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Abstract

Bioactive glass of the type CaO-P,05—Si0O, was obtained by the sol-gel processing method. The obtained material was characterized by X-ray
powder diffraction (XRD). Composite samples of hydroxyapatite with synthesized bioglass were prepared at 1000 °C and characterized by XRD,
Fourier transform infrared spectroscopy (FTIR), and surface electron microscopy (SEM). The bioactivity was examined in vitro with respect to the
ability of hydroxyapatite layer to form on the surface as a result of contact with simulated body fluid (SBF). XRD, FTIR and SEM studies were
conducted before and after contact of the material with SBF. It could be detected that the bioglass was crystallized partly. Furthermore, silicated
hydroxyapatite may have formed due to the diffusion of silicate groups to the apatite phase and these may have substituted for the phosphate
groups. It can be concluded from SEM and FTIR results that apatite phase formed after 14 days in SBF.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sol-gel processes; B. Composites; D. Bioglass; D. Hydroxyapatite

1. Introduction

Bioactive glasses were discovered in 1969 and provided for the
first time an alternative; second generation, interfacial bonding of
an implant with host tissues [1]. Autologous bone grafts are
considered the gold standard in bone repair and regeneration
because of their osteogenicity, osteoinductivity and osteoconduc-
tion [2]. Glasses and glass-ceramics based on the SiO,—CaO-
P,0O5 system constitute an important group of materials that have
found wide application in medicine as bone implants [4].

When in contact with body fluids or tissues, bioactive
glasses develop reactive layers at their surfaces resulting in a
chemical bond between implant and host tissue [5]. Hench and
co-workers have described a sequence of five reactions that
result in the formation of a hydroxy-carbonate (HCA) apatite
layer on the surface of these bioactive glasses [3,6,7]. The
dissolution of the glass network, leading to the formation of a
silica-rich gel layer and subsequent deposition of an apatite-like
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layer on the glass surface, was found to be essential steps for
bonding of glass to living tissues both through in vivo and in
vitro studies [8].

Sol-gel processing has been successfully used in the
production of a variety of materials for both biomedical and
nonbiomedical applications [9]. Sol-gel processing, an alter-
native to traditional melt processing of glasses, involves the
synthesis of a solution (sol), typically composed of metal-
organic and metal salt precursors followed by the formation of a
gel by chemical reaction or aggregation, and lastly thermal
treatment for drying, organic removal, and sometimes crystal-
lization [10]. Sol-gel-derived bioactive glasses were used
because they exhibit high specific area, high osteoconductive
properties, and a significant degradability [11]. The sol-gel
approach to making bioactive glass materials has produced
glasses with enhanced compositional range of bioactivity [8].
Bioactive glass-ceramics composed of very small grain sizes of
apatite and wollastonite crystal phases in a silicate glassy grain
boundary phase are mechanically strong and tough as well as
being bone bonding [12].

Hydroxyapatite (HA) belongs to a group of calcium
phosphates, which are being considered as bone substitute
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materials, which will not cause defensive bodily reactions, and
will even establish interactions with the body. The composition
of HA is Cas(PO,4);0H with a Ca/P molar ratio equivalent to
1.67 [13].

Even if the biocompatibility of HA is excellent, its
bioactivity can be improved. One way to increase it would
be to use the ability of the apatite to accept many substituting
ions in its unit cell [14]. These ionic substitutions can affect the
surface-structure and charge of hydroxyapatite, which would
have an influence on the material in biological environments. In
this sense, an interesting way to improve the bioactivity of
hydroxyapatite is the addition of silicon to the apatite structure,
taking into account the influence of this element on the
bioactivity of bioactive glasses and glass-ceramics [15-20].
Several authors reported the improved bioactivity and
dissolution rate of HA in the presence of silicon [21-29].

It has been observed that the addition of Si during the HA
synthesis leads to an improvement of the bioactive behavior.
The silanol groups in glass-ceramics or bioglass have been
proposed as catalysts of the apatite phase nucleation in forming
surface apatite layers [30-33]. A method for substituting
silicate ions into the HA lattice has been developed with the
hypothesis that sitespecific substitution of silicate ions (SiO447)
for phosphate ions (PO437) at ultra-trace levels will enhance the
bioactivity of HA through either its effect on surface chemistry
(surface availability of Si and its influence on surface charge) or
controlled local bioavailable Si release [17].

