Ceramics International 46 (2020) 9086-9095

journal homepage: www.elsevier.com/locate/ceramint

Contents lists available at ScienceDirect

Ceramics International

CERAMICS

INTERNATIONAL

Manufacturing and characterization of mechanical, biological and dielectric
properties of hydroxyapatite-barium titanate nanocomposite scaffolds

Check for
updates

Mina Tavangar”, Fatemeh Heidari™", Raziye Hayati®, Fahimeh Tabatabaei”, Daryoosh Vashaee®,

Lobat Tayebi®

# Department of Materials Engineering, Yasouj University, Yasouj, 75918-74934, Iran

Y Department of Dental Biomaterials, School of Dentistry, Shahid Beheshti University of Medical Sciences, Tehran, Iran

¢ Marquette University School of Dentistry, Milwaukee, WI, USA

9 Department of Electrical and Computer Engineering, NC State University, Raleigh, NC, 27695, United States

ARTICLE INFO ABSTRACT

In this research, hydroxyapatite (HA)-based ceramics were produced as suitable ceramic implants for orthopedic
applications. To improve the physical, mechanical, electrical and biological properties of pure HA, we developed
composite scaffolds of HA-barium titanate (BT) by cold isostatic pressing and sintering. Microstructure, crystal
phases, and molecular structure were analyzed by using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), re-
spectively. Bulk density values were measured using the Archimedes method. The effect of different percentages
of BT on cell proliferation, viability, and ALP activity of dental pulp stem cells (DPSCs) was assessed by
ProstoBlue assay, Live/Dead staining, and p-NPP assay. The obtained results indicate that the HA-BT scaffolds
possess higher compressive strength, toughness, density, and hardness compared with pure HA scaffolds. After
immersing the scaffold in SBF solution, more deposited apatite appeared on the HA-BT, which results in rougher
surface on this scaffold thanpure HA. Electrical properties of HA in the presence of BT are improved. Based on
the results of cell culture experiments, composites containing 40, 50 and 60 %wt of BT have excellent bio-
compatibility, with the best results occurring for the sample with 50 %wt BT.
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1. Introduction

Today, the growing demand for bone-based artificial materials has
led to the development of research into design, manufacture, and
characterization of nanostructured porous biomaterials for remodeling
and repairing the damaged bone tissues [1,2]. Since natural bone is a
porous nanocomposite material with electrical activity, many efforts
have been made to find alternative materials with the same electrical
properties as normal bone. The piezoelectric properties of bone were
first shown by Fukada and Yasuda [3], in which positive and negative
permanent electrical charges were created due to mechanical stress
caused by daily activities following some structural changes in the
bone. It should be noted that the direct and indirect piezoelectric
properties of the bone and the formation of positive and negative
charges contribute to the activity of bone-resorbing (osteoclasts) and
bone-forming (osteoblast) cells, respectively [4-6].

