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Bioactive glass-ceramics play an important role in bone tissue regeneration. In the present
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research, the crystallization of glasses and scaffold fabrication were investigated. After choosing
the appropriate composition in the SiO,-CaO-Na,0-P,0s system, raw materials were melted at
1400°C and then, quenched in water. Subsequently, the crystallization of synthesized glass
samples was studied. Fourier Transfer infrared (FT-IR) spectroscopy was carried out to study the
structural changes of the samples. XRD patterns showed that fluorapatite Ca;o(PO.)s(O,F2) was

the only precipitated crystalline phase. The template synthesis method was applied for the
fabrication of the scaffold and starch as a porogen material. The optimized scaffold structure was

Glass-Ceramic
Fluorapatite

chosen with the appropriate size of pores, interconnectivity, and strength behavior through
investigating the porosity, SEM images, and mechanical properties. ICP, SEM, and EDX analyses

g[;cggfsmus were used to determine the in vitro bioactivity of the samples after immersion for 14 days in SBF.
1. INTRODUCTION metals, glass, and glass-ceramics [8-10]. Bioactive

In recent decades, many types of research have been
conducted on orthopedic surgery and bone tissue
engineering. The scaffold is a key material in this
application, which acts as a matrix for the growth of
bone cells [1-7]. For being used as bone grafts, the ideal
of scaffold for replacing part of the porous bone is as
following:

1) Having 50-60% porosity with interconnected porosity
and the average pore size higher than 100um, so that the
cells can easily grow inside and carry the food to the
bone.

2) Being made of biocompatible and bioactive
materials.

3) Having a rough surface to make the soft tissue more
adhesive.

4) Having a simple preparation method that can be
prepared in different forms for various damaged areas of
the body [1-7].

Therefore, the necessity of a bioactive material for cells
growth with a porous structure is inevitable. Most of the
bioactive materials used in bone tissue engineering
applications are bio-ceramics, such as calcium
phosphates, hydroxyapatite (HA), composite materials,

Corresponding Author Email: m_rezvani@tabrizu.ac.ir (M. Rezvani)

materials can bond to bone tissue through forming a
bone-like hydroxyapatite layer on their surface in
physiological body fluids (in vitro and in vivo) [7-11].
The advantage of bioactive glasses and glass-ceramics
among the different kinds of bioactive materials is the
high speed of surface reactions that results in rapid bone
formation [10-12]. Glasses and glass-ceramics, which
are hasically composed of SiO,, CaO, Na,O, P,Os, have
been investigated due to their tunable bioactive
behavior. The glass entitled 45S5 Bioglass® (with the
composition  of  45Si0,-24.5Na,0-24.5Ca0-6P,05
(%wt)) is the most common bioactive glass reported by
researchers [8, 13-17].

Recently, various glass-ceramics have been used by
researchers for bone repair applications. Three major
groups of glass-ceramics that have been examined are
apatite-wollastonite, mica-apatite, and Ceravital® [8, 9,
13-18]. The crystalline fluorapatite phase is the most
valuable phase for antibacterial and bioactive properties
among these glass-ceramics [19-21]. Different methods
have been proposed to create porosity in glass-ceramics
such as foam synthesis, template synthesis, phase
separation method, and freeze extrusion fabrication
[22].
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The research has focused on the preparation and
characterization of a macroporous bioactive glass-
ceramic scaffold containing fluorapatite crystals. The
fluorapatite phase has not been so far formed by any
body in a combination that is nearly 45S5.

To this end, the template synthesis method was used to
fabricate the porous structure because this method is the
easiest way to control the pores size, the
interconnectivity of the pores, and the size distribution
of the pores [7, 22]. Moreover, starch was used as a
porogen material for being easy crushing and
economical.

The main factors affecting the final porous structure and
its properties, which have been studied are the total
solid loading, particle amount and size of starch
powders, consolidation and burning out treatment, and
sintering condition.

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis of Glass Samples

The high purity commercially available powders were
used as raw materials including Leached SiO, with high
purity (>99), P,Os (Merck 1005401000), Na,CO;
(Merck10639), CaCO; (Merck102069), and CaF, (Dau
Jung 2508145). According to reaction 1, the required F
ions were prepared by replacing some amounts of CaO
with CaF,. Therefore, the required CaO and F ions were
produced simultaneously without changing the
composition. As a result, the compositions were
prepared with the following weight ratio (%wt) 40SiO,,
12Ca0, 16.71CaF,, 21Na,0, 15P,0:s.

