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Synthesis and in vitro Bioactivity of Calcium-Phosphate Bioglass-Ceramic
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Abstract: The bioactive glass-ceramics based on a Si0,-CaO-P,0Os system were synthesized using the polyacrylamide
-gel method. The prepared glass-ceramic material is attractive for its low content of silica and high calcium-
phosphorus molar ratio of 1.57, which is closer to the composition of hard tissues in human body. The bioactivity of
the material was assessed by simply immersing it in the simulated body fluid (SBF) for different time durations. The
prepared powders and the samples surface after the immersion were characterized by using TG/DTA, XRD, FTIR
and SEM techniques. The concentration of Ca, P and Si ions in the SBF were measured by ICP-AES. The results
show that the addition of silica contributes to the formation of the apatite on the surface of the glass-ceramics. With
the extension of immersion time, the carbonated hydroxyl apatite (CHA) layer deposited is changed from spherical
bumps to blades, and the concentration of calcium and phosphorus in the SBF increases while that of silica
decreases. The above results indicate that the prepared glass-ceramic material has good bioactivity and may be used

as bone and teeth repair material or filler.
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0 Introduction

Bioactive  glass-ceramics are special systems
generally composed of Si0,, CaO and P,Os. In the
early 1970s, Hench et al. ! developed the first
bioactive glasses, suggesting a new concept of
bioactive materials. Kokubo et al. ™ studied the
bioactive behavior of the prepared bioactive glasses
based on CaO-P,05 and Ca0-SiO,. The results showed
that the CaO-SiO,-based glasses formed an apatite
layer on the surface in a simulated body fluid, which
contributes to the bioactivity instead of the CaO-P,0;-
based glasses, indicating that silica provides special
useful sites for the apatite nucleation.

Inspired by the previous studies, recent
researches have put more efforts on the bioactive
glasses. Ma et al.P! prepared 58S bioglass with the
composition of 58 mol% Si0,, 38 mol% CaO, and 4
mol% P,0s via the sol-gel technique at different
sintering temperatures. After 7 days soaking in the
SBF, the surface of the bioglass sintered at 700 °C
was fully covered by tiny spherical apatite particles,
while that obtained at 1 200 °C sintering was just
which

crystallization  decreased the

partially covered with the apatite layer,
indicated that the
bioactivity. Hong et al.™ prepared BGC (bioactive
(nsine,np=66:27:7) via

the combination of the sol-gel and coprecipitation

glass ceramic) nanoparticles

processes. After soaking in the SBF (the simulated
body fluid) for 14 days, the surfaces of BGC particles
became coarser, which could be due to the formation
of hydroxyapatite in the SBF solution, indicating their
excellent bioactivity. Blamurugan et al.® developed
the 58S bioactive glass (58wt%Si0,-33wt% CaO-9wi%
P,0s) via the

properties of the material were determined through the

sol-gel technique. The bioactive
immersion in the SBF solution and characterized by
XRD. After soaking in the SBF for 7 days, the
maximum diffraction due to the hydroxyapatite was
which  indicated the

biocompatible. In addition, since some trace elements

detectable, samples  were

such as Sr, Zn, Ag or Mg in the human body provide

anabolic effects in bone metabolism'®”, introduction of

necessary trace elements into scaffold materials have
been used to enhance their bioactivity.

Even though some bioglasses have shown good
biological activities, the high content of silica made
them different from the hard tissue of human body. In
2010, Leonardi et al." reported the preparation of a
novel phosphate-based glass ceramics with a small
amount of silica:45% P,0s, 3% Si0,, 26% Ca0O, 7%
MgO, 15%Na,0, and 4% K,0, by the melting method.
After soaking in the SBF for 3 months, the globular
agglomerates of a new phase were clearly
distinguished, which confirmed that the material
prepared was bioactive. Although the lower content of
silica of the materials makes it closer to human hard
tissues, the biological activity decreases compared
with other bioactive materials.