The advantage of using HA as a bioceramic or biomaterial
compared to other bioceramics, such as bioglass or A-W glass-
ceramic, is its chemical similarity to the inorganic component
of bone and tooth. However, the disadvantage of using HA as an
implant in comparison with bioactive glasses and ceramics is
that its reactivity with existing bone is low, and the rate at which
bone apposes and integrates with HA is relatively low [15].

Kokubo et al. [34] developed a series of acellular aqueous
solutions, which are able to reproduce in vivo surface-structure
changes in bioactive materials. The SBF solution is the close to
the ion composition of human plasma, as shown in Table 1 [35].

The apatite layer is formed on the surface when these
materials are soaked in solutions mimicking plasma. In vitro
studies have shown that the apatite formation on gel glasses
depends on several factors including the glass composition, its
textural properties (specific surface area, porosity), and the
composition of the assay solution [36].

Table 1

Composition of SBF and the inorganic part of human blood plasma (mmol/l).
Ton Plasma (mmol/l) SBF (mmol/l)
Na* 142.0 142.0

K* 5.0 5.0

Mg** 15 15

Ca** 2.5 2.5

Cl™ 103.0 147.8

HCO;z;™ 27 4.2
HPO,*~ 1.0 1.0

S0, 0.5 0.5

Therefore, in this study, the effect of HA addition into a
Ca0-Si0,-P,05 bioglass on bioactivity has been investigated.

2. Materials and methods

Glass materials Si0,—P,05—CaO (64% SiO,, 31% Ca0, and
5% P,0s), (based on mol.%), were synthesized by the sol-gel
method and characterized by X-ray diffraction (XRD) analysis.
Furthermore, HA/bioglass composite samples were prepared
and again characterized by XRD and Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM).
In addition, the in vitro bioactivity was evaluated by soaking of
samples in simulated body fluid (SBF). Finally, the samples
were again analyzed to quantify the apatite forming ability
upon soaking in SBF solution.

2.1. Synthesis of bioglass

In the first step, the solution was prepared as follows: 13.33 g
(0.064 mol) of tetraethyl orthosilicate (TEOS; Merck) was added
into 30 ml of 0.1 M nitric acid (Merck); the mixing process was
allowed to be continued for 30 min for the acid hydrolysis of
TEOS to proceed almost to completion. The following reagents
were added in sequence. About 45 min were given to each
reagent to react thoroughly: 0.91 g (0.005 mol) triethyl
phosphate (TEP; Merck), 7.32 g (0.031 mol) of calcium nitrate
tetrahydrate (Merck). To allow completion of the hydrolysis
reaction, mixing was continued for 1 h after the last addition. The
solution was cast in a cylindrical teflon container and kept sealed
for 10 days at room temperature to allow the hydrolysis and
polycondensation reactions to take place until the gel was
formed. The gel was kept in a sealed container and heated at
70 °C for 3 days. To getrid of the water a small hole was contrived
in the lid to allow the leakage of gases while heating the gel to
120 °C for 3 days to remove all the water. The dried gel was then
heated for 24 h at 700 °C for two reasons first to stabilize the glass
and second to eliminate residual nitrate [10].

2.2. Specimen preparation

Prepared bioglass was mixed with different ratios of HA as
listed in Table 2. HA powder was used as-received from Plasma
Biotal Ltd. and its trade name was Captal.

Powder of bioglass/HA, with various weight ratios, was
prepared in a planetary ball mil (Retch PMA, Brinkman, USA)
for 30 min to ensure homogeneity. The powder (P) was
suspended in distilled water (W) at a ratio of P/W = 45% (w/v).
the mixture were stirred for 12 h to make a suitable ceramic

Table 2

Prepared samples of bioglass/HA composite.

Sample code Bioglass (wt%) HA (wt%)
B10 100 0

B9 90 10

B8 80 20

B7 70 30
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slurry. Samples were prepared by foaming method. Polymeric
foam was cut into 1 cm x 1 cm x 1 cm and was soaked in the
slurry. Samples were dried in an ambient temperature for 48 h.

Samples were heated up to 1000 °C for sintering with the
following parameters: heated to 200 °C at 2 °C/min, to 600 °C
at 0.5 °C/min, remained in 600 °C for 1 h, to 1000 °C at 5 °C/
min. Samples were kept for 3 h in 1000 °C then they were
cooled down in the furnace to avoid thermal shocks. Rate of
thermal decrease was 5 °C/min.

2.3. Preparation of SBF

The SBF solution was prepared by dissolving reagent-grade
NaCl, KCl, NaHCO3;, MgCl,-6H,0, CaCl, and KH,PO, into
distilled water and buffered at pH 7.25 with trishydroxymethyl
aminomethane (TRIS) and HCI 1IN at 37 °C. Its composition is
given in Table 1 and is compared with the ionic composition of
human blood plasma [10].

