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Investigating the Formation of Nano-Hydroxyapatite
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Substituted Bioglass
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Abstract—Multifunctional bioactive glasses (BGs) are designed
with a focus on the provision of bactericidal and biological properties
desired for angiogenesis, osteogenesis, and ultimately potential
applications in bone tissue engineering. To achieve these, six sol-gel
copper/magnesium substituted derivatives of 58S-BG, i.e. a mol%
series of 60Si0,-4P,05-5CuO-(31-x) CaO/xMgO (where x=0, 1, 3, 5,
8, and 10), were synthesized. Afterwards, the effect of MgO/CaO
substitution on the in vitro formation of nano-hydroxyapatite (HA),
osteoblast-like cell responses and BGs antibacterial performance
were studied. During the BGs synthesis, the elimination of nitrates
was achieved at 700 °C that prevented the BGs crystallization and
stabilized the obtained dried gels. The structural and morphological
evaluations were performed with X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). These characterizations revealed that Cu-
substituted 58S-BG consisting of 5 mol% MgO (BG-5/5) slightly had
retarded the formation of HA. In addition, Cu-substituted 58S-BGs
consisting 8 mol% and 10 mol% MgO (BG-5/8 and BG-5/10)
displayed lower bioactivity probably due to the lower ion release rate
of Ca-Si into the simulated body fluid (SBF). The determination of
3-(4, 5 dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide
(MTT) and alkaline phosphate (ALP) activities proved that the
highest values of both differentiation and proliferation of MC3T3-El
cells can be obtained from a 5 mol% MgO substituted BG, while the
over addition of MgO (8 mol% and 10 mol%) decreased the
bioactivity. Furthermore, these novel Cu/Mg-substituted 58S-BGs
displayed  antibacterial  effect against  methicillin-resistant
Staphylococcus aureus bacteria. Taken together, the results suggest
the equally-substituted BG-5/5 (i.e. the one consists of 5 mol% of
both CuO and MgO) as a promising candidate for bone tissue
engineering, among all newly designed BGs in this work, owing to its
desirable cell proliferation, ALP activity and antibacterial properties.

Keywords—Apatite, bioactivity, biomedical applications sol-gel
processes.

I. INTRODUCTION

ONE tissue engineering aims for the regeneration and
replacement of skeletal tissues damaged through trauma,
osteoporosis, and aging-related degenerative diseases [1]-[3].
This technology has introduced numerous biomaterials
suitable for bones repair and replacement [4]. Among these
materials, a subset of amorphous silicate composites, namely
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BGs, has played a significant role in establishing a platform of
bone repair [5], [6]. BGs are commonly synthesized by sol-gel
technique as a reliable substitute for traditional melt
quenching method. The sol-gel process is performed at room
temperature and prevents the evaporation of volatile starting
materials like P,Os, and hence results in a higher purity and
homogeneity of the products [7]-[9]. In addition, the sol-gel
method provides a facile and uniform incorporation of various
inorganic ions into the BGs structure.

The incorporation of elemental additives such as alkali [10],
alkaline earth [11]-[13], transition [14], [15] and post-
transition [16], [17] metals enhances BGs performance and
introduces osteoconductivity [17], [18], angiogenicity [15],
[19] and antibacterial properties [15], [20]. Magnesium (Mg)
is the fourth most abundant metal cation in the human body
and the second most common intracellular cation [21] and
approximately 50-60% of Mg total content is stored in the
skeleton [22]. Magnesium deficiency is found to be a possible
risk factor of osteoporosis [23] and the relevant literature has
revealed that magnesium deficient diets lead to the inhibition
of bone growth [24]-[26]. Therefore, Mg plays an important
role in bone formation, osteoblast cell activity enhancement,
and osteoclasts inhibition. On the other hand, copper is an
essential trace metal existing in living organisms and is
necessary for triggering some of the biological processes.
Copper is known as an angiogenic reagent due to its role in the
increase of pro-angiogenic expression and stimulation of the
human endothelial cell proliferation [27]-[29]. Previous
reports have suggested that the incorporation of 5 mol% CuO
in BG composition can result in a significant antibacterial
efficiency [15], and an improved bone regeneration capability
and a higher angiogenesis stimulation compared to copper-free
BGs. For example, Wu et al. [15] obtained a significant AIP
activity and stimulated vascular endothelial growth factor
(VEGF) expression in human bone marrow stromal cells
(hBMSCs) from BGs containing 5 mol% CuO. In addition, Li
et al. [30] introduced a few Cu-BG coated nanocomposites (5
mol% CuO) on the natural eggshell membrane that stimulated
angiogenesis and proangiogenesis by improving VEGF during
the wound healing process. Furthermore, Ye et al. [31]
designed a CuO substituted mesoporous BG (SiO,-CaO-P,0s-
SrO, 5 mol% Cu-MBG) suitable for coating applications. The
latter modified the porous HA structures and acquired a potent
antibacterial activity against E. coli and S. aureus bacteria.
Having all these in mind, a fixed amount of CuO (5 mol%)
was allocated as the optimal copper content in the synthesis of
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Cu/Mg-substituted 58S-BGs in this work.

