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Abstract: The paper focuses on the acid-free hydrothermal process for the synthesis of bioactive
glass. The new method avoids the use of harmful acid catalysts, which are usually used in the sol-
gel process. On the other hand, the processing time was reduced compared with the sol-gel method.
A well-known ternary bioactive glass 585i02-33Ca0O-9P205 (wt%), which has been widely synthe-
sized through the sol-gel method, was selected to apply to this new process. Thermal behavior, tex-
tural property, phase composition, morphology, and ionic exchange were investigated by thermal
analysis, N2 adsorption/desorption, XRD, FTIR, SEM, and inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) analysis. The bioactivity and biocompatibility of synthetic bioactive
glass were evaluated by in vitro experiments with a simulated body fluid (SBF) solution and cell
culture medium. The obtained results confirmed that the acid-free hydrothermal process is one of
the ideal methods for preparing ternary bioactive glass.
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1. Introduction

Bioactive glasses (BGs) have been applied as bone fillers within the clinic for the past
fifty years owing to their osteoconductivity and osteoinductivity [1]. These materials pos-
sess a special ability to attach to the bone tissue through the formation of a mineral hy-
droxyapatite layer when soaked in a biological solution. In this way, broken and defective
bones are repaired and filled [2]. Since the primary discovery of bioactive glass (455iO2-
24.5Ca0-24.5Na20-6P20s, wt%; the commercial name is Bioglass® or Novamin), many
glass systems have been studied and synthesized using two main methods: melting and
sol-gel [3,4]. In particular, the sol-gel method shows outstanding advantages compared
to the melting method. The sol-gel processes are often applied to fabricate bioactive
glasses at lower temperatures, preventing the loss of the ultimate product due to the evap-
oration of P20s. Specifically, this method can synthesize bioactive glasses on a nano-scale
with a high value of the specific surface area and porous structures, which improves the
bioactivity of synthetic materials [5,6]. Nevertheless, most sol-gel processes have used
harmful strong acids and bases as catalysts for the hydrolysis of precursors [7-17]. This
affects the manufacturer's health when synthesizing the glass systems as well as the pos-
sibility of toxic acid residues in the final synthetic product. Therefore, finding acid-free
synthesis methods can be seen as an urgent need to create friendly products that can be
used as artificial bone materials or as additives in healthcare products. Recently, some
scientists have reported on the synthesis of bioactive glasses by the green chemical pro-
cess. Following this trend, new synthesis processes are being established to cut back or
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eliminate the utilization or generation of harmful substances [18,19]. A quaternary bioac-
tive glass 75%S5i02-16%Ca0-5%Na20-4%P:05 (mol%) has been synthesized by the acid-
free sol-gel process [20]. The authors rapidly added the precursors TEOS and TEP in an
exceedingly large volume of water, under strong stirring of 1100 rpm. In this way, the
alkoxides hydrolyzed completely to create a transparent sol after 5 h. In our previous
studies, binary bioactive glasses 705i-30Ca (mol%) with or without Zn doping, were made
by the acid-free hydrothermal process [21,22]. The mixtures of suitable precursors without
catalytic acids were heated in a Teflon-lined stainless steel autoclave at 150 °C in an electric
oven and kept there for 1 day. The resulting product, in gel form, was dried and heat-
treated at 700 °C for 3 h. The obtained glasses were amorphous materials and showed
interesting bioactivities. For this paper, we applied the acid-free hydrothermal method to
synthesize a well-known sol-gel bioactive glass 585i02-33CaO-9P20s (wt%). Moreover, the
advantage of the selected Na-free ternary system SiO-CaO-P20s avoids the negative effect
of a sodium element. The release of sodium ions can cause a rapid pH increase, which can
result in a cytotoxic effect [23-25]. By changing some conditions, like hot temperatures
and the water/TEOS molar ratio, compared to previous studies [21,22], we emphasize that
the acid-free hydrothermal process can be completely applied to synthesizing ternary bi-
oactive glass 585i02-33Ca0O-9P20s5 (wt%). The synthetic glass was characterized and ex-
amined for its bioactivity and biocompatibility.