2.4. Sample characterization

2.4.1. X-ray diffraction (XRD)

For X-ray diffraction analysis, the sintered samples were
grinded and powdered. The resulting powders were analyzed
with a Philips PW 3710. X-ray diffractometer, with voltage and
current settings of 30 kV and 25 mA, respectively and with Cu
Ka radiation (1.5405 A). For qualitative analysis, XRD
patterns were recorded in the interval 20° <20 < 50° at a
scan speed of 2°/min. Step size which was used was 0.02°.

2.4.2. Fourier transform infrared spectroscopy (FTIR)

The grinded samples were examined by Fourier transform
infrared spectroscopy by the use of a Thermo Nicolet (USA)
FTIR spectrometer. For IR analysis, 1 mg of the powder
samples were carefully mixed with 300 mg of KBr (infrared

Table 3
Sample codes including incubation time in SBF.
Incubation time in SBF B10 B9 B8 B7
0 (not being soaked in SBF)  B10-0D B9-0D B8-0D B7-0D
14 days B10-14D  B9-14D BS8-14D  B7-14D
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Fig. 1. Bioglass XRD pattern after thermal treatment at 700 °C.
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Fig. 2. XRD pattern of sample B10-0D.
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Fig. 3. The XRD pattern of composite samples before soaking in SBE.

grade) and pelletized under vacuum. Then the pellets were
analyzed in the range of 400-4000 cm ™" at the scan speed of
23 scan/min with 4 cm™' resolution.

2.4.3. Scanning electron microscopy (SEM)

The samples were coated with a thin layer of gold (Au) by
sputtering (EMITECH K450X, England) and then the
microstructures were observed using a scanning electron
microscope (VEGA TESCAN 2XMU) that operated at the
acceleration voltage of 15 kV.
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Fig. 4. The ratio of silicate hydroxyapatite to pseudowollastonite in samples
B9, B8 and B7.
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Fig. 5. FTIR results of the samples before soaking in SBF.

2.4.4. In vitro studies in SBF

In vitro studies were carried out by soaking the samples
(listed in Table 2) in SBF at 37 °C for intervals of 0 (without
soaking in SBF) and 14 days. Therefore, new codes have been
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Fig. 6. FTIR results of sample B10 before and after soaking in SBF for 14 days.
given to the samples including their incubation time in SBF.
Table 3 shows the given codes. B10-0D, B9-0D, B8-0D and B7-

0D are the codes, which were given to the samples in Table 2.
The results will be discussed using codes in Table 3. After

(b)

SEMMAG: 20.00kx  Det: SE Detector Lo 10000 | VEGAWTESCAN
SEMHV: 1500kV  WD:9.2506 mm 2um i
Date(midy): 1012608 Vac: Hivac RAZI u

SEMMAG: 21.45kx  Det: SE Detector Lo v o1 0000 | VEGAWTESCAN
SEM HV; 15.00 kV WO 8.3372 mim 2pm :
Date{midi): 10/26/08 \Vac: Hivac RAZI n

Fig. 7. SEM images of samples before soaking in SBF (a) B7-0D (b) BS-0D (c) B9-0D (d) B10-0D.
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soaking, the powder was filtered, rinsed with doubly distilled
water, and dried in an oven at 120 °C for 12 h before analysis by
FTIR and XRD and SEM.

3. Results and discussions
3.1. Phase characterization

The primary bioglass phases were investigated by X-ray
diffraction. Fig. 1 shows the XRD pattern of bioglass, which
has been produced after thermal treatment on 700 °C. As you
can see in this figure, the bioglass is approximately
amorphous. Regarding to the XRD patterns of the bioglass
which is heated at 1000 °C (Fig. 2), it can be detected that at
700 °C, a-TCP and wollastonite (pseudowollastonite, JCPDS
No.: 19-0248) have started to crystallize. It can be concluded
that the synthesized bioglass has not been crystallized
completely up to 700 °C.
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The prepared samples of bioglass/HA composite were also
investigated by X-ray diffraction. Samples B10, B9, B8 and B7
(all of the samples in Table 3) were characterized by XRD. The
result of XRD analysis for sample B10-0D, which does not
contain hydroxyapatite, can be seen in Fig. 2. XRD pattern of
sample B10-0OD, which contains 100% bioglass, shows that
wollastonite has been formed. The presence of a-TCP phase is
reasonable due to the existence of phosphate and silicate groups
in bioglass structure and the high temperature (1000 °C) which
is used in the process.