(Can + 10, = Ca0 + Fz) (1)

The glass frits were prepared by melting raw materials
at 1450°C for 1h in an alumina crucible and quenched in
cold water. The frits were dried and milled to particles
with the size <40um. The Fourier transform infrared
(FT-IR) spectroscopy (Tensor27, braker, Germany) of
the glass and glass-ceramic samples, was used to study
the structural changes in the range of 400-1500 cm™.
The thermal behavior of glass powders was determined
through differential thermal analysis (DTA-Linseis
L181) at the heating rate of 10°C.min™ and the
crystalline phase precipitated during sintering were
determined through x-ray diffraction (XRD) analysis
(Siemens, model D-500). The microstructure of glass-
ceramic samples was characterized by a scanning
electron microscopy (FE-SEM, Mira-3Tescan).

2.2. Scaffold Fabrication

The scaffolds were fabricated through mixing starch
particles and glass powders, with a thermally removable
organic material as the pore former. The glass powders,
which were sieved below 40um and the starch (higher

than 99% purity) were carefully mixed for 20min in a
plastic bottle using a rolling shaker to obtain an
effective mixing. The obtained mixture was blended
with 0.4wt% polyvinyl alcohol solution and then,
pressed with uniaxial 500MPa pressure to form a pellet
with 18mm diameter and 3mm thickness. Drying the
pressed specimen was carried out with the gradual
increase of the temperature to 100°C to prevent cracking
caused by the sudden drying of the sample.

In this research, the amount of starch was varied in the
range of 30-70 vol% to get the best balance between
satisfactory sintering temperature, high porosity contact,
porosity size, interconnectivity, and mechanical
strength. Table 1 represents the experimental parameters
applied to the production of each sample.

TABLE 1. Experimental parameters for the production of
each sample

Sample code Temperature(°C)  Starch (vol%)
GCF-615-P30 615 30
GCF-615-P40 615 40
GCF-615-P50 615 50
GCF-615-P60 615 60
GCF-615-P70 615 70
GCF-640-P30 640 30
GCF-640-P40 640 40
GCF-640-P50 640 50
GCF-640-P60 640 60
GCF-640-P70 640 70
GCF-665-P30 665 30
GCF-665-P40 665 40
GCF-665-P50 665 50
GCF-665-P60 665 60
GCF-665-P70 665 70

Finally, the total porosity, open porosity, and bulk
density of the samples were investigated and the
flexural strength was measured by three-point bending
test (Zwieck Roell ZHV10, Germany). The scaffold was
studied by the Scanning Electron Microscope (SEM) to
evaluate the size, morphology, distribution,
interconnectivity, and degree of sintering.

2.3. Chemical Degradation and Apatite Forming
Ability

The bioactivity of the samples was evaluated using in
vitro tests as explained by Kokubo et al. [23]. The
biodegradation and apatite forming ability of the glass-
ceramics were investigated by immersion of sintered
glass-ceramic discs (with a diameter as much as 10mm)
in 50ml simulated body fluid (SBF) solution at 37°C.
The experiments were conducted at different time
durations between 1 to 14 days. Each test was repeated
for 3 times to ensure the accuracy of the results. The
glass-ceramic sample was got out of the liquids after
each test and then, pH and concentrations of Ca®*, P**,
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and Si** ions were measured using inductively coupled
plasma-optical emission spectroscopy (ICP-OES)]. The
apatite forming ability on glass-ceramic was studied
through the XRD and SEM-EDS analysis.

3. RESULTS AND DISCUSSION

3.1. Crystallization of Glass Samples

DTA curves were studied to determine the
crystallization temperatures. Figure 1 illustrates the
DTA curves of the compositions after melting and
quenching. The peaks of Fluorapatite phase
(Ca(PO4)s(O, F,) (ICDD: 01-077-0120) appeared in
the XRD patterns after heat-treating the samples at the
first DTA peak temperature for 2h. Figure 2 presents the
XRD patterns of glass and glass-ceramic samples. The
XRD patterns showed that there were no unwanted
phases in the glass sample and after heat-treatment of
the samples. Moreover, the peaks of the crystalline
phases appeared and the crystallization increased by
increasing the temperature.
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Figure 1. DTA curves of frits with a heating rate of 10°C/min