In tissue engineering, different shapes and types of metallic,
ceramic, polymeric, and even composite implants are used. Among the
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above mentioned scaffolds, ceramic types are the most widely used
ones, due to their mechanical strength, corrosion resistance, and, con-
sequently, very high and suitable bioactivity compared to other mate-
rials [5]. During the last forty years, a calcium phosphate-based cer-
amic—synthetic hydroxyapatite (HA)—with the chemical formula of
Ca;0(Po4)s(OH), and hexagonal structure [7], and high chemical and
structural similarity to the natural bone and tooth has been widely used
in biomaterials [8]. Among the wide range of calcium phosphates, the
exact ratio between calcium and phosphorus (Ca/P) is a significant
factor affecting its solubility. The low calcium to phosphorus ratio (Ca/
P) increases the acidity and calcium phosphate solubility. For stoi-
chiometric HA, the molar ratio of Ca/P is 1.67 [9]. Due to the high
chemical stability and the active chemical bonding with the natural
bone, HA is regarded as a biologically active substance [10]. However,
the brittleness is the most critical limitation of HA (synthetic calcium
phosphate) for implant applications. To surmount this problem, HA is
generally mixed with polymeric and ceramic materials to form HA-
ceramic or HA-polymer composites [1,11].
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Barium titanate (BT), with a perovskite structure, is a common
ceramic material with high dielectric, ferroelectric, mechanical,
thermal, and biocompatibility properties [8]. In many in vivo and in
vitro studies, BT piezoceramic showed significant bioactivity due to the
polarization process and appropriate biological responses [12]. Ac-
cording to Genchi et al. [13], BT nanoparticles with high biocompat-
ibility are outstanding candidates for medical and therapeutic uses,
such as delivery capsules, imaging probes, tissue engineering, and na-
notechnology. Today, a lot of efforts have been made to change the
structure and composition of biocomposites and improve the mechan-
ical, physical, and biocompatible properties through the modification of
construction methods. HA-BT composite is one of the most outstanding
ceramic-ceramic biocomposites, which is suitable for electroactive or-
thopedic applications [8]. Baxter et al. [14], believe that polar HA/BT
composite, due to the proliferation and differentiation of bone cell-
s—and ultimately the appropriate biological responses in vitro experi-
ments—has a high potential in clinical applications. The bioactivity of
HA-BT composite is also proven by Tang et al. [15]. They showed that
the osteoblasts of the culture medium, after three days, were propa-
gated on the surface of the BT-HA composite produced by spark plasma
sintering (SPS). Jianqing et al. [16], provided that the formation of new
bone tissue at the loading surface of HA-BT biocomposite has brought
about better bioactivity than that of pure HA. Also, according to the in
vivo studies, it is possible to absorb calcium ions (Ca™?) on the surface
of the HA-BT composite by the polarization process, which is because of
the biocompatibility of this composite in in vivo experiments [17]. Since
the electrical properties of the natural bone play an important role in
the recovery and bone resorption [18,19], the presence of BT with high
biocompatibility and dielectric properties can provide the electrical
properties of healthy bone [13,20]. In another study Dubay et al. [21],
declared that the presence of BT particles in a SPS-ed HA-BT composite
increased the mechanical (hardness and fracture toughness) and phy-
sical properties of the composite. Wang et al. [22], showed that the
addition of BT to the HA matrix as a secondary phase, increased the
fracture toughness of the matrix. In fact, the presence of BT particles
has a direct effect on the crack propagation in this composite. Bowen
et al. [23], studied the relationship between the composition and pie-
zoelectric and dielectric properties of HA-BT composite. According to
their results, the electrical properties of HA-BT composite depend on
the volume fraction and dimensional ratio of BT particles, and the shape
and the amount of porosities in the HA matrix [23]. In fact, the pie-
zoelectric coefficient decreases with lowering the matrix stiffness (by
adding porosity) and the alignment of BT particles in the polarization
direction. Additionally, Bowen et al. [24], showed that in SPS-ed HA-BT
composite, the presence of BT with high electrical properties improved
the electrical properties of pure HA. Tang and Dubey et al. [12,15],
have investigated the effect of composition on the mechanical proper-
ties of the HA-BT composites. They showed that increasing the BT
content with high bonding energy, results in better mechanical prop-
erties of these composites.

Although over the last few years a considerable number of pub-
lications have been reported, no detailed study has been performed on
the fabrication of HA-BT scaffolds by isostatic pressing. Besides, only a
few studies have reported the mechanical and electrical properties of
the HA-BT nanocomposite scaffold in a nonpolar state. Given this, in
this study, HA was synthesized from sol-gel method and HA-BT nano-
composite scaffolds have been fabricated by pressure-less sintering
method. The effects of BT nanoparticles on dielectric, piezoelectric and
mechanical properties (hardness, compressive strength, and fracture
toughness) are investigated. As, there are a few evidences on bio-
compatibility (Cell culture) and bioactivity of HA-BT nanocomposite
scaffolds, the evaluation of the bioactivity of the composites with in
vitro experiments and investigating the possibility of using HA-bioactive
ceramic composite as an alternative to bone grafting are other objec-
tives of the present study.
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2. Materials and methods
2.1. Synthesis of hydroxyapatite powder by sol-gel method

The raw materials of calcium nitrate (Ca (NO3),.4H,0, Merck) and
ammonium dihydrogen phosphate (H¢NO4P, Merck) were weighted
according to the stoichiometric formula and individually diluted with
500 ml of distilled water. To reach a pH = 11, we added the ammonia
(NH3) solution to each of the above solutions. Finally, the ammonia and
calcium nitrate solution was added to ammonia and ammonium di-
hydrogen phosphate solution, and the mixture was stirred for 24 h (h)
on a hot plate, so that the precipitation could occur. In the next step, the
gel was washed with distilled water using a filter paper to reach a
pH = 7 and finally dried at 100 °C for 24 h. The calcination process was
carried out at 700 °C for 1 h with a heating and cooling rate of 5 °C/min
to produce HA nanopowder [25].