2. Materials and Methods
2.1. Acid-Free Hydrothermal Synthesis

The acid-free hydrothermal process was used to prepare the bioactive glass 585iO»-
33Ca0-9P20s5 (wt%). The composition of the glass system was selected as in previous stud-
ies, where the material system was synthesized by the sol-gel method [14-17]. A brief de-
scription, a mixture containing 10.42 g of TEOS (tetraethyl orthosilicate, Sigma-Aldrich, >
99.0%, Pcode: 102068011), 1.21 g of TEP (triethyl phosphate, Merck, 100%, CAS-No:78-40-
0), 7.09 g of Ca(NO3)2.4H20 (calcium nitrate tetrahydrate, Merck, 100%, CAS-No-13477-
34-4), and 54 g of H20 was stirred for 30 min. The H2O/TEOS molar ratio was surveyed
and selected at 60. After being mixed together, the mixture was placed in a stainless steel
autoclave lined with a Teflon core. The hydrothermal synthesis reactor was programmed
at 160 °C for 24 h. The gel-producing product was dried at 100 °C for 24 h to form the gel
powder. From the thermal analysis data, the bioactive glass was obtained by sintering the
dried powder at around 700 °C, with a heating rate of 10 °C/min, and kept there for 3 h.

2.2. In Vitro Experiment in SBF Fluid

An in vitro test is critical to confirm the bioactivity of synthetic biomaterials before in
vivo tests in the animal body. The in vitro test was proposed by Kokubo and Takadama
through the immersion of the material in the simulated body fluid (SBF) and widely ap-
plied for bioactivity evaluation [26]. The SBF synthetic solution had concentrations of in-
organic ions almost similar to the blood of a human body (Table 1). It was synthesized by
dissolving the appropriate chemical agents comprising MgCL.6H20, CaCly,
KzHPO4.3H20, NaHCOs, KCl, NaCl, and CsH11NO:s in distilled water at a body tempera-
ture of 37 °C and a pH of 7.4. The powdered glasses were immersed in the SBF solution at
37 °C for 1, 3, and 5 days, with a stirring speed maintained at 60 rpm. At the end of each
soaking stage, the powdered samples were refined, dried, and used for chemical-physical
characterization. The remaining solutions were used for ionic measurements.

Table 1. Ionic concentration of the simulated body fluid (SBF) solution (mmol/L).

Composition Na* K+ Ca» Mg* Cl- HCOs- HPO4-
SBF 1420 50 25 1.5 148.0 4.2 1.0
Plasma 1420 50 25 1.5 103.0 27.0 1.0
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2.3. In Vitro Assay Within the Cellular Medium

The cell culture medium was Dulbecco’s Modified Eagle’s Medium (DMEM; Merck,
Product Code D9785) containing 10% fetal bovine serum (FBS), 100 ug mL" of penicillin,
10 pug mL" of streptomycin, and 15 mM of HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid). The L-929 fibroblast line was cultured in DMEM at a tempera-
ture of 37 °C in a humid incubator (5% CO2, 95% humidity) for 24 h. The ratio of glass
powder/medium was selected as 0.1 g mL according to the ISO standard 10993-12:2004.
The various dilutions were obtained from the extract of the cellular medium, named as
20%, 40%, 60%, and 100% (without dilution). The fibroblast cells were exposed to the ex-
tracts for 24 h. The cellular viabilities on the bioactive glass were evaluated by the MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) method consistent with
the previous study [27].

