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Abstract

:

In recent years, bioactive glasses (BGs) have attracted enormous attention with their superior bioactivity, non-toxicity and degradability. Owing to their properties, they have been applied in various biological applications. In the present work, we demonstrated that micron-sized BGs can be prepared with a spray drying method. This technique offers the advantages of low contamination and the ability of mass production, in contrast to the two major synthetic methods, conventional glass-melting and sol-gel, previously used for preparation of BGs. Characterizations of phase composition, morphology and specific surface area of spray dried BG powders were carried out and bioactivity was examined in vitro with respect to the ability to form a hydroxyapatite layer on the surface of the particles after they were immersed in simulated body fluid.
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1. Introduction


Bioactive glasses (BGs) have attracted considerable attention since they was first developed by Hench et al. [1] in 1969. Various studies have demonstrated that when BGs are implanted into human body, layers of hydroxyapatite (HA), constituting the main mineral component of human bones, are formed on the surface of BGs [2,3,4]. These HA layers can chemically bond to human bones, which reduces rejection and inflammation [5,6]. Owing to properties such as bioactivity, non-toxicity and degradability, BGs have been applied in various biological applications such as toothpaste fillers [7], bone implants [8], drug carriers [9], and radioisotope vectors [10,11].



The first BG reported by Hench et al. [12] was fabricated by a conventional glass melting process; the process involved melting the raw precursors at high temperatures of 1250–1400 °C and casting the melts into bulk implants. However, the required high temperatures lead to disadvantages, such as high cost of energy consumption and platinum crucibles [13], partial crystallization due to different melting points and also potential contamination during grinding and sieving [14]. As BGs are fabricated for medical use, contamination must be avoided and purity must be assured. To avoid the disadvantages of the conventional glass melting process, Li et al. [14] synthesized BGs using a sol-gel method in 1991, which subsequently became one of the most popular BG fabrication methods, due to its lower heat treatment temperature (around 600 °C) and chemical flexibility (better control of the product’s properties). In addition, by adding templates or surfactants, different morphologies can be prepared, including solid, hollow or mesoporous structures. For example, Yan et al. [15] used a tri-block surfactant to successfully synthesize a well-ordered mesoporous bioactive glass in 2004. Although the sol-gel method has been widely used for BG fabrication, the overall process follows a batch process that is, it is difficult to adapt to mass production, which usually requires several steps, some of which need long periods of time, up to 4–7 days [16].



Spray pyrolysis offers the advantages of both processes described above; it is suitable for mass production, operates lower temperature of around 500–600 °C and produces high purity BGs within a period of 1–2 days [17]. The process involves dissolving the precursor ingredients in a solvent to form a precursor solution, which is then atomized into fine droplets using ultrasound and introduced into a tube furnace to undergo stages of solvent evaporation, solute precipitation and precursor decomposition [18]. Synthesized BG particles are then collected in a high voltage electrostatic deposition system located after the furnace.



However, owing to the nature of the ultrasonic atomizer, particle sizes of spray pyrolyzed BG lay around the sub-micron (300–800 nm) range [17,18,19]. This limits its applications, such as dermal fillings [20] and radioisotope vectors [10,11], which require a particle size up to few microns. Studies have shown that microspheres with larger particle size could survive the ingestion process of phagocytosis [20], while the mechanical properties can also be controlled by the size effects [21,22]. In contrast, the spray drying method is a widely applied manufacturing process which uses the aerosol phase to dry particles [23]. It is a well-establish technique that has been used for over a century in the fields of pharmaceuticals, polymers and ceramics [24]. Yet, although some authors have already produced BG with spray drying method [25,26], the particle sizes reported are only within 1 µm, which is still too small for the above applications.



Therefore, in this study, we aimed for the preparation of micron-sized BG powders of up to 20 µm using the spray drying method instead of spray pyrolysis. Three common compositions of 58S, 68S and 76S were chosen for a fair comparison. Characterizations of phase composition, surface structure, inner structure and specific surface area of BG powders were obtained using X-ray diffraction (XRD), scanning electron microscopy (SEM), focused ion beam (FIB) and nitrogen adsorption/ desorption isotherms. At last, the bioactive tests were carried out and the amount of HA phase characterized using XRD.




