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Abstract: Bioactive glasses 705i0:-(30-x)CaO-xZnO (x=1, 3, 5 mol.%) were prepared by the acid-free
hydrothermal method in keeping with the green chemical technology. The synthetic glasses were
investigated by TG-DSC, BET, XRD, and SEM-EDX. All synthetic glasses present mesoporous
structures consisting of aggregates of nano-particles. The bioactivity of synthetic glasses was
confirmed through the formation of the hydroxyapatite phase after in vitro experiment in the SBF
solution. The effect of Zn addition is shown through the decrease in the bioactivity of synthetic
glasses. Additionally, the ICP-OES analysis indicates that the Zn ions were released from the glassy networks
during in vitro experiments, and they act as Zn(OH): suspended precipitation to inhibit the apatite
deposition. The in vitro experiment in cell culture matter was performed for SaOSz and Eahy929 cells. The
results confirmed the biocompatibility of synthetic glasses and the role of Zn addition in the
proliferation of living cells.
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1. Introduction

For the past five decades, bioactive glasses have been used as artificial bone materials thanks to
their typical ability to connect to the natural bone by forming a hydroxyapatite layer during in vitro
and in vivo experiments [1]. These biomaterials can be synthesized by using two main methods melting
and sol-gel [2]. Recently, the sol-gel method has been widely applied because it has more advantages than
the melting method. This method can produce bioactive glasses at moderate temperatures, preventing the
final-product loss because of P20s evaporation. Furthermore, this method is able to synthesize bioactive
glasses on nano-scale with mesoporous structures which reinforces the bioactivity of obtained materials
[3-4]. To control the bioactivity and biocompatibility of sol-gel glasses, beneficial elements such as
Mg, Sr, Al, Cu, Fe, Ag, and Zn have been added [5-11]. Among them, Zn plays an important role in
bone formation because of its ability to inhibit the activity of osteoclasts and increase the
differentiation of osteoblasts [12-13]. Depending on the content of the doped Zn as well as the
composition of the system, the synthetic glass systems exhibit different properties. Bioactive glass 645i0:-
26Ca0-5P205-5Zn0 (mol.%) has been elaborated by A. Balamurugan et al. using the sol-gel method. The
authors pointed out that the incorporation of ZnO not only reduce the bioactivity of synthetic glass but
also increase the osteoblast proliferation [6]. Abeer M. El-Kady et al. have fabricated various sol-gel
glasses 585i0:-(33-x)CaO-9P205-xZn0O (x = 1, 3, 5 wt.%) [14]. All synthetic glasses exhibited high
porosities, surface areas, and good bioactivity in the SBF test. Ternary 60SiO2-36CaO-4P-Os (mol.%) and
quaternary 60Si02-25CaO-11Na20-4P>0s (mol.%) sol-gel glasses doped with 0, 1, 5 and 10 mol.% of ZnO
have been synthesized by Julian Bejarano [15]. The study indicated the content of doped ZnO influence on
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the textures, bioactivity, and compatibility of synthetic glasses. Furthermore, the increase of doped
Zn0O caused the decrease in formation of apatite mineral on glass surfaces after in vitro experiments.
Thus, many glass systems containing ZnO have been studied by the sol-gel method. However, most
synthesized ZnO- containing glasses used harmful strong acids and bases as catalysts for the
hydrolysis process. In our previous study, the acid-free hydrothermal method has been used for
synthesized binary bioactive glass with the molar composition of 70%S5i02-30%CaO [16]. A combination
of starting precursors without acid catalysts was heat-treated in a hydrothermal reactor at 150 .C for
24 hours. The obtained product in concentrated gel was dried and sintered at 700 «C during 3 hours.
The synthetic glass was an amorphous structure and presented interesting bioactivity. Based on this
approach, we synthesize the ternary bioactive glasses 70SiO2-(30-x)CaO-xZnO (mol.%, x=1, 3, and 5)
within the present work.

The effects of ZnO additions on the physical-chemical properties, bioactivities, and bio-
compatibilities of synthetic bioactive glasses were investigated.

