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Abstract

:

Bioactive glass 70SiO2-30CaO (mol.%) was successfully synthesized by modified sol–gel in hot water without using an acid catalyst. TG-DSC analysis showed that the amorphous glass could be synthesized by sintering the sample at 700 °C for three hours. The N2 adsorption/desorption and TEM investigations highlighted that the synthetic glass had a mesoporous structure, consisting of spherical particles with sizes in the range of 11–20 nm. The specific surface area, pore volume, and average pore diameter of synthetic glass were 150.13 m2/g, 0.37 cm3/g, and 11.84 nm, respectively. Moreover, synthetic bioactive glass presented interesting bioactivity and good biocompatibility after in vitro experiments in simulated body fluid (SBF) and in cellular medium.
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1. Introduction


The original bioactive glass was first discovered in 1970 by Larry L. Hench. Its composition consists of 45% SiO2, 24.5% CaO, 24.5% Na2O, and 6.0% P2O5 (wt.%, noted 45S5). The bioactivity of this glass is expressed by the formation of a new layer of hydroxyapatite Ca10(PO4)6(OH)2 (HA) on its surface when immersed in a physiological solution or implanted in the human body [1,2]. Hydroxyapatite mineral is the main inorganic component, which presents in bone and teeth of humans (about 70% in weight of bone); therefore, it acts as a cohesive bridge between artificial materials and natural bone to repair and restore bone defects [3,4]. After Hench’s discovery, many bioactive glasses have been synthesized and used as artificial biomaterials for bone substitutes. In the past fifty years, melting and sol–gel have been the two main methods used for the synthesis of bioactive glasses. In the melting method, by heating a mixture of starting precursors following a special high-temperature regime, bioactive glasses can be quickly synthesized in large quantities. Some typical glasses have been synthesized using this technique, such as glass 45S5 (45SiO2-24.5CaO-24.5Na2O-6P2O5, wt.%), 46S6 (46SiO2-24CaO-24Na2O-6P2O5, wt.%) with and without doping other elements (Sr, Zn, Mg), S53P4 (53SiO2-20CaO-23Na2O-4P2O5, wt.%), and 13-93 (53SiO2-20CaO-6Na2O-12K2O-5MgO-4P2O5, wt.%). The bioactivity of these synthetic glasses have been confirmed in both in vitro and in vivo experiments. However, melting bioactive glasses require synthesis processes at high temperatures, where volatile compounds, such as P2O5, can be evaporated, resulting in a difference in glassy compositions; obtained glasses usually have dense structures and low specific surface area values, which result in low bioactivities of synthetic glasses [4,5,6]. The sol–gel method overcomes the drawbacks of the melting technique because glasses are synthesized at lower temperatures through sol- and gel-forming processes. The resulting gel is treated in several steps, such as aging, drying, stabilizing, and finally calcining at about 700 °C to transform them into glass materials [6,7,8]. Sol–gel bioactive glasses normally have mesoporous structures with larger specific surface area values, leading to a higher bioactivity [7]. However, most sol–gel bioactive glasses are prepared using strong inorganic acids as catalysts, which have negative effects on health and the environment in view of green chemistry [9]. Therefore, environmentally friendly methods for the synthesis of bioactive glasses are urgently needed. Some glassy systems have been prepared using weaker acids (organic acids) instead of strong acids (inorganic acids); however, the synthetic processes still use acid catalysts [7,10]. Recently, bioactive glass with a composition of 75SiO2-16CaO-5Na2O-4P2O5 (mol.%, noted as S75C16) was successfully synthesized using the sol–gel method without using acid catalysts [11]. The synthesis was performed by stirring the reaction mixture at a high speed (1100 rpm). Under this condition, hydrolysis of alkoxide precursors occurred to form a clear sol after five hours. The obtained bioactive glass was an amorphous material. In this study, the bioactivity of synthetic glass is not reported. In our recent research, a bioactive glass with a composition of 70SiO2-30CaO (mol.%) was prepared using a hydrothermal method following green synthesis without any acid catalyst [12]. The investigation showed interesting bioactivity of the obtained glass. Following the trend of green chemistry, this work reports the preparation of bioactive glass 70SiO2-30CaO (mol.%) using a modified sol–gel method, in which the reaction mixture was stirred in hot water at a rate of 500 rpm and no acid catalysts were used. The physical–chemical properties and bioactivity of the synthetic glass were investigated.