2.2. Preparation of composite powder of HA-BT (0 to 100 wt% of BT)

Stoichiometric amounts of synthesized HA powder and commer-
cially BT containing 0, 40%, 50%, 60% and 100 %wt BT (HA-x BT, x
represents the weight percentage of BT) were mixed in a planetary mill
using a polymeric jar and zirconia balls at 180 rpm for 2 h. After drying,
the powders were uniaxially pressed into disks with a diameter of
10 mm and a thickness of ~1.5 mm. Further compaction was achieved
by cold isostatic pressing (K CIP 303, Iran) at 250 MPa. Finally, all
samples were sintered at a temperature of 1300 °C for 2 h.

2.3. Materials characterization

2.3.1. Morphology and composition

To investigate the morphology and study the microstructure of the
cross-sectional areas of composite and pure samples, transmission
electron microscopy (TEM), and scanning electron microscopy (SEM,
TESCAN-Vega 3 model) were used. The phase composition was char-
acterized by x-ray diffraction (XRD; D8 Advance, Bruker Inc., Germany)
using Cu Ka radiation. Energy dispersive x-ray spectroscopy (EDS) and
Fourier transform infrared spectroscopy (FTIR, Shimadzu 8300 model)
were used to study the chemical composition and the molecular
structure, respectively.

2.3.2. Mechanical properties

To study the mechanical properties of composite and pure samples,
both compressive strength and hardness values were measured. The
compressive strength test was performed on cylindrical specimens with
a diameter of 10 mm and a thickness of 10 mm by using a Zwick/Roell
Universal testing machine with a speed of 0.5 mm/min and 10 kN load
cell. Disk-shaped samples with a diameter of 8 mm and a thickness of
3 mm were selected for the Vickers hardness test (MHV1000Z), and the
test was performed with a load of 200 g and a dwell time of 10 s.

2.3.3. Electrical properties

For electrical measurements, disk shape samples were coated with
silver paste and annealed at 800 °C. Room temperature capacitance and
dielectric loss of all samples were measured by LCR meter (LCR-6020
GwInSTEK) at 1 kHz. For piezoelectric measurements, poling was car-
ried out by applying a DC electric field of 4 kV/mm to the samples at
room temperature for 20 min piezoelectric coefficients of pure HA, pure
BT, and HA-BT composites were measured by using a d3; meter device
(model YE2730).

2.3.4. In vitro biodegradability

To evaluate the bioactivity of pure BT, pure HA and HA-BT samples,
a simulated body fluid (SBF) were prepared according to the proposed
instruction of Kukobo [26], and all samples were immersed in SBF so-
lution with a temperature of 37 °C for 28 days. After that, SEM and
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atomic force microscopy (AFM) were used to observe the morphology
and topography of pure and composite samples.

2.3.5. Biocompatibility

Cell studies were carried out using dental pulp stem cells (DPSCs).
DPSCs were isolated from extracted teeth, which were collected from
the Department of Oral Surgery at Marquette University, with informed
consent and approval of Marquette University graduate school.
Isolation of DPSCs was conducted as reported previously. Briefly, pulp
tissues were cut into small pieces and were enzymatically digested by
0.4% w/v Dispase II and 0.3% w/v Collagenase for 30 min. After cen-
trifugation, the pellet was suspended in culture medium containing
Dulbecco's Minimum Essential Medium (DMEM; Invitrogen, NY, USA),
10% fetal bovine serum (FBS; Sigma, USA), 1% antibiotic-antimycotic
(Invitrogen) and incubated at 37 °C and 5% CO,. After reaching 80%
confluency, cells were passaged with 0.25% trypsin/EDTA (Gibco).
DPSCs at passage three to four were used for biocompatibility assays.

The sterilization of composite discs was accomplished using 70%
ethanol for 20 min. After rinsing discs with phosphate-buffered saline
(PBS; Sigma Aldrich, UK) and soaking in complete culture medium
overnight, DPSCs were seeded on their surface. After counting the cells
with a hemocytometer, suspension of 20,000 cells/sample were seeded
on the surface of discs. After 2 h incubation at 37 °C with 5% CO,,
500 pl of culture medium was added to each well. In 1, 3, and 7 days
after cell seeding, the proliferation of DPSCS grown on the cell-loaded
samples was evaluated by ProstoBlue assay. Samples were rinsed with
PBS before adding ProstoBlue solution (Invitrogen, NY, USA).
ProstoBlue solution in a ratio of 1:10 was prepared in phenol red-free
DMEM and added to each well. Following 1 h incubation at 37 °C,
100 pL of colored media was transferred into a 96-well plate, and the
fluorescence intensity at excitation wavelengths of 540 and emission
wavelengths of 590 was measured by a microplate reader (Synergy
HTX, BioTEK).