2. Materials and Methods

2.1. Acid-free synthesis of bioactive glasses containing ZnO

New series of bioactive glasses 705i02-(30-x)CaO-xZnO (mol.%, x=1, 3, 5) were synthesized by the
hydrothermal method in line with the previous study [16]. Briefly, a mixture of TEOS (Tetraethyl
Orthosilicate, Merck, 99.0%), Ca(NOs)2.4H20 (Merck, 100%), Zn(NOs)2.6H0 (Merck, 98%), and H.O
was put into a hydrothermal system consisting of a stainless-steel autoclave with Teflon core. The reactive
system was performed at 150 .C for 1 day. The obtained gel was dried at 150 .C to make the ceramic
powders. The bioactive glasses were achieved by sintering the powders at 700 oC for 3 hours. We
denoted the bioactive glasses 705i02-(30-x)CaO-xZnO with x = 1, 3, and 5 mol.% of ZnO as Bioglass-Z1,
Bioglass-Z3, and Bioglass-Z5, respectively.

2.2. In vitro test in SBF solution

The bio-mineralization was verified by the immersion of bioactive glasses in the simulated body fluid
(SBF) according to the method of Kokubo [17]. The SBF synthetic solution has inorganic ion
concentration similar to that of human blood. Glass powder samples with a mass of 125 mg were
soaked in 250 mL of SBF at 37 .C with a stirring rate of 120 rpm for 1, 3, 5, and 7 days. At the end of
each immersion phase, the powder samples are refined, dried, and used to determine their physical- chemical
characterizations. The remaining solutions are served to measure the ionic concentration

2.3. In vitro test with cell culture

Two cell lines SaOS: and Eahy929 were selected for culturing in DMEM (Dulbecco’s Modified
Eagle’s Medium, Merck) at 37 oC in a humid environment (95% humidity, 5% COz,) for 24 hours. The test ratio
of glass sample/medium was chosen as 0.1 g/mL consistent with the ISO standard 10993- 12:2007. The
cell viabilities were determined by the MTT method following the previous report [18]

2.4. Physical-chemical characterization

The thermal analysis was performed by employing a Thermogravimetry-Differential Scanning
Calorimetry (TG-DSC, Labsys Evo Setaram). The porous properties were determined from the
nitrogen adsorption/desorption measurement on a micromeritics porosimeter (Quantachrome
Instruments). The X-ray diffraction (XRD, D8-Advance) was served for phase identification. The
morphology and elemental composition were investigated by using the Scanning Electron Microscopy
(SEM) associated with the Energy Dispersive X-rays Spectroscopy (EDX) (SEM, S5-4800, Japan). The ion behavior
in SBF fluid was monitored by using the Inductively coupled plasma optical emission spectrometry (ICP-
OES, ICP 2060).
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3. Results and Discussion

3.1. Thermal behavior

Fig. 1 presents the TG-DSC curves of Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5. All glasses
exhibited three mass-losses within the temperature ranges of 30-200, 200-400, and 400-600 .C. The
primary mass-loss is characteristic for the removal of physically adsorbed water. This is shown on
the DSC curves of the Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5 as the first endothermic peaks
centered at 120.1, 1279, and 142.6 oC, respectively [19]. The second mass-loss with exothermic peaks
concentrated at 313.1, 280, and 297.2 «C on the DSC curves of Bioglass-Z1, Bioglass-Z3, and Bioglass- Z5,
respectively, is due to the discharge of chemically adsorbed water [20]. The third mass-loss with endothermic
peaks centered at 535.4, 511.5, and 516.6 +C on the DSC curves of Bioglass-Z1, Bioglass- Z3, and Bioglass-Z5,
respectively, is related to the decomposition of nitrate groups [21]. An exothermic peak without mass-
loss at 963.6, 912.2, and 905.2 «C was observed on the DSC curves for Bioglass-Z1, Bioglass-Z3, and Bioglass-
Z5, respectively. This corresponds to the phase transition of the glass [21]. The obtained result shows
that the phase transion temperature decreased as the ZnO content in the glass increased. This
demonstrates the effect of ZnO addition on the thermal properties of synthetic glasses as observed in the
previous study [14]. From the thermal analysis, the sintering temperature for synthesis of bioactive
glasses was selected at 700 oC.
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Figure 1. TG-DSC curves of bioactive glasses 70SiO2-(30-x)CaO-xZnO (mol.%, x=1, 3, 5).