Although several studies on Mg-substituted BGs are found
within the literature, no effect of Mg content on the formation
of HA layer and its in vitro bioactivity have been precisely
elucidated to date. Some of these investigations indicated that
a delay in the formation of HA occurs in the presence of Mg
ions [32]-[35]. Controversially, the examples of Mg’s
improving effect on BGs bioactivity [36]-[39], as well as its
insignificant role in the formation of HA are also found in the
literature [40]. For instance, Erol et al. [39] demonstrated that
MgO in the CaO-Si0O,-P,05-MgO BGs can increase the rate of
HA layer formation. Moreover, some MgO-substituted BGs
(10 mol%) in Prabhu’s research [38] displayed a higher
bioactivity in comparison with MgO-free BGs. However,
Salinas et al. [41] believed that the increase of MgO content in
Si0,-Ca0-MgO may not necessarily affect in vitro bioactivity
of BGs. In agreement with the common perception, Ma’s
group [33] found that substituting MgO (0-20 mol%) for CaO,
in sol-gel derived BGs, retards the HA layer formation.

An optimal substitution ratio of MgO/CaO in BG
composition that may significantly improve the cell
proliferation and activity is yet to be discovered. In 2009, a
sol-gel derived SiO,-CaO-P,0s-MgO BG consisting 5 mol%
Ca0/MgO showed an increase of the differentiation of human
fetal osteoblastic cells (hFOB 1.19) in Saboori’s work [42].
Later on, Wang et al. [43] reported that SiO,-CaO-P,0s BGs
doped with 2.25 mol.% MgO demonstrate a higher
proliferation and ALP activity of mesenchymal stem cells
(MSCs). However, Balamurugan et al. [44] had already
claimed that sol-gel derived SiO,-CaO-MgO-P,0s BG with 13
mol% MgO enhances the proliferation and activity of human
osteoblast-like cells (MG63). Finally, Prabhu et al. [38] in
2013 suggested that the substitution of 10 mol% of CaO by
MgO in 58Si0,—33Ca0-9P,05 (mol%) BG has a stimulating
effect on the human gastric adenocarcinoma (AGS) cells
proliferation and activity.

Infections around implanted biomaterials may occur for
various reasons and always make surgeons concerned [45].
Bacterial infections may delay wound healing processes and
even lead to surgical failures [46]. The implantation of these
materials requires additional protection mechanisms to prevent
every bacteria growth [47]. Therefore, implant biomaterials
designed for specific clinical application must be as anti-
infective as required [48].

As mentioned above, both Mg- and Cu-substituted BGs
have stimulatory effects on osteogenesis, angiogenesis and
often show anti-bacterial activities. These two have been
separately utilized as BGs dopants. To the best of our
knowledge, until now, no comprehensive study has reported
on the synthesis and in vitro application of Cu/Mg substituted
58S bioactive glasses (CM-BG). Therefore, this study
elaborates on the effect of MgO substituting for CaO on the
bioactivity, biocompatibility, Alp activity and antibacterial
efficiency of the sol-gel derived Cu/Mg-substituted 58S BGs
and suggests an optimal percentage of MgO in 58S-BG to
achieve the highest cell proliferation and activity as well as
antibacterial activity against MRSA bacteria. To achieve these

goals, here we synthesize a series of sol-gel derived 58S-BGs
consisting MgO (with a concentration range of 0 to 10 mol%)
accompanied with a fixed concentration CuO (5 mol%). In
addition, the effect of Mg on MC-BGs in vitro reactivity is
studied by the samples immersion in a SBF and observing the
morphological change of CM-BGs upon the formation of
hydroxycarbonate apatite (HCA) on their surfaces. The in
vitro formation of HCA is monitored by ICP-AES, FTIR,
XRD, and SEM. Moreover, MTT and ALP activity assays are
performed to complement the in vitro biological
investigations. Furthermore, the bactericidal efficiency of CM-
BGs is evaluated against MRSA bacteria.

