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ABSTRACT

ARTICLEINFORMATION

In this work, sol—gel derived bioactive glasses (BGs) system of 60% SiO,-(36-x) CaO-4P20s-x SrO (where x =2, Article history:
4, 6 and 8 mol%) were obtained. The bioactivity and proliferation of G292 cells was investigated for Sr-contain- Received 6 June 2020

ing BGs. X-ray diffraction analysis (XRD), Scanning electron microscopy (SEM) and Fourier transform infrared Received in revised form 17 June 2020

spectroscopy (FTIR) were utilized to study the obtained phases, hydroxyapatite (HA) morphology, and its func- Accepted 29 June 2020

tional groups, respectively. The XRD and FTIR tests showed that the rate of hydroxyapatite formation on sample
2S was higher than that of other samples. Also 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide Keywords:
(MTT) assay performed after one day revealed that the sample containing 6 mol% of Sr (6S) showed higher Bioactive glass

viability. However, the sample with 8 mol% Sr (8S) showed a decrease in bioactivity in osteoblast G292 cells Implant

proliferation. According to the results, 6S BG specimen with 6 mol% SrO exhibited appropriate bioactivity and = Strontium

cell proliferation. This finding showed that the obtained BGs could be potentially used for drug delivery systems Drug delivery

as well as dental and orthopedic applications.
©2020 JCC Research Group.
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1. Introduction

From the beginning, in medicine and surgery, bone problems have
been important issues up to recent years. For this purpose, the first gen-
eration of biomaterials (i.e. metals and alloys) was introduced and made
available to surgeons [1-3]. Nevertheless, implanting metal and alloys in
the body can be inefficient and hurmful [3].

On the other hand, many problems can emerge with some bonds,
such as autophagy, allograft, xenograft. Thus scientists have focused on
designing advanced materials to make appropriate alternatives. Due to
the above-mentioned problems, as well as the use of repeated and rela-
tively unsuccessful surgeries in this field, the academic focus turned to
the production and replacement of materials with compounds that do not
harm healthy tissue. For the first time, Hench [4] developed a combina-
tion of bioactive glass that was compatible with the environment and
was gradually attached to bone tissue. After that, new compounds with
different properties were produced and expanded [1, 5-7].

After his great discovery, the progress and development of glass was
categorized in four era: The era of Discovery (1969 to 1979), Era of
Clinical Application (1980 to 1995), Era of Tissue Regeneration (1995
to 2005), and Era of Innovation (2005 to 2025). After that Wilson et al.

[8], announced that they had found a glass that not only bonds to hard
tissues, but also could bond to soft tissue. This was a new feature that led
to widespread “clinical use” of glasses, such as middle ear replacement
prostheses (MEP) and endosseous ridge maintenance implants (ERMI).
They reported that for a range of glass particle sizes, there is an optimum
for bone regeneration rate. Also, the rate of new bone formation is so
high that the encapsulation of the site would be prevented by epithelial
tissues [9]. Until 1992, the glass was often produced by melting, and
most research was done on bioactive glass 45s5. In the melting method,
a combination of oxides and additives is melted by increasing the tem-
perature and after cooling, they are crushed and used as particles.

The problem with the melting method is high-temperature work and
evaporation (volatile component) at this temperature. In this regard, in
recent years, extensive research has been done on the sol-gel route as an
alternative to the melting method [10, 11].

The sol-gel method can make very homogeneous composites with
very high purity. It is also able to produce ceramic and metallic nanoma-
terials at much lower temperatures than conventional methods that have
very high-temperature ranges. Due to the above-mentioned advantages,
it can be considered as a suitable method for producing the compounds
especially nanomaterials [12].
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Table 1.
Studies worked on Sr-containing BGs.

BG syst Synthesi n Time of HA formation af-
system nthesis route
y 4 ter soaking in SBF solution

Sr-BGs (0, 5, 10) Sol-gel process
Sr-BGs (0, 2, 5, 8 7 days

Sol-gel method 28
and 10) o-gel metho (for 5% Sr-BGs) (28]

all samples after 3 days [31]

Currently, many glasses are made on the basis of the main ingredi-
ents of SiO,, P,0,, CaO [13-17]. SiO, acts as a network former in the
structure of glass, and its release into the environment can positively af-
fect the cell activity and proliferation [18-24]. Ca and P are also useful as
factors in the nucleation of calcium phosphate phases such and hydroxy-
apatite (HA) [15, 25]. Other elements (viz. Mg, Zn Ag, etc.) are added
to the glass structure to enhance other properties such as antibacterial,
cell proliferation and other biological properties [7, 26-30]. Meanwhile,
Sr as a promising element for cell proliferation has been doped into the
BGs. Table 1 shows two important works about Sr-doped BGs.

Table 1.

Therefore, since there are insufficient research about doping of Sr
in the BGs, in this study, we used different amounts of Sr (2, 4, 6, and
8 mol.%) to investigate the biocompatibility of the BGs. It is reported
that the BGs can be potentially applied for implant and orthopedic ap-
plications [32].

