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Synthesis and in vitro Characterization of a Gel-
Derived S10,-CaO-P,05-SrO-L1,0 Bioactive Glass
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Abstract—Bioactive glasses (BGs) are a group of surface-
reactive biomaterials used in clinical applications as implants or filler
materials in the human body to repair and replace diseased or
damaged bone. Sol-gel technique was employed to prepare a SiO,-
Ca0O-P,0s5 glass with nominal composition of 58S BG with the
addition of Sr and Li modifiers which imparts special properties to
the BG. The effect of simultaneous addition of Sr and Li on
bioactivity and biocompatibility, proliferation, alkaline phosphatase
(ALP) activity of osteoblast cell line MC3T3-El and antibacterial
property against methicillin-resistant Staphylococcus aureus (MRSA)
bacteria were examined. BGs were characterized by X-ray
diffraction, Fourier transform infrared spectroscopy, scanning
electron microscopy before and after soaking the samples in the
simulated body fluid (SBF) for different time intervals to characterize
the formation of hydroxyapatite (HA) formed on the surface of BGs.
Structural characterization indicated that the simultaneous presence
of 5% Sr and 5% Li in 58S-BG composition not only did not retard
HA formation because of opposite effect of Sr and Li of the
dissolution of BG in the SBF but also, stimulated the differentiation
and proliferation of MC3T3-Els. Moreover, the presence of Sr and Li
on dissolution of the ions resulted in an increase in the mean number
of DAPI-labeled nuclei which was in good agreement with live/dead
assay. The result of antibacterial tests revealed that Sr and Li-
substituted 58S BG exhibited a potential antibacterial effect against
MRSA bacteria. Because of optimal proliferation and ALP activity of
MC3T3-Elcells, proper bioactivity and high antibacterial potential
against MRSA, BG-5/5 is suggested as a multifunctional candidate
for bone tissue engineering.

Keywords—Antibacterial ~activity, bioactive glass, sol-gel,
strontium.

I.  INTRODUCTION

Gs, a subset of amorphous silicate compositions, are the

first synthetic agents used in bio tissue engineering to
repair and regenerate bone through their bioactivity and
biocompatibility [1]. Previous studies have documented that
BGs have the capability to form stable chemical bonds to both
hard and soft tissues by the function of the bone-like
hydroxycarbonate apatite (HCA) layer on their surfaces upon
contact with SBF [2]. When BGs are planted in the body and
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in contact with body fluids or in SBF, a high surface area
polycrystalline HCA is formed by the mechanisms that
previously suggested by Hench and Wilson [3].

In bone tissue engineering applications, the composition of
the BGs are modified by adding different elements such as
strontium [4], magnesium [5], zinc [6], copper [7], silver [8]
or lithium [9] in order to enhance their bioactivity and
biocompatibility. When in contact with SBF, the dissolution of
ions from the BGs has been recognized to stimulate the human
body's response to certain properties, for instance,
osteoconduction [10] and antibacterial activity properties [11].
The biological response of human cells to ionic dissolution
products was recently reviewed by Hoppe et al. [12].

In recent years, much research has been done in clinical
bone tissue engineering to investigate the individual effects of
Sr and Li in the body. For example, it was reported that the
substitution of Sr for Ca in BG composition led to a reduced
bone resorption and accelerated bone remodeling processes
because of the reduction of osteoclast activity and the
improvement of the replication of preosteoblast cells [13].
Therefore, Sr**/Ca®" has been substituted in BGs to improve
their bioactivity [14].

Lithium has been applied for bone fracture healing and
orthopedic implants [15]. Many studies have been done to
investigate the influence of Li on bone density in the body
[16]. Han et al. showed that Li intensifies the proliferation and
differentiation in human periodontal ligament-derived cells
[17] and increases osteogenic differentiation in mesenchymal
stem cells (MSCs) [17]. Additionally, treatment with lithium
enhances bone formation and improves bone mass [18].
Khorami et al. reported the proliferation rate of osteoblastic
cells and alkaline phosphate activity in Li-substituted glasses
were improved compared to Li-free samples [19]. Moreover,
Li has antidepressant and immune-stimulating properties as
well as antimicrobial properties [20]. Also, biodegradability
and bioactivity are improved in lithium-modified bioglasses
(Li-BGs) [21]. Bioactivity is affected not only by composition
[22] but also by synthesis methods: the sol-gel method and the
conventional melting process [23]. The sol-gel-synthesized
BGs are produced at lower temperatures without the
evaporation of volatile P,Os with better chemical homogeneity
and higher purity [24].