II. MATERIALS AND METHOD

A. Materials

Tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP),
calcium nitrate tetrahydrate Ca(NO;),.4H,0, copper(Il) nitrate
trihydrate and magnesium nitrate hexahydrate were used in the
synthesis of Cu/Mg-substituted 58S BGs as the sources of
Si0,, Ca0, P,0s, MgO and CuO in BGs composition. Also,
NaCl, KC], KQHPO4.3H20, MgC126H20, CaClz, Nast4,
tris(hydroxymethyl) aminomethane (HOCH,);CNH,, and HCl
were used in the preparation of SBF as described in the
literature [49]. All the chemicals are purchased from Merck
(Darmstadt, Germany) and directly used without any further
purification. The MC3T3-E1 mouse osteoblast-like cell lines
used in our biological investigations were supplied by Sigma-
Aldrich (Poole, UK). The standard cell culturing was
performed in glutamine (2 mM) supplemented o-MEM
consisting antibiotic additives (1%), fetal bovine serum (10%,
Sigma-Aldrich, UK), and penicillin-streptomycin (0.1%)
under a humidified atmosphere of CO,—air 5% kept at 37 °C.
The culture medium was refreshed by a total replacement once
for any given 2-day period. The confluent cells were detached
with trypsin and sub-cultured into three passages which were
later used for the in vitro biological experiments.

B. BG Synthesis

Six copper-substituted 58S-BGs of the series 60SiO,-
4P,05-5 CuO-(31-x) CaO- xMgO, (x=0; 1; 3; 5; 8 and 10 on
molar basis) were synthesized through the sol-gel method as
follows. First, distilled water, 0.1 M nitric acid and TEOS,
were mixed by a magnetic stirring bar for 1 h at room
temperature. Then, TEP, Ca(NOs),"4H,0, Cu (NO3),.3H,0
and Mg(NO;),.6H,O were respectively added with 45 min
intervals for each reagent to get fully homogenized. The final
mixture was stirred for one more hour to assure that the
hydrolysis is accomplished. The prepared solution (sol) was
poured into a teflon container and kept sealed at 37 °C for 3
days and then dried over 24 h at 75 °C. Finally, the dried gel
was then calcined over 3 h in a furnace at 700 °C to eliminate
the nitrate and other organic residues. The obtained calcined
powders were transferred into a zirconia planetary ball mill
(Retsch, Germany) and ground into a fine powder (final
particle size < 50 pm). Afterwards, the retrieved fine powder
was reshaped into tablets (@10x3 mm) under the pressure of
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(9 MPa) a manual hydraulic press. The detailed compositions

of the produced CM-BGs are presented in Table I.

TABLE I

ELEMENTAL COMPOSITIONS OF THE CU/MG-SUBSTITUTED 58S-BGS (IN MOL %)

Glass

Label SiO, CaO P,05 CuO MgO

58S- 0%Cu0-0%MgO

58S- 5%Cu0-1% MgO

58S- 5%Cu0-3% MgO

58S- 5%Cu0-5% MgO
58S- 5%Cu0-8% MgO
58S- 5%Cu0-10% MgO

BG-0 60 31 4 5 0
BG-5/1 60 30 4 5 1
BG-5/3 60 28 4 5 3
BG-5/5 60 26 4 5 5
BG-5/8 60 23 4 5 8

BG-5/10 60 21 4 5 10

C. Preparation of SBF

The SBF solution was prepared by the Kokubo's procedure
[49] as follows. Reagent-grade sodium chloride (NaCl),
potassium chloride (KCI), sodium bicarbonate (NaHCO;),
sodium sulfate (Na,SO,4), magnesium chloride hexahydrate
(MgCl,.6H,0), calcium chloride (CaCl,), di-potassium
hydrogen phosphate trihydrate (K,HPO,-3H,O) and
tris(hydroxymethyl)aminomethane  (TRIS) dissolved in
distilled water. The pH of the obtained solution was adjusted
at 7.25 by the addition of hydrochloric acid (HCI, IN) at 37
°C. The composition of the SBF solution was compared with
the human blood plasma (Table II).