3.2. Phase analysis

XRD parternts of synthetic glasses Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5 are presented in
Fig. 2. The obtained result indicated the amorphous nature of all synthetic glasses, no crystalline
peaks were observed. As observed, the center of the diffraction halo was shifted to the right as the
ZnO content increased from 1 to 5 mol.%. According to previous studies, Zn acts as Si to form up the glassy



Crystals 2020, 10, x FOR PEER REVIEW 40f9

network, and can also replace Ca to act as a network modifier [14, 22]. Therefore, this phenomenon
can be explained by the successful introduction of Zna+ ions intertwined in the glass networks
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Figure 2. XRD partents of bioactive glasses 705i02-(30-x)CaO-xZnO (mol.%, x=1, 3, 5).

3.3. Textural characterization

From the nitrogen adsorption/desorption mesuarement, the mesoporous properties of synthetic
bioactive glasses were obtained as shown in the Tab.1. The obtained result indicates that the ZnO addition
induced the reduction of porous structures of synthetic bioactive glasses. This is in line with the
previous researches, where the authors showed that the incorporation of divalent ions such as Mg, Cu, Sr,
or Zn significantly reduced the porous properties of synthetic glasses [23-24]. The presence of Zn ions may
disrupt the orderly association of the SiOs tetrahedra within the self- assembly reaction, resulting in
structural defects of the silica network, leading to the changes in mesoporous structures of synthetic
bioactive glasses.

Table 1. Values of specific surface area, pore diameter, and pore volume for synthetic glasses.

Samples Specific Surface Area Pore Diameter Pore Volume
(m2/g) (nm) (cm3/g)
Bioglass-Z1 133.6 20.8 0.78
Bioglass-Z3 109.5 18.4 0.51
Bioglass-Z5 74.9 18.2 0.34

Fig.3 represents the SEM-EDX analyses of synthetic bioactive glasses. Observing SEM images shows
that Bioglass-Z1 exhibited a rough and porous surface while Bioglass-Z3, and Bioglass-Z5 had less
porous surfaces. This observation is consistent with the above result obtained from the nitrogen
adsorption/desorption analysis, confirming the effect of ZnO addition on the porous structure reduction
of synthetic glasses. The EDX analyses confirmed the presence of the Zn element on the structure of
synthetic bioactive glasses.
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Figure 3. SEM-EDX analyses of bioactive glasses 705iO:-(30-x)CaO-xZnO (mol.%, x=1, 3, 5).

3.4. Bio-mineralization

Fig.4 shows the XRD parents of bioactive glasses after immersion 5 days within the SBF solution. Two
well-defined peaks at about 20=260 (002) and 320 (211) were observed for all glass samples. These
characteristic peaks are contributed to the crystalline hydroxyapatite (HA) phase (JCPDS file No.
90432). This confirmed the bioactivity of all synthetic glasses. As increasing the ZnO contents, two
characteristic peaks of HA showed less sharpness and lower intensity. The bioactivity of synthetic
glasses can be arranged as Bioglass-Z1> Bioglass-Z3> Bioglass-Z5. This phenomenon is in line with
the result achieved in previous research, confirming the effect of ZnO addition on the bioactivity of
synthetic glasses [23, 25].

The SEM micrographs including EDX analyses of bioactive glasses after 5 days of immersion
within the SBF solution are shown in Fig.5. The surfaces of all bioactive glasses were roofed by
uniform, dense crystal layers. From the XRD analyses, this observation confirmed the hydroxyapatite formation
on the surfaces of bioactive glasses after in vitro experiment. The HA layer on the surface of Bioglass-Z1 is more
clearly defined than that of Bioglass-Z3, and Bioglass-Z5. The EDX analysis of glass samples after 5 days soaking
in the SBF solution showed a sharp decrease in Si content because of the dissolution of the glass network.
Meanwhile, Ca and P contents of soaked samples increased clearly, confirming the precipitation of Caz-
and POu-ions to create the apatite layer on the surface of bioactive glasses. The molar Ca/P ratios for the samples
Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5 are 1.7, 2.2, and 2.8, respectively. The molar Ca/P ratio of
hydroxyapatite (HA) is 1.67. Therefore, sample Bioglass-Z1 showed the best forming ability of HA layer
compared to samples Bioglass-Z3 and Bioglass-Z5.
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Figure 4. XRD partents of bioactive glasses 705i02-(30-x)CaO-xZnO (mol.%, x=1, 3, 5).
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Figure 5. SEM-EDX analyses of bioactive glasses 705i02-(30-x)CaO-xZnO (mol.%, x=1, 3, 5) after 5