2.4. Characterization

The thermal behavior of the as-sintering bioactive glass was obtained by employing
a Thermogravimetry-Differential Scanning Calorimetry (TG-DSC; Labsys Evo Setaram,
Thermal Analysis Labs Ltd., Fredericton, NB, Canada). The fine glass powder was put in
a platinum crucible and then heated up from 30 to 1000 °C at 10 °C/min in dried air. The
textural properties were obtained by using N2 adsorption/desorption on a micromeritics
porosimeter (Quantachrome Instruments, Boynton Beach, FL, USA). The specific surface
area was achieved by using the Brunauer-Emmett-Teller (BET) technique (Micrometrics,
Georgia, USA). The pore size and pore volume were calculated from the isotherm desorp-
tion curve based on the Barrett-Joyner—Halanda (BJH) method. The phase characteristics
of the powder samples were identified by X-ray diffraction (XRD; D8-Advance, Bruker,
Billerica, MA, USA) with Cu-Ka radiation (A = 1.5406 A). The measurements were per-
formed within the range of 5-80° (20), with a step of 0.02°. The XRD identification was
performed by the X-Pert High Score Plus software. The chemical bonding groups were
determined by a Fourier-Transform Infrared Spectroscopy (FTIR, Bruker Equinox 55,
Bruker, Billerica, MA, USA). The spectral scan was carried out in the range of 400-4000
cm™, with a resolution of 2 cm™. Scanning Electron Microscopy (SEM) combined with
Energy Dispersive X-ray Spectroscopy (EDX) (5-4800, Hitachi, Tokyo, Japan) was em-
ployed to identify the morphology and elemental composition of the powder samples.
The ionic exchange in the SBF solution during the in vitro experiment was verified by
using inductively coupled plasma optical emission spectrometry (ICP-OES, ICP 2060, Ag-
ilent, California, USA).

3. Results and Discussion
3.1. Thermal Behavior

The thermogravimetry (TG) and the differential scanning calorimetry (DSC) curves
of the dried sample are presented in Figure 1. The TG curve shows three mass losses in
the temperature ranges of 28-210, 210-405, and 405-670 °C. The primary mass loss corre-
sponding to the endothermic peak at 129.4 °C on the DSC curve, is assigned to the physi-
cally adsorbed water removal [21,28]. The second one, with an exothermic peak at 298.2
°C on the DSC curve, is characteristic of the chemically adsorbed water release [29]. The
last one, with an endothermic peak centered at 521.1 °C on the DSC branch, was due to
the thermal decomposition of the NOs~ groups used as oxide precursors [30,31]. An exo-
thermic peak at 923.6 °C without the mass loss is attributed to the formation of wollaston-
ite CaSiOs compound, according to our previous studies [21,22]. From temperatures above
670 °C, no mass loss was observed. Therefore, the suitable temperature for glass sintering
is chosen to be at around 700 °C to eliminate the H,O and NO;~ components within the
sample.
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Figure 1. Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) curves of the as-sintering bioactive glass sam-
ple.

3.2. Textural Analysis

The N2 adsorption/desorption isotherm and pore size distribution of the bioactive
glass powder are shown in Figure 2. The synthetic bioactive glass exhibited the type IV
isotherm, which is suitable for mesoporous material based on the IUPAC classification of
adsorption isotherms [32]. The BJH pore size distribution achieved from the desorption
branch shows a relatively wide range and a single-type distribution with pore sizes of 8
to 90 nm, concentrated at a mean diameter (MD) of 21.2 nm. The measured values of the
specific surface area (SSA) and pore volume (PV) are 104.7 m?/g and 0.54 cm?/g, respec-
tively. In this study, the synthetic bioactive glass presents interesting values of SSA, PV,
and MD compared to previous papers, as shown in Table 2 [15-17].
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Figure 2. Nitrogen adsorption/desorption isotherm and pore size distribution of bioactive glass.
Table 2. Textural properties of synthetic bioactive glass.
Reference Specific Surface Area Pore Volume Mean Diameter Synthesis Method
(m?/g) (cm?/g) (nm)
[15] 82 0.201 10 Sol-Gel
[16] 99.1 - - Sol-Gel
[17] 126.54 0.447 6.55 Sol-Gel
[This Study] 104.7 0.54 21.2 Hydrothermal

