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Abstract: Bioactive powders of the binary SiO,-CaO, ternary SiO,-CaO-P,0s and quaternary systems SiO.-
Ca0-P,05-Na,0O/Mg,0O were synthesized using a sol-gel route. The gels were converted into bioglasses powders
by heat treatments at the temperature of 700°C. The resulting materials were characterized by X-ray diffraction
(XRD), Fourier Transform Infrared spectroscopy (FTIR), Environmental Scanning Electron Microscopy
(ESEM) and in vitro bioactivity in acellular Simulated Body Fluid (SBF). The in vitro tests showed that the
samples had the good apatite-forming ability. Glasses doped with sodium and magnesium show good results in
terms of bioactivity and mechanical properties. The results showed that the quaternary glass SiO,-CaO-P,0s-
NazO containing Na is the most bioactive, only 6 hours after its immersion in SBF; a layer of hydroxycarbonated
apatite (HAC) was deposited on the glass and compressive strength of up to 233.08 MPa with a porosity of
11.02%, due to the presence of the Na;Ca,SisO¢ phase. Magnesium also affects bioactivity because it has
improved from binary to ternary to quaternary doped with magnesium, bioactive from 12h of contact with the
SBF.
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1. Introduction

Bioglasses and glass-ceramics have received
particular  interest due to their  unique
characteristics '. Bioactive glasses in the system
Si0,-Ca0-P,0s-Na;O have been shown to form a
mechanically strong bond to bone and too soft
tissues; bonding occurs by the rapid formation of a
thin layer of hydroxycarbonate apatite (similar to
biological apatite) on the glass surface when
implanted or in contact with biological fluids % 2.
They can be synthesized by traditional melt
quenching or by the versatile sol-gel process * °.
Furthermore, bioglasses prepared via sol-gel method
always have an interconnected mesoporous structure
and a higher reactive surface, allowing better
nucleation of the hydroxycarbonate apatite during
the soaking of the material in vitro or in vivo . Glass
formers were chosen based on previous studies in the
field of sol-gel bioglasses ’. Different dopants were
selected such as sodium and magnesium. Magnesium
is essential to bone metabolism, and it has been
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shown to have stimulating effects on new bone
formation 8. Magnesium is suggested to interact with
integrins of osteoblast cells, which are responsible
for cell adhesion and stability ® °. Rude et al. >
observed that magnesium depletion results in
impaired bone growth, increased bone resorption and
loss in trabecular bone underlining the significant
role that magnesium plays in bone metabolism. The
formation of Na,Ca,SizOs '? in the bioglass doped
with sodium significantly improves the mechanical
properties of the material; crystallization does not
inhibit bioactivity, with the bone-bonding ability
(indicated by the formation of hydroxyapatite)
remaining in the fully crystallized ceramics. When
immersed in body fluid, the crystalline phase
Na,CaSi3s09 decomposes and transits to amorphous
hydroxyapatite (HA), an easily degradable mineral in
vivo. The presence of Na,O offers advantages in
relation to the crystallization treatment that is applied
to improve the mechanical properties of bioceramics.
Because scaffolds of amorphous bioactive glasses
are very fragile, to achieve superior mechanical
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strength bioactive glass foams have to be sintered to
form crystalline phases 2. In bioactive glasses
lacking Na,O the crystalline phase is bioinert *°,
which means that mechanical strength is improved,
at the cost of sacrificing degradability. Despite the
vast literature describing the mechanical properties
of different types of glass-ceramics * ° there are
only a few studies concerned with bioactive glass-
ceramics, and particularly for this family of highly
bioactive glass-ceramics. Several studies have
compared the mechanical behavior of the parent
glasses with fully crystallized glass-ceramics but
without consideration the porosity. Others have
compared the mechanical behavior of glass-ceramics
with varying crystal size for a fixed volume
percentage of crystal phase. Indeed, in the present
work, we independently studied one microstructural
factor that affects the mechanical behavior of the
material: the porosity of each glass, the results are in
agreement with the already reported by Chajri et al.
16 In the present study and as a continuation of our
recent published investigations in these systems 6 17;
it was decided to use the sol-gel process for the
synthesis with an acid catalyst. First, the choice of
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the studied compositions is explained, and then the
paper summarizes the sol-gel process and the
treatment to obtain the glasses. A comparison is
made between the glasses (SiO,-CaO-P,05-MgO
(7.5Mg), SiO,-CaO (77b), a ternary SiO,-CaO-P,0s
(57t) and a quaternary SiO2-Ca0-P20s-Na;O (24Na)
bioglasses) obtained by the sol-gel explaining the
role of each element doped in the glasses, namely
sodium and magnesium.

