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Abstract

This work was mainly aimed to synthesize new ceramic composites based on nano-bioactive glass (nBG) and magnesium
phosphate ceramic (MgP) with different ratios using the sol-gel approach in order to overcome the limitations of both materials.
The glass was based on 85Si0,-10Ca0O-5P,05 (mole %), and MgP was based on the formula; Mg3;(POy),. The obtained
composites were characterized by DTA, XRD, FTIR, SEM/EDX and Zeta potential techniques. The in vitro bioactivity test
was carried out in SBF, and the cell viability test was conducted by culturing the composites with human normal fibroblast cell
line (BJ1). The results of XRD analyses showed that there were often no strong diffraction peaks detected which indicated the
amorphous nature of the ceramic composites. Moreover, soaking of the ceramic composites in SBF exhibited that addition of
MgP to nBG was increased the degradation of the latter one, and nBG was improved the formation of apatite crystals on MgP
ceramic. Moreover, the cell viability results showed that MgP was showed significant higher viability than nBG at high

concentrations, and it improved the viability of nBG in the ceramic composites.
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1 Introduction

The bone defects caused by accidents, bone tumor or aging
rank second in the surgeries that require tissue transplantation
annually in the USA [1]. Although the autografting is the best
solution for treatment of bone defect, this method still has
some shortage, such as unavailability of bone tissue in most
cases and it requires additional surgery which causes more
pain for the patient [2]. Accordingly, the research and devel-
opment of new synthetic bone substitutes exhibiting proper-
ties similar or even close to the natural bone is still a challenge
in the orthopedic research [3, 4]. There have been several
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synthetic materials used as bone substitutes, such as calcium
phosphates (CaPs), including hydroxyapatite and tricalcium
phosphate [5], magnesium phosphates (MgPs) [6, 7] and bio-
active glasses (BGs) [8].

Whereas CaPs are osteoconductive materials, their surface
reactivity and solubility are relatively low [5, 9]. MgPs have
been drawing more attention in the recent years as alternative
materials for CaPs in the biomedical applications. Where, they
are biocompatible [6, 7], and their cements are characterized
by high mechanical strength comparable to other bone substi-
tutes, such as brushite [10], as well as, they have biodegrad-
ability and surface reactivity higher than most derivatives of
CaPs [10, 11]. Moreover, MgP minerals are proven to be
biocompatible with bone-forming cells [12]. Generally, Mg
element stimulates new bone formation and increases bone
cell adhesion and stability [13, 14]. However, like CaPs, the
osteoconductivity of MgPs is not enough to accomplish a
bone defect filling under acute conditions, such as old patients
with metabolic illnesses and sites of poor vascularization. And
so, introducing of osteoinductive materials into MgPs, such as
bioactive glasses (BGs) is crucial to enhance their bioactivity
function.

In the last decades, BGs have been used widely as bone
substitutes due to their osteostinductivity and their ability to
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form a chemical bond with the surrounding tissues throughout
a formation of hydroxyapatite layer at the glass/tissue inter-
face [15, 16]. Moreover, the properties of BGs can be tailored
by changing their compositions, and their angiogenic and os-
teogenic effects on the cells depend on the ions released from
them [17, 18]. Mostly, BGs were synthesized by conventional
melting of oxides. The discovery of sol-gel chemistry in
1991has been given rise to a new generation of bioactive
glasses [19]. One of the most attractive characteristics of the
sol—gel method is allowing researchers to obtain nano-systems
based on sol-gel bioactive glass as nanoparticles and nanofi-
bers, which are promising candidates in biomedical applica-
tions [20]. However, the biodegradation rates of BGs are usu-
ally slow compared to some kinds of bioresorbable ceramics
(such as, tricalcium phosphate and brushite). That is because
of formation of new insoluble apatite crystals in the biological
fluids. Therefore, addition of highly degradable ceramics,
such as MgP ceramic, to BG will increase the degradation rate
of BG by suppressing or even decrease the formation of these
insoluble apatite crystals [21].

The main aim of this work is the enhancement of the bio-
activity of MgP ceramic by introducing nano-bioactive glass
(nBG), as well as, the increase of degradation of nBG by MgP.
This was carried out by preparing new nBG/MgP composites
using sol-gel method to combine the advantages of both com-
ponents. The published research addresses this type of com-
posites is very scarce, and this study is the first one concerning
with synthesis of this kind of composites which are expected
to be promising materials for the bone defect treatment.

