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Physicochemical and in vitro bioactivity studies of bioactive
glasses in the SiO2-Ca0O-MgO-P20s, SiO2-Na,O-Ca0O-P.0s and
Si02-Na20O-Ca0-MgO-P.Os systems
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Abstract: Glasses in the quaternary and quinary system SiO,-CaO-MgO-P,0s (SCMP), SiO2-Na,O-Ca0O-P20s
(SNCP) and SiO2.Na,0O-CaO-MgO-P,0s (SNCMP), have been prepared by using the sol-gel technique.
Investigations of structural and bioactive properties of these glasses have been undertaken by using X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDS). The in vitro bioactivity was assessed by determining the changes
in surface morphology and composition after soaking in simulated body fluid (SBF) for up to 30 days at 37°C.
X-ray diffraction patterns indicated the formation of hydroxycarbonated apatite layer (HCA) after only one hour
for SNCMP glass and after four days for SCMP and SNCP glasses. Furthermore, observed bands of FTIR
spectra confirmed the growth of HCA layer during in vitro test.

Moreover, the dissolution rate has been investigated using energy-dispersive X-ray spectroscopy. The observed
EDS patterns confirmed the growth of HCA layer on all samples surfaces during in vitro analysis. On the one
hand, we report the existence of Na;Ca;Si;Oy (that couple good mechanical strength with satisfactory
biodegradability) as a single crystalline phase in the SNCP glass when calcined at 600°C. On the other hand, we
have noticed that the coexistence of magnesium and sodium both enhanced the dissolution rate and hindered the
crystallization in the SNCMP glass at 600°C.
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1. Introduction reinforced by collagen fibers, form the bonding layer
between the bioactive material and the living
tissues °. Compared with the melt-derived glasses,
sol-gel processing allows better control of their
bioactive properties by accurate control of their
composition and their microstructure . In particular,
the lower processing temperature (600°C) permits
better control of the glass purity. Moreover, the
nanometer scale porosity in the sol-gel glasses offers
better control of the dissolution rate after
implantation ’. The traditional bioactive glasses used
in biomedical research have a silicate network with
the main structure formed by (SiO.)* tetrahedra units
linked by bridging corners. Due to their low
solubility, they are used as long-term implants to
replace hard or soft tissues 8. In addition to SiO,,
various amounts of other oxides may be incorporated
into the glass composition to provide peculiar
properties to the material; for example, Na;O, KO,
CaO and MgO are useful to adjust the surface
reactivity in biological environment °° It was
reported that ionic dissolution products from

In the past, the research for implantable biomaterials
was primarily focused on as inert as possible
materials that did not interact with the biological
environment. Still, this concept was changed with
the invention of the first bioactive glass, currently
marketed under the name of 4555 Bioglass®
(46.1Si0,, 24.4Na20, 26.9Ca0, 2.6P,05 mol.%), by
Hench et al. in the early 1970s ®. Since then,
numerous studies have focused on bioactive glasses
for bone tissue repair due to their ability to bond to
living tissues and to stimulate new tissue growth
while dissolving over time: these properties make
them valuable candidate materials for tissue
engineering applications 2. A common characteristic
of bioactive materials is the formation of a calcium
phosphate-rich layer on their surface once in contact
with  physiologic  fluids *4 Initially formed
amorphous calcium phosphate crystallizes to
hydroxycarbonated apatite (HCA), which s
analogous to that present in bone. The HCA crystals,
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bioactive glasses (e.g. Si, Ca, and P), and from other
silicate-based glasses, stimulate expression of several
genes of osteoblastic cells °. Silicon is known to be
an essential element for metabolic processes
associated with the formation and calcification of
bone tissue 2. High Si contents have been detected
in early stages of bone matrix calcification, whereby
aqueous Si was shown to be able to induce
precipitation of hydroxyapatite. Calcium has a direct
role in osteogenesis by stimulating the expression of
osteopontin and osteocalcin  ®°. Magnesium is
essential to bone metabolism, and it has been shown
to have stimulating effects on new bone formation *3,
It plays a significant role in stimulating osteoblastic
cells, and it reduces bone resorption . In this regard,
magnesium-contained bioactive glasses are widely
studied 3**15, It was found that the incorporation of
MgO in the bioactive glass accelerates the early
stages of the precipitation of HAC layer '°. However,
some studies have reported that MgO slows down
the precipitation rate of HAC 7. Tabia et al. have
shown that there is no crystallization of HAC layer
when magnesium attaint 10 mol % in the ternary
bioactive glass 85Si0O,-(15-x)CaO-xMgO (where x =
0,1, 3,5and 10) ',