2. Materials and methods
2.1. Materials and regents

Table 2 lists the details about the chemical composition of the syn-
thesized BGs. Tetraethylorthosilicate (TEOS: Si(OC,H,),), calcium
nitrate Ca(NO,),,4H,0, triethyl phosphate (TEP: PO(OC,H,),), and
strontium nitrate Sr(NO,), were used as the source of silicon, calcium,
phosphorus, and strontium, respectively (bought from the Merck Com-
pany, Germany).

Table 2.

2.2. Synthesis of BGs

The BGs in the SiO,~CaO-P,0,~SrO system were obtained using
the sol-gel route. A 0.1 M nitric acid solution was provided and TEOS
was added into the solution and stirring was applied for 45 minutes at 25
°C for hydrolysis of the acid. TEP, strontium nitrate, and calcium nitrate
were poured into the TEOS solution, and each reagent was maintained
for 30 min to complete the hydrolysis process. In the following, the mix-
ture was further stirred for 50 minutes to let the reactions be completed,
so that a sol was obtained. The sol was sealed for 3 days at 37 °C and
dried for 1 day at 75 °C to obtain a dried gel. In order to calcine the dried
gel, it was maintained in a furnace at 800 °C for 3 h so that the organic
substances and nitrates are eliminated. In the next step, a planetary ball
mill was utilized to grind the prepared product into a fine powder so that
their size become below 50 pm and pressed into disks (weight of 0.5 g,
height of 2 mm and diameter of 17 mm) under 10 MPa by ACM device.
Finally, the samples were prepared to be evaluated in-vitro.

Table 2.
Chemical composition and sample coding of all BGs
Bioglass Sio, PO, Ca0O SrO
code (mol.%) (mol.%) (mol.%) (mol.%)

S2 60 4 34 2
S4 60 4 32 4
S6 60 4 30 6
S8 60 4 28 8

2.3. Simulated body fluid (SBF) preparation

The SBF solution is similar to the inorganic part of human plasma
that was prepared based on the procedure explained by Kokubo [33]. All
chemical reagents were bought from Merck Company, Germany. NaOH,
KCI, NaHCO, MgCl,-6H,0, CaCl, and KH,PO, were used as reagents
and dissolved in deionized water. A buffered solution was prepared
with the mentioned solution and tris(hydroxymethyl) aminomethane,
(HOCH,),CNH,. Next, the pH was adjusted to 7.4 by HCI.

2.4 Bioactive glass characterization
2.4.1. Thermal analysis

In order to predict the thermal behavior of the samples as a function
of temperature, the dried gel of 4S sample was applied for DTA test.
During the test, a reference sample was placed in the device along with
the samples to determine the temperature of the sample change phase.
The obvious feature of the reference sample is that it does not show
any phase change during temperature rise. For this purpose, alumina is
commonly used in most devices. The tests were performed via Simulta-
neous Thermal Analysis (STA) (PL-STA 1640), in the range of 30-800
°C under normal atmosphere, along with an increasing temperature rate

of 5 °C per min.

2.4.2. X-ray diffraction (XRD) test

In order to evaluate the phases formed on the glass surface and to
ensure the presence of hydroxyapatite, the surfaces of samples were
studied by XRD (INEL-Equinox-3000) with the Cu Ka radiation with
wavelength of 1.540510 A by voltage and current of 40 kV and 30 mA.
The patterns were recorded in the 20 range of 20° to 90° via a scanning
speed of 2 °/min.

2.4.3. Fourier-transform infrared spectroscopy analysis

After soaking of the samples in SBF, their surfaces were character-
ized by FTIR (Bomem MB 100 instrument). In this regard, the glass
powders and potassium bromide were mixed with 1:100 ratio. The trans-
mittance mode of spectra was obtained in the range of 400-4000 cm™' by
the resolution of 4 cm™.

2.4.4. PH measurement

On different days of immersion, the pH change was measured via pH
meter (Corning pH meter 340).

2.4.5. SEM analysis

The morphology of the formed hydroxyapatite was examined using
SEM analysis (SEM, Philips XL30, Netherlands) with a voltage of 20
kV.

2.5. MTT assay

Cell proliferation was measured using the MTT (Sigma, USA) as-
say after treating for 1, 3 and 7 days. MTT solution (20 uL) was added
to wells. Cells lines of G292 osteoblast were bought from the Nation-
al Cell Bank of Iran (Pasteur Institute, Iran). The cells were cultured
and incubated for 1 day under conditions of 90% humidity and 37 °C,
followed by seeding in small plates (with density of 6x10* cells/well).
The wavelength absorbance of the well-plates during the reactions, were
elucidated via EL 312e Biokinetics reader, Biotek Instruments. Each
measurement was performed in triplicates.
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Fig. 1. DTA curve of synthesized 4S sample.
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Fig. 3. The FTIR spectra of the BG samples after immersing in SBF solution for
3 days.
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Fig. 2. XRD spectra of the BGs after soaking in SBF solution for 3 days.