TABLE I
COMPOSITION OF SBF SOLUTION AND HUMAN BLOOD PLASMA (MMOL.L-1)

Ton Plasma (mmol.L™")  SBF (mmol.L™")
Na* 142.0 142.0
K 5.0 5.0
Mg* L5 1.5
Ca™ 2.5 2.5
cr 103.0 147.8
HCO;™ 27 4.2
HPO,* 1.0 1.0
S0, 0.5 0.5

D. Characterization of BGs

1. Thermal Analysis

The differential thermal (DTA) and thermogravimetric
(TGA) analyses of BG-5/0 and BG-5/10 were performed to
determine the suitable sintering temperature for dried gels.
The TGA and DTA thermograms were recorded by a
Shimadzu TGA-50 that heated the BGs (25-1100 +5 °C, 10 +
0.5 °C.min"") under the constant flow of an inert gas (N,, 60
mL.min™).

2. XRD

The compositional changes of the BG phase, before and
after soaking the BGs in SBF, were monitored by XRD
(INEL-Equinox-3000, France). The surface of BG-5/5, the
selected BG owing to the MTT, ALP and cell proliferation
results, were analyzed with a Cu Ko X-ray (A =1.5405 A°) at
40 kV in the 20°<26<50° interval.

3. FTIR

HA phase formation on the surface of BG-5/5 was
determined by FTIR (Nicolet Avatar 660, Nicolet) spectrum.

Scarped material from BG-5/5 surface (1 mg) was mixed with
KBr (spectroscopy grade, 100 mg), palletized under vacuum
and scanned with a resolution of 8 cm ' in the wavenumber
range of 400-4000 cm .

4. Inductively Coupled Plasma-Atomic Emission

Spectroscopy (ICP-AES)

The concentrations of Ca, Si, P, Cu and Mg ions in SBF
solution were measured by ICP-AES (Varian Vista Pro, Palo
Alto, USA). During the in vitro experiments, the disk-shaped
BGs were immersed in SBF solution and incubated at 37 °C
for 1, 3, 7 and 14 days. The ratio of CM-BGs surface area to
the applied SBF volume was kept constant (approx. 0.1
cm>mL™). At the selected immersion time periods, the disk-
shaped CM-BGs were removed from the SBF, gently rinsed
with distilled water and dried at room temperature. All the
aforementioned ions were traced within the reacted SBF
solutions, and their concentrations were compared with the
original values.

5. pH Measurement

A calibrated pH meter (Corning 340, USA) monitored the
pH value of the SBF solution during the BGs immersion as
displayed in Fig. 5.

6. SEM

The morphological evolution of BG-5/5 surface was
observed by SEM (Philips XL30, Netherland). The effect of
Mg on the morphology of the nano-sized HA, formed after the
immersion of BG-5/5 in the SBF, was also investigated. The
BG sample was coated with a thin layer of gold (Au) by
sputtering (EMITECH K450X, England).

E. Biological Evaluation

1. MTT Assay

MTT assay was performed to evaluate the cell viability and
proliferation of MC3T3-E1 cells seeded on the surface of the
CM-BGs for 1, 3 and 7 days. First, cells were seeded on CM-
BGs into a 96-well plate at a density of 6x10° cells per well
with regular DMEM medium and incubated for the mentioned
periods. At the end of incubation periods (days 1, 3 and 7), the
medium was removed and 100 pL of a 5 mg.mL ™" solution of
MTT (Sigma Aldrich) in phosphate buffered saline (PBS) was
added to the culture medium. After 4 h of incubation at 37 °C,
the culture medium was pipetted out and dimethyl sulfoxide
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(DMSO, Sigma) was applied for dissolving the formazan
crystals. Finally, a multi-well microplate reader (EL 312e
Biokinetics reader, Biotek Instruments) recorded the solutions
optical density (OD) at a wavelength of 570 nm and cells
cultured in the absence of CM-BGs were used as the control.