2. Experimental

2.1. Sample synthesis

2.1.1. Selection of compositions

The compositions were chosen based on previous
studies & 1°, Initially, we based our selves on the
Hench triangle, and we created a series of
compositions for each type of glass (binary, ternary
and quaternary system), to finally optimize the glass
that has the best bioactivity. Then the properties of
the binary and ternary glasses obtained by sol-gel
route were compared with quaternary glasses doped
by sodium and magnesium. The composition of the
systems is listed in Table 1.

A - Class-A bioactive
B - Bioactive

C - Bio-inactive

D - Resorbed

E - Non-glass forming

Cal

Mas O

Figure 1. Property changes of bioglass materials %°.

Table 1. Composition (mol %) of sol-gel glasses.

Samples SiO; Ca0O
77h 77 23
57t 57 33

24Na 46 24
7.5Mg 50 325

2.1.2. Synthesis by sol-gel

The bioglasses 77b, 57t, 7.5Mg, and 24Na were
synthesized by a sol-gel technique and characterized
for their physicochemical properties. In the first step,
the solution was prepared as follows: 12 g of the
tetraethylorthosilicate (TEOS; Merck) Si(C2Hs0)4
was added into 30 mL of 0.1 M nitric acid; the
mixture was allowed to react for 30 min for the acid
hydrolysis of TEOS to proceed almost to completion.
The following reagents were added in sequence
allowing 45 min for each reagent to react
completely: 0.89 g (0.005 mol) triethylphosphate

P05 MgO NazO
0 0 0
10 0 0
6 0 24
10 7.5 0

(TEP), 5.16 g (0.026 mol) of calcium nitrate
tetrahydrate, and 1.68 g (0.005 mol) of magnesium
nitrate hexahydrate. After the final addition, mixing
was continued for 1 h to allow completion of the
hydrolysis reaction. The solution was cast in a
cylindrical Teflon container and kept sealed for
10 days at room temperature to let the hydrolysis and
a polycondensation reaction to take place until the
gel was formed. The gel was held in a sealed
container and heated at 70°C for 3 days. To get rid of
the water, a small hole was contrived in the lid to
allow the leakage of gases while heating the gel to
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150°C for 52 hours to remove all the water. The
dried gel was then heated for 3h at 700°C for two
reasons; first to stabilize the glass and second to
eliminate residual nitrate 2.

2.2. Characterizations of the samples

2.2.1. FT-IR analysis

Fourier transform infrared spectroscopy
(FTIR: Bruker VERTEX 70 spectrometer) was used
to analyze the functional group of the obtained
powders. The spectra were recorded from
400 to 4000 cm™at 4 cm'* resolution.

2.2.2. XRD analysis

The characterization of the crystalline resulting
phases, before and after immersion in SBF, was
performed by XRD. X-ray diffraction measurements
were presented with a Discover model operated at
40 kV and 40 mA using Cu-K, radiation
(A = 1.5418 A) in the range (10-80°) and step size of
0.02° and a step duration of 2s.

2.2.3. ESEM analysis

Morphological characterization of the pellets
regarding the surface modifications that occurred
during the in vitro bioactivity tests was performed by
ESEM. A set of samples was selected and analyzed,
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using a scanning electron microscopy coupled with
energy-dispersive spectroscopy: ESEM Quanta 200
(FEI Company).