As mentioned above, both Sr and Li have played a critical
role in the bone remodeling process and have been used
individually as the doping elements in modified BGs. Until
now, no studies have been reported on the synthesis and in
vitro properties of the simultaneous addition of Sr and Li on
Si0,-CaO-P,05 system. In this project, 58S bioglass
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incorporated with both Sr (with a concentration range of 0
to10 mol%) and Li (with a concentration range of 0, to 10
mol%) were synthesized through the sol-gel route. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) was
used for the analysis of Ca, Si, Sr, and Li to measure ionic
concentration in the SBF solution, and system pH was
monitored over time. In addition, the physicochemical
characterization of the phases formed at the synthesized BG
surface was accomplished using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning
electron microscope (SEM) analyses. Furthermore, ALP
activity measurement and methylthiazol tetrazolium (MTT)
assay were performed for in vitro biological investigation.
Afterwards, Live-Dead cell staining technique was performed.
In order to assess cell viability qualitatively in presence of Li
in BG and also Actin staining of cells was carried out for the
visualization of the actin fibers and nuclei of MC3T3-E1 cells.
Eventually, bactericidal efficiency of synthesized BGs was
evaluated against MRSA bacteria.

II. MATERIALS AND METHOD

A. Materials

For synthesis of BGs, Tetraethyl orthosilicate (TEOS) and
triethyl phosphate (TEP) were used as a liquid precursor for
silica and phosphate, respectively. Also, calcium nitrate
tetrahydrate Ca(NOs),.4H,0, strontium nitrate Sr(NOs), and
lithium nitrate LiNO; were used as sources of CaO, SrO, and
Li,O in BG composition. Additionally, to study the in vitro
bioactivity, the SBF solution was prepared according to the
Kokubo procedure by using NaCl, KCI, K,HPO,.3H,O,
MgCl,.6H,0O, CaCl,, Na,SO, reagents, tris (hydroxymethyl)
aminomethane (HOCH,);CNH,, and HCI as described in the
literature [25]. All the chemicals are purchased from Merck
KGaA (Germany) and wused directly without further
purification. For proliferation and ALP activity investigation,
MC3T3-E1, a mouse osteoblast-like cell line, was purchased
from Sigma-Aldrich (Poole, UK). Cells maintained at 37 °C in
a humidified, 5% CO,, 95% air atmosphere under standard
conditions and in a-MEM supplemented with 10% fetal
bovine serum (FBS), (Sigma-Aldrich, UK), 1% antibiotic, 2
mM glutamine and 0.1% penicillin-streptomycin. The culture
medium was changed every 2 days. The confluent cells were
dissociated with trypsin and sub cultured to three passages
which were used for tests. The medium was replaced every 2
days and confluent cells were subcultured through
trypsinization.

B. BG Synthesis

The sol-gel route was used to synthesize SiO,-CaO-P,Os-
SrO-Li,0 BG. The compositions of the BG are listed in Table
I. For the synthesis of the BGs a 1 M nitric acid solution was
prepared and then TEOS (Merck) was added to the solution
and the mixture stirred for 1h. This was followed by the
addition of TEP (Merck) in a dropwise manner and the
solution was kept stirring for another hour. Then, calcium
nitrate tetrahydrate [Ca(NOs),.4H20, pure, Merck], and based

on the composition, required amount of strontium nitrate
[Sr(NOs),, pure, Merck] and lithium nitrate [LiNO;, Merck]
were added slowly to the solution with 45 min interval
between each addition for complete dissolution of the nitrates.
The final mixture was stirred for 1 hour to obtain a
homogenous and transparent sol. Afterwards, the synthesized
sol was poured into a Pyrex container and aged for 3 days in
37 °C to produce the gels and subsequently the gels were
heated for 3 days in 75 °C. Finally, the gels were milled in a
planetary ball-mill before being stabilized for 3h at 700 °C as
determined by TGA/DTA analysis to remove the residual
nitrate and organic substances. The stabilized powders were
cooled in the furnace at the rate of 5 °C/min and milled again
to obtain powder with a particle size below 50 pm. For
biological investigation, disc-shaped specimens (@103 mm)
were prepared by pressing the powders in a die with a
hydraulic press under 9 MPa pressure. In addition, prior to cell
culture experiments, BG discs were sterilized under UV light
for 2h on each side and preconditioned in 1 mL of culture
medium. The culture medium was changed every day [26].

C. Characterization of BGs

The thermal behavior of dried gels was investigated by
thermo gravimetric and differential thermal analyses
(Shimadzu DSC-50 apparatus). For this purpose, 10 mg of
dried gel of BG and BG-10/10 were heated up to 1100 °C in a
platinum crucible under a N, atmosphere (50 mL/min) at a
constant rate of 10 °C/min. For the analysis of changes in
phase composition before and after soaking in SBF, XRD
(INEL-Equinox-3000, France) was performed on BGs
surfaces by applying a Cu Ka X-ray at 40 kV and 0.15406 nm
wavelength in a 20 range of 20°-50°.