2. Alkaline Phosphatase (ALP) Activity

The ALP activity, one of the phenotypic markers for
osteoblast proliferation and differentiation, was evaluated
based on the method that Lawry et al. described [50] using p-
nitrophenyl phosphate. Accordingly, the cellular ALP was
determined by monitoring the conversion of p-nitrophenyl
phosphate to p-nitrophenol [51]. The enzyme activity was
evaluated for each specimen by the recorded absorbance at
410 nm and the amount of liberated p-nitrophenol [52]. The
procedure was performed in accordance with the
manufacturer’s guidelines (BioCat, Heidelberg, Germany).
First, cells were counted and plated in 24-well plates at a
density of 1x10* cells.cm? and cultured with CM-BGs in a
humidified atmosphere of CO,—air (5%) at 37 °C. After 1, 3
and 7 days, the supernatant fluid was carefully removed and
the cell layer was gently rinsed with PBS. Afterward, Tris
buffer (ImL) was added and sonicated (4 min on ice) until
become homogenized. A series of 20 pl aliquots were mixed
in p-nitrophenyl phosphate solution (1 mL, 16 mmol.L™,
Sigma) and stored at 30 °C for 5 min. Also, the blanks were
similarly prepared as described above.

3. Antibacterial Studies

The effect of the coexistence of Cu and Mg on the BGs
antibacterial activity, against MRSA bacteria, was investigated
with a previously described method [53]. First, cultured
MRSA in liquid lysogenybroth (LB) medium was diluted to
reach to approx. 0.5 — 2 x 10° mL™ [53]. Then, LB medium
(0.9 mL) was transferred into sterile tubes (1.5 mL Eppendorf)
containing CM-BG particles (10 mg) and shaken for 1 min.
Afterwards, bacterial suspension (0.1 mL) was injected into
the Eppendorf tubes and then incubated (37 °C, 1 h). Once
serial dilutions were performed, these suspensions (100 pL)
were transferred onto LB-agar plates and stored in dark (37
°C) over-night [53]. The resultant colonies were counted as
colony-forming units per milliliter (CFU/mL), and the
bactericidal percentages were calculated according to the
literature [53], [54] as follows.

Bactericidal fraction = 1— (number of survived bacteria / total
number of bacteria)

F. Statistical Analysis

GraphPad Prism software package (V. 3.0, GraphPad
Prism, USA) performed the statistical analysis. The cell assays
and elemental analysis were collected from three samples of
each group. Quantitative data were expressed as means +
standard deviations (SD) and the corresponding p-value
significance was only considered at *p<0.05. (*p < 0.05, **p
<0.01 and ***p < 0.001).

III. RESULTS AND DISCUSSION

A. Thermal Analysis

The DTA and TGA thermograms of two BG samples are
shown in Figs. 1 (a) and (b), respectively. The first
endothermic DTA peaks appeared at around 140 °C indicated
the dehydration of the BG samples, while the condensation of
silanols and the elimination of nitrates occurred between 220
and 600 °C [18], [42], [55]. Once the nitrates were completely
removed (above 600 °C), the TGA thermograms leveled
between 43-48% and displayed no more changes. The
exothermic crystallization peaks of BG-5/0 and BG-5/10
appeared at around 950 and 900 °C, respectively. The
crystallization temperature of BG-5/10 found to be lower than
BG-5/0 owing to its lower viscosity and faster element
diffusion caused by MgO presence. According to the results of
DTA/TGA analyses, 700 °C was found as a suitable
temperature for the stabilization of CM-BGs.
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Fig. 1 DTA (a) and TGA (b) thermograms of BG-5/0 and BG-5/10
(30-1100°C+5°C)

B. Phase Analysis

The XRD patterns of BG-5/5, at different soaking periods in
SBF solution, are presented in Fig. 2. The glassy
characteristics and amorphous structure of BG-5/5 were
confirmed by the XRD prior the immersion. After the
immersion, on days 1 and 3, the surface of BG-5/5 seemed
amorphous and its glassy nature was confirmed by finding no
XRD peaks. According to a standard (HA; JCPDS 09-432),
the characteristic diffraction peaks at 20: 25.8° and 31.8° are
assigned for (200) and (211) atomic planes in HA lattice,
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respectively [56]. After 7 days of immersion, an emerging
peak at 31.8° (20) was detected (Fig. 2) and 7 days later
another peak was found at 25.8° (20). A gradual increase in
peak intensity of (211) plane was also observed from 7™ to
14™ day. Accordingly, XRD results proved that BG-5/5 was
capable of in vitro HA formation.

