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P 4 In this study, mechanical properties and apatite formation ability of synthesized fluorapatite-

hardystonite (FA-HT) nanocomposite scaffolds were investigated. Hardystonite (HT; 5 and 10
wt.%) as a reinforcement phase was incorporated into the FA scaffold. FA was mixed with HT for
4 h under argon gas at 220 °C. A space holder method was used for fabricating porous FA-HT
scaffolds. Sodium chloride (NaCl) was used as pore-forming agent in this method. Then, the powder
was compacted under a pressure of 220 MPa. Finally, the samples were sintered at 1000 °C for 2 h.
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Keywords: The X-ray diffraction (XRD) results of the synthesized scaffolds confirmed the formation of FA

and HT powders. Studying the microstructure of the samples showed that synthesized scaffolds had
FluorapatiFe a porous structure with interconnected pores, similar to the porosity degree of natural bones. The
ls'[:;;g’lsdtomte results also revealed that the mechanical properties of scaffolds were improved; the compressive

strength values of the FA-SHT and FA-HT scaffolds were obtained 1.6 MPa and 2.8 MPa,
respectively. The young modulus values for these scaffolds were 5.5 MPa and 12.4 MPa,
respectively. Results of bioactivity test showed the ratio of calcium to phosphate (Ca/P) in scaffolds
was 1.71£0.3 and 1.60+0.5 for FA-5HT and FA-10HT samples, respectively. Based on the results,
FA-HT scaffolds have desirable mechanical properties and suitable level of bioactivity which can
be used as new and promising biomaterials in bone tissue engineering and repairing bone defects.

Bone tissue engineering scaffold

1. INTRODUCTION biodegradability. Nowadays, compositions of different

particles are used in order to control the degradability and

Bone defects are among the greatest challenges in
medical science. These defects happen in different forms
and cost a huge amount of money to be treated every year
[1-3]. Bone fractures caused by osteoporosis and bone
defects that happen during chemotherapy are among the
examples of bone defects [4]. The healing process of
bones faces serious problems when pathologic fractures
happen and/or when bones are seriously damaged [5].
Tissue engineering is a new and growing method which
has attracted attentions these days [5]. Tissue engineering
is being used for repairing tissues such as bones,
cartilages, blood vessels, and skin. In tissue engineering
applications, cells are cultured on scaffolds that are
developed from natural polymers [3,6]. Biomaterials
used as scaffolds in bone tissue engineering must be
highly biocompatible and have a proper level of
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mechanical properties in different types of scaffolds
[3,6,7]. Some other important factors in designing
scaffolds are controlling the shape, size, distribution,
interconnectivity of pores, and maintaining the required
thickness and strength necessary for transplant surgery
[8]. Calcium phosphate (Ca-P)-based and calcium
silicate-based bio-ceramics are suitable options for this
purpose, due to their appropriate mechanical properties,
biocompatibility and bioactivity [9-11]. Bio-ceramic
scaffolds have attracted attentions of biomedical
engineers because of their satisfactory mechanical
properties, biocompatibility and bioactivity. So, they
seem to be suitable for designing and fabricating bone
tissue scaffolds [12]. Fluorapatite (Cas(PO4)3F), as a Ca-
P ceramic is widely used in bone tissue engineering
because of its good biodegradation, biocompatibility,
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adsorption properties which helps growth and adhesion
of cells in culture medium, porous structure, and apatite-
forming ability [2,3]. Despite its perfect biological
properties, fluorapatite has poor mechanical properties
that limit its application in load bearing when
transplanting inside the body. As a result, adding a
second phase to the based scaffold in order to increase its
strength can be a good method for improving the
mechanical integrity of the scaffold. Hence, in this study,
hardystonite (Ca;ZnSi,O) as a Ca-containing silicate
ceramics was used as the second phase for improving the
compressive strength of the scaffolds [3,13]. In another
study [6] it was shown that the presence of zinc in the
hardystonite had a physiologic effect on the growth and
mineralization of bone tissue. As people get older, the
amount of zinc element (in their body) decreases and as
a result, bone load will decrease. Likewise other studies