2 Materials and Methods
2.1 Preparation of mg-Phosphate (MgP) Ceramic

The suggested MgP ceramic in this work was based on
farringtonite mineral formula, Mgz;(PO,4),. Where, it was pre-
pared by the reaction of MgCO3 and H3PO,. The solution of
0.67 M of H3PO4 was added dropwise on 1 M of MgCO;
solution, and the mixture was stirred for 10 h and left 24 h
for aging. And the precipitate was filtered and dried at 80 °C
for 2 days and used as it is in the synthesis of nBG/MgP
composites thereafter.

2.2 Preparation of nBG/MgP Composites

The glass composition based on 85Si0,-10Ca0O-5P,05 was
prepared by the quick alkali-mediated sol-gel method. TEOS
(tetraecthyl orthosilicate), Ca(NO3),4H,0, TEP (triyethyl
phosphate), ethanol (EtOH), nitric acid (HNO3) and ammonia
chemicals with analytical grade were used as received to syn-
thesize these materials. In a typical synthesis of nBG, TEOS
was added to a mixture of 2 M HNOj; and ethanol solution
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with a molar ratio TEOS: EtOH: H,O =1:8:10. After com-
plete hydrolysis of TEOS, TEP and Ca(NOj3),-4H,O were
added to the solution, respectively, with 30 min time interval,
and the solution left to stir for 4 h. And then, different weight
percentages (0, 25, 50 and 100 wt.%) of previously prepared
MgP powder were added (the samples accordingly encoded
G, MP25, MP50 and MP, respectively, Table 1) and stirred for
2 h. Ammonia solution was added to the mixture solution with
vigorous stirring. As a result, the transparent sol was quickly
changed to opaque white gel, and thoroughly, this gel was
stirred mechanically to hider an aggregation of the gel.
Thereafter, the obtained gel was dried at 50 °C in the oven
for 2 days to remove the residual water and ethanol. Finally,
the dry gel powders were calcined at 600 °C (with heating rate
5 °C/min) in air for 30 min.

2.3 Characterization of nBG/MgP Composites

The obtained composites were characterized by differential
thermal analysis (DTA) using Setaram, heating from 25 to
700 °C at a rate of 40 °C.min"' to determine the thermal
behavior of the as-prepared gels. The particle size and the
morphology of the composite powders were investigated by
scanning electron microscope (SEM), model Hitatchi S-5500,
in which a very minute amount of powder was directly
mounted on the carbon tap and then coated with gold to be
examined by SEM. The formed crystalline phases were de-
tected by x-ray diffraction (XRD) using a Philips PW1390 X-
ray diffractometer (U.S.D.) at room temperature in the 26
range from 10 to 70° in 0.02° steps using CuK«x radiation
(1.5418 A). Moreover, the characteristic vibration modes were
determined by Fourier transform infrared (FTIR) technique at
room temperature in the wavenumber range of 4000—
400 cm ™' using JASCO FT/IR-4600 by mixing 2 mg of the
sample powder with 200 mg KBr in an agate mortar and
pressed into a pellet. Zeta potential of the composite ceramics
was measured by Zetasizer NanoZS, Malvern Panalytical,
UK, in the double distilled water.

2.4 In Vitro Degradation Test

The in vitro biodegradation test was evaluated in the simulated
body fluid (SBF) at pH 7.4 prepared according to Kokubo and
Takadama [22]. The ceramic samples were shaped in discs by
compressing 0.2 g of powder uniaxially in stainless steel mold
with diameter of 8 mm using pressure of 2 MPa. The ceramic
composite discs were immersed in the high density polyeth-
ylene (HDPE) bottles contained SBF solution. The soaking
solution was wholly collected and replaced by fresh SBF at
predetermined times (1, 3, 7, 14 and 21 days), and Ca, P and
Mg ions concentrations released from the samples into the
solutions were measured colorimetricaly using
BIODIGNOSTIC kits, Egypt, as well as, the change of pH
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Table 1

The composite compositions based on the ratios between nBG and MgP in wt.%, the endothermic and exothermic temperatures (°C) of DTA

analysis, Zeta potential (mV), and Ca/P ratio of samples after immersion in SBF

Sample Composite composition (wt.%) DTA temperatures (°C) Zeta potential (mV) Ca/P
nBG MgP Endo Exo

G 100 0 98 277 —-16.1 2.56

MP25 75 25 114 271 -14.9 0.84

MP50 50 50 137 281 —-13.1 1.36

MP 0 100 205 - -11.1 -

of the solution with the time followed up. In addition, the
weight loss % of the samples was measured and calculated
depending on the following equation.

