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Abstract

Bioglass (BG) has a broad variety of bone tissue applications because of its distinctive ability
to bond with bone. This study concerns sol-gel derived strontium doped bioglass (BG)
composition: 50.77Si02-24.12Na,0—(23.39-x)Ca0—xSrO-1.72P,0s with different mol%
of strontium (x=0, 3, 5 and 8) i.e. Sr(0), Sr(3), Sr(5) and Sr(8) respectively. The structure and
morphology of prepared samples were evaluated by X-ray powder diffraction (XRD) and
Scanning electron microscope (SEM). In XRD, the amorphous peak is slightly shifted to
smaller diffraction angle after SrO was doped into glass matrix. Moreover, the surface
morphology of prepared Sr-BG exhibited an obvious sensitively changed grain boundary with
the addition of Sr to BG.
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Introduction

Bioglass (BGs) are synthetic biomaterials which is particularly interest in orthopedic as
bone substitute due to the formation of bone-like phase on their surface after implanted into
bone defects [1]. In 1969, Professor Hench prepared the very first bioglass named as 45S5
(Bioglass®) which has been synthesized by melt-quenching method and this method needs
very high temperature (>1300°C) to melt all precursors homogeneously and suddenly
quenched to get amorphous glass [2]. Generally, there are two different methods to fabricate
the bioglass: (1) melt-quenching method and (2) sol-gel method. However, sol-gel method is
increasingly applied because of higher purity and lower processing temperatures than melting
method. Lower processing temperature makes it energy-efficient and environmentally friendly
to use this proposed method. In addition, the rate of bioactivity (apatite formation) of sol-gel
derived bioglass is increased due to its high surface area although similar composition
fabricated by melting method [3].

After the invention of first bioglass, many researchers have studied and synthesized
different compositions of bioglass by varying the oxide compositions and they are being used
in biomedical applications [4,5]. Since the biocompatibility of bioglass, they have been used
in soft and hard tissue treatment of biomaterial, such as bone regeneration, dental treatment,
wound healing and maxillofacial therapy [6]. Since last decade, the addition of different ions
have been proposed to the different compositions of bioglass; such as silver (Ag)[7,8],
magnesium (Mg)[8-10], aluminum (Al) [11], zinc (Zn) [12], strontium (Sr)[13,14], copper (Cu)
[15] and potassium (K) [16].

Among the aforementioned therapeutic ions, Sr also has a beneficial effect on the
patient who suffer osteoporosis disease because it can enhance the bone formation, increase
bone density and bone mass since the chemical analogy to Ca [17]. Fredholm et.al claimed that
complete SrO replacement for CaO enables enhanced apatite development [18]. Contrary to
this study Goel et.al stated that the apatite formation was significantly reduced when SrO 10
mol% was substituted in CaO [19]. Fujikura et.al studied that complete replacement and
influence of Sr?* substitution on the crystallization of melt-derived 45S5 bioglass [20] and
claimed that more than 50 mol% substitution of Sr influences the silicate network of bioglass.
According to our previous study, the sol-gel derived new quaternary S50P4 BG was
successfully synthesized [21]. Hence, in order to understand the effect of Sr substitution in
bioglass matrix with narrow down the concentration of dopants, the aim of this study is to dope
partially Sr into our previous bioglass composition. The phase and structure of prepared glass
and their surface morphology were studied by X-ray powder diffraction (XRD) and Scanning
Electron Microscope (SEM) respectively.

Materials and Methods

Synthesis of Bioglass

The Sr-doped 50.77Si02-24.12Na,0—(23.39-x)Ca0O—xSrO-1.72P»0s5 (x=0, 3, 5 and
8 mol%) bioglass was synthesized by sol-gel method as our previous report [21,22] and the
oxide compositions and their respective codes are presented in Table 1. The starting materials:
triethyl phosphate (TEP) (Merck, 99%), tetraethyl orthosilicate (TEOS) (Aldrich, 99%),
strontium nitrate (Aldrich, 99%), calcium nitrate tetrahydrate (Merck, 99%) and sodium nitrate
(Merck, 99.5%), were used as precursors for P2Os, SiO2, SrO, CaO and Na2O respectively.
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Table 1: Oxide compositions (mol %) of the prepared bioglass in this study

Glass Code SiO2 P.0Os | NaxO | CaO SrO
Sr (0) 50.77 | 1.72 | 24.12 | 23.39 0
Sr (3) 50.77 | 1.72 | 24.12 | 20.39 3
Sr(5) 50.77 1.72 24.12 | 18.39 5
Sr (8) 50.77 1.72 24.12 | 15.39 8