+ hydroxyapatite
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Fig. 2 The XRD patterns of BG-5/5 before and after 1, 3, 7 and 14
days of soaking in SBF

C. Structural Groups

Fig. 3 presents the FTIR spectra of BG-5/5 before and after
being immersed in SBF solution at various time periods. Prior
to the immersion, BG-5/5 only showed the finger prints of
silicate network on its FTIR spectra due to the presence of
SiO, as its major component. In Fig. 3, the main infrared
bands appear at 470, 790, 922, 1066 and 1250 cm’ indicating
the silicate network and respectively are assigned to the
bending of Si—O-Si, symmetric stretching of Si—O bridging
oxygen atoms between the tetrahedrons, stretching of Si-O
nonbridging oxygen atoms, symmetric and asymmetric Si—O—
Si stretching [57]. Moreover, the infrared bands of PO, (609

' [58]) and hydroxyl group (3500 and 1651 cm') are
shown in Fig. 3.
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Fig. 3 FTIR spectra of BG-5/5 before and after various soaking
periods

The elongated immersion of BG-5/5 resulted in a few new
FTIR peaks which confirmed the formation of HA on its

surface [59]. After 7 days of immersion in SBF solution, two
additional FTIR peaks, at around 1455 and 870 cm !, were
detected which stand for carbonates C-O stretching
substituted for the phosphates in HA lattice. Moreover, the P—
O absorption bands emerged as two resolved peaks with
increasing intensity at 570 and 600 cm ™' which are expected
for crystalline HA [60]. Therefore, the FTIR spectra supported
the XRD patterns by revealing the crystalline nature of the
newly formed material on the surfaces of BG-5/5. These
indicated the expected figure prints and XRD peaks of bone-
like HA (at 26= 25.8° and 31.8°) at the 7" day of immersion
and the peak intensities increased by increasing the immersion
time due to the maturation of HA on the surface. These
confirmed the in vitro HA formation ability of BG-5/5.

D. lon chemistry of SBF solution

Figs. 4 (a)-(e) indicates the variations of Ca, Si, P, Cu and
Mg concentrations in the SBF solution for different soaking
periods in SBF solution. Accordingly, during the first 3 days
of immersion, Ca concentrations of BG-5/0, BG-5/1, BG-5/3,
BG-5/8 and BG-5/10 rapidly increased from 100 mg/L to
305.9, 299.7, 290.1, 279.3, 287.4 and 279.6 mg/L,
respectively. These values gradually decreased during the
following days and reached to 191.3, 188.1, 185.3 and 180.7
mg/L respectively for BG-5/0, BG-5/1, BG-5/3 and BG-5/5 on
the 7™ day of the immersion; While, BG-5/8 and BG-5/10
showed a different trend and respectively reached to 154.4 and
159.8 mg/L. According to a previously suggested mechanism
[61], these Ca concentration trends reveal the occurrence of
Ca ions dissolution from BGs to SBF solution and then
precipitation of the Ca ions from SBF solution on the BGs
surface during the crystallization of HA. This postulation was
confirmed by both XRD and FTIR results which showed no
HA peaks after the first day of immersion for BG-5/5 and also
no changes were observed in XRD and FTIR results for longer
time up to the 7™ day. Furthermore, at this point of the test the
CM-BGs with high Mg contents, like BG-5/8 and BG-5/10,
showed higher values of Ca concentration than other
synthesized CM-BGs which had lower Mg content, e.g. BG-
5/5 (Fig. 4 (a)). Fig. 4 (b) shows the poor solubility of Si
which is even more decreased by the presence of Mg; for
example, BG-5/10 displayed the lowest concentration of Si. In
fact, Mg ion has a smaller ionic radius, 72 pm compared to
99 pm for Ca*', and higher field strength which compacts the
BGs structure. This prevents an easy penetration of SBF
solution inside the CM-BGs structures and hence Si ion
exchange is interrupted. According to Figs. 4 (a) and (b), the
quick release of Ca and Si ions from CM-BGs and the
subsequent HA formation can be considered as the main
factors in the rapid bonding of BGs to bone tissues [62]. The
changes of P concentration over soaking time (Fig. 4 (c)) did
suggest that an increase of Mg content in BGs could decrease
the HA precipitation rate. Fig. 4 (d) showed that increasing the
Mg content, from 1 to 10 mol% in Cu-substituted 58S-BG,
relatively slowed the release of Cu ions. This slowed ion
release can be taken as another sign for the tightly packed
networks due to the higher field strength of Mg®" ions
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compared to Ca®". Therefore, Figs. 4 (d) and (e) demonstrated
that during the early soaking stages the concentrations of Cu*"
and Mg”*" were increased until about the 3™ day and after that
reached a plateau on day 7" and remained the same
afterwards. This decreased dissolution rate of Cu?" and Mg*"
ions might be due to the formation of silica rich and HA-
covered layers on the surfaces of CM-BGs.