The XRD results of samples before being soaked in SBF
(B10-0D, B9-0D, B8-0D and B7-0D) can be seen in Fig. 3. It
can be concluded from this figure that the main phases of these
samples are pseudowollastonite and hydroxyapatite (JCPDS
No.: 090432). It can be concluded that the synthesized bioglass
has been partly crystallized at 1000 °C. It has been reported that
pseudowollastonite is a bioactive material, and its in vitro and in
vivo tests have been investigated [36—40]. Pseudowollastonite
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Fig. 8. SEM images of samples after soaking in SBF for 14 days. (a) B7-14D (b) B8-14D (c) B9-14D (d) B10-14D.
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is a bioactive ceramic material that induces direct bone growth
[41,42].

To compare the intensity of the formed phases, two
characteristic peaks of pseudowollastonite and hydroxyapatite
were selected for comparison. 26 = 36.80 for wollastonite and
260 =40.17 for hydroxyapatite phase were selected and their
intensities were compared. The results can be seen in Fig. 4.
Obviously sample B7 has the most content of hydroxyapatite
(silicated hydroxyapatite in fact as described later) and sample
B9 has the least content of hydroxyapatite or it can be said that
it has the most content of wollastonite.

Furthermore, the samples were investigated by FTIR. B10,
B9, B8 and B7 were analyzed by FTIR. Fig. 5 demonstrates
FTIR results of the samples before soaking in SBF.

There is a significant point in FTIR diagrams. Since there
was a part of hydroxyapatite in the composition of prepared
composite, it was expected to find the hydroxyl group peaks on
3570 cm™'. However, as it can be seen in Fig. 5 the hydroxyl
groups cannot be detected. It can be concluded that the HA is
decomposed by the presence of glass, which enters the HA
structure and causes the hydroxyl groups to be driven off [43].
The XRD peaks demonstrated HA peaks. This loss of OH
groups may be due to silicon being incorporated in to the HA
structure with silicate-substituted hydroxyapatite being formed,
but may also be due to oxyapatite being formed. To verify this,
further analysis of e.g. changes in unit cell parameters would be
required. The negative charge of the silicate anions substituting
phosphate ones was balanced by the creation of hydroxide
vacancies, leading to the following chemical formula of SiHA:
Ca]()(PO4)5_X(SiO4)x(OH)2_x with) <x< 2 (D)

The procedure can be seen in Eq. (2). As silicon group enters
the HA structure, there will be a charge imbalance, so the
hydroxyl group leave the structure to remake the charge
balance. Because of this phenomenon, the hydroxyl group peak
cannot be seen in 3570 cm ™! in FTIR results [44].

PH\* | (OH st (sit/ :
<P+5) + <OH> 2 Pi—S Jr(VOH’) 2)

It is proposed that the larger addition of glass gives a larger
number of ions present, and these ions enter the HA structure
and become interstitial ions.

3.2. In vitro assessment

Samples soaked in SBF were analyzed with XRD, FTIR and
SEM. Soaking in SBF led to formation of an apatite layer on the
surface of the samples, which can be seen both in FTIR and in
SEM results. Fig. 6 shows the FTIR results, which compare B10
before and after soaking in SBF (B10-OD and B10-14D).
Sample B10 was selected because it was completely free of HA,
so the formation of HA because of soaking in SBF could be
indicated clearly. It is quite obvious that phosphate groups
(600-700 cmfl) have been formed because of soaking in SBF
for 14 days in 37 °C.

Morphological and textural properties of the biomaterials
also indicate that soaking in SBF led to the formation of an
apatite layer [31-33] on the surface of the samples. Figs. 7 and
8 are the images observed by SEM, which show the difference
of the surface of the samples before and after soaking in SBF
that can be used for comparison. In all of the samples there can
be seen the apatite (as shown in FTIR results) particles which
formed on the surface after soaking in SBF. It can be concluded
from the images that larger amount of bioglass in the content of
the samples led to form atom of smaller apatite particles on the
surface. However, it needs more investigation to be proved.

4. Conclusion

As can be seen, the glass has a major effect on the structure
of the HA. This is related to decomposition caused by the
addition of the glass, which is highly reactive at high
temperature and forces major chemical changes associated
with the hydroxyl site. By using HA with bioglass, a silicated
hydroxyapatite may have been produced, which is a highly
bioactive material. Furthermore, bioactivity of the samples
could be demonstrated from FTIR and SEM pictures.
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