Although bioactive glasses have been used clinically
as bone regenerative materials in dental and
orthopedic applications ¢, these materials usually are
very brittle and prone to crack propagation leading to
catastrophic failure '°. Hence, due to their limited
mechanical properties, they cannot be used as a bulk
material in load-bearing applications *°. Therefore,
the inclusion of sodium in the glass network during
the preparation and subsequent thermal treatment are
good options for enhancing its mechanical properties
through the formation of the crystalline phase
Na»Ca;Siz0y that couples’ good mechanical strength
with satisfactory biodegradability (the Na,Ca,SizOg
phase decomposes and transits to amorphous
hydroxyapatite (HA), an easily degradable mineral in
vivo) 2022,

The present work deals with the synthesis, via a sol-
gel route, of three new bioactive glasses
compositions, i.e. 60%SiO;-30%Ca0-5%MgO-5%
P20s (SCMP), 64%Si02-20%Na,0-10%Ca0-6%
P20s (SNCP) and 60%Si0O2-10%Na;0-20%Ca0-5%
MgO-5%P,0s (SNCMP). Effect of addition of
sodium and magnesium both in bioactivity and in
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thermal stability of these glasses is discussed. To our
knowledge, this is the first work that studies the
effect of magnesium and sodium on the bioactive
glasses at the same time.

2. Experimental

2.1. Materials

The following chemicals were used as precursors for
the synthesis of the sol-gel glasses, i.e. SCMP, SNCP
and SNCMP: tetraethylorthosilicate: CgH20O.Si
(TEOS)  (Aldrich,  99%), triethylphosphate:
CsH1504P (TEP) (Eastman, 99.8%), sodium nitrate:
NaNOs; (Aldrich, 99%), magnesium nitrate
hexahydrate: Mg(NOs3)2.6H20 (Loba Chemie, 98%),
calcium nitrate tetrahydrate: Ca(NOs3)2.4H20O (Loba
Chemie, 98%).

2.2. Preparation of bioactive glasses

The exact nominal compositions and the flow chart
of the procedure used to generate the three bioactive
glasses are given in Table 1 and Scheme 1,
respectively. In brief, the molar ratios of TEOS,
TEP, NaNOs;, Mg(NO3)2.6H,0 and Ca(NOs)2.4H,0
were designed according to the molar ratio of SiO,,
P,Os, CaO, MgO and Na2O in SCMP, SNCP and
SNCMP glasses. To achieve a transparent sol, we
used 2N of HNOs to catalyse the TEOS and TEP
hydrolysis, using a molar ratio of H,O/(TEOS +
TEP) = 8. TEOS, deionized water, and nitric acid
were successively mixed, and the mixture was
allowed to react for 1h under continuous stirring.
Then the appropriate amount of each of the
remaining reagents was added and allowed to react
entirely for 30 min in the following sequence: (TEP),
Ca(N03)2.4H20, NaNO3 and/or Mg(N03)2.6H20.
After the addition of the last reagent, the mixture was
stirred for one additional hour to ensure
homogeneity. Next, the solution was introduced in a
closed container, where it was allowed to gel at 25°C
for 3 d and then was aged at 80°C for 3 d. Then, the
aged gel was dried at 150°C for 52 h (gelation, aging
and drying of samples were conducted in a
programmable oven). The obtained dry gels were
ground using an agate mortar. Subsequently, the
stabilization of the powders was carried out in an
electric furnace at 600°C for 4 h. Finally, these
powders were ground again to break down the
agglomerates and to enhance the reactivity.