TABLE I
NOMINAL COMPOSITION OF BGS (IN MOL%)

Glass Label Si0, CaO P,0s SrO Li,O

58S BG-0/0 60 36 4 0 0
58S -5 % Sr-5 % Li BG-5/5 60 26 4 5 5
58S-5%Sr-10% Li  BG-5/10 60 21 4 5 10
585-10%Sr-5% Li  BG-10/5 60 21 4 10 5
58S-10% Sr-5% Li  BG-10/10 60 16 4 10 10

An FTIR (Nicolet Avatar 660, Nicolet, USA) was employed
in the wavenumber range of 400-4000 cm ' to investigate the
apatite phase formation on the surface of specimens.
Moreover, the morphology of the formed apatite on the BGs
surface was investigated over time by scanning electron
microscopy (SEM, Philips XL30, Netherland) at an
acceleration voltage of 10 kV after being coated by gold on
the surfaces.

The disk-shaped BGs were soaked in SBF at 37 °C for 1, 3,
7, and 14 days. The ratio of the sample surface area to the SBF
volume was approximately 0.1 cm’mL’. At the selected
immersion time periods, based on chemical changes of the
BGs [27], the concentrations of Ca, Si, P, Sr and Li ions in
SBF solution were measured and evaluated by inductively
coupled plasma atomic emission spectroscopy (ICP-OES;
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Varian Vista Pro, Palo Alto, USA).

D.Biological Evaluation

1. MTT Assay

MTT assay, based on the reduction of tetrazolium salt to
formazan crystals by living cells was carried out on three
samples of each glass to evaluate viability and proliferation of
cells seeded on the synthesized BGs in 24-well cell culture
plates for 1, 3 and 7 days. First, 100 puL of a 5 mg.mL"
solution of MTT in phosphate buffered saline (PBS) was
added to the culture media of live cells at the end of each
mentioned time points. After 4 h incubation at 37 °C in a fully
humidified atmosphere at 5% CO, in air, media was removed
and the formazan was solubilized in dimethyl sulfoxide
(DMSO, Sigma). The absorbance of the solutions was read on
a microplate reader (EL 312e Biokinetics reader, Biotek
Instruments) at 570 nm compared to three wells in the absence
of glass samples were used as controls [28].

2. ALP Activity

The osteoblastic activity was investigated accordingly to the
manufacturer’s recommendations (BioCat, Heidelberg,
Germany) by using the ALP kit (Sigma, St Louis, USA) as
one of the osteoblastic differentiation markers [29]. For this
purpose, MC3T3-El cells were counted and plated in 24-well
plates at a density of 1x10* cells.cm™ and cultured on samples
in a humidified atmosphere of 95% air and 5% carbon dioxide
at 37 °C for 1, 3, and 7 days. Also, as negative controls, three
wells in the absence of BGs were used. On day 1, 3, and 7 the
supernatant fluid was removed gently and the cell layer was
rinsed well with PBS, homogenized with 1 mL Tris buffer and
sonicated for 4 min on ice. Aliquots of 20 ul were placed in
equal volumes of 1ml of a p-nitrophenyl phosphate solution
(16 mM, Sigma, St Louis, USA) and were incubated at 30 °C
for up to 5 min. Cellular ALP activity was identified by the
conversion of p-nitrophenyl phosphate to p-nitrophenol and
absorption was measured at 410 nm as previously described
[30].

3. Live-Dead Assay

To observe the simultaneous effect of Sr and Li in BGs
composition, live/dead cell staining technique in presence of
BG (as a control) and BG-5/5 (as a peak sample based on
MTT) was applied as previously described to qualitatively
identify the cell viability [26]. For this purpose, MC3T3-E1
cells were seeded at a density of 2.5 x 106 cells.mL” in
presence of BG-0/0 and BG-5/5 samples with the media
exchanged at 48-hour intervals. After 1 day culture, cell
culture media were removed and cell-seeded samples were
washed twice with phosphate buffered saline (PBS) gently and
incubated with 300 pL of 0.5 uM calcein-acetoxymethyl ester
(calcein-AM, Sigma, USA) and 2 uM ethidium homodimer-1
(EthD-1, Sigma, USA) as a live/dead assay solution at 37 °C
in a humidified atmosphere of 5% CO, for 15 min in dark and
cells were washed again with PBS. Stained cells (live: green;
dead: red) were observed under Zeiss Axio Observer Z1
inverted microscope and representative images were taken.

4. Actin Staining of Cells

To visualize the morphology of actin fibers and nuclei of
MC3T3, after 1 and 7 days, cells were fixed with 4%
paraformaldehyde (Sigma, St Louis, USA) solution for 30 min
at room temperature. To stain the nuclei, cells were incubated
in a 0.1% (v/v) DAPI solution in PBS for 10 min at 37 °C.
After three times washing with DPBS, the fluorescence
images of the cells’ nuclei were acquired. For actin
cytoskeleton staining, first, cells permeabilized by using 0.1%
(v/v) Triton X-100 (Sigma, paraformaldehyde (Sigma,)/PBS
solution for 30 min and followed by 3-times washing with
PBS, then cells were blocked in 1% (v/v) BSA/PBS solution
for 1h. Finally, a 1/40 dilution of Alexa Fluor-594 phalloidin
(Invitrogen, USA) in 0.1% BSA was added to cells and
incubated 45 min at room temperature.