E. pH Measurement

The pH values of the SBF solutions are displayed in Fig. 5.
The Ca*', Mg?', Cu*" and H' ions exchange accompanied by
the SBF solution proton depletion as well as a gradual increase
in Mg* concentration. These phenomena led to a pH increase
during the immersion time. This increase of pH progressively
slowed down due to the decreasing Ca®* concentrations caused
by HA formation [57]. In addition, the pH values of CM-BGs
with high Mg content such as BG-5/8 and BG-5/10 were
found to be higher than other CM-BGs with less Mg content
such as BG-5/1, BG-5/3 and BG-5/5 (Fig. 5).
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Fig. 5 The SBF pH variation versus soaking time of the synthesized
CM-BGs

F. Surface Microstructures

Various properties of the BGs can be assessed by
investigating the changes in the morphology of surfaces [12].
Figs. 6 (a)—(e) displays the SEM micrographs of BG-5/5
before and after soaking in SBF solution. Before soaking in
the SBF (Fig. 6 (a)), the SEM revealed that no HA particles
existed and no significant morphological changes were
observed during the following two days except some regional
HA nucleation site were found. On 7™ day of soaking, the
surface of BG-5/5 was partially covered by the in-situ formed
HA that was simply observed by SEM (Fig. 6 (d)). The HA
layer matured over the following days and SEM showed (Fig.
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6 (e)) that the surface of BG-5/5 was completely covered by
nano-size HA. A high-magnified SEM image (Fig. 6 (f))
showed nano-size worm-like HA particles formed on BG-5/5
surface during 14 days of immersion in SBF. A similar worm-
looking morphology of HA is previously reported by Chen et
al. [63] that was formed on the surface of MgO-CaO-SiO,
bioglass. According to the SEM observations, HA formation
on BG-5/5 surface during its immersion in SBF solution was
in agreement with FTIR and XRD results.

Fig. 6 SEM images of BG-5/5 before (a) and after soaking in the SBF
solution for 1 (b), 3 (c), 7 (d) and 14 (e) days at magnification 10Kx;
and image (e) at 60Kx magnification (f)

J. In vitro Biological Evaluation

1. Cell Proliferation

The proliferation of the osteoblast-like cell line, MC3T3-
El, cultured on various CM-BGs for 1, 3 and 7 days are
shown in Fig. 7. On the first day of culturing, BG-5/5 sample
showed a statistically significant increase (‘p<0.05) in
comparison with the control and BG-5/0, while no significant
differences were observed in the MTT activities of cells
incubated with other CM-BGs compared to the control
('p>0.05). After 3 days in culture, MTT activity was
significantly higher in the cells in presence of dissolution ions
from BG-5/3 and BG-5/5 compared to the control ("p<0.01).
Meanwhile, the cells in presence of BG-5/3 and BG-5/5
exhibited same proliferation (no statistically significant
difference: “p >0.05). Additionally, MTT values increased
over the time and reached to the maximum after 7 days.
Previously, Saboori et al. [42] reported that the presence of 5

mol% Mg in 64% Si0,-26% Ca0-5% MgO-5% P,0s (based
on mol%) BG resulted in a significant increase in proliferation
of human fetal osteoblastic cells (hFOB 1.19). Based on the
results of the MTT assay, the simultaneous presence of 5
mol% of Cu and Mg in the 58S-BG composition (BG-5/5) led
to a more statistically significant increase in MC3T3-E1 cells
proliferation compared with BG-5/0 (""p< 0.01).