3.2. Structure of the Glass and Glass-ceramics

The FT-IR spectra of the glass and glass-ceramic
samples are illustrated in Figure 3 after heat treatment at
615, 640, and 665°C [24]. The structural information
about glass and glass-ceramic can be obtained from
these spectra. There were clear peaks that proved the
presence of SiO, tetrahedrons in the glass network due
to the significant amount of SiO; in the composition of
the samples. The peaks available at ~576.2 and
~765.26¢cm ™ are attributed to the rocking and symmetric
stretching vibrations of Si-O-Si bonds, respectively
[25].
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Figure 2. XRD patterns of glass and glass-ceramic heat-
treated at different temperatures

As a consequence of overlapping with the rocking
vibrations of Si-O-Si, the peaks of Ca-F bond were
somehow difficult to be distinguished, although those
peaks were reported at ~468.30cm™ [24, 26]. According
to [14], it is possible to attribute the peak at ~1025cm™
to this bond. The peak visible in ~1030.27cm™ can also
be attributed to the vibrations of Si-O-Ca bond, when
the amount of Ca in the glass samples is high (due to the
presence of CaF, and CaO, simultaneously). As it is
reported, there are PO; groups due to the network
forming the role of P,Os and peaks available in ~577.67
and ~1030cm™ are attributed to PO; groups and P-O
bonds [27, 28, 29]. It seems that these bonds were
available in the samples, but overlapping with Si-O-Si
and Si-O-Ca peaks made it difficult to be distinguished.
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The intensity of the silicon structure peaks was higher in
all investigated glass-ceramics than the base glass.
These changes in the peaks can be attributed to a more
regular four-dimensional SiO, arrangement, symmetric
structure, and low-angle variation among the bonds. The
intensity of the peaks in crystalline materials was more
than amorphous [30].
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Figure 3. FT-IR spectra of the glass and glass-ceramics heat-
treated at 615, 640 and 665°C

3.3. Microstructure Study of Glass-Ceramics

The microstructures of glass-ceramic samples, which
were heat-treated at 665°C for 2h are illustrated in
Figure 4. The obvious phase separation can be attributed
to crystallization of fluorapatite. It also shows that the
morphology of the fluorapatite phase is almost
spherical.

Figure 5 shows the results of EDX analysis of bright
areas (A in Figure 4) that are fluorapatite crystalline
phase (since the peaks of calcium, fluorine, and
phosphorus were observed in the EDX pattern).

3.4. Glass-Ceramic Scaffolds (Porosity and
Mechanical Properties)

The heat treatment of the samples was performed at
615-665°C for 2 hours. The total porosity percentages of
porous glass-ceramics are shown in Figure 6. The starch
was added to glasses from 30 to 70 vol%.
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Figure 4. SEM image of glass-ceramic sample heat-treated at
665°C for 2h
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Figure 5. EDX spectrum of fluorapatite crystalline phase
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Figure 6. Total porosity percentage of glass-ceramic scaffolds
heat-treated for 2h
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It is clear that the amount of total porosity and open
porosity decrease and the density increases with
increasing of temperature and reducing of porogens.
According to the results obtained in porous bodies, the
GCF-615-P40 (Glass-ceramic fluorapatite, heat-treated
at 615°C, starch 40 vol%), GCF-615-P50, GCF-615-
P60, GCF-615-P70 samples had not a suitable strength.
The flexural strength of the samples GCF-640-P40,
GCF-640-P50, and GCF-665-P70 was about 12, 8, and
4MPa, respectively. Considering the previously reported
flexural strength, the ranges of the samples are within
the acceptable range [31-33].

The samples including GCF-640-P50 (with 58%
porosity), GCF-640-P40 (with 55% porosity), and GCF-
665-P70 (with 56% porosity) were selected as glass-
ceramic scaffolds for bone body applications with
acceptable appearance and porosity.

The results of obtained flexural strength showed that the
strength of all three samples was in this range due to the
flexural strength of the ideal scaffolds for porous bone
in the range of 2-12MPa. On the other hand, this
strength reduction can be attributed to the amount of
starch although the porosities were close to each other.
As was expected, the interconnectivity of porosities
increases with increasing of starch, which cause a
reduction in strength.