5. Antibacterial Studies

Staphylococcus aureus (MRSA) is type of Staphylococcus
aureus, which is a major cause of hospital-acquired infections
and is resistant to some antibiotics [31]. MRSA were cultured
in liquid lysogenybroth (LB) medium at 37 °C. Before
experiments, it was diluted approximately to 0.5- 2x 10° mL™!
[32]. To investigate the simultaneous effect of Sr and Li on
antibacterial activities in BGs, 0.9 ml LB medium was added
into three sterile 1.5 mL Eppendorf tubes containing 10 mg
BG (as a control), BG-5/5, BG-5/10, BG-10/5 and BG-10/10
particles followed by stirring for 1 min. Then 0.1 ml bacterial
suspension added into each Eppendorf tube and the solutions
cultured at 37 °C for 1 h. After a serial dilution, 100 pl
suspensions were plated onto LB-agar plates and incubated
over- night at 37 °C in the dark.

E. Statistical Analyses

The quantified results were presented as meantstandard
deviation (SD) of at least five experiments. The statistical
significance between the mean values was calculated using
GraphPad Prism software package, version 3.0 (GraphPad
Prism, USA) and the p<0.05 was considered statistically
significant. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001)

III. RESULTS AND DISCUSSIONS

A. Thermal Analysis

The DTA and TGA curves of BG-0/0 and BG-10/10 are
shown in Figs. 1 (a) and (b). As previously shown [33], the
first endothermic peak appeared at approximately 150 °C is
related to the loss of physically adsorbed water in the glass
network. The second and third peaks were referred to
condensation of silanol groups and elimination of nitrates
which were occurred at 390-430 °C and 435465 °C,
respectively. Above 700 °C, because of completion of
reactions and release of the volatiles, no significant change in
the mass was observed. The onset crystallization exothermic
peak for BG-0/0 and BG-10/10 were observed at around 1000
°C and 900 °C, respectively. Previously it was reported that
the substitution of SrO and Li,O for CaO in BG composition
resulted in a decrease of crystallization temperature [34]. For
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instance, Pacheco et al. showed that crystallization
temperature decreased approximatly 50 °C by 10 wt%
substitution of Li,O for CaO in lithium-releasing silicate BG
[18]. Moreover, Salman et al. claimed that the replacement of
strontium oxide instead of calcium oxide in Li,O—-CaO-SiO,
glass led to the same result.

DTA/TGA Results showed that the simultaneous presence
of Sr and Li in BG-10/10 resulted in al00 °C decrease in
crystallization temperature compared with BG-0/0 due to the
mixed alkali/alkaline earth effect. Rolling et al. showed that in
a Si0,-Na,0-CaO-SrO glass the mobility of the alkaline-earth
ions are increased when they are partially replaced by the
alkali ion and as a result a small reduction in the glass
transition temperature was observed [35]. It appears that Li
ion with a smaller ionic radius compared to Na ion have a
more pronounced effect on the glass transition temperature of
the glass. Based on the DTA results 700 °C was selected for
stabilization of all glasses.
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Fig. 1 (a) Differential thermal analysis (DTA) and (b)
Thermogravimetric analysis (TGA) curves of as-prepared powder of
BG-0 and BG-10/10 up to 1100 °C

B. Phase Analysis

Before immersion in SBF, XRD pattern of BG confirmed
its amorphous structure and glassy nature with no
characteristic peaks (Fig. 2 (a)). The XRD patterns for BG-0/0
and BG incorporated with both Sr and Li for different soaking
periods up to 14 days in SBF were presented in Figs. 2 (a)-(f).
After 1 day of immersion, structures of BG surfaces were
remained amorphous and no distinctive peak was observed in
the XRD patterns. According to the standard JCPDS cards
(76-0694), the characteristic diffraction peaks at 25.8 and 31.8
(20) are assigned for (200) and (211) atomic planes in apatite

lattice respectively. After 3 days of immersion, new peaks at
25.8 and 31.8 were appeared for BG, BG-5/5 (Figs. 2 (a) and
(b)). While, only one peak at 31.8 (20) was observed for BG-
5/10 attributed to the crystallization of (112) atomic planes in
apatite lattice and there was no diffraction peak detected for
BG-10/5 and BG-10/10. After 7 days of immersion, a slight
increase in the peaks intensity of the (200) and (211) were
observed for BG-0/0, BG-5/5 and BG-5/10 due to
enhancement of apatite crystallization and for BG-10/5 and
BG-10/10 a peak at 31.8 ascribed for (211) atomic planes was
observed (Figs. 2 (c¢)-(e)). For all BGs, a gradual increase in
peak intensity of (211) planes were observed from day 7 to
dayl14.