Wtloss% = (Wi-Wd/Wi)*100

Where, Wi and Wd are the initial weight and dried weight,
respectively, after immersion. Moreover, the change of sam-
ples surfaces after immersion in the solution was investigated
by scanning electron microscope coupled with energy disper-
sive X-ray analysis; Model, Hitachi SU8000 attached with
EDX Unit (Thermoscientific), with accelerating voltage 30
KV, magnification up to 100,000x.

2.5 Cell Viability Test

The cell viability of the prepared composites was studied
using human normal fibroblast cell line (BJ1) using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) [23]. The cell solution was prepared by suspending
the cells in DMEM-F12 medium contained 25 pg/ml
amphotericin B, 10,000 pg/ml streptomycin sulfate,
10,000 U/ml potassium penicillin and 1% L-glutamine at
37 °C under 5% CO, using a water jacketed CO, incubator
(Sheldon, TC2323, Cornelius, OR, USA). After culturing of
the cells for 5 d, the cells of concentration equal 1 x 10° were
seeded on different concentrations of ceramics (125, 500,
1000 and 2000 pg/ml) at 37 °C for 24 h under 5% CO, in
96-well plates. Fresh medium without cells was used as a
negative control, and another one with cells was used as a
positive control under the same conditions, and then, the ab-
sorbance was measured using the microplate multi-well reader
(Bio-Rad Laboratories Inc., model 3350, USA) at 595 nm.
The viable cells percentage was calculated by the following
equation:

(ODt/ODc) x 100%

Where ODt and ODc are the mean optical density of the
wells treated with the sample and the mean optical density of
the untreated cells, respectively.

2.5.1 Statistical Analysis

The experimental data obtained in this study were expressed
as the average + standard deviation (SD) for n =3 and were
analyzed using standard analysis of Student’s t test. The level
of significance (p value) was set at <0.05.

3 Results and Discussion
3.1 Characterization of nBG/MgP Composite
3.1.1 DTA

The thermal decomposition of the as-prepared dried gels was
investigated by DTA. Table 1 and Fig. 1 show the endother-
mic and exothermic peaks of G, MP25, MP50 and MP. As
shown in the figure, there were broad and weak endothermic
peaks at 98 °C, 114 °C and 137 °C for G, MP25 and MP50,
respectively, which referred to the evaporation of adsorbed
water. Whereas, very strong and sharp peak was observed at
205 °C for MP sample which likely assigned to removal of

MP
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Fig. 1 DTA traces of G, MP25, MP50 and MP samples
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physically adsorbed water and water molecules presented in
the building structure of MgP. The exothermic peaks were
noticed at 277 °C, 271 °C and 281 °C for G, MP25 and
MP50, respectively, which ascribed to the loss of organics
components of the precursors (i.e. alkyl groups in TEOS).
According to the DTA curves, the temperature selected for
sintering of the composite samples was 600 °C to avoid crys-
tallization of them.

3.1.2 Particle Size and Morphology by SEM

The particle size and shape of different composites were ex-
amined using SEM (Fig. 2). Very minute amount of the sam-
ple powder was mounted on the carbon tap and coated with
gold thereafter. As shown from the figure, the particle shape of
nBG was spherical and the size was less than 100 nm.
Addition of MgP to the glass was increased the aspect ratio
of the grains and formed fibrous composite particles (Fig. 2b,
¢ for MP25 and MP50, respectively). The grain shape of MP
sample was anhedral, and the boundaries between the particles
were unclear.

3.1.3 XRD Analysis

Figure 3 represents XRD analysis of G, MP25, MP50 and MP
samples. From the figure it can be noted that there was no
diffraction pattern detected in XRD spectrum of sample G
which indicated the amorphous structure of glass sample.
Whereas, weak diffraction peaks were detected in the com-
posite samples (MP25 and MP50), the peaks were attributed
to the formation of magnesium phosphate phase, Mg,P,01,
(PDF# 00-040-0067). In contrast, very weak diffraction peaks

Fig. 2 SEM of G, MP25, MP50
and MP samples (a, b, ¢ and d,
respectively)
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of Mg,P,0; crystals were observed for MP sample (PDF #
00-008-0038).

