, D.; Cannillo, V.; Anesi, A.; Salvatori, R.; Chiarini, L.; Manfredini, T.; Zaffe, D. Bone regeneration by novel bioactive glasses containing strontium and/or magnesium: a preliminary in-vivo study. Materials 2018, 11, 2223. [Google Scholar] [CrossRef]

	



Li, P.; Ohtsuki, C.; Kokubo, T.; Nakanishi, K.; Soga, N.; Nakamura, T.; Yamamuro, T. Effects of ions in aqueous media on hydroxyapatite induction by silica gel and its relevance to bioactivity of bioactive glasses and glass-ceramics. J. Appl. Biomat. 1993, 4, 221–229. [Google Scholar] [CrossRef] [PubMed]

	



Gao, T.; Aro, H.T.; Ylänen, H.; Vuorio, E. Silica-based bioactive glasses modulate expression of bone morphogenetic protein-2 mRNA in Saos-2 osteoblasts in vitro. Biomaterials 2001, 22, 1475–1483. [Google Scholar] [CrossRef]

	



Leite, A.J.; Gonçalves, A.I.; Rodrigues, M.T.; Gomes, M.E.; Mano, J.F. Strontium-Doped Bioactive Glass Nanoparticles in Osteogenic Commitment. ACS Appl. Mater. Interfaces 2018, 10, 23311–23320. [Google Scholar] [CrossRef] [PubMed]

	



Nardone, V.; Zonefrati, R.; Mavilia, C.; Romagnoli, C.; Ciuffi, S.; Fabbri, S.; Palmini, G.; Galli, G.; Tanini, A.; Brandi, M.L. In Vitro Effects of Strontium on Proliferation and Osteoinduction of Human Preadipocytes. Stem Cells Int. 2015, 2015, 871863. [Google Scholar] [CrossRef] [PubMed]

	



Detsch, R.; Alles, S.; Hum, J.; Westenberger, P.; Sieker, F.; Heusinger, D.; Kasper, C.; Boccaccini, A.R. Osteogenic differentiation of umbilical cord and adipose derived stem cells onto highly porous 45S5 Bioglass®-based scaffolds. J. Biomed. Mater. Res. Part A 2015, 105, 1029–1037. [Google Scholar] [CrossRef] [PubMed]

	



McGee-Rusell, S.M. Histochemical Methods for Calcium. J. Histochem. Cytochem. 1958, 6, 22–42. [Google Scholar] [CrossRef] [PubMed]

	



Ferraz, E.P.; Freitas, G.P.; Crovace, M.C.; Peitl, O.; Zanotto, E.D.; de Oliveira, P.T.; Beloti, M.M.; Rosa, A.L. Bioactive glass-ceramic with two crystalline phases (BioS-2P) for bone tissue engineering. Biomed. Mater. 2017, 12, 045018. [Google Scholar] [CrossRef]








[image: Materials 12 03633 g001 550] 





Figure 1. X-ray diffraction (XRD) spectrum of BGMS10 granules as prepared. 
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Figure 2. Scanning electron microscope (SEM) micrographs of BGMS10 granules after soaking in Simulated Body Fluid (SBF) for 1 day (a), 3 days (b), and 7 days (c,d); (e) reports the results of the an Energy-Dispersive X-ray (EDS) analysis performed on the globular precipitates shown in (d) and formed on the granules after 7 days in SBF. 
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Figure 3. Biocompatibility test according to ISO10993-5. The graph shows the viability of L929 at all dilutions of the extract, as recommend by the ISO guidelines. CP positive control, CN negative control. *** p-value > 0.001. 
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Figure 4. Bone marrow mesenchymal stromal/stem cells (BM-MSCs) adhered and colonized BGSM10. Representative photomicrographs of Crystal violet staining on BGSM10 at 1 hour post seeding for the three cells densities: 1500/mg (A), 3000/mg (B), and 6000/mg (C); at 4 days post seeding for 1500/mg (D), 3000/mg (E), and 6000/mg (F); at 7 days post seeding for 1500/mg (G), 3000/mg (H), and 6000/mg (I); and at 14 days post seeding for 1500/mg (J), 3000/mg (K), and 6000/mg (L). Bundles of BM-MSCs were detectable starting from 7 days of culture as show in photomicrographs (G,H) (arrow). After 14 days, tissue like structures (arrow) were rarely observed at density of 1500/mg (J), whilst being frequently observed (arrow) at 3000/mg (K). In cultures seeded with 6000/mg, cell debris was observed (arrow head), suggesting that ratio cell/mg is not suitable in static conditions. Photomicrographs were acquired with microscope AxioZoom V.16 (Zeiss) equipped with ZEN Pro software, magnification 100×. Scale bars = 400μm. 
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Figure 5. BM-MSC bone differentiated on BGSM10. Representative photomicrographs of Alizarin Red staining for induced cultures where BM-MSCs were incubated with osteogenic media (A); control culture where BM-MSCs were incubated with expansion media; and similarly for BM-MSCs bone differentiated in 2D standard culture, osteogenic culture (C) and control culture (D). Photomicrographs of 3D cultures were acquired with microscope AxioZoom V.16 (Zeiss) equipped with ZEN Pro software, magnification 100×. Scale bars = 400 μm (A-B); Photomicrographs of 2D cultures were acquired with microscope Axio Observer Z1 (Zeiss) equipped with ZEN Pro Software, magnification 100×. scale bars = 200 μm. 
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