It was found that a simultaneous increase in the Sr and Li
content in BG composition from 5 to 10 mol%, reduced the
ability of in vitro apatite formation on the surfaces of BGs by
comparing the peak intensity of the (002) and (211) in BGs
XRD patterns. Meanwhile, BG-5/5 had a similar trend to BG
in comparison to the others. Furthermore, the maturity of the
formed apatite layer on BG-0/0 and BG-5/5 surface after 14
days was approved by detection of new peaks at 32.18 and
32.86 assigned to the crystallization of (112) and (300) atomic
planes in apatite lattice, respectively (Figs. 2 (a) and (b)) [36].
Hence, from the XRD results, the bioactivity of BG-5/5 was
comparable to BG-0/0 and higher than other Li and Sr
substituted glasses by considering the peak intensity of the
(002) and (211) atomic planes in apatite lattice at 25.8, 31.8
(26°) and also, peaks attributed to (112) and (300) atomic
planes.
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Fig. 2 The XRD patterns of BG-0/0 before and after immersion in
SBF (a), BG-5/5 (b), BG-5/10 (c), BG-10/5 (d) and BG-10/10 (e)
after 1, 3, 7 and 14 days soaking in SBF

C. Structural Groups

Figs. 3 (a)-(e) present the FTIR spectra of the synthesized
BGs before and after immersing in SBF for time periods of 1,
3, 7 and 14 days. The main infrared bands appeared at 470,
790, 922, 1066 and 1250 cm™ were related to the silicate
network and were assigned to, respectively, the Si—O-Si
bending vibration, the Si—O symmetric stretching of bridging
oxygen atoms between tetrahedrons, Si—O stretching of non-
bridging oxygen atoms, Si-O—-Si symmetric stretching and the
Si—O- Si asymmetric stretching [37].

The band located at 609 cm ' is attributed to the
asymmetric vibration of PO4 [38]. The stretching mode of
the OH group (hydroxyl) appeared at 3500 and 1651 cm™'. By
increasing the immersion time, new peaks appeared in the
FTIR spectra of samples that confirms apatite formation on the
surface of the BGs [39]. After 3 days of immersion in SBF,
two additional peaks at around 1455 cm™' and 870 cm™ were

observed in FTIR spectra for BG-0/0, BG-5/5 and BG-5/10 in
comparison to the BG-10/5 and BG-10/10 that were attributed
to C-O stretching in carbonate groups substituted for
phosphate groups in apatite lattice. In addition, The P-O
absorption bands were seen as two resolved peaks with
increased intensity at 570 and 600 cm ' which are typical of
crystalline apatite [40].

The FTIR spectra were in good agreement with XRD
patterns by indicating the crystalline nature of the new formed
material on the BG-0/0, BG-5/5 and BG-5/10 surfaces with
characteristic peaks of bone-like apatite (at 20 = 26° and 26 =
32°) at the immersion time of 3 days and the intensities
increased by increasing the immersion time. These mentioned
peaks were appeared for BG-10/5 and BG-10/10 after 7 days.
The intensities of peaks were increased over time from day 7
to 14 due to enhancement of apatite formation on the surface
of BGs.

Based on the definition introduced by Farlay et al. [41], the
maturity of HA 1is the progressive transformation of
nonapatitic domains into poorly crystallized and followed by
crystallization of HA. Fig. 3 (f) shows the FTIR spectra of
BG-0/0, BG-5/5, BG-5/10, BG-10/5 and BG-10/10 in range of
1070 to 1140 cm’™ after immersion for 14 days. The ratio of
the area under FTIR spectra of synthesized samples was
measured and divided by the area under FTIR spectrum of
BG-0/0 (as a control) in the mentioned range. This ratio was in
order 0.98, 0.91, 0.52 and 0.39 for BG-5/5, BG-5/10, BG-10/5
and BG-10/10, respectively. From these results, it was found
that Sr had a more pronounced inhibiting effect on bioactivity
compared with Li. Meanwhile, BG-5/5 had similar HA
maturity compared to BG-0/0 which was in good accordance
with XRD results by detection of new peaks at 32.18° and
32.86° assigned to the crystallization of (112) and (300)
atomic planes in HA lattice. Therefore, From the FTIR
investigation, BG-0/0, BG-5/5 and BG-5/10 had nearly similar
bioactivity while the lowest bioactivity was found in BG-
10/10 by considering intensities of the observed peaks.
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Fig. 3 The FTIR spectra of BG-0/0 (a), BG-5-5 (b), BG-5/10 (c), BG-
10/5 (d) and BG-10/10 (e) before and after different soaking periods
up to 14 days and FTIR spectra of all synthesized BGs in range of

1070 to 1140 cm™ after 14 days soaking (f)