2. Experimental Section


2.1. Acid-Free Sol-Gel Synthesis


The synthesis of bioactive glass was followed as below. Firstly, 21.3 g of calcium nitrate tetrahydrate Ca(NO3)2·4H2O (CNT, ≥98%, Merck) were dissolved in 38.3 g of hot water (temperature = 60 °C). The resulting solution was continuously stirred at a speed of 500 rpm. After that, 43.8 g of tetraethyl orthosilicate Si(OCH2CH3)4 (TEOS, ≥ 99.0%, Sigma-Aldrich) were added dropwise into the reaction vessel. The clear sol was formed after only 2 h. Next, the sol was placed in an oven at 70 °C to transform into gel for 1 day. Then, the wet gel was aged at 100 °C for 1 day and then dried at 150 °C for 6 h. The resulting powder was sintered at 700, 800, 900, and 1000 °C for 3 h. The used drying and sintering processes are referenced in previous studies, with some modifications [13,14,15]. It is worth noting that no acid catalyst was used in this study.




2.2. In Vitro Experiment in SBF


The in vitro experiment was performed by soaking the glass samples in simulated body fluid (SBF) for 1, 3, and 7 days. SBF is a solution with an ionic concentration similar to that of human blood plasma. It was synthesized according to Kokubo’s method [16]. The powder samples were soaked in SBF and stirred at a rate of 100 rpm at 37 °C. The ratio of powder to solution was 1:2 (mg/mL). After soaking, the powder samples were collected and then investigated using physical–chemical methods.




2.3. In Vitro Experiment In Cellular Medium


The experiments were performed according to the protocols reported in a previous study [17]. The cellular environment was standard medium DMEM (Sigma Chemical Co., St. Louis, MO) which contained 15 mM HEPES [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)], 2 mM L-glutamine, 10% FBS (fetal bovine serum), 100 UI/mL penicillin, and 100 µg/mL streptomycin. Two cell lines, osteoblast SaOS2 and endothelial Eahy926, were cultivated in standard medium at 37 °C in a humidified environment with 5% CO2 and 95% humidity. The cellular viability was determined by using the colorimetric MTT assay. The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole) is transformed into purple formazan in the mitochondria of living cells. The absorbance can be identified by measuring at a wavelength between 500 and 570 nm using a spectrophotometer. This reduction takes place only when mitochondrial reductase enzymes are active, and therefore the conversion can be directly related to the number of living cells.




2.4. Physico–Chemical Characterization


The sintering behavior of synthetic bioactive glass was verified using a thermogravimetry-differential scanning calorimetry (TG-DSC, SETERAM, LABSYS Evo). Glass powder was put in a platinum crucible, followed by heating from 30 to 1000 °C at a ratio of 10 °C.min−1. The phase composition of synthetic glass was analyzed using X-ray diffraction (XRD, D8-Advance) with Cu-Kα radiation (λ = 1.5406Å). The samples were measured in the range from 5 to 100° (2θ), with a step of 0.02°. The elemental composition of synthetic glass was identified by energy dispersive X-ray spectroscopy (EDX, Horiba H-7593). The structural textures consist of a specific surface area, pore size and pore volume were verified by N2 adsorption/desorption using a micromeritic porosimeter (Quantachrome Instruments). The specific surface area was determined using the Brunauer–Emmett–Teller (BET) method. The pore size and pore volume were calculated from the desorption curve using the Barrett–Joyner–Halanda (BJH) technique. The morphology was observed by transmission electron microscopy (TEM, JEOL-1400 microscope, Japan) and field emission scanning electron microscopy (FE-SEM, S-4800, Japan).





3. Results and Discussion


3.1. Thermal Analysis


TG-DSC analysis of the as-sintered sample is shown in Figure 1. Two mass-loss regions were determined in the ranges of 30–210 °C and 400–610 °C. The first one with an endothermic peak at 160.2 °C, is characteristic of the removal of water [13,14]. The second one with two endothermic peaks at 454.27 and 503.44 °C, is attributed to the decomposition of NO3- groups [13,14]. An exothermic peak without any mass loss at 925.94 °C corresponds to the crystallization of CaSiO3 phase [15]. From the sintering behavior, the selected temperature for glass synthesis was determined at 700 °C, where water and nitrate groups were completely removed.




3.2. Phase Composition


Figure 2 shows XRD diagrams of glass samples treated at 700, 800, 900 and 1000 °C. The bioactive glass synthesized at 700 °C showed broad diffraction halos, characteristic of the amorphous state. Therefore, the bioactive glass 70SiO2-30CaO, synthesized using a modified sol–gel method without any acid catalyst, kept the nature of amorphous glass as it was prepared the conventional sol–gel method and the hydrothermal method [12,13,14]. Therefore, the suitable temperature for synthesis of amorphous bioactive glass was selected to be 700 °C. The elemental composition of synthetic glass was identified using the EDX technique. The final values were derived from an average of five different positions. The analytical result showed that the CaO content in synthetic glass is lower than the theoretical value (Table 1). Specifically, as the temperatures increased from 700 °C to 1000 °C, the bioactive glass exhibited a crystallization of the CaSiO3 phase. This result is consistent with the TG-DSC analysis, where the phase transformation was noted at a temperature of 925.94 °C.