[7] exhibited that bio-ceramic containing zinc, such as
hardystonite can stimulate the activity of osteoblasts and
facilitate bone formation. In addition to improving
bioactivity, zinc can enhance mechanical properties such
as compressive strength of scaffolds [14]. Zinc has also
shown antibacterial properties. In this regard,
hardystonite recently attracted great attentions due to its
high bioactivity and biocompatibility and also having
better mechanical properties than fluorapatite [6,7,9].
This bio-ceramic has a tetragonal structure with high
flexural strength (131 MPa), good fracture toughness (1/2
MPa-m'?), and suitable Young's modulus (33 GPa) [10].
Many studies have shown an excellent bone formation
ability for composites containing hardystonite [7,15,16].
Space holder method is a viable method for fabrication
of metallic and ceramic-based scaffolds. In this method,
temporary powder particles, known as space holders, are
designed to be a single structure for the scaffold.
Generally speaking, space holder scaffold fabrication
technique can be divided into four steps: 1) mixing the
ceramic base powder with the space holder particles, 2)
compacting these powders, 3) eliminating space holder
particles by increasing the temperature, and 4) sintering
the porous scaffold's precursor [7,17]. This method is
casy and affordable and the resulting scaffolds have a
porous structure, high mechanical strength and high
specific surface areas which make them good hosts for
adhesion, growth and proliferation of cells. To the best of
our knowledge, this is the first report of the fabrication
and characterization of an FA-HT scaffold targeting bone
regeneration that demonstrates mechanical and
bioactivity characteristic.

However, less information is available on the effects of
the HT reinforcement phase to FA-based scaffolds and
also its mechanical properties and bioactivity. Therefore,
the main purpose of this project was preparation of FA-
HT nanocomposite scaffolds with different concentration
of HT by the space holder method in order to achieve
desired mechanical properties along with the biological
activity. Subsequently, the mechanical properties and the

apatite-forming ability in the surface of the scaffolds in
simulated body fluid (SBF) solution were investigated.

2. EXPERIMENTAL PROCEDURES

Fluoride powder (CaF,, Sigma Aldrich, Germany,
99.99% purity), phosphorus pentoxide powder (P.Os,
Merck, 98% purity, particle size <10 pm), calcium
hydroxide powder (Ca (OH),, Merck, 99%purity), zinc
oxide powder (ZnO, Merck, 99.5% purity, particle size <
0.8 um), calcium carbonate powder (CaCOs, Merck,
99.98% purity, particle size <13 pm) and sodium
chloride powder (NaCl, Fluka, 99.9% purity, particle size
<500pm) were used as starting materials. For preparation
of FA-HT scaffolds, FA was mixed with different
percentages of HT (5 and 10 wt. %) for 4 h under argon
gas at 220 °C. Then space holder method was used for
fabricating porous FA-HT scaffolds and sodium chloride
(NaCl) with particle size of 400 to 600 um was used as
pore forming agent. Subsequently, the powders were
compacted under 220 MPa at a speed of 2 mm/min. Then,
the samples were kept at 180°C for 2h in order to remove
the NaCl particles and obtain a scaffold with porous
structure. Finally, the samples were sintered at 1000 °C
for 2h. Fig. 1. Shows the prepared fluorapatite containing
10 wt. % hardystonite (FA-10 %wt. HT) scaffolds before
and after the sintering process. Microstructures of the
FA-HT scaffolds were studied using transmission
electron microscopy (TEM, Hitachi HT7700, Japan) and
scanning electron microscopy (SEM, JEOL JSM-
6380LA, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS; JEOL Inc., Tokyo, Japan). To
measure the FA-HT scaffold pores size, the Image J
software (version 1.47) was wused. An X-ray
diffractometer (Siemens D5000) was used to determine
the phase components using Cu-Ka radiation (45 kV, 40
mA) over diffraction angles (20) of 20-65° at a scanning
speed of 2°/min. All of the FA-HT scaffolds were tested
by Fourier-Transform Infrared Spectroscopy (FTIR;
Spectrum RXI, Perkin Elmer, USA) in order to identify
and distinguish the functional groups in each sample. The
FT-IR spectra were recorded in a spectral range of 4000—
450 cm!. To study the bioactivity behavior, each of the
FA-HT scaffolds was soaked in 100 mL of simulated
body fluid (SBF) at 36.5 + 1 °C for 28 d. The composition
of the SBF solution was described in detail elsewhere
[18]. After this time, the scaffolds were removed from the
SBF cups and rinsed with distilled water and dried in the
open air. In order to measure the compressive strength of
the FA-HT scaffold with various amounts of HT,
cylindrical specimens with the size of 8 mm (diameter) x
6 mm (height) were prepared according to ASTM E9
standard method. Subsequently, compression test was
conducted using a Universal Testing Machine (Instron-
5569) at a displacement rate of 0.5 mm/min at room
temperature.
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Figure 1. (a) Camera image of fabricated scaffolds before sintering and (b) Optical microscopy image of the scaffolds after