D. lon Chemistry of SBF Solution

The changes in the ions concentration in the SBF solution
with time is illustrated in Figs. 4 (a)-(e) and the SBF solution
pH in Fig. 4 (f). As it is shown in Fig. 4 (a), the Ca
concentrations of the BG-5/5, BG-5/10, BG-10/5 and BG-
10/10 increased rapidly from ~100 mg/l in the SBF solution
and the increase in the solution pH shows the ion exchange
reaction with Ca?" in the glass and H' in the solution. The
increase in the Ca concentration for the samples with 10 mol
% Sr, i.e. BG-10/5 and BG-10/10, continued up to day 3 but
all the other samples saw a sudden decrease in the Ca
concentration on day 3. Based on the mechanisms suggested
previously [3], this change in profile of Ca concentration is
due to the dissolution of the Ca ions from the BGs followed by
the precipitation of the Ca ions from SBF on the BGs surface
and formation of HCA. This was approved by both XRD and
FTIR results which showed no apatite peaks after first day
immersion for BG-5/5 and BG-5/10. While for BG-10/5 and
BG-10/10, no changes were observed in XRD and FTIR
patterns up to day 7.

Fig. 4 (b) indicated a lower solubility of Si for the sample
with high Li and low Sr content, i.e., BG-5/10 and in contrast
the sample with low Li and high Sr, i.e., BG-10/5 had a higher
Si release on day 1. This could be due to the effect of lower
and higher ionic radius of Li and Sr in comparison to Ca,
respectively, which results in a difference in the compactness
of the glass structure and the rate of ion release. In other
words, substitution of Ca*" with Sr*" in BG increased the BGs
solubility by increasing the network disorder because of the
difference in their ionic radius and the resulting decrease in
the oxygen density [42]. On the other hand, the substitution of
Ca®" with Li" had a reverse effect. This was in reasonable
agreement with results by Demin et al. [43] who suggested
that the substitution of low-dose strontium introduces more
lattice distortions into the BG structure and consequently
increases the solubility. Moreover, Hesaraki et al. [44] showed
that the replacement of CaO by SrO in BG because of the
higher ionic radius of Sr compared with Ca, led to a
significant increase in glass solubility. By considering the Si
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release in SBF solution as a solubility criterion, the dissolution c —=—BG-0/0
rate was inversely proportional to oxygen density (OD) of the I - gg:g;?o
BGs. The possible mechanisms for the lower bioactivity were E . —o--BG-10/5
a lower supersaturation degree for nucleation of apatite and = e BG10/10
blocking of the active growth sites of calcium phosphate -% 25
respectively by Li" and Sr*" in synthesized Li- Sr-substituted E
BGs. The oxygen densities of various substituted BG-58S are E 204
presented in Table II. =

According to Figs. 4 (a) and (b), quick release of Ca and Si iy
from BGs and subsequent apatite formation was the main )
factors in the rapid bonding of BGs to bone tissue and a higher
bioactivity [45]. Figs. 4 (d) and (e) show that the rate of Sr and 0 2 ‘ s“kémg Tlmi (Day;;ﬂ i 14
Li release is proportional to the concentration of those o]l T
elements in the BG and both elements after an initial high rate : -2 BG5S
of dissolution level off after day 7 of soaking in the SBF 'E “] ::’_ggfgg
solution. Also, in general, a higher content of Sr in the BG =707 - BG-10/10
composition slightly promotes the Li release into the SBF and .E 50 <
conversely Li slightly demotes the rate of Sr release. -E

Ton exchange between Ca*, Sr*', Li" from the BG and H" &
from the SBF led to an increase in the pH value of the SBF in cg

w

the early stages of the soaking of the sample but levels off
after day 7 as the Ca concentration is precipitated in the form
of HCA and its concentration in the solution reaches back to
its initial value and at the same time the level of Sr and Li is 0 2 H
stabilized in the SBF. Results show that Li had a slightly more

. . . ] —=—BG-0/
pronounced effect in increasing the pH value of the solution e e| . Bg_g,g
probably because Li is a stronger base compared to Ca or Sr = 504 --&- BG-5/10
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E. Surface Microstructures

The SEM micrograph of the synthesized BG-0/0 before
soaking in the SBF in Fig. 5 (a) shows the surface of the glass
with some large flaky particles. Figs. 5 (b)-(f) show the SEM
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micrographs of all the samples after soaking in SBF for 14
days. At day 14, BG surfaces were covered with different
shapes of apatite layer. On the surface of BG-0/0, a
cauliflower-like apatite structures were observed, in contrast
to the flake-like crystals with different abundance on other
BGs surfaces. On the other hand, the layer on the BG-5/5
displayed a rod-like morphology (typically less than 100 nm in
width). The formation of unexpected rod-like HA was
previously reported by Taherkhani et al. [46] in presence of Sr

in bioglass 60%Si0,-36%(Ca0/SrO)-4%P,0s although the
main reason for formation of such structure remains unknown
[47].

From the SEM observation, BG-0/0, BG-5/5 and BG-5/10
had nearly similar HA formation ability while, the lowest HA
formation capability was attributed to BG-10/10 by
considering density of covered surface areas and it was in
good agreement with FTIR and XRD results.