2. Materials and Methods


2.1. Synthesis


The BG powders were synthesized using spray drying method based on three most common compositions of 58S (60 mol% SiO2, 36 mol% CaO, and 4 mol% P2O5), 68S (70 mol% SiO2, 26 mol% CaO, and 4 mol% P2O5), and 76S (80 mol% SiO2, 16 mol% CaO, and 4 mol% P2O5). By using tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 99.9 wt%, Showa, Tokyo, Japan), calcium nitrate tetrahydrate (CN, Ca(NO3)2·4H2O, 98.5 wt%, Showa, Tokyo, Japan), and triethyl phosphate (TEP, (C2H5)3PO4, 99.0 wt%, Alfa Aesar, Heysham, UK) as the source of Si, Ca and P, precursor solutions of various BG powders were prepared by dissolving TEOS, CN and TEP in 10.0 g of 0.5 M HCl and 360.0 g of ethanol based on their given Si, Ca and P ratios. All precursor solutions were stirred at room temperature for 4 h to achieve homogeneity. For the spray drying process, the final precursor solutions were diluted with 1 L deionized water with concentration of 1.8 M and dispersed into fine droplets using a high-speed rotating disc at 20,000 rpm, with flow rate around 50 mL/min, into the spray dryer machine (SD DD-03, IDTA machinery Co., New Taipei, Taiwan), with the hot chamber set at 200 °C to form BG powders. The resulting dried BG powders were collected in a drying tube and calcined at 600 °C for 1 h to form the final products. Finally, the BG powders were washed by 1 M nitric acid to eliminate any impurity and un-reacted species. Note that following the procedure as described above, a precursor solution of 1 L can yield BG powder around 100 g, corresponding to a yield of up to 90%.




2.2. Structural Characterization


The phase compositions of BG powders were obtained using a X-ray diffractometer (XRD, D2 Phaser, Bruker, Karlsruhe, Germany) with Ni-filtered Cu Kα radiation using collection angles ranging from 10 to 80°. Next, the surface structure was examined using a field-emission scanning electron microscope (SEM, JSM-6500F, JEOL, Tokyo, Japan) while another SEM equipped with focused ion beam (FIB, Quanta 3D FEG, FEI, Oregon, USA) was used to prepare the cross section specimen for the observation of the inner structure. Statistical measurements of particle size distributions and average particle sizes were measured by sampling more than 200 particles with a couple of SEM images Meanwhile, average pore sizes was computed by measuring more than 200 pores from the FIB cross section images. Also, atomic compositions were obtained using energy dispersive spectroscopy (EDS, X-Max 50 mm2, Oxford Instrument, High Wycombe, UK). In addition, the Brunauer-Emmett-Teller (BET) nitrogen adsorption method was used to analyze the specific surface areas of the BG powders. The nitrogen adsorption and desorption isotherms were obtained at −196 °C on a constant-volume adsorption apparatus (Novatouch LX2, Quantachrome Instruments, Boynton Beach, FL, USA). As-prepared specimens were degassed at 150 °C for 3 h before the measurements.




2.3. Bioactivity Test


The in vitro bioactivity tests of all BG powders were carried out by immersing the powders in simulated body fluid (SBF) [27] with a solid to liquid ratio of 1 mg to 5 mL. Each specimen was held at 37 °C for 12 h and washed with acetone and deionized water before drying at room temperature for one day. XRD was used to observe the phase information of HA to confirm the HA formation for the bioactivity.





3. Results


3.1. Phase Composition


Figure 1 shows XRD patterns of 58S, 68S and 76S BG powders prepared by spray drying method. First, for the 58S, the XRD pattern show the absence of any crystalline peak, with only a broad band existing between 15–35°, which suggests that the structure of 58S BG powder is amorphous. Then, BG powders of 68S and 76S reveal the similar XRD patterns. Therefore, the result indicates that all spray dried BG powders were prepared successfully with glassy phase.