sintering and removing NaCl particles

3.RESULTS AND DISCUSSION

3.1. Microstructure and composition

Fig. 2 shows SEM image of synthesized FA-xHT
scaffolds (x=5 and 10 wt. %). As can be seen, the
scaffolds had porous structures with interconnected
pores. Porosity range was 500-600 um for each scaffold.
The average porosity of the samples was about 575 pum.
Porosity percentage was calculated 67+ 2% by Image J
software. Previous studies [1,10] showed that an ideal
scaffold for bone tissue engineering must have a porous
structure with interconnected pores which let the oxygen
and nutrients be exchanged and provide a suitable
environment for cells to live, grow and migrate. Cells are
not able to grow and reach the depth of scaffold in a non-

Distribution(%)

Distribution(%)

porous structure and as a result, body rejects the scaffold
after transplantation. Hence, the degree of porosity is one
of the most important factors in designing a bone tissue
engineering scaffold. Other studies revealed [11] that
pore size plays an important role in cells' activity and
optimum pore size for bone tissues is in the range of 550
pm and more. Pores in this range size can improve cell's
migration, growth and proliferation. However, pores
smaller than 300 pm are suitable for angiogenesis for
nutrition exchanging of cells [19]. Size and percentage
of pores can also affect the mechanical properties of the
scaffold. Mechanical strength decreases as the size and
percentage of pores increase. So these two parameters
must be kept in an optimum state.
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Figure 2. SEM images of FA-HT scaffolds with HT concentration of a) 5 and b) 10 wt.% and corresponding histogram

image
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Fig. 3 shows TEM images of fluorapatite and
hardystonite synthesized powders. As can be seen, the
morphology of mechanically alloyed synthesized
powders was spherical and the diameter of particles was
less than 100 nm. Nanostructure of these powders
revealed their high reactivity, resulting from their high
specific surface area (total surface area per volume). The
high reactivity has a significant effect on biologic

SOnm

responses including mechanical and bioactivity
properties. Nanostructured materials are more bioactive
and shows higher apatite formation ability in comparison
to macro-structured materials [20-22]. The TEM image
also shows that nano-powders were agglomerated and
adhered to each other which are signs of the high
reactivity of synthesized nano-powders [23].

Figure 3. TEM images of a) fluorapatite and b) hardystonite powders

Fig. 4 shows the FTIR spectra of the FA-HT scaffolds
with various HT concentrations. Peaks appeared at 573,
1037 and 1087 cm™ are related to phosphate groups in
fluorapatite [24]. While, The peaks at 617 and 1442 cm™!
can be ascribed to Si-O stretching vibration modes which
indicates the formation of hardystonite [25]. The peak

that has appeared at 499 ¢m™ indicates the O-Ca-O bent
bond in hardystonite [26,27]. The peak at 3450 cm™! is
due to the free O-H stretching. Asymmetric and
symmetric stretching vibrations of P-O, appeared in
peaks at 1037 and 1087 cm™, respectively.
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Figure 4. FT-IR absorption spectra of FA-HT scaffolds with various HT concentrations
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Fig. 5 shows the XRD patterns of FA and HT powders as
well as FA-HT scaffolds with various HT concentrations.
As can be seen, XRD pattern of FA samples was related
to fluorapatite phase (CasP3FO12) with hexagonal crystal
structure and had no extra peak, implying that there was
no impurity in the synthesized powder. It should be noted
that the XRD pattern of this phase matches the reference
card number 01-071-0880. Similarly, the XRD pattern of
the synthesized hardystonite powder through the sol-gel
method showed the absence of impurity in the final
products (JCPDS File No. 01-084-1319). It is worth
mentioning that hardystonite has a tetragonal structure. It
was also observed that after mixing the FA and HT