Table 1. Nominal composition (mol %) of the sol-gel glasses.

Sample SiO2 CaO
SCMP 60 30
SNCP 64 10

SNCMP 60 20

P20s Na20 MgO
5 0 5
6 20 0
5 10 5
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Scheme 1. Procedure used to generate th

2.3. In vitro bioactivity study of bioactive glasses
The bioactivity of the prepared bioactive glass
samples was examined through in vitro test where
the Simulated Body Fluid (SBF) was prepared
according to the method described by Kokubo and
Takadama 2. The test was performed in a
polyethylene container in which 0.1g of each sample
was immersed in 45 mL of SBF solution (pH = 7.4).
The container is incubated at 37°C, in a static
condition, for periods of 1 h, 4 d, 7 d, 15 d and 30 d.
After soaking, the samples were filtered and dried in
air.

2.4. pH behaviour

The stages of formation of hydroxycarbonated
apatite layer on the surface of the samples were
checked by following the pH of the SBF solution
immediately after removing the powder from it. The
instrument was calibrated each time with standard
buffer solutions.

2.5. Characterizations of the bioactive glasses

The bioactive glasses powders, before and after
immersion in SBF, were analysed by X-ray
diffraction using a Discover model equipped with a
monochromatized Cu-Ka radiation (A= 1.5418 A).
The diffraction patterns were obtained in the
20 range [20°-70°]. Fourier transform infrared
spectroscopy  (FTIR: Bruker VERTEX 70
spectrometer) was used to analyze the functional
groups of the obtained powders before and after
soaking in SBF. The spectra were recorded from 400
to 4000 cm?® at 4 cm? resolution. The surface
morphology of samples was analyzed before and
after soaking in SBF (a set of samples was selected)
using a scanning electron microscope (SEM) coupled
with energy-dispersive spectroscope: ESEM Quanta
200 (FEI Company).

3. Results and discussion

The XRD patterns of the bioactive glasses SCMP,
SNCP and SNCMP, before and after soaking in SBF,
are provided in Figures 1, 2 and 3, respectively. For

e bioactive glasses SCMP, SNCP and SNCMP

SCMP sample, as it can be observed in Figure 1,
both before and after soaking in SBF for 1 h the
patterns are typical of an amorphous phase, however,
after 4 and 7 d of soaking the formation of an apatite
layer is confirmed by (002), (211) and (112) plan
reflections. After 15 d, the pattern also shows the
(111) plan reflection. The continuous growth of a
well crystallized apatite layer on the SCMP sample is
confirmed by the existence of eight plan reflections
namely (111), (002), (211), (112), (310), (222), (213)
and (004). Interestingly, the SNCP sample shows
different behaviour. As it can be seen in Figure 2, the
pattern of this sample before soaking shows peaks
related solely to Na,Ca,SisOq crystalline phase 2022,
Moreover, after 1 h in SBF, all peaks of this phase
become more prominent. After 4 d of immersion,
none of these peaks is observed, and there is only
one intense peak, namely (200), related to
hydroxyapatite which suggests that the crystalline
phase has been converted to amorphous calcium
phosphate which is considered as a template for the
nucleation of a new crystalline phase, i.e. the
hydroxyapatite. The crystallisation continues after
7, 15 and 30 d and new hydroxyapatite peaks
emerge, indicating that the conversion progressed
with soaking’s time.

The coexistence of sodium and magnesium in
SNCMP glass has dual importance since it enhanced
bioactivity and hindered the crystallisation of the
NayCazSis0y phase at 600°C, which would be
beneficial for sintering at higher temperature.
Arepalli et al. reported that bioactive glasses in the
system  (46.10-x)%Si0,-26.9%Ca0-24.40%Na,0-
XMgO-2.6%P,0s (where 0<x<3 mol %) are
bioactive and biocompatible both in vitro and in vivo
1424 1t is well reported that magnesium slows down
the crystallization of the apatite layer **', however,
in this work we report the formation of an apatite-
like phase after 1 h of soaking in SBF as it can be
seen in Figure 3. Additionally, the growth of apatite
layer continues to occur as it can be observed from
the pattern of SNCMP glass after 30 d of immersion
in SBF solution.
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Figure 1. XRD patterns of SCMP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF
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Figure 2. XRD patterns of SNCP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF
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Figure 3. XRD patterns of SNCMP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF




Mediterr.J.Chem., 2020, 10(5)

The IR spectra of the bioactive glasses SCMP, SNCP
and SNCMP, before and after soaking in SBF, are
shown in Figures 4, 5 and 6, respectively. The
spectra of the as-prepared samples show the
absorption bands of the silicate group in the region
1020-1038 cm™!, and at 446 cm™' 25, In addition, for
SNCP and SNCMP glasses, bands at 570 and within
788-794 cm are observed and ascribed respectively
to the bending vibration mode of P-O in amorphous
calcium phosphate and to the symmetric stretching
of Si-O-Si bond 2>%; however, none of these bands
is observed for the as-prepared SCMP glass. A broad
OH absorption band at 3330 cm™! and a weak
adsorbed water band ~ 1635-1660 cm™! appeared in
the spectra of as-prepared SCMP and SNCP samples.
The band within 1421-1454 cm™ is ascribed to the
absorption of carbonate group (vs) 2%%. In contrast,
neither water nor carbonate bands were detected for
as-prepared SNCMP sample and after 1h in SBF.
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After 1 h in SBF, no difference is recorded in the
spectra of all samples, however, after 4 d in SBF a
new absorption band, due to stretching mode of
PO4* group, is seen within 1029-1035 cm,

Interestingly, the vibration band at 570 cm (bending
mode of P-O) shifted toward 560 cm™ which
indicate  the formation of a carbonated
hydroxyapatite layer ", The weak band at 868 cm™,
which is recorded only for SCMP glass after 7 d of
immersion, is ascribed to C-O bending %°. As the time
of soaking increases, the bands become more and
more fine and intense, indicating that the amorphous
calcium phosphate is converted continuously into
crystalline  carbonated  hydroxyapatite.  The
assignments of the observed vibrational frequencies
are summarized in Table 2.

Table 2. Assignments of the observed bands in the spectra of samples before and after immersion in SBF.

Assignments

Asymmetric stretching vibrational mode of Si-O-Si

Observed vibrational frequencies (cm™)

1020-1038
Bending mode of Si-O-Si 446
Bending vibration mode of P-O (amorphous) 570
Symmetric stretching vibrational mode of Si—-O-Si 788-794
C-0 stretching 1421-1454
C-0 bending 868
Bending mode of H20 1635-1660
O-H stretching (H20) 3330
Asymmetric vibration mode of P-O in HA 1029-1035
Bending vibration mode of P-O in HA 560
: SCMP30d
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N SCMP
: T T 1
0 1000 2000 3000 4000
Wavenumber(cm'l)

Figure 4. FTIR spectra of SCMP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF
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Figure 5. FTIR spectra of SNCP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF
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Figure 6. FTIR spectra of SNCMP glass before and after 1 h, 4, 7, 15 and 30 d soaking in SBF

The pH behavior of the SBF solution after
immersion of the bioactive glass samples is depicted
on Figure 7. After 1 h of soaking, the pH was 8.1
(SCMP) and 7.7 for both SNCP and SNCMP,
indicating a high rate dissolution of SCMP compared
to SNCP and SNCMP. This might be explained by
the fact that in the case of SCMP, there is a fast
release of Ca?* ions through the exchange with HsO*
ions into the solution. The oxonium ions being
replaced with cations, thereby increased hydroxyl
concentration of the solution which led to an attack
in the silicate glass network and formation of
silanols. However, after 4 and 7 d of soaking, the pH
for SCMP decreased to 7.78. This might be the result
of the migration of Ca?* ions from the solution to
form amorphous calcium phosphate where carbonate
and magnesium ions could also be incorporated into.
After 30 d the respective pH values were 8.1, 8 and