3.2. Morphology and Composition


The surface structures and inner structures of spray dried 58S, 68S, and 76S BG powders were examined to obtain the particle morphologies, and the corresponding results are shown below. Initially, Figure 2 shows the surface structure information of all spray dried powders with insets of particles at higher magnification. It can be seen from Figure 2a that the 58S BG powder exhibits the spherical shape which is the typical spray dried shape [23]. Meanwhile, it can also be seen that the surfaces of the particle are rough instead of smooth. This is due to the shell formation and buckling phenomenon happened during the particle formation stage [28]. In addition, 68S and 76S BG powders as shown in Figure 2b,c reveal the same morphology but more severe rough surfaces.



Next, owing to the particle formation mechanism of the spray drying method, inhomogeneous morphologies have been discussed in previous studies [23,24,25,26,27,28,29]. Therefore, for obtaining particle morphology, the inner structure is required to verify with the surface structure for the correct particle morphology; for example, both hollow particles and solid particles exhibit the same surface structures [30]. Commonly, transmission electron microscopy (TEM) was used to collect information on the inner structure. However, based on the SEM images shown in Figure 2, particle sizes of all spray dried BG powders range around 2–20 µm. Due to the huge particle sizes of BG powders, the particles might not be electron transparent in the TEM. Therefore, inner structures of all BG powders were examined using FIB-prepared cross section particles instead of TEM. Figure 3 shows the SEM images of FIB-prepared cross section particles with insets of their inner structures. With examination of more than 20 particles among each BG powder, the results show that all spray dried BG powders exhibit either solid (Figure 3a–c) or porous (Figure 3d–f) inner structures.



Elemental analysis of all BG powders was carried out using EDS as shown in Figure 4. It can be seen from the graphs that all spectra have peaks at 0.52, 1.76, 2.05 and 3.69 KeV which correspond to O-Kα, Si-Kα, P-Kα, and Ca-Kα edges, respectively. In addition, an increasing trend of Si-Kα edge can be observed from 58S, 68S to 76S, as well as a decreasing trend of Ca-Kα edge. Moreover, Table 1 shows the atomic compositions derived from the EDS spectra. The result shows that all BG powders exhibit around 10 mol% of P with Si ratio of 52, 64 and 74 mol% for 58S, 68S and 76S BG powders, respectively. Indicating the successful synthesis of BG powders based on their given composition.




3.3. Particle Size, Pore Size and Specific Surface area


Based on the SEM images shown in Figure 2, statistical measurement of the particle size distributions of all spray dried BG powders were calculated and shown in Figure 5. The graphs indicate that particle sizes of all BG powders exhibit a normal distribution, with insets of d50 = 8.5, 8.0 and 7.7 μm for 58S, 68S and 76S BG powders. The average sizes and the corresponding deviations were computed as 8.8 ± 3.5, 6.4 ± 4.2, and 5.9 ± 3.5 μm for 58S, 68S and 76S BG powders. In addition, average pore sizes of all BG powders were measured as 61 ± 10, 68 ± 12 and 65 ± 8 nm. At last, BET measurement revealed that the specific surface areas of the 58S, 68S, and 76S BG powders were 39.1 ± 1.9, 21.9 ± 0.5 and 5.9 ± 0.3 m2/g, respectively.




3.4. In Vitro Bioactivity


For the in vitro bioactivity tests, Figure 6 shows the XRD patterns of 58S, 68S and 76S bioactive glasses after immersing in SBF for 12 h. Compared to XRD patterns of as-prepared BG powders shown in Figure 1, diffraction peaks of (211) and (112) peaks of HA (JCPDS No.84–1198) were observed in all BG powders. To compare the bioactivity of each specimen, background subtraction was performed on each XRD pattern and Figure 7 plots the intensities of (112) peak of HA as a function of SiO2 concentration. The graph shows that the intensities of HA peak of 58S, 68S and 76S are 550, 400 and 380 counts, respectively.





4. Discussion


First, based on the SEM images of as-prepared BG powders shown in Figure 2, it has been demonstrated that the particle morphology is spherical for all spray dried BG powders. This is due to the typical particle formation mechanism of spray drying method [31], similar to the “one-particle-per-drop” mechanism of spray pyrolysis [18]. Moreover, it can be seen from the FIB-prepared BG powders shown in Figure 3 that all BG powders exhibit solid or porous inner structures. During spray drying, hollow particles are often obtained. However, in this study, a low Peclet number in combination with a high solubility of the solutes could result in the formation of solid particles [29]. In addition, the porous structure is possibly formed due to the decomposition of the remaining solvent (e.g. NO3−) during the calcination process.