3.1.4 FTIR Analysis

The vibration modes of the characteristic groups in different
nBG/MgP composites were investigated by FTIR analysis.
Figure 4 shows FTIR spectra of G, MP25, MP50 and MP
samples. As shown from the figure, the spectrum of nBG
(sample G) shows Si-O-Si bending vibration modes at
466 cm™!, and the P-O bending mode was detected at
464 cm™'. Moreover, the bending vibration mode of O-Si-O
of orthosilicate SiO4*~ and Si-O-Si asymmetric stretching vi-
bration was observed at 800 cm ' and 1099 cm ', respective-
ly. The shoulder remarked at about1218 cm™" was attributed
to Si-O-Si bending mode. The FTIR spectrum of pure Mg
phosphate (sample MP) demonstrated strong absorption band
in 900-1300 cm ™' range due to P-O stretching vibration
modes of pyrophosphate. The absorption bands at 1066 and
944 cm' were ascribed to P-O stretching vibrations of crys-
talline PO® ", groups. There were additional bands at 777, 650,
and 574 cm ™' which can be attributed to P-O-P vibrations.
Addition of MgP to the glass (samples MP25 and MP50)
was caused a shift of Si-O-Si asymmetric stretching vibration
to higher frequency.

3.1.5 Zeta Potential

The Zeta potential values of G, MP25, MP50 and MP samples
are shown in Table 1. All samples demonstrated negative
values of Zeta potential in the double distilled water; they
were—16.1 mV, —14.9 mV, —13.1 mV and—11.1 mV for
G, MP25, MP50 and MP, respectively. As noticed from these

b
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Fig. 3 XRD spectra of G, MP25, MP50 and MP samples

results, the surface charges of the prepared samples were
shifted to more negative value as the percentage of nBG in-
creased. And consequently, addition of nBG to MgP was
showed an advantage to increase the electronegative surface
charge of MgP ceramic. According to previous studies, the
material surface of more negative Zeta potential is more
favourable to attach and proliferate osteoblast cells than that
of less negative Zeta potential [24—-27]. However, as it will be
shown in this study (in the cell viability section), the viability
findings were more dependent on the ceramic composition
than its charge because of the charge differences between
different composite ceramics were relatively small.

3.2 In Vitro Bioactivity and Degradation Test

A widely used non-cellular method to determine the capability
of materials to bond to living bone tissue is its possibility to
form a bone-like apatite layer on their surface after immersion
in SBF. This bone-like apatite layer provides the capability of
materials surface to form direct contact with human bone liv-
ing cells. Figure 5 shows the SEM and EDX analysis of the
surface of G, MP25, MP50 and MP samples after immersion
in SBF for 21 days. After SBF immersion, SEM micrographs
showed an aggregation of spherical particles on G, MP25 and
MP5 sample surfaces. The corresponding EDX spectrum of
the newly formed surface layer showed high concentrations of
Ca and P in comparison to Si for both samples. The calcula-
tion of Ca/P molar ratios from EDX analysis showed that G
sample (nBG) was showed the highest value (2.56), while
MP25 showed the lowest one (0.84). Comparatively, the Ca/
P ratio of MP50 (1.36) was the nearest ratio to the stoichio-
metric HAp (1.67) among other samples. However, there was
no peak for Ca detected in EDX analysis the surface of MP

sample, which referred to an absence of new hydroxyapatite
(HAp) crystals. Previous studies were reported that HAp crys-
tals can be formed on the surface of Mg phosphate ceramics
after immersion in SBF [28, 29], but, the results obtained in
this study were contrary to these previous results.

The change of pH of G, MP25, MP50 and MP was inves-
tigated by measuring pH values of incubated SBF at
predetermined times. Figure 6a shows the variation of pH with
the time after immersing in SBF up to 21 days. It can be noted
from the figure that the pH values were decreased during the
first week of immersion to 7.26, 7.37 and 7.38 for G, MP25
and MP50, respectively. This was likely due to a rapid ion
exchange between Ca®* and H* or H;0" in SBF solution
which caused an increase of hydroxyl groups in the solution.
As a result of this process, Si-O-Si glass network bonds were
broke down and silica-rich layer composed mainly of SiOH
(silanol) groups was formed on the glass surfaces. The newly
formed silanol layer has the affinity to attract Ca®* and PO437
from the surrounding solution to form amorphous Ca-
phosphate layer which crystalizes to bone-like apatite crystals
in the later stage. pH values were almost constant during the
rest of immersion time as a result of a formation of the pro-
tective apatite layer on the glass surface. In contrary, pH in-
creased again for MP sample after decrease stage during the
first week. This can be attributed to release of Mg-OH species
from the ceramic surface.