3.3. Bioactivity Evaluation

3.3.1. XRD Analysis
Figure 3 shows the XRD diagrams of glass samples before and after the in vitro ex-

periments in the SBF solution. The XRD pattern of the synthetic bioactive glass exhibits a
wide diffraction halo centered at about 23° (20). This is a typical characteristic of an amor-
phous material, confirming the successful synthesis of ternary bioactive glass 585iO»-
33Ca0-9P20s (wt%) by the free-acid hydrothermal method. After the primary day in the
SBF solution, the bioactive glass showed two well-defined peaks at 20 = 26° (002) and 32°
(211), which are attributed to the crystalline hydroxyapatite (HA) phase (well-matched
with the JCPDS file no. 90432). As the soaking time increased, these two peaks became
sharper and higher in intensity. After 5 days, most of the representative peaks of the HA
phase appeared clearly, demonstrating the bioactivity of the synthetic bioactive glass in

this study.
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Figure 3. XRD diagrams of bioactive glass before and after the in vitro experiment in the SBF.

3.3.2. FTIR Analysis

Figure 4 represents the FTIR spectra of the bioactive glass before and after the in vitro
experiment in the SBF. The spectrum of the synthetic glass represents the most character-
istic bands of the silica network. The band at 1104 cm™ is attributed to the Si-O-Si asym-
metric stretching vibration (asym) while the band at 803 cm™ corresponds to the Si-O-Si
symmetric stretching vibration (sym) [33]. The band observed at 470 cm- is characteristic
of the Si-O-Si bending vibration [34]. The weak band at 977 cm™ is ascribed to the Si-O
non-bridging oxygen (NBO) stretching mode [34]. Only a weak band at 554 cm™, related
to the stretching mode of PO+*- [35,36], was observed because of the low content of P20s
in the synthetic bioactive glass. After the in vitro experiment in the SBF for 1, 3, and 5
days, the spectral feature of the glass was modified, thanks to the chemical interactions
between the glass samples and the physiological medium. The spectral band at 1104 cm™
(5i-O-Si asym) was shifted to 1030 cm™. The band at 803 cm™ (S5i-O-5i sym) was moved to
869 cm™. The band at 470 cm™ (Si-O-Si ben) was displaced to 460 cm™. The band at 977
cm™ (5i-O-NBO) disappeared. The Si-O-Si shift and Si-O disappearance are associated
with the glassy-network dissolution, and then the re-polymerization of the -Si(OH)4
groups to make the SiOz-rich surface layer [32-36]. Typically, two well-defined bands at
564 and 600 cm™ are revealed. They are attributed to the stretching modes of the PO+
groups in the hydroxyapatite crystals [37,38]. The FTIR results associated with the XRD
analysis emphasize the bioactivity of bioactive glass synthesized by the free-acid hydro-
thermal method.
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Figure 4. FTIR spectra of bioactive glass before and after the in vitro experiment in the SBF.

3.3.3. SEM-EDX Analysis

Figure 5 shows the SEM micrographs, including EDX analyses, of the glass samples
before and after immersion in the SBF fluid for 5 days. The SEM image of the synthetic
glass shows agglomerates consisting of intertwined tiny particles, forming the three-di-
mensional mesoporous structure of the synthetic material. The EDX analysis gives the
Si/Ca/P molar ratio of 7.52:4.41:1, which is quite similar to the theoretical ratio in synthetic
glass (60Si02-36Ca0O-4P20s mol%; Si/Ca/P = 7.5/4.5/1). After 5 days of immersion in the
SBF solution, the surface of the bioactive glass was replaced and completely recovered by
a uniform, scaled crystal layer. The EDX analysis of the glass after 5 days in SBF shows a
decrease in Si content because of the degradation of the glassy network, and a rise in Ca
and P amounts due to the formation of HA phase. The calculated Ca/P molar ratio for 5
days is 1.72, similar to that of pure apatite [30,31]. The SEM observation and EDX analysis
confirmed the appearance of a new apatite layer on the surface of the bioactive glass.
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Figure 5. SEM-Energy Dispersive X-ray Spectroscopy (EDX) analyses of the bioactive glass: (a—b) before and (c—d) after 5

days of immersion.