For the particle size distribution, histograms shown in Figure 5 suggest that all BG powders exhibit normal distributions with d50 around 8 µm. This is owing to the nature of droplet distribution controlled by the high-speed rotating disc. In addition, the average particle sizes of BG powders are computed as 8.8 ± 3.5, 6.4 ± 4.2 and 5.9 ± 3.5 µm for 58S, 68S and 76S BG powders, respectively. Meanwhile, it also shows that the particle size of spray dried BG powders is about 10 times bigger than the particles size of spray pyrolyzed BG powders (300–800 nm) [17,18,19]. However, owing to the distribution of droplet sizes, the average particle sizes still present standard deviations around 50% similar to the BG particles synthesized using spray pyrolysis [32].



The specific surface areas were measured using BET and showed that all BG powders have surface areas ranging from 6 to 40 m2/g. Meanwhile, with the density of 2.6 g/cm3 for 45S5 Bioglass® [33], the theoretical surface area of a BG particle with size of 8 µm can be computed as ~0.3 m2/g. These results show an increased surface areas of 20 to 100 times as compared to the calculated values, which is due to internal porosity. With more than 20 FIB cross section particles examined, the proportions of porous particles found are 85%, 50% and 20% for 58S, 68S and 76S BG powders, respectively, which shows the same trend as the measured surface areas.



Finally, the bioactivity tests were carried out by immersing each specimen in SBF. Since the bioactivity of the glasses is directly related to the growth rates of HA, XRD patterns shown in Figure 6 were used to observe the formation of HA. The results show that all spray dried BG powders form HA phases of (211) and (122) after immersion in SBF for 12h. In addition, by performing background subtractions to the XRD patterns, Figure 7 plots the intensities of (112) reflection of HA as a function of SiO2 concentration. The graph provides a comparison of the bioactivity of each specimen, indicating the order of bioactivity is 58S > 68S > 76S.




5. Conclusions


In this study, micron-sized BG powders with compositions of 58S, 68S and 76S were successfully prepared using a spray drying method. The characterizations show that as-prepared powders possessed a glassy structure, along with two morphologies of rough solid and porous sphere. The averaged particle sizes were measured as 6–9 µm, with surface areas range from 6–40 m2/g. Finally, the bioactivity of all BG powders were confirmed by XRD with the formation of HA after immersion in the SBF for 12 h.
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Figure 1. X-ray diffraction (XRD) patterns of spray dried 58S, 68S and 76S bioactive glass (BG) powders. 
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Figure 2. Scanning electron microscopy (SEM) images of spray dried (a) 58S; (b) 68S; and (c) 76S BG powders with insets of their surfaces captured at higher magnification. 
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Figure 3. SEM images of focused ion beam (FIB)-prepared cross section particles showing solid and porous structure of (a,d) 58S; (b,e) 68S; and (c,f) 76S BG powders with insets of their inner structure captured at higher magnification. 
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Figure 4. Energy dispersive spectroscopy (EDS) spectra of spray dried (a) 58S; (b) 68S; and (c) 76S BG powders. 
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Figure 5. Particle size distributions of spray dried (a) 58S; (b) 68S; and (c) 76S BG powders. 
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Figure 6. XRD patterns of 58S, 68S, and 76S BG powders soaked in simulated body fluid (SBF) for 12 h. 
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Figure 7. Intensities of hydroxyapatite (HA) (112) peak as a function of SiO2 concentration. 
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Table 1. Atomic compositions of 58S, 68S and 76S BG powders derived from EDS spectra.
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	Specimen
	Si
	Ca
	P





	58S
	52.47 ± 2.26
	37.71 ± 1.62
	9.81 ± 0.65



	68S
	63.64 ± 3.09
	26.68 ± 3.90
	9.68 ± 1.15



	76S
	74.18 ± 0.90
	16.33 ± 1.51
	9.49 ± 0.83



	
	
	
	Unit: mol%











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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