3.5. Microstructure Study of Glass-Ceramic
Scaffold

The scanning electron microscopy images of the glass-
ceramic scaffolds are shown in Figure 7.

According to the ideal scaffolds, the average pore size
for bone is higher than 100pm. The results showed that
the average pore size of all three samples is almost
within this range, but only the sample GCF5-665-P70
has interconnection of porosities, which is due to the
high amount of porosity. Therefore, the GCF-665-P70
was selected as the appropriate porous scaffold body.

3.6. The Ability of Apatite Forming and
Biodegradation

Variations of ion concentration with immersion time
were investigated for various ionic species (Ca®*, P**,
Si**) and the results are presented in Figure 8.

The important points of this test are as below:

i) Higher concentrations of Ca were observed at longer
immersion times in Figure 8a for the glass-ceramic
leading to maximum leaching ability and surface
reactivity of the respective glass-ceramic. The higher
concentration of Ca in SBF at longer soaking times
indicates that the modifier cations in the glass are no
more exchanged with hydronium ions in the external
solution (i.e. the inhibition of the biomineralization
process) [34, 35].
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Figure 7. SEM images of glass-ceramic scaffolds a) GCF-
640-P40 b) GCF-640-P50 c) GCF-665-P70, (All were heat-
treated for 2 h)
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Figure 8. ICP plots of elemental concentration of (a) Ca, (b)
P, and (c) Si, in SBF solution versus immersion time for the
investigated GCs

ii) The sample exhibited higher concentration of
phosphorus for the glass-ceramic Figure 8b once soaked
in SBF, so that the highest phosphorus concentration
was achieved after 7 days of soaking, beyond which
time significantly lower concentrations were observed.
The initial increase in the concentration of phosphorus
might be related to two reasons including (1) the release
of excessive soluble phosphate species, or (2) the rapid
hydrolysis of low amounts of labile P-O-Si bridges
from the remaining glassy phase in the fluid. These
might have brought about two implications including
(1) the local super-saturation of the solution, thereby

facilitating the process via which, the HA content of the
solution is precipitated, and/or (2) providing a buffer
and hence, reducing surface acidity, which in turn
would inhibit the bone-bonding [36, 37].

Moreover, it seems that the increase in the concentration
of phosphorus occurs simultaneously with the initial
stage of the reactivity mechanism features during which,
the Si-OH groups was developed on the glass surface.
At the other end of the spectrum, the lower
concentration of phosphate following the maximum
(Figure 8c) has been found to be linked to the
movement of phosphorus ions to the glass surface where
a layer of high calcium phosphate content was
developed [34, 35].

iii) The higher concentration of Si ion was observed in
the SBF solution with increasing the soaking time.
Indeed, the surface Si-OH groups developed during the
hydrolysis of the Si-O-Si contribute to the higher
bioactivity of the resultant compound upon the decrease
in silica content of glass-ceramic indirectly, which
results in attenuating the hydroxyapatite-glass-ceramic
interface energy [38].

Figure 9 demonstrates the SEM images of glass-ceramic
samples after various soaking times in SBF solution.
According to the images, an appetite-like layer was
developed and well-grown on the surface of the samples
following 14 days of soaking in SBF. According to the
results of EDX analysis (Figure 10), phosphorus and
calcium were the main constituents of these
agglomerates. The weak Si peak could be attributed to
the high content of SiO, in the layer developed on the
bioactive surface [15, 39, 40].

Figure 9. SEM image of glass-ceramic sample after
immersion for 14 days in SBF solution (13000x)
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Figure 10. EDX analysis of glass-ceramic sample after 14
days of immersion in SBF solution (A area)

4. CONCLUSION

The purpose of this research was to prepare and
characterize a macroporous glass-ceramic scaffold
containing  fluorapatite  crystalline  phase  with
composition near to 45S5. Macroporous bioactive glass-
ceramic scaffolds were successfully obtained and the
results of XRD, FTIR, and SEM analyses showed that
the fluorapatite phase was formed and its amount
increases with increasing the temperature.

The correct selection of the sintering temperature as
well as the amount of porogen materials leads to a well-
sintered specimen with good compromising between
strength and highly porous structure. Furthermore, the
prepared scaffold showed excellent bioactive behavior.
In fact, in vitro studies showed that the CEL2 coating
had high bioactivity due to the formation of a
hydroxyapatite layer on its surface.
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