At present, a few methods are utilized to prepare
the bioactive glasses. The melting method, as a
conventional approach for the glasses preparation, is
simple and suitable for massive production "
However, glasses synthesis by this classical method
shortcomings, such as

has its own composition

inhomogeneities and escape of some volatile
components such as P,Os as a result of high-
temperature operation . Wet chemical methods such
as sol-gel and modified sol-gel (Pechini), due to their
atomic scale of operation, are more commonly used to
avoid from these shortcomings and to obtain glasses
with high purity and homogeneity™. Therefore many
efforts have been devoted to the study of the sol-gel
derived bioactive glasses containing SiO,, CaO and
P,05 as the main components!"*'#,

The polyacrylamide gel method used in the
experiment is a further improvement of the modified
sol-gel  (Pechini). In contrast to the progressive
transformation from viscous to resin in the classic sol-
gel, this method is a time-saving method because the
artificial gel formation at low temperature is rapid™.
It is also a cheap, reproducible and easily scaled up
to obtain a number of fine powders in that the raw
materials for polyacrylamide gel are inexpensive and
the formation of gel is generally easy* .

This study chooses a ternary system of Si0,-CaO-
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P,Os with the molar ratio of Si:Ca:P of 10:55:35 to
prepare the glass-ceramics by a polyacrylamide-gel
method. The results show that the glass-ceramics
synthesized with a low content of silica and a high
calcium-phosphorus ratio present positive biological
activity, which could be potentially applied as bone or

teeth repair materials or fillers.

1 Experimental

1.1 Synthesis

Firstly, calcium nitrate tetrahydrate (Ca(NOs), -+
4H,0), ammonium dibasic phosphate ((NH,),HPO,)
and Ethylsilicate (TEOS) was dissolved, respectively,
in distilled water, and the Ca(NO;),-4H,0 solution was
dropped into TEOS. Then proper citric acid and
solution of (NH,),HPO, were added into the vessel.
After the clear sol was obtained, acrylamide (as the
monomer) and N, N-methylenebisacrylamide (as lattice
reagent ) were added to the mixture, respectively.
Then the initiator azobisisobutyronitrile was added at
80 C, and the white gels were formed. Finally the
glass-ceramics powders were obtained after microwave
drying for 10 min and sintering at 900 °C for 6 h.

Then the prepared glass-ceramic powders were
pressed in cylindrical forms at 10 MPa for 1 min to
make the ceramic substrate with 13 mm diameter.
Finally the substrate was calcined at 1 200 °C for 2 h.
1.2 Characterization

The Thermo gravimetric and differential thermal
analyses (TG/DTA,SDT 2960, USA) were carried out
with a 10 C+min™ heating rate to 1 200 °C under an
air atmosphere. The crystallization of the samples was
characterized by X-ray diffraction (Philips Analytical
X-ray B.V) using Cu Ko radiation (A=0.154 06 nm)
produced at 40 kV and 55 mA with a step size of
0.02° and a scan peed of 5°+min™.

In wvitro tests were performed by immersing the
samples in SBF at 37 °C in sterile incubator. During
immersion, a constant solid superficial area/liquid
volume (0.1 em™) ratio" was maintained. After being
immersed for 7 days and 14 days, samples were rinsed
with deionized water and acetone and then dried in

air at room temperature. The concentration of calcium,

phosphorus and silica in the SBF was monitored by

plasma  atomic  emission

(ICP-AES; IRIS 1T XSP;
USA). The crystallization and structure changes of the
determined by XRD as

described above. The microstructure of the samples

inductively  coupled

spectrometry techniques

samples surface were

immersed in the SBF solution was observed by a
(SEM, HITACHI S-
4800) after being gold sprayed. The IR spectra were

scanning electron microscope

measured with a Fourier transform infrared (FTIR,
NEXUS-670, THERMONICOLET, USA) at

temperature.

room

2 Results and discussion

2.1 Powder and pieces characterization

Fig.1 shows the TG/DTA curves of the prepared
dried gel. The 10% weight loss between 30 °C and
300 °C could be associated with the evaporation of
physically absorbed water . The weight loss of 55%
correlated to two big exothermic peaks at 336 °C and
447 °C, respectively, in the DTA curve could be due
to the loss of organics
chain). The TG curve is stable after 500 °C, indicating
that almost all water absorbed by the gel powder and

(i.e. alkoxy group and carbon

organics introduced during the experimental processes
have been removed completely. In addition, an
endothermic peak around 640 °C shown on DTA curve
could be due to the glass transition,and a small
exothermal peak around 850 °C observed might be
attributed to the crystallization of the powder. Hence
we chose 900 °C as the sintering temperature to make

the powder partially crystallized.