2.3. In vitro test

The bioactivity evaluation was realized through
immersion of each sample in a polystyrene bottle
containing 45 mL of Simulated Body Fluid (SBF),
maintained at 37 = 0.5°C for 6 to 240 hours. After
soaking, the sample was filtered and dried in air. The
SBF solution was prepared by dissolving reagent
grade chemicals of NaCl, NaHCOs; KCI,
KzHPO4.3H20, MgC|2.6H20, CaCI2.2H20 and
Na SO; into distilled water (Table 3) and buffered at
pH 7.42 with 50 mM tris(hydroxymethyl)-
aminomethane and 45 mM HCI %2, SBF is known to
reproduce  hydroxycarbonated apatite  (HCA)
formation on the surface of bioactive glasses and
glass-ceramics by simulating the reaction occurring
in the human body (Table 2). It is essential to
mention that this solution is often used in the in vitro
evaluation of the formation of a hydroxycarbonated
apatite layer on the surface of materials designed for
implants, according to 1SO23317, approved in June
2007 by the International Organization for
Standardization %,

Table 2. lon concentrations (mM) of SBF and human blood plasma 2.

lon Simulate Body Fluid Blood plasma
Na* 142.0 142.0
K* 5.0 5.0
Mg?* 1.5 15
Ca? 25 25
Cl 148.8 103.0
HCOs 4.2 27.0
HPO.* 1.0 1.0
S04 0.5 0.5
Table 3. Reagents for preparing the SBF.

Order Reagent Amount
1 NaCl 7.996 ¢
2 NaHCO3 0.350 g
3 KClI 0.224 g
4 K2HPO,*3H,0 0.228 g
5 MgCl,+6H,0 0.305 g
6 1M-HCI 40 mL

(About 90% of total amount of HCI to be added)
7 CaCl; 0.278 g
8 Na2SO4 0.071¢g
9 (CH20H)3CNH> 6.057 ¢
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2.4. Mechanical strength of synthesized bioglasses
Despite the fact that there is a growing interest in
bioactive glass and derived glass-ceramic structures
24 and their in vitro and in vivo properties are well
documented %, few studies that have studied their
mechanical  strength  have only discussed
compressive strength, 2 27 because compressive
strength is the ability of a material to withstand
vertically applied pressure forces without sustaining
excessive longitudinal or transverse deformation. In
contrast to metals and plastics, bioglasses are not
very elastic. Their mechanical rigidity differentiates
them from these materials, which is generally seen as
an advantage for their use in harsh environments.
The compressive strength measurements were
carried out on a universal testing machine; model
INSTRON 3369, equipped with a 2.5 kN load cell.
Specific attention was paid to the good parallelism
between the flat surfaces under compression. The
testing speed was set at 0.1 mm/min. The samples
were cylindrical in shape, sintered, with standard
dimensions: 20 mm in height and 10 x10 mm in
cross-section. During compression, testing the load
was applied until densification of the porous samples
started to occur. Three tests were performed on each
sample to establish an average.

Intensity (a.u)
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2.5. Study of porosity

To try to quantify of the total porosity of the
bioglass, a measurement of the relative density in an
aqueous medium is made; the bulk density and open
porosity of the samples were determined by the
method of Arthur 26, The total porosity can be
calculated if the theoretical density of the material is
known. We weigh the sample in air (m1). It is then
placed on a support in a vacuum desiccator
containing xylene. Allowed the sample 2h under
vacuum to degas, then it is dipped in xylene to
ensure thorough penetration of the impregnating
liquid into the open pores. Finally, the impregnated
sample is then weighed again (m.), then water (ms).