The weight loss percentage of different samples was mea-
sured as a function of time (Fig. 6b). It was noted that addition
of MgP ceramic to nBG was increased the degradation of the
resulted composites. That was due to a higher degradation of
MgP ceramic than nBG. Accordingly, the degradation of such
composites can be tailored by changing of MgP ratio in the
samples.

Si-O-Si (str.)
>~

Abs.

— 777
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm'1)

Fig. 4 FTIR spectra of G, MP25, MP50 and MP samples
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Fig.5 The cell viability (%) of G,
MP25, MP50 and MP samples
after 24 h treatment against BJ1
(human normal skin fibroblast)
cell line using MTT assay

0.0k SE(UL)

7.0kV 13.3mm x5.00k SE(UL)

The change of concentrations of Mg, P and Ca ions in SBF
were also investigated as a mark of hydroxyapatite formation
on the glass surfaces. Figure 6¢-e shows the concentration of
Mg, P and Ca ions in SBF solution incubated G, MP25, MP50
and MP samples. The concentration of Mg ions released into
the solution was almost constant for MP25, MP50 and MP
samples, this was because of release of Mg ions from MgP
ceramic beside the initial concentration of Mg ions in SBF.
The concentration of P ions released from G sample was in-
creased during the first week of immersion and followed by
almost constant value. That was due to formation of apatite
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layer on the glass surface. In contrast, the concentrations
reached to maxima at 3, 14 and 7 d for MP25, MP50 and
MP, respectively, followed by a decrease in concentrations.
This can be explained by the dissolution of phosphate ions
from MgP ceramic and reprecipitation of these phosphate ions
as new species of Mg phosphates. The concentrations of Ca**
ions in SBF incubated different samples were decreased dur-
ing 3 d of incubation and followed by nearly constant values
till the end of immersion time. This was due to a depletion of
Ca®* ions in the formation of calcium phosphate crystals in
case of the fluid incubated G, MP25, and MP50 samples.
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3.3 Cell Viability

In order to study the cytotoxicity of different ceramic compos-
ites, different concentrations of the composite powders (125,
500, 1000 and 2000 pg/ml) were cultured on human normal
fibroblast cell line (BJ1) for 24 h using MTT assay (Fig. 7).
The cell viability results obtained in this study for nBG (G
sample) were similar to that we obtained previously for other
bioactive glass nanoparticles against human lung fibroblast
normal cell line (WI-38 cells) [30]. Moreover, the results ex-
hibited that MP sample was had a significant (p < 0.05) higher
cell viability than other composites at all concentrations, ex-
cept at concentration 125 pug/ml, there was no significant

Time (day)

difference (p >0.05) between G and MP samples. Addition
of MgP to nBG was significantly improved the viability of
the latter one, specifically at concentrations 500 and
1000 pg/ml. Higher cell viability of MP than G can be attrib-
uted to lower degradation of nBG (sample G) than MgP (sam-
ple MP). This a relatively high degradation of MgP ceramic
caused enrichment of the cell medium with Mg”* ions which
improved the cell growth conditions as reported before [31].
However, the surface charge of ceramic powders did not like-
ly demonstrate an obvious effect on the cytotoxicity results,
that was due to the charge differences between the composite
ceramics were small (Zeta potential=16.1 mV, —14.9 mV,
—13.1 mV and—11.1 mV for G, MP25, MP50 and MP).

@ Springer
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Therefore, the cell viability results were more dependent on
the ceramic composition than its charge.

4 Conclusion

In the present study new nBG/MgP composites were prepared
successfully in order to overcome the limitations of nBG and
MgP. The weak diffraction peaks of Mg,P,40;, crystals were
detected by XRD in the composites (MP25 and MP50), while,
no diffraction peaks were detected for nBG and MgP. The
Zeta potential results showed that addition of nBG to MgP
was increased the negative charge of the latter one.
Moreover, the in vitro bioactivity test of the ceramic compos-
ites in SBF demonstrated that the addition of MgP to nBG was
increased the degradation of nBG, and in parallel nBG was
improved the formation of bone-like apatite crystals on MgP
ceramic particles. Moreover, the cell viability results showed
that MgP was showed significant higher viability than nBG at
high concentrations due to the release of Mg** ions from MgP
ceramic which improved the cell growth conditions, and the
results showed that the cytotoxicity was more dependent on
the ceramic composition than its charge.
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