40

447°C
35 T + Exo 71100
AL

30F e NI 490

= Br 180
g s
£ 170 2
=
2 st 60 2
S =

< 10p 150

S5k 55;0 C glass transition 4 4(

32% and crystallization

o %o 130

5 L L 1 1 L 1 20

0 200 400 600 800 1000 1200

T/C

Fig.1 TG-DTA patterns of dried-gel powders
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There are only broad peaks presented in XRD
pattern of the prepared powder sintered at 900 °C,
implying its low crystallinity (Fig.2(a)). The intensive
diffraction peaks at 260 =27.76° , 31.04° , 34.38°
associated with B-TCP (PDF #70-2065) and weak
diffraction peaks at 260 =24.16°, 22.90° , 30.74°
corresponding to a-TCP (PDF #70-0364) are detected,
suggesting that the B-TCP is the principal phase. In
addition, the diffraction peaks at 26=32.10°, 32.44°,
33.00° corresponding to Ca,Si0, (PDF #29-0369) are
also observed as a result of the addition of silica.

The maximum XRD diffraction peak of the glass-
ceramic  substrate  becomes sharper and more
independent after calcined at 1 200 °C  (Fig.2 (b)),
indicating the further crystallization of the glass-
ceramics. There are no obvious changes of the phase
composition, suggesting the B-TCP is still the
principal phase; similar diffraction peaks associated

with Ca,Si0, (PDF #29-0369) and o-TCP (PDF #70-
0364) are also seen in the XRD pattern.
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Fig.2 XRD patterns for the powder sintered at 900 C
and the substrate calcined at 1 200 C

2.2 In vitro bioactivity test

To determine the bioactivity of the prepared
materials, an in vitro test was carefully designed by
using the SBF solution. The XRD patterns of the
glass-ceramics before and after immersion in the SBF
are compared in Fig.3. Before immersion, the XRD
peaks are sharp and independent. After immersed for
7 days, few non-crystal broad diffraction peaks
between 30° and 32° corresponding to the main peaks
(211), (112) and
corresponding to the (222) and (213) of hydroxyapatite

(300) and few minor peaks

e HA

~ * B-TCO
= ©a-TCP

20 30 40 50 60
20/ ()

Fig.3 XRD patterns of sample before and after immersed
in SBF for 7 days
(PDF # 09-0432) appear, suggesting the formation of
phase. In addition, the
the B-TCP decrease, and the

reflections corresponding to the CaySi0, are not

an apatite reflections

corresponding  to

detectable probably due to the dissolution of CaySiO,
or the protection of CaySiO, by the apatite layer
formed after the soaking.

FTIR spectra of the resulting glass-ceramic
material after immersed in the SBF for different times
in Fig4. The broad and
absorption band at around 1 020 c¢m ™' could be

are presented strong
ascribed to the stretch vibration of P-O. The small
band appeared at 750 ~800 c¢m ' is the typical
absorption band of the symmetric stretch vibration of
Si-0-Si.

After immersed in the SBF, the stretch vibration
of P-O around 1 020 cm ™' becomes significantly
intensified, while the weak vibration around 1 650

em™ due to the H-O and CO;*" and adsorption bands

1458 1418

before

2000 1800 1600 1400 1200 1000 800
Wavenumber / cm™!

Fig.4 FTIR spectra of sample before and after immersed
in the SBF a.b) before immersion c.d) 7d e.f) 14d
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at around 1 460,1 420 and 868 cm ™ appear. The
FTIR spectra do not only suggest the formation of an
apatite-like layer but also carbonate hydroxyapatite
(CHA) as its composition is. With the extension of the
immersion time, the absorption bands of H-O and
CO;* intensify and become sharper, while the stretch
vibration of Si-0-Si at 750~800 c¢m™ decreases, further
confirming the increased generation of the CHA
particles.