8.2. This behavior may be explained as follow:
firstly, rapid ion exchange of Na* with H;O*
followed by the dissolution of the glass network,
polycondensation reaction of surface silanols
(Si-OH) to high surface area silica (SiO, gel).
Secondly, migration of Ca?* and PO4* groups to the
surface through the SiO»-rich layer forming a CaO-
P,0s rich film on top of the SiO»-rich layer, followed
by a growth of an amorphous CaO-P,0s-rich film by
incorporation of soluble calcium and phosphate from
solution. Thirdly, the crystallization of the
amorphous calcium phosphate layer by the inclusion
of OH-and COs? from solution to form HCA layer
on the surface of the glass ?’. The dissolution process
continues, which leads to a second increase in pH
and again to the precipitation of a second HCA layer,
and so on. The dissolution process would continue
until the consumption of the entire glass network.
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Figure 7. pH of SBF solution before and after soaking of bioactive glasses for 1 h, 4, 7, 15and 30 d

Figures 8 and 9 show respectively the SEM soaking in the SBF for 4 and 15 d. After only 4 d, the
micrographs and the EDS spectra of SCMP, SNCP SEM images show an initial coating of the glasses
and SNCMP sample surfaces before and after surfaces with spherical particles.

Figure 8. SEM micrographs of the glasses surface before and after soaking in SBF for 4 and 15 d: (a) SCMP
(before immersion), (b) SCMP (4 d), (c) SCMP (15 d), (d) SNCP (before immersion), (¢) SNCP (4 d), (f) SNCP
(15 d), (g) SNCP (before immersion), (h) SNCMP (4 d),(i) SNCMP (15 d)
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This growth phenomenon is general; even it is a bit
more pronounced in the case of SCMP. It may be
because magnesium and sodium are modifiers; as a
result, the solubility of the SNCMP glass will be
higher than SCMP. The existence of the
biodegradable Na>Ca,Si3Oq crystalline phase in the
SNCP glass would increase the solubility.

Moreover, the leaching of ions is reported to be one
of the reasons to slow down the rate of apatite layer
28, EDS confirmed the presence of all elements
concerning the initial composition of the sol-gell
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glasses. The surface of the samples after 15 d in SBF
showed a different morphology; the newly formed
layer cover the glasses surfaces (the most covered
one is SCMP glass). The EDS analysis of samples
after 15 d in SBF show a remarkable decrease in Si
and O concentration and a small decrease in the
other initial element, indicating that the dissolution-
precipitation processes are in progress, which
confirms the previously reported evolution of the pH,
and the fact that the newly formed layer is HCA.

(b), E

W10 IM AW SM 60 TH A 0 M 1w v

'“ (e)

R I T R ]

I T T L I T

Figure 9. EDS patterns of the glasses surface before and after soaking in SBF for 4 and 15 d: (a) SCMP
(before immersion), (b) SCMP (4 d), (c) SCMP (15 d), (d) SNCP (before immersion), (e) SNCP (4 d), (f)
SNCP (15 d), (g) SNCP (before immersion), (h) SNCMP (4 d),(i) SNCMP (15 d)

4. Conclusion

In this work, bioactive glasses powders in SiO,-CaO-
MgO-P205, SiOz-N&zO-C&O-PzOs and SiOz-Nazo-
Ca0-MgO-P,0s5 systems were obtained by a sol-gel
technique. The X-ray diffraction patterns, the FTIR
spectrum, the pH behavior and the SEM-EDS
analyses show that all the synthesized glasses were
bioactive. Furthermore, the SNCP glass possesses
solely Na;Ca,SisOg crystalline phase that converts
into HCA layer after only 4 d in SBF. The inclusion
of magnesium and sodium at the same time in the

glass network has a dual effect since, on the one
hand; it inhibits the formation of Na,Ca,SisOg
crystalline phase and, on the other hand, enhances
the in vitro bioactivity of the SNCMP glass. Our
outlooks are the optimization of SNCMP glass
composition and the realization of in vitro tests in
dynamic conditions.
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