days in SBF solution.
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Ionic changes within the SBF solution are associated with the physical-chemical reactions
between the Zn-containing bioactive glasses and the physiological medium (Fig. 6). The initial SBF



Crystals 2020, 10, x FOR PEER REVIEW 70of9

fluid contains 100 ppm of Ca, 0 ppm of Si, 31 ppm of P, and 0 ppm of Zn. After in vitro experiment, the ionic-
exchange behaviors are quite similar for all bioactive glasses. The Ca concentration increased and
then decreased. The Si and Zn concentrations increased gradually while the P concentration decreased.
The increase in Ca concentration is due to the rapid exchange between the Caz+ ions of the glassy network
and H- ions in the physiological fluid [1]. Subsequently, the Ca concentration plummeted to achieve
saturation at 5 days of immersion. The decrease in Ca concentration is expounded to its consumption
to form the mineral HA on the surface of bioactive glasses [1-2]. As well as the decrease of Ca concentration,
the P concentration was noted to decrease because of its consumption to form the apatite mineral layer [1-2]. It
can be seen that the consumption of Ca and P to form the HA layer of Bioglass-Z1 is the most, followed
by Bioglass-Z3, and Bioglass- Z3. The Si concentration increased rapidly on the first day of soaking, then
moderately increased to succeed in saturation at 5 days. The increase in Si concentration is explained
by the solubility of the glassy network through the discharge of Si(OH): acids while the saturation
process corresponds to the self-assembly reactions of the above acids to form the silica SiO: layer [1-
3]. The amount of Zn released increased within the order Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5,
in keeping with the content of ZnO added to the synthetic glasses. According to the literature [23,
26], a component of the Zn ions released will form the Zn(OH): precipitation, which prevents the
deposition of HA on the glass surfaces. This is suitable when the precipitation of HA decreases as the
concentration of added ZnO increases in synthetic glasses.
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Figure 6. Inonic exchange beetwen bioactive glasses 705i02-(30-x)CaO-xZnO (mol.%, x=1, 3, 5) and
SBF solution.
3.5. Bio-compatibility

Figure 7 shows the cell viability of the SaOS: and Eahy929 lines when exposed to the bioactive
glasses for 24 hours. Cell viability without glass contact was chosen as the control (100%) [18].
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According to the ISO standard 10993-5 (in vitro test for cytotoxicity), cell viability is set as a
percentage relative to the control. if the cell viability is a smaller amount than 70%, the material is
cytotoxic. Therefore, all synthetic bioactive glasses (Bioglass-Z1, Bioglass-Z3, and Bioglass-Z5) have good
biocompatibility. The Bioglass-Z5 exhibits the foremost effective biocompatibility compared with the
samples Bioglass-Z3, and Bioglass-Z1. The obtained results are consistent with previous studies,
confirming the effect of ZnO addition on the enhancement of cell viabilities [14-15].
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Figure 7. Cell viabilities on bioactive glasses 705iO2-(30-x)CaO-xZnO (mol.%, x=1, 3, 5) for 24 hours.

4 Conclusion

The study confirmed that the acid-free hydrothermal process was suitable for the synthesis of the
bioactive glasses 705i102- (30-x)CaO-xZnO (mol.%, x = 1, 3, 5). All synthetic glasses have an amorphous
nature. The bioactivity of synthetic glasses was confirmed by the formation of a new layer of hydroxyapatite
mineral on the surface of the glass samples after in vitro test in SBF liquid. The effectiveness of the ZnO
addition was shown by inhibiting the bioactivity of synthetic glasses. In vitro test within the cellular medium
has confirmed the good biocompatibility of the synthetic glasses and also the positive effect of ZnO addition
on cell viability.
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