powers for a long time via mechanical milling process,
crystallites size decreased as the diffraction peaks
become wider. Furthermore, the average crystallite size
of the fluorapatite and hardystonite nano-powders
obtained by the Williamson—Hall equation was about 88
+ 4 nm and 81 + 4 nm, respectively. The characteristic
peaks of HT and FA were detected with small peaks of
Si0,. No reaction occurred between the spacer and the
mixed powders. Moreover, no sign of spacer agent
(NaCl) was detected due to increasing a sintering
temperature to 1250 °C to complete removing of the
spacer.
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Figure 5. X-ray diffraction patterns of FA powder, HT powder, and FA-HT scaffolds with various HT concentrations (a) FA,

(b) HT, (c) FA-5HT and (d) FA-10HT

3.2. Compressive strength

Fig. 6 shows the compressive stress—strain curves for
fluorapatite scaffolds containing different percentages of
hardystonite. Three different zones are observable in the
stress-strain curve of both samples. According to
previous studies about porous ceramic scaffolds
synthesized by space holder method, these zones are
described as follow: Zone 1: a linear zone with a direct
relationship between stress and strain, and Young's
module can be calculated using the slope of this line. This
zone finishes at the maximum compression strength.
Zone 2: indicates breaking apart of pores under pressure.
Zone 2: shows the densification of scaffolds and closure
of pores as the pressure increases [28]. Bone scaffolds
should possess a compressive strength similar to that of
the neighboring bones.

As it is shown in Fig. 6, the compressive strength of
scaffolds increases as the amount of hardystonite
increased. The maximum compressive strength for FA-
SHT scaffolds was about 1.6 MPa, while this value was
about 2.8 MPa for FA-10HT scaffold. The calculated
Young's modulus value for these scaffolds was 5.5 MPa

and 12.4 MPa, respectively. Actually, FA powder acts as
reinforcement phase and fluxes in the composite scaffold
which leads to decline of the sintering temperature and
eventually an enhancement in mechanical properties
[28]. The area under the curve is the other important
point, which shows toughness and ductility of samples
and increases by increasing the hardystonite amount. It
shows that addition of hardystonite decreased brittleness
of fluorapatite. These results match with the result of
previous studies. For example, Guidar et al. [28] showed
that fluorapatite alone has very low strength and cannot
be used in bone tissue engineering; so they increased its
mechanical properties by adding alumina to the
fluorapatite matrix and made it able to bear mechanical
loading. Some other studies showed [29] that it is
possible to composite fluorapatite with polymers in order
to improve its toughness. For example Guo et al. [29] had
synthesized scaffolds with optimal mechanical properties
for tissue engineering by compositing fluorapatite with
polycaprolactone (PCL).
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Figure 6. Compressive stress-strain diagram of samples

Previous studies showed that compressive strength of
dense bone (cortical bone) ranges from 130 to 180 MPa,
and that of spongy bone ranges from 0.2 to 4 MPa.
Compressive strength of present scaffold was about 1.6-
2.8 MPa which falls exactly in the range of porous bone
compressive strength. So it can be claimed that the
synthesized scaffolds in this study have the potential to
be used in bone tissue engineering.

3.3. Apatite formation ability

Samples were immersed in SBF solution for 28 days in
order to study the Apatite-forming ability of FA-HT
scaffolds [26]. SEM micrographs show the surface of
Mon and FA-HT scaffolds after incubation in SBF for 28
d along with corresponding EDS analysis (Fig. 7).
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Figure 7. SEM images and EDS results of a) F-5H and b) F-10H samples after 21 days of immersion in SBF