The surface micrographs of the resulting glass-
ceramic material before and after immersion in the
SBF are presented in Fig.5. Before immersion, the

(Fig.5 (ab)); after

surface of the sample is smooth

immersed for 7 days, precipitation starts to take place
from the initial separate granules to a dense layer with
(Fig.5 (c)). High-magnication SEM image (Fig.5
(d)) further reveals that each spherical bump is

time

consisted of a large number of tiny flake-like crystals
of Ca-P similar to the findings reported earlier™. After
immersed for 14 days, the precipitates grow to blades
scattered on the surface of the samples evenly, and
the superficial area of the blades is about 0.25 pwm?
with a thickness of 50 nm (Fig.5(e, f)). The change in
surface morphology is attributed to the formation of an

apatite layer as confirmed by the results of XRD.

Fig.5 SEM of sample after immersed for different times

The concentrations of Ca, P and Si ions in the
SBF solution was measured by inductively coupled
plasma atomic emission spectrometry techniques (ICP-
AES) and are shown in Fig.6. From the Fig.6, one can

see that the concentration of Si ion increases (4.106—

4.969 —5.385—5.59 attributed to the dissolution of
the Ca,Si04, and that of P iron decreases (2.604—
2.252—2.139—1.927) likely due to the precipitation
of an apatite layer. The concentration of Ca iron is

also decreased (86.67 —85.03 —82.69 —75.98), but
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Fig.6  Variation of Si, P, Ca ions concentration in SBF
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the rate is different from that of P. This is because
that the concentration of Ca ion is controlled by two
opposite processes: the dissolution of Ca,Si0, makes it
increased whereas the precipitation of an apatite layer
makes it decreased.

All the results of the characterization mentioned
above (XRD, FTIR, SEM and ICP-AES) prove that the
surface of the sample is covered with a layer of
carbonate hydroxyapatite (CHA), which indicates that
the prepared glass-ceramic material has  good
bioactivity.

2.3 Process discussion of the apatite precipitation

The change trend of the concentrations of Ca, P
and Si ions in the SBF solution with time is in
agreement with that reported by Hench and Ckark ™.
They described that when the bioactive materials were
exposed into the SBF solution, the bonding between
them to bone would occur through a series of surface
reactions. In general, silica provides a good nucleation
site for the formation of the apatite as follows. The Si
component on the surface of the sample firstly reacts
with water, and then the silica network of =Si-0-Si=
is depredated to lead to the formation of Si-OH groups
at the glass-solution interface. The mechanism of the
formation silanol  involves

apatite induced by

electrostatic interactions .
the SBF (7.40) is much greater than the isoelectric

point of the silica (2.0), the =Si-OH groups formed at

Since the pH value of

the interface could readily react as below: =Si-OH+
OH= =8i-0+H,0. As a result, a negative charge is
formed at the interface, which enhances electrostatic
interaction with the positively charged Ca ions in the
fluid. The surface then acquires a positive charge by
accumulation of calcium ions. The positive charged
surface continually interacts electrostatically with the
negatively charged P ions in the SBF, consequently
leading to the formation of an amorphous calcium

B2 As long as the apatite nuclei are

phosphate
formed ), they grow spontaneously by consuming the
Ca and P ions from the surrounding body fluid.
Finally, the  amorphous  calcium  phosphate
incorporates OH™ and CO3*~ ions from the solution to

form a CHA layer. Hence the existent of silica

provides the favorable site for the nucleation of the
apatite.

The CHA is a bone-like apatite, which is
conductive to the adhesion of the cells for further
proliferation as well as new bone formation and
reconstruction™. Therefore, the formation of the CHA
on the surfaces of the biomaterials is an important

indicator to determine their biological activity.
3 Conclusions

In this study, silica was evenly added into the
material by the polyacrylamide gel method. The glass-
ceramic powder with a principal phase of B-TCP was
obtained by sintering at 900 °C , and the glass-
ceramics were then prepared by calcining at 1 200 °C.
The resulting glass-ceramic material with a low
content of silica and a high calcium-phosphorus ratio
of 1.57 is closer to the hard tissues of organism.

The results of the in vitro biological activity tests
show that with the extension of immersion time, the
concentration of Ca and P ions in the SBF solution
decreases while the concentration of Si increases. In
addition, after immersing for 7 days, the surface of the
sample is covered with a dense apatite layer; after
immersing for 14 days, the blade-like precipitate with
the superficial area of 0.25 pm®and the thickness of
50 nm are firmly deposited, which provides the
significant  physiological

material prepared  with

response and biological activity.
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