2
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Fig. 7 Osteoblast-like cell line proliferation (MC3T3-E1), cultured on
the synthesized CM-BGs for 1, 3 and 7 days. ('p < 0.05 and **p <
0.01)

2. Cell Activity

The ALP activity of the osteoblast-like cell line (MC3T3-
El) cultured on CM-BGs for 1, 3 and 7 days is displayed in
Fig. 8. As observed, the ALP activity constantly grew up to
the 7" day. Furthermore, the ALP activities of cells in contact
with CM-BGs reached their maximum on day 7 which were
approximately 4 times greater than the first day. Each
culturing batch showed statistically significant differences
which were measured by the ALP activity of cells treated with
BG-5/5 with respect to the BG-5/0 ("p< 0.05). Interestingly,
BG-5/5 showed the highest ALP activity in each culturing
time and the decrease of ALP activity by the increasing Mg
content, from 5 to 10 (in mol%), was in a good agreement
with MTT results. Moreover, the substitution of 10 mol%
MgO for CaO in BG-5/10, significantly decreased the ALP
activity of MC3T3-E1 cells in comparison with BG-5/0 ("p<
0.05).

3. Antibacterial Studies

As shown in Fig. 9, the simultaneous presence of Cu and
Mg in 58S-BGs led to a significant antibacterial effect against
MRSA bacteria. The samples contained 3 mol% and 5 mol%
MgO (BG-5/3 and BG-5/5), in bacterial suspension (with
fixed concentration of 10 mg/mL), demonstrated the
maximum bactericidal percentage to MRSA bacteria with no
statistically ~ significant  difference  (¥p>0.05).  Also,
antibacterial activity decreased by increasing the Mg content
in CM-BGs compositions (BG-5/8 and BG-5/10). The exact
mechanism of BGs antibacterial activities is not discovered
yet [64]; however, some factors are possibly involved like the
presence of ions such ad calcium [64], phosphate [64], copper
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[30], [31], [65] and magnesium [66] as well as the pH value
proposed due to the release of alkali ions [53], [67]. According
to the antibacterial study, BG-5/3 and BG-5/5 showed the
most efficient antibacterial effects against MRSA bacteria
with respect to the rest of the synthesized CM-BGs in this
work.

3.0

Control |
g BG-5/0
BG-5/1
254 [Mesc-s3
BG-5/5 vy
BG-5/8 =
E=lscs10

2.0 4

Alkaline Phosphatase (ALP) activity
P
1

Fig. 8 ALP activities of osteoblast-like cell line (MC3T3-E1) cultured
on synthesized CM-BGs for 1, 3 and 7 days. (*p < 0.05 and **p <

0.01)
1404 5%3&?
| BG-5/3

J E=BG-sr10
100 - L.

e
]
(=]
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80 - =

*

Bactericidal percentag

Samples

Fig. 9 The bactericidal percentages of 10 mg/mL of BG-5/0 (control),
BG-5/1, BG-5/3, BG-5/5, BG-5/8 and BG-5/10. (*p < 0.05, **p <
0.01 and ***p <0.001)

IV. CONCLUSIONS

In summary, six 58S-BGs incorporated with a fixed
concentration of Cu (5 mol%) and the variable Mg
concentrations (in range of 0, to 10 mol%), in 60Si0,-4P,0s-
5Cu0O-(31-x)Ca0O- xMgO, (x=0; 1; 3; 5; 8 and 10 on molar
basis) system, were successfully synthesized through the sol-
gel method and the synergetic effect of Cu and Mg on 58S-BG
was investigated. The reveal of C-O stretching and P-O
absorption bands in FTIR spectra and the detection of
characteristic peaks of crystalline HA as well as monitoring
the surface morphology evolution, confirmed the formation of
a nano-size crystalline HA on the surface of the 58S-BG

incorporated with 5 mol% CuO and 5 mol% MgO (BG/5-5)
after soaking in SBF solution. In addition, In vitro studies with
MC3T3-E1 cells showed that BG-5/5 was non cytotoxicalso
based on biological results and BG-5/5 significantly increased
cell proliferation and alkaline phosphatase activity of MC3T3-
El cells. Furthermore, BG-5/5 exhibited the highest
bactericidal efficiency against MRSA bacteria among all
newly designed Cu/Mg-substituted 58S-BGs in this work.
Therefore, BG-5/5 is introduced as a novel candidate with
multi-functional  properties desired for bone tissue
engineering. Further investigations will be carried out to
clarify how exactly the presence of Cu and Mg in BGs does
increase the MTT, ALP and antibacterial activity. We also aim
for developing the clinical use of this novel biomaterial and
employ it in the design of light-triggered [68] and targeted
drug delivery [69] systems in the forthcoming future.
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