3.3. Structural Characterization


Textural and morphology of synthetic glass were evaluated by N2 adsorption/desorption and TEM analyses (Figure 3). The isotherm for synthetic glass is a typical type IV, following to IUPAC classification, attributing to mesoporous structure of synthetic material (Figure 3a) [18]. The hysteresis loop is type H2, characteristic of complex pore textures [18]. In addition, the pore size distribution and pore volume were derived using the BJH model. The textural characteristics are given in Table 2. The synthetic glass in this study exhibited a high specific surface area value and small pore size compared to previous studies [12,15]. The morphology was examined using TEM. The observation shows spherical particles with the sizes in range of 11–20 nm (Figure 3b). These particles seem to be aggregated to form the mesoporous structure of synthetic glass. This phenomenon is consistent with the previous studies [19,20].




3.4. Apatite Formation after in Vitro Experiment


The XRD patterns of bioactive glass after immersion in SBF for 1, 3 and 7 days are shown in Figure 4. The apatite formation was evaluated by comparing with the standard XRD diagram of HA (File JCPDS. No. 09432) [21,22]. After being soaked for just 1 day in SBF, two characteristic peaks of HA phase at about 26° (002) and 32° (211) were revealed. As the immersed time increased, these two peaks became more visible in terms of shape and intensity. Moreover, other peaks also appeared, as seen in the XRD pattern of bioactive glass, after seven days in SBF. The obtained results confirmed the bioactivity of bioactive glass in this study.



Figure 5 presents FE-SEM micrographs of glass after soaking in SBF solution for different amounts of days. Bio-mineralization was confirmed by the formation of new HA crystals, covering the surfaces of the glass samples after immersion, compared to the sample of initial glass. The HA crystals grow up as a function of immersed times. After 7 days, the HA layer was uniform and well-defined. This layer entirely covered the surface of glass. Furthermore, the EDX analysis for the sample at 7 days in SBF indicated that the Ca/P molar ratio was equal to 1.53, which is quite close to the theoretical value of HA (1.67). The Ca/P crystallization may continue to form an HA crystal layer.




3.5. Cellular Biocompatibility


The cellular viabilities in the cultural environment are showed in Figure 6. After 24 h, the cellular viabilities were 131.2 and 136.5 % for SaOS2 and Eahy926 cells, respectively. The viability of cells without contact with glass powder was chosen as control (100%). After 48 h, a slight decrease in cell viability was noted for both SaOS2 and Eahy926 lines, compared to 24 h. This may need the renewal of culturing media. According to ISO standard 10993-5 (test for cytotoxicity, in vitro methods), the material is toxic when its cellular viability is lower than 70% [20]. Therefore, the bioactive glass in this study shows a good compatibility after culture with SaOS2 and Eahy926 cells for 24 and 48 h.





4. Conclusions


The bioactive glass with the composition of 70SiO2-30CaO (mol.%) was successfully synthesized by a modified sol–gel process in hot water without using acid catalysts. The obtained glass is a totally amorphous material with a mesoporous structure. The in vitro experiment in SBF confirmed the bioactivity of glass by formation of apatite after one day. In vitro assay in cellular medium confirmed good biocompatibility of synthetic glass. Therefore, the bioactive glass synthesized by an environmentally friendly method in this study can find potential application as artificial bone substitutes.
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Figure 1. TG-DSC curves of the as-sintered glass sample. 
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Figure 2. XRD patterns of glass samples heated at 700, 800, 900 and 1000 °C. 






Figure 2. XRD patterns of glass samples heated at 700, 800, 900 and 1000 °C.



[image: Crystals 10 00529 g002]







[image: Crystals 10 00529 g003 550] 





Figure 3. (a) N2 adsorption/desorption isotherm and (b) TEM image of synthetic bioactive glass. 
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Figure 4. XRD patterns of bioactive glass after immersion in SBF for 1, 3 and 7 days. 
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Figure 5. FE-SEM and EDX analyses of bioactive glass samples after immersion in simulated body fluid (SBF). 
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Figure 6. Cellular viabilities on bioactive glass after 24 h and 48 h: (a) for osteoblast cells SaOS2 and (b) for endothelial cells Eahy926. 
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Table 1. The composition of bioactive glass 70SiO2-30CaO.
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	Composition (mol.%)
	SiO2
	CaO





	Theoretical
	70
	30



	Experimental
	74.6 ± 0.05
	25.4 ± 0.09
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Table 2. Nitrogen adsorption/desorption characterization of bioactive glass 70SiO2-30CaO.
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	Samples
	Specific Surface Area (m2/g)
	Total Pore Volume (cm3/g)
	Average Pore Diameter (nm)
	References





	70SiO2-30CaO
	150.13
	0.37
	11.84
	This study

Modified sol-gel method



	70SiO2-30CaO
	140.4
	0.67
	20.9
	Reference [12]

Hydrothermal method



	70SiO2-30CaO
	126
	0.47
	15
	Reference [15]

Conventional sol-gel method
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