The viability of DPSCs on the composite scaffolds was also evaluated
qualitatively using live/dead staining (LIVE/DEAD, Life Technologies,
California, USA). One set of samples after one day of cell seeding were
transferred into a new plate and rinsed with PBS. Loaded-cell samples
were incubated in a mixture of 5 pM calcein-AM and 4 pM ethidium
homodimer-1 in PBS for 15 min. Conversion of calcein AM to fluor-
escent calcein in live cells and penetration of Ethidium homodimer into
cell membranes of dead cells allow the staining of cells. After washing
again with PBS, live and dead cells were evaluated under an Olympus
microscope (Evos Fluorescent, life technologies).

Alkaline phosphatase assay kit (Abcam, Cambridge, MA, USA) was
also used for measuring ALP activity of cells seeded on samples. At 3
and 7 days after cell seeding, the samples were rinsed with PBS and
lysed with assay buffer, as recommended by the manufacturer. After
centrifugation at 13,000 g for 3 min, 50 pL 5 mM pNPP solution was
added to 80 pL of each sample in 96-well plate, and the plate was in-
cubated in the dark for 60 min at room temperature. Finally, the ab-
sorbance was read using a microplate reader (Synergy HTX, BioTEK) at
405 nm.

2.4. Statistical analysis

T-test and ANOVA were used to determine the relationship between
the mean of data in each of the topics of mechanical, electrical, and
biocompatibility properties.
3. Results and discussion
3.1. Characterization of synthesized and commercial powders
3.1.1. XRD analysis

Fig. 1a shows the XRD pattern of HA nanopowder produced by the
sol-gel method at ambient temperature (25 °C). According to studies,

9088

Ceramics International 46 (2020) 9086-9095

the characteristic peaks in the following pattern are entirely in ac-
cordance with the standard XRD pattern (JCPDS, 00-024-0033), which
is consistent with other researcher's reports [27,28]. Also, the char-
acteristic peaks of HA phase at 20 = 26° and 32° are observed in the
XRD pattern. The peaks shown in Fig. 1a belong to the calcium oxide, 3-
tricalcium phosphate, and HA crystalline phases formed at 700 °C with
an appropriate degree of crystallinity [29].

X-ray diffraction pattern of commercial BT powder is shown in
Fig. 1b. As seen, in the pure perovskite BT with a tetragonal structure
(JCPDS, 00-003-0725), no secondary phase was observed. The splitting
of the peak at 2 6 = 45° confirms the ferroelectric nature of BT powder.
XRD pattern of commercial BT is also consistent with the results of
other studies [29].

Fig. 1c shows the XRD pattern of pure HA, pure BT, and 60 wt% BT-
40 wt% HA composite samples sintered at 1300 °C. The intensity of the
characteristic peak of BT phase at 20 = 45° increases with increasing
BT content (Fig. 1c). Additionally, the composite with 60 wt% BT had a
broader peak than the other samples at 260 = 45°. According to Vouilloz
et al. [29], the reason for this behavior is the coexistence of cubic and
tetragonal phases of BT. As shown in Fig. 1c, due to the increase in the
weight percentage of the BT phase in 60 wt% BT-40 wt% HA composite,
the intensity of the characteristic HA peaks at the 20 angles of 26° and
32° also decreases. The XRD analysis for the composite containing 60 wt
% BT confirms the presence of CaTiOs; and barium phosphate (Bas
(PO,4)) secondary phases. Therefore, in HA-BT composites the formation
of secondary phases is possible, and the coexistence of the BT and HA
phases during the sintering process [29] is also reported by Baxter and
Vouilloz et al. [14,29].