3. Results and Discussion

X-ray diffraction and FTIR evidenced the formation
of an apatite-like layer on the glasses surface after
soaking in SBF. Figure 2 shows the X-ray diffraction
analysis of the four glasses 77b, 57t, 24Na and
7.5Mg before soaking in SBF. XRD spectra were
generated from the whole material of the powder
used, rather than from a surface layer of powder
particles. Hence, the spectra obtained represent the
structure throughout the material. Bioglasses 77b,
57t, and 7.5Mg are amorphous, while the crystalline
phase Na;Ca,SizOy was identified in the as-sintered
24Na powder.

benirosprmestns 750G

24Ma

Figure 2. XRD spectra of sol-gel derived 77b, 57t, 24Na and 7.5Mg glass-ceramics after heated at 700°C for 3h.

All glasses are bioactive by different times, the
patterns obtained for the glasses after soaking don’t
exhibit peaks characteristic of hydroxyapatite.
Compared with the amorphous structure before

immersion, after 2 days of soaking, the XRD pattern
of sample sintered at 700°C showed a wide
diffraction peak corresponding to (211) reflections of
an apatite phase (Figure 3(a)).
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Figure 3. XRD spectra of the sol-gel derived bio-glasses (heated at 700°C/3h) before and after immersion in
SBF for different times. (a) 77b, (b) 57t, (c) 7.5Mg, (d) 24Na.

Bioglass 57t is more bioactive than the bioglass 77b.
Figure 3(b) shows diffraction peaks corresponding to
the (002) and (211) reflections of calcium phosphate
carbonate hydroxide [Cas(PO4,COQO3)3(OH)] after
24 hours of immersion in SBF. The quaternary
systems 24Na and 7.5Mg are bioactive, but both
elements behave differently. Various studies have
investigated magnesium-containing polycrystalline
ceramics and material glass-ceramics for biomedical
applications 2!, Notably, the Mg may be able to
enter the forming hydroxyapatite nuclei and thus
inhibits their evolution to tiny apatite crystals,
because this element cannot be accommodated in the
hydroxyapatite structure. Mg?* substitute into the
apatite lattice, which causes changes in its
physicochemical properties. Apatite substituted with
Mg results in a calcium-deficient apatite and may be
amorphous calcium phosphate (Ca, Mg)e(POu)s 3% *.
The higher the MgO content of the glasses, the lower
is the rate of the calcium phosphate layer formation
and the higher is the thickness of this layer *. The
substance formed on glasses became detectable after
12 hours immersion in SBF, a new peak at 32° were
assigned to be (211) apatite according to the standard
JCPDS cards (09-0432) [Figure 3(c)] **.

Moreover, after 1 day of immersion, the one peak
was intensified, and the other peak of apatite at
26° appeared. The XRD pattern shows some wide
hydroxyapatite reflection, indicating a poor
crystalline phase formation *. However, these results
are in disagreement with those gotten when using the
sol-gel made 45S5 bioglass *. 7.5Mg bioglass
behaves like 45S5 bioglass® synthesized by melting
method, both bioactive after 12 hours, while the sol-
gel 45S5 is active after 15 days. XRD data of the
glass surface versus time are presented on
Figure 3(d) for the unsoaked sample. The XRD data
emphasized the predominant amorphous feature of
the sample 24Na. The diffraction peaks of the
Na,Ca;Si3Og phase became shorter with increasing
incubation time in SBF, eventually disappearing
after incubation for 6 h. After 96 h, a broad halo
pattern (indicating an amorphous structure) overlaid
with small apatite peaks; this result is in agreement
with the results published by Bouhazma et al. '
After 6 h of soaking in the SBF, the recorded
diagram revealed the presence of a well-crystallized
hydroxyapatite phase.

Figure 4 shows the FTIR spectra of samples before
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soaking in SBF. Before soaking, the spectra of the
sample exhibited Si—-O-Si stretching and bending
bands. The band at around 1080 cm™ corresponds to
the vibrational mode of the asymmetric stretch of
Si-O-Si, the band at 800 cm™ corresponds to the
symmetric stretch of Si-O, and the strong band
at 475 cm corresponds to the vibrational mode of
the bending of Si—O-Si. After soaking at various
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times, additional peaks appeared around 550-600 cm-
1 the twin bands at 570 cm? and 600 cm?
(P-O bands) which correspond to antisymmetric
vibration mode of P-O in amorphous calcium
phosphate, the band at 1430 cm™ corresponds to
carbonate and 3457 cm™ corresponds to H,O, all
bands indicate apatite formation in SBF % %°. These
data confirm the XRD findings.
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Figure 4. Fourier transform IR spectra obtained for glasses 77b, 57t, 24Na, and 7.5Mg before and after
immersion in SBF for different times: (a) before, (b) after.