The synthesis of Sr doped BG were synthesized by sol-gel method at room temperature.
Firstly, TEOS (37.06 mL) and 1 M of HNOs solution were mixed under stirring condition for
1 h and then TEP (1.90 mL), sodium nitrate (13.42 g), calcium nitrate (18.09 g) and strontium
nitrate (for Sr doped BG) were added into the mixture solution one after another for 45 mins
interval with constant stirring. For the completion of hydrolysis process, the final mixture
solution was continuously stirred for 1 h after the final raw material was added. The final
solution was sealed and kept for 5 days to obtain gel and then the resulting gels were transferred
into Petri dishes and dried at 100°C for 2 days in a hot air oven. The dried gel were ground into
fine powder which was pressed using a hydraulic press (Specac Atlas®, USA) at 60 MPa using
a 10 mm diameter pressing mould. Subsequently, these pellets were calcined at 700°C for 5
hours to stabilize and remove residual nitrate of starting materials.

Characterization

Phase and structure of synthesized glass powder were analyzed by X-ray diffraction
(XRD, Bruker DX 8) operating with CuKa radiation (A = 1.5406 A) in the range of 20 (20-
60°). The percentage of crystallinity was calculated from XRD pattern by dividing the total
area of crystalline peaks by the total area under the diffraction curve. The surface morphology
of the glass pellets was characterized by Hitachi S-3400N Scanning Electron Microscope
(SEM). The surface of the samples were coated with gold because of poor electrical
conductivity of bioactive samples. The apparent porosity (AP) of calcined bioglass pellets were
calculated in accordance with ASTM C 830-00 based on Archimedes' principle [23].

Results and Discussions

The XRD patterns displayed in Figure 1 showed that BG Sr(0) presented broad
amorphous phase between 26° and 35° (20) but low intense of combeite (Na2Ca>SizOg, ICDD
002-1445)) peaks were also observed. This partial crystallization has been observed in other
quaternary glasses after calcination (700°C) process and these results were consistent with
other studies of Na containing sol-gel derived bioglass [24,25]. There were several crystalline
sodium calcium silicate phases observed within the amorphous structure of the bioactive glass.
Among them, Clupper and Hench found that combeite is the most interesting one as it is known
to influence the bioactivity [26]. However, the XRD patterns of Sr(3), Sr(5) and Sr(8) are
similar with Sr(0) but the obtained patterns were shifted to smaller diffraction angle with
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increasing strontium content due to the radius of doping ion (Sr?*) is larger than the host ion
(Ca?*) [27] as shown in Figure 1. Moreover, there were some new peaks after incorporation of
Sr to BG and these could be related to the presence of Sr compound like Na>SrSi>O¢ (ICDD
007-9839). It was noticed that the crystallinity was linearly increased with doping amount by
comparing with Sr(0), as presented in Table 2.

* NaerSizo6
4 Na,CaSi O

i
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Figure 1: XRD patterns of synthesized undoped and Sr doped BG

Table 2: Crystallinity percentage of prepared undoped and Sr-doped BG

Glass Code Crystallinity (%)
Sr (0) 35.83
Sr (3) 44.42
Sr (5) 45.61
Sr (8) 51.83

The SEM images of Sr doped BG calcined at 700°C for 5 hours were presented in
Figure 2. According to SEM images, all compositions possess porous microstructure. However,
the microstructures of prepared pellets were sensitive with increasing of Sr doping amounts.
Although the size of the granules were irregular to be defined by a particular morphological
shape, they exhibited an increase in the size for Sr (3), due to difference of ionic radii between
Sr2* and Ca®". Meanwhile, the apparent porosity was also decreased from 25% to 17.36%.
However, on further addition of Sr dopant, the size of granules only witnessed a decrease for
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Sr (5) and Sr (8). This evident decrease with increasing Sr content could be attributed to the
effect of solubility limits of the low melting point of Sr(NO3). dopant in BG matrix and results
in aggregation at the grain boundaries [28]. Furthermore, the porosity was increased by further
increase in Sr content to 8%. Thus, this observation inferred that Sr addition above a particular
threshold i.e. Sr (3) retarded the grain growth in BG system. The results for porosity
measurement supported these miscrostructcture SEM images and presented in Figure 3.

Figure 2: SEM images of synthesized undoped and Sr doped BG
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Figure 3: Apparent porosity of undoped and Sr doped BG
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Conclusions

Pure and Sr doped quaternary bioactive glass were synthesized by sol-gel method.
According to XRD results, it can be concluded that Sr is successfully doped to BG structure as
the amorphous peak was shifted to lower angles. Moreover, it was interesting to note that more
crystalline sharp peaks formed in higher Sr dopants and along with increasing the crystallinity.
Besides, the microstructure changes significantly with the addition of SrO above a particular
threshold i.e. 3 mol% retarded the grain growth and reduction in porosity.
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