3.1.2. FTIR analysis

Fig. 1d shows the FTIR pattern of HA nanopowder produced by the
sol-gel method. In this pattern, the wavenumber 3419.17 cm-1 refers to
the stretching band, while 630 cm-1 and 3560 cm-1 wavenumbers re-
late to the liberation band of OH- group. Additionally, the bands at
470.54, 570.83, 601.7, 960, 1050 and 1090 cm-1 originate from PO43-
ions. According to this pattern, a free CO2 peak is observed at 2365 cm-
1. The wavenumbers of 1415.7, 870 and 1450 cm-1 correspond to the
characteristic peaks of the CO32- ions, respectively. The FTIR spectrum
of sol-gel synthesized HA nanopowder are quite similar to the results of
synthetic and natural HA nanoparticles [8].

3.1.3. TEM analysis

The TEM micrograph of HA-BT powder is shown in Fig. 2a. Ac-
cordingly, the spherical nanoparticles of BT and HA are clearly seen.
Additionally, the HA-BT composite powder contains BT and HA pow-
ders with 50 and 200 nm, respectively. A uniform distribution of very
fine BT and HA particles is also shown in Fig. 2a.

3.3. SEM analysis

The SEM micrographs of pure HA, pure BT, 60 wt% BT-40 wt% HA,
50 wt% BT-50 wt% HA and 40 wt% BT-60 wt% HA samples sintered at
1300 °C for 2 h are shown in Fig. 2(b-f). According to Fig. 2b, the mi-
crostructure of pure BT is dense, and porosities are uniformly dis-
tributed between the grains. The cross-sectional micrographs of pure
HA are shown in Fig. 2c. A porous microstructure with small agglom-
erates is observed in this Figure (grains =2 um). As seen in Fig. 2d, the
composite containing 60 wt% BT has lower porosities and a denser
microstructure. As demonstrated in Fig. 2e, the composite containing
50 wt% BT has a somewhat dense microstructure with micrometer
porosities ranging from 0.2 pm to 1.5 pm. The presence of more por-
osities in this composite compared to the 60 wt% BT-40 wt% HA
composites can be attributed to the coexistence of BT and HA phases
and the formation of secondary phases of calcium titanate and barium
phosphate [29]. As observed in Fig. 2f, small and large porosities are
distributed between the grains of the sample containing 40 wt% BT. It
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Fig. 1. X-ray diffraction pattern of a) synthesized HA, b) commercial BT and c) 60 wt% BT-40 wt% HA composite samples sintered at 1300 °C; d) FTIR pattern of sol-

gel synthesized HA powder.

should be noted that at 1300 °C, the HA phase is more prone to de-
compose, and the liquid phase formation is possible [29]. Therefore, by
decomposition of the HA phase, beta-tertiary calcium phosphate phases
and the intermediate phase of HA can be formed with a gradual re-
duction of H,O in the HA matrix [30], creating porosities in the sam-
ples.

Therefore, by comparing the SM images of the 60 wt% BT-40 wt%
HA, 50 wt% BT-50 wt% HA and 40 wt% BT-60 wt% HA composite
samples, it can be expected that with the addition of BT, the amount of

porosity in the microstructure and the possibility of secondary phase
formation will be reduced.

3.4. Mechanical properties

As it is shown in Fig. 3a, the highest bulk density is related to the
composite of 60 wt% BT-40 wt% HA. Since the density of pure BT
(6.02 g/cm®) is higher than pure HA (2.83 g/cm®), by increasing the
content of BT in the HA-BT composite, the bulk density increases with

Fig. 2. a) TEM micrograph of the HA- BT composite powder and SEM microstructures of HA-BT samples sintered at 1300 °C: b) pure BT, c) pure HA, d) 60 wt% BT-
40 wt% HA, e) 50 wt% BT-50 wt% HA, f) 40 wt% BT-60 wt% HA and EDS analysis of secondary phases.
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Fig. 3. The effect of BT content on a) bulk density, b) compressive strength and toughness, and c¢) microhardness and relative density of the HA- BT composites.

BT content, and the density of composite samples should be compared
with the theoretical density of that composition. This phenomenon can
be attributed to the decrease in the amount of HA, porosity and sec-
ondary phase present in the microstructure. The lowest value of bulk
density belongs to 40 wt% BT-60 wt% HA composite. This can be at-
tributed to the presence of secondary phases of barium phosphate,
hydrogen phosphate, barium calcium, beta-tricalcium phosphate, and
barium titanate phosphate [29]. Porosities, decomposition of HA, and
the coexistence of HA and BT phase in HA-BT composite with 50 wt%
BT are expected to be lower than the composite containing 40 wt% BT.
As a result, by increasing the amount of HA, the formation of secondary
phases is accelerated and, subsequently, larger amounts of porosities
are created [29]. The calculated bulk density value for pure HA is
higher than the corresponding value measured by Vouilloz et al. [32],
for similar pressureless sintered samples. The Archimedes bulk density
of pure BT was approximately similar to the value reported in this study
[29]. In another study by Alock et al. [31], the optimum bulk density of
sol-gel synthesized HA- 40 wt% BT (3.1 g/cm3) was less than this study.