ESEM micrographs showing the structures of the
glasses 77b, 57t, 7.5Mg, and 24Na are depicted in
Figure 5. Bioglasses 77b and 57t have almost the
same structure, both composed of irregular particles.
7.5Mg gel glass reveals a difference in morphology;

its surface is wrinkled. For 24Na, we could also
observe that the surface was covered with
semispherical particles. These observations will be
confirmed by the study of mechanical strength and
porosity.
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Figure 5. ESEM morphology of the sol-gel derived bioglasses powder: (a) 77b, (b) 57t, (c) 7.5Mg, (d) 24Na.

From an engineering point of view, it is desirable to
select the scaffold material taking into account the
mechanical parameters of the tissue of concern.
Generally, two ways are considered: the selection of
the material to have a perfect match of mechanical

parameters; admittance of some variations of the
mechanical parameters within a suitable tolerance
range. Table 4 summarizes the mechanical properties
of human cancellous and cortical bone, comparing
them to dense 45S5 Bioglass “°.

Table 4. Mechanical properties of trabecular and cortical bone compared to 4555 BG composition data from “°,

Material Property

Compressive Property (MPa) 0.1-16
Porosity (%) 50-90

Trabecular Bone

Cortical Bone 45S5 Bioglass
130-200 500
5-10 4-10

Table 5. Mechanical property and porosity of glasses 77b, 57t, 7.5Mg and 24Na.

Samples 77b

% of porosity 41.18+£0.25

Compressive strength
values (MPa) 61.33+0.26
Table 5 shows the compressive strength and porosity
of the synthesized glasses. The mechanical
properties were improved by incorporating Na,O
into bioactive glasses 2, which can result in the
formation of a hard yet biodegradable crystalline
phase from sintered bioactive glasses. It can be seen
that the mechanical strength and the porosity were
inversely proportional. This result is in good
agreement with previous reports like in porous
structures showing indirect relationships between

57t 7.5Mg 24Na
30.38 +0.15 15.05 + 0.35 11.02 + 0.05
89.25+0.21 161.16 £0.11 233.08 £ 0.05

porosity and mechanical strength “*. In our case, with
the improvement of porosity from 11.02 to 41.18%,
the mechanical strength reduced from 233.08 to
61.33 MPa. These results are to compare to what was
reported for porous structures, an increase of
porosity from 63.5 to 90.3%, leading to a decrease of
the mechanical strength from 1.13 to 0.53 MPa “%.
One can conclude that the glass has excellent
mechanical strength because the surface is
homogenous “.
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4. Conclusion

All the gel glasses studied in the binary, ternary and
quaternary systems are bioactive and form a
hydrated carbonate apatite layer on their surface on
exposure to SBF. Incorporation of P, Mg, and Na
into a bioglass system does not diminish the
bioactivity of such material. The presence of
phosphorous, magnesium and sodium in the
composition of the glass has produced the following
effects: it slows down the rate of formation of the
apatite layer, the glass 77b present the important
porosity (41.18%) that is why the mechanical
strength is modest. This property is improved by
incorporating Na>O into bioactive glasses with
medium porosity (11.02%). The results showed that
24Na glass is the most bioactive (after 6 hours of
immersion in SBF, a layer of HAC was deposited on
the glass) and compressive strength of up to
233.08 MPa with a porosity of 11.02%. The
composition, bioactivity, the porosity, and the
mechanical properties make the bioglass 24Na a
potential candidate for tissue repair and tissue
engineering applications.
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