8.6
8.4
82 ﬁ:‘/-‘/*——‘

s —— —A—3S
7.8 ——65
7.6 —_——45
74 —-—25
72

7

0 s 10 15 20 25

Fig. 4. Changes in pH of SBF solution over time in glasses containing strontium
oxide.
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Fig. 5. Cytotoxicity of BG samples after exposure to osteoblastic G292 cells after 1, 3, and 7

3. Results and discussion
3.1. Thermal analysis

The DTA curve of 4S bioactive glass is shown in Fig. 1. Accordingly,
the endothermic peak is observable at 114 °C, in which the physically
adsorbed water is removed. The next endothermic peak occurs at 220
°C, which is related to the removal of the sample chemical absorbance
of water. The peak for silane and nitrate removal is observable at 600
°C. The results showed that all residuals were removed at 600 °C. This

suggested that 700 °C was appropriate for BGs stabilization.

3.2. Phase analysis

Fig. 2 shows XRD patterns of the BGs after 3 days of immersion. It
is obvious that, except 8S sample, the peaks related to hydroxyapatite
were obvious. Therefore, by increasing the amount of strontium, the ten-
dency to form crystalline apatite has decreased. Also, the peaks observed
in the XRD spectra of samples S2, S4 and S6 at 26= 31.8° (attributed
to the (211) plane) confirmed the crystalline hydroxyapatite formation
(JCPDS 09-432). Besides, the intensity of the peak at 2 theta of 31.9°
in the XRD spectrum of 2S sample is higher than other samples, which
is due to the greater tendency of the sample to form hydroxyapatite on
its surface.

days.

3.3. FTIR

The FTIR spectra of the BG samples are presented in Fig. 3. Accord-
ing to the Fig. 3, after 3 days of immersion, two peaks about 1455 and
870 cm™! emerged in the XRD patterns of all samples that are attributed
to carbonate (C—O stretching) groups. The presence of hydroxyapatite
was confirmed by existence of three peaks at 566, 603, and 1087 cm™.
Besides, stretching and bending vibrations of Si—-O-Si were also ob-
served in the FTIR spectra of samples (i.e. 430 cm™") [34]. Meanwhile,
the intensity of mentioned peaks was higher for 2S sample than that of
other samples. Finally, FTIR results depicted that Sr retarded the forma-
tion of HA phase.

3.4. Measurement of pH

Fig. 4 shows the pH changes. The pH changes of the SBF solution
were measured after 1, 3, 7, 14, and 21 days of immersion. Studies have
shown that Ca and Sr exchange ions with H", so the presence of these
two cations in the composition is expected to make the pH of the solu-
tion increase at the time of immersion. Exchange of Ca®* glass with sol-
uble H,O" results in the formation of OH-Si bands on the glass surface,
encourages the formation of apatite, and creates a suitable environment
for apatite crystallization. After a time, the rate of increase in pH de-
creases, which means that silica-rich layers are created, and the cation
exchange and release of calcium is prevented. The highest pH is related
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to the 8S sample due to the high Sr level.

3.5 Cell proliferation

Fig. 5 depicts the MTT results of cultured osteoblast G292 cells that
contain samples of control, S2, S4, S6, and S8 incubated for 1, 3 and,
7 days. It can be seen that viability of S6 increased by an increment
in the soaking time up to 7" day (***P < 0.001). Thus, they led to an
increment in cell differentiation and proliferation. The cell viability of
S2 and S4 samples, on the other hand, was not significantly different.
Also, significantly lower cell proliferation was illustrated by the S8 sam-
ple in comparison to S6 (***P<0.001). Thus, the obtained MTT results
suggested that the incorporation of 6% Sr in BG composition would
significantly improve the cell proliferation, while 8% Sr showed no sig-
nificant positive effect. Thus, based on the data, S6 was selected as the
best BG sample.

3.6. SEM

Fig. 6 shows the process of hydroxyapatite formation after different
days of immersion on the S6 sample (with the optimum sample compo-
sition). It is obvious that some parts of the surface is covered by small
spherical particles of apatite after 3 days of soaking (Fig. 6(a)). As the
immersion time in solution increases, the density of HA particles also in-
crease (Fig. 6(b), (c), and 6(d)). It is obvious that on 21st day of soaking,
the surface of BG is completely covered with hydroxyapatite.

4. Conclusions

The SiO,~P,0.~CaO-SrO BG system was fabricated through sol-gel
method. The results of this study are as follows:

* XRD and FTIR analyses confirmed that after 3 days in all sam-
ples, except 8S, the peaks related to hydroxyapatite emerged.

* MTT in-vitro test showed that after 7 days of incubation, S6
sample showed a statistically significant increase in viability of
osteoblast G292 cells.

» The presence of Sr in BG composition increases the pH of sim-
ulated body fluid.

* SEM results showed that the apatite morphology was spherical

Fig. 6. SEM micrographs of S6 BG
sample after soaking in the SBF
solution for (a) 3, (b) 7, (c) 14 and
(d) 21 days.

on the S6 BG sample surface. It was also found that as the im-
mersion time in the SBF increases, the density of HA particles
increases.

» According to the results, the sample S6 was selected as the op-
timum sample in terms of bioactivity and cell proliferation that
can be potentially used for drug delivery systems as well as
orthopedic and dental applications.
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