3.3.4. ICP-OES Analysis

The physical-chemical interactions of the bioactive glass with the physiological en-
vironment led to ionic changes in the SBF solution as presented in the Figure 6. The ele-
mental concentrations of Si, Ca, and P in the initial SBF solution were 0 ppm, 100.2 ppm,
and 31.4 ppm, respectively. The Si concentration rapidly increased at the beginning time
of soaking, and then moderately increased after 3 days. The concentration of Si reached
the saturation value after 5 days of immersion. According to the previous studies, a rising
in Si concentration is explained by the dissolution of the glassy network through the re-
lease of silicic acid Si(OH)s, while the saturation process corresponds to the re-polymeri-
zation of the above acids to create a SiO: silica layer [33-36]. On the other hand, the con-
centration of Ca increases at the beginning time of soaking, probably due to the quick
exchange of Ca?* out of the glassy network and H* in the physiological fluid [37-39]. There-
after, the concentration of Ca strongly decreased after 3 days and reached saturation at 5
days. The decrease of the Ca concentration is expounded by its consumption to make the
mineral HA layer on the surface of the bioactive glass [37-39]. By contrast, no increase in
P concentration was observed after the in vitro experiment. This can be explained by the
low content of P20s in the synthetic glass and also the rapid consumption of Ca and P for
the formation of the apatite mineral layer. This result completely fits with the XRD analy-
sis, where the HA layer was determined after just 1 day of soaking in the SBF solution.
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Figure 6. Ionic exchanges between the bioactive glass and the SBF solution.

3.4. Biocompatibility Evaluation

The cell viabilities of the L-929 fibroblast cells directly in contact with the bioactive
glass powder for 24 h are presented in Figure 7. The cell viability without contact with the
bioactive glass was selected as the control (100%) [27]. Following the standard ISO 10993-
5 (Biological evaluation of medical devices — Part 5: Test for cytotoxicity, in vitro methods
2009), the cell viability was calculated as a percentage relative to the control, set as 100%.
In the case where the average of cell viability was less than 70%, the material was cyto-
toxic. The obtained results show that the cell viabilities were 124, 116, 96, 94% for 20%,
40%, 60%, and 100% extracts, respectively. The 20% extract showed the highest value of
cell viability, while the 60% and 100% extracts presented a small difference. Therefore, the
bioactive glass 585i02-33Ca0-9P205 (wt%) synthesized by the acid-free hydrothermal
method presented good biocompatibility in the cellular medium even within the high ex-
tracts. The value of cell viability for the bioactive glass in this study is equivalent to those
for previous glass systems, such as 4555 melting Bioglass®, 775 sol-gel glass, and 58S sol-
gel glass [40].
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Figure 7. Cell viabilities of synthetic bioactive glass.

4. Conclusion

This study confirmed that the acid-free hydrothermal method is suitable for the syn-
thesis of ternary bioactive glass 585i02-33CaO-9P:0s (wt%). The obtained bioactive glass
has amorphous and mesoporous structures. The bioactivity of the synthetic glass was
proved through the rapid formation of the hydroxyapatite mineral layer on the surface of
glass samples after an in vitro experiment in SBF. In addition, the in vitro experiment in
the cellular environment demonstrated the good biocompatibility of the synthetic bioac-
tive glass. The acid-free hydrothermal synthesis can be considered a new method to syn-
thesize bioactive glass with properties similar to previous studies. The bioactive glass syn-
thesized by this process, which does not use catalytic acids, can be used as artificial bone
materials, and also can be used in food technology, such as additions to toothpaste or
cosmetics.
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