TABLE I
THE OXYGEN DENSITY OF SUBSTITUTED 58S BGS
BG BG-0/0 BG-5/5 BG-5/10 BG-10/5 BG-10/10
Oxygen density 0.7560+0.001  0.7572+0.008 0.7584+0.001 0.7408+0.007 0.7485+0.002

Fig. 5 SEM morphology of the surface of BG-0/0 disc before and after soaking in the SBF for 14 days (a) and morphology of the HA formed
on disc samples after soaking in the SBF for 14 days respectively; BG-5/5 (b), BG-5/10 (c¢), BG-10/5 (d) and BG-10/10 (e)

F. In vitro Biological Evaluation

1. Cell Proliferation and Activity

The proliferation of the osteoblast-like cell line, MC3T3-
El, cultured on various specimens for different times is shown
in Fig. 6. After 1 day in culture, there were no significant
differences in the MTT activity of cells incubated with
synthesized BGs with different amount of Sr and Li
dissolution ions compared to control. After 3 days in culture,
MTT activity was significantly higher in cells in presence of
dissolution ions from BG-0/0, BG-5/5 and BG-5/10 compared
to control. Meanwhile, cells in presence of BG-5/5 and BG-
5/10 exhibited same proliferation with no statistically
significant difference (p>0.05). Additionally, these values
were increased over time and achieved their maximum after 7
days for BG-5/5 and BG-5/10. Based on the results of MTT

assay, the simultaneous presence of Sr and Li enhanced the
proliferation of MC3T3-El cells. The results of MTT assay
was in good agreement with other works [48] because the
growth and activity of the rat osteoblastic cells increased
significantly by culturing them in contact with a BG
containing little amount of SrO (5 mol%) or Li,O (5 mol% or
10 mol%).

Zhang et al. [49] showed that 5 mol% Sr significantly
increased the proliferation of bone marrow stromal cells
(BMSCs) in a concentration dependent manner. Zhang et al.
[50] observed an enhancement in proliferation of MC3T3-E1
cells treated with strontium substituted mesoporous bioglass
(about 7 mol% Sr as a moderate level of Sr). Additionally, Liu
et al. [51] and Hesaraki et al. [44] claimed that the presence of
5 mol% Sr in BG led to the best osteogenic promotion of
MC3T3-E1 and rat calvaria-derived osteoblastic cells,
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respectively. The cell proliferation was deceased by increasing
the amount of Sr to more than 5 mol% in BG composition.
Qiu et al. [52] described that the high concentration of Sr ions
in the cell culture medium produces a cytotoxic effect on
viability of osteoblastic cells., there are a few studies on the
effect of Li in the BG composition on the cell proliferation
[34] that shows Li" enhances the cell proliferation.

35
|| Il Control
F71BG-0/0
3.0 | EX BG-5/5 =
[[II1] BG-5/10 =
| B BG-10/5 e

2.5 - EEB BG-10/10

Optical Density Value

Fig. 6 The proliferation of the osteoblast-like cell line, MC3T3-E1,
cultured on BG-0/0, BG-5 and BG-10 for 1, 3 and 7 days. (*p < 0.05,
**p < 0.01 and ***p < 0.001)

Fig. 7 shows the normalized ALP activity of the osteoblast-
like cell line, MC3T3-El, cultured on the BGs for different
periods of times. Results shows that the ALP activity of cells
was increased from day 1 to 7 and it reached a maximum in
day 7 to approximately 4-fold of its value in day 1.
Additionally, for each culturing time, statistically significant
differences were observed on BG-5/5, BG-5/10, BG-10/5 and
BG-10/10 with respect to the control ("P< 0.05). Meanwhile,
the peak ALP activity was observed for the BG-5/5 and BG-
5/10 with no significant statistically difference between the
two (p> 0.05). Decreasing the ALP activity by increasing the
Sr content from 5 to 10 (in mol%) was in agreement with the
previous studies [53]. For instance, Hesaraki et al. [44].
claimed that the presence of 10 mol% Sr decreased the ALP
activities of cells in contact with BGs in comparison to the
sample with 5 mol% Sr. In addition, Wang et al. [54] also
showed that low amount of Sr in BG enhanced the ALP
activity of MSCs. Our results of the role of Li on the ALP
activity conform to the other studies that investigated the role
of Li on different BGs [55].

2. Live-Dead Assay and Actin Staining of Cells

The Live-Dead assay (Figs. 8 (a) and (b)) provided a direct
observation of the proportion of living and dead cells. As it
seen in Figs. 8 (a) and (b), after 1 day of culture, there were
fewer dead cells treated by BG-5/5 in comparison with control
(BG-0/0). Figs. 8 (c) and (d) display F-actin-labeled
cytoskeleton of MC3T3-E on control and BG-5/5. It was
observed that the cells adhered to both control (BG-0/0) and
BG-5/5 exhibited abundant F-actin stress fibers. Moreover, the

arrangement of F-actin fibers was randomly oriented and
mainly in spindle-like elongated shape. The mean number of
DAPI-labeled nuclei for BG-5/5 was more than the control
which was probably due to the simultaneous presence of Sr
and Li in the solution in composition with BG-5/5.

The staining results demonstrated that the BG-5/5 sample
exhibited increased confluency with relatively fewer dead
cells compared to the control sample on staining, suggesting a
higher cell viability, which was in a close agreement with
MTT results (Fig. 6). Meanwhile, Dapi/actin staining
observation was in reasonable agreement with live/dead assay.
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Fig. 7 The ALP activity of the osteoblast-like cell line, MC3T3-E1,
cultured on BG samples for 1, 3 and 7 days. All data are presented as
the mean values together with the standard deviation (*p < 0.05, **p

<0.01 and ***p <0.001)

3. Antibacterial Studies

A bacterial infection can potentially lead to surgical failure
[56]. The antibacterial effect of BGs was previously
mentioned. This property is possibly attributed to the release
of ions such as calcium and phosphate that have a toxic effect
on the bacteria [57] and release of alkali ions which increases
the pH value [32]. While, the exact mechanism responsible for
the antimicrobial effect of BGs is not completely elucidated
[571.

As seen in Fig. 9, the simultaneous presence of Sr and Li in
58S BGs led to a significant antibacterial effect against MRSA
bacteria. Clearly, the samples with 5 mol% Li,0 (BG-5/5 and
BG-10/5), with fixed concentration of 10 mg/ml in bacterial
suspension, demonstrated the maximum bactericidal
percentage to MRSA bacteria with no statistically significant
difference (*P>0.05). Also, antibacterial activity decreased by
increasing the Li in BG content (BG-5/10 and BG-10/10).
Although the exact mechanism for the antibacterial effect of
BGs remains unknown [57], some possible reasons are the
presence of ions like calcium [57], phosphate [57], lithium
[58] and strontium [59] and also, increase in the pH value due
to release of alkali ions were proposed [60].

These results suggest that the simultaneous presence of Sr
and Li in BG composition was more efficient in bactericidal
activity than Sr and Li free 58S BG (BG-0/0).The highest
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antibacterial activity was found for BG-5/5 and BG-10/5
(****p < 0.0001) with no statistically significant difference
between them (p> 0.05) among the synthesized BGs.

BG-0/0 ( ontrol)

Live/Dead

Actin/DAPI

Fig. 8 Two dimensional (2D) MC-3T3 cells cultured in presence of
BG-0/0 as a control and BG-5/5. Representative live/dead (a), (b) and
Dapi/actin (c, d) fluorescence images of MC-3T3 cells cultured on
BG-0/0 and BG-5/5 after 1 day of culture respectively. In live/dead
staining, green fluorescent cells are alive and red fluorescent cells
indicate dead cells. Additionally, in Dapi/actin staining, cell filaments
are stained by Actin (green) and nuclei stained by DAPI (blue). Scale
bar represents 100 um in all images
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Fig. 9 The bactericidal percentages of 10 mg/ml of BG-0/0 (Control),
BG-5/5, BG-5/10, BG-10/5 and BG-10/10

IV. CONCLUSION

In summary, 58S BGs incorporated with both Sr and Li
(with a concentration range of 0, to 10 mol%) were
synthesized through the sol-gel route and the synergetic effect
of Sr and Li on BGs was investigated.

DTA/TGA results revealed that the simultaneous presence
of Sr and Li in BG-10/10 resulted in a 100 °C decrease in
crystallization temperature compared with the BG-0/0 due to
the mixed alkali/alkaline earth effect. The appearance of C-O
stretching and P—O absorption bands in FTIR spectra and the
detection characteristic peaks of crystalline apatite phase as
well as the surface morphology observation confirmed the

formation of a crystalline HA on the surface of Sr and Li-
doped 58S BGs after soaking in SBF solution. Meanwhile, by
considering the ratio of the area under FTIR spectra of
synthesized samples in range of 1070 to 1140 cm™ after
immersion for 14 days, it was concluded that BG-0/0 and BG-
5/5 had nearly similar bioactivity which was in good
agreement with XRD results. Moreover, in vitro experiments
with  MC3T3-El1 cells indicated that the simultaneous
substitution of Sr and Li in the 58S-BG composition not only
caused any cytotoxic effect but also had a stimulating effect
on both differentiation and proliferation of MC3T3-Els.

Eventually, based on biological and cell staining results,
58S BG incorporated with 5 mol% SrO and 5 mol% Li,O
(BG/5-5), significantly increased cell proliferation and ALP
activity. On the other hand, BG-5/5 exhibited the highest
bactericidal efficiency against MRSA bacteria. Therefore, BG-
5/5 is suggested as a novel candidate with multi-function
properties for bone tissue engineering. Further investigations
are needed to clarify the exact mechanisms for simultaneous
effect of Sr and Li dopants on increasing of antibacterial
activity in synthesized novel biomaterial in future clinical
applications.
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