According to Sikder et al. [32], the bulk density of conventionally
sintered 40 wt% BT-60 wt% HA composite is 2.55 g/cm?, which is also
inferior than the bulk density value for a 40 wt% BT-60 wt% HA
composite of this study. The difference in the calculated bulk density
can be attributed to differences in the manufacturing method, sintering
temperature and microstructure of the composite.

The diagram of compressive strength for pure BT, pure HA, and BT-
HA composite samples after sintering at 1300 °C for 2 h is shown in
Fig. 3b. The compressive strengths values for pure HA, and BT are
24.2 MPa and 220 MPa, respectively. According to Fig. 3b, by adding
BT to HA, the compressive strength of composite samples increases
compared to pure HA (p > 0.05). This can be attributed to the pre-
sence of BT with higher density, which reduces the porosities due to
secondary phases and the decomposition of HA in HA-BT composite,
which helps to increase the compressive strength of samples.

The initial particle size of HA and BT also affects compressive
strength values of dense samples. The addition of the nano-particle
secondary phase to the ceramic matrix increases the surface-to-volume
ratio, and the compressive force is applied to a larger cross-sectional
area. Finally, with higher compressive forces, the fracture occurs [33].
The amounts of vertical and parallel compressive strengths for the
normal bone are 133 MPa and 170-193 MPa [34], however, 60 wt%
BT-40 wt% HA composite can tolerate greater compressive strength
than normal human bone. As a result, a composite of 60 wt% BT-40 wt
% HA can be considered as an optimal composite with considerable
compressive strength. The results of compressive strength for all sam-
ples are higher than the results obtained by Tang et al. [15], for both
pure and composite (90 wt% BT -10 wt% HA and 80 wt% BT -20 wt%
HA) samples produced by casting.

In two separate studies, Dubey et al. [10,21], reported the com-
pressive strengths of 138.3 and 236 Mpa for SP-ed composites con-
taining 40 wt% BT, which were higher than the compressive strength of
normal bone (131 Mpa). Accordingly, the amounts of compressive
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strengths of 50 wt% BT-50 wt% HA and 60 wt% BT-40 wt% HA com-
posites of this study are greater than the compressive strength of normal
bone.

In general, the nature of the primary powder, grain size, and sin-
tering temperature are the essential factors in determining the tough-
ness [35]. As shown in Fig. 3b, pure BT has higher toughness than pure
HA, so the presence of BT secondary phase with higher toughness in-
creases the toughness of the HA-BT composite in comparison with pure
HA (p > 0.05). So far, the toughness of isostatic-pressed HA-BT
composite samples is not reported elsewhere.

Hardness refers to the resistance of a material against the plastic
deformation or the strength of a material against the indentation at the
surface. According to the previous studies, pure BT sample has the
highest degree of Vickers hardness compared with other samples, which
can be attributed to the high bonding energy between oxygen and
barium ions (561.9 *+ 13.4 KJ/mol) (p > 0.05) [36]. Therefore, with
increased bonding energy, further activation energy is required for
bond failure and probably in the presence of BT, even with a low weight
percentage, the composite hardness increases. On the other hand, ac-
cording to the hall patches equation, with decreasing the grain size, the
yield stress also increases [37]. As a result, during the hardness test,
plastic deformation occurs at higher stresses. Therefore, it can be said
that the presence of BT with small grains in the HA matrix can increase
the hardness (p > 0.05) (Fig. 3c). According to Zysset et al. [38], the
hardness of natural human bone is in the range of 0.23 to 0.76 GPa.
Considering this value, the presence of BT with different weight per-
centages (40, 50 and 60 wt%) in the matrix of HA increases the hard-
ness to values higher than that of normal bone. On the other hand, as
shown in Fig. 3c, increasing the relative density leads to a reduction in
hardness. Hardness values of pure HA and 40 wt% BT-60 wt% HA
composite are higher than the corresponding results of Sikder et al.
[32], for conventionally sintered samples. However, they are lower
than the hardness values of SP-ed pure HA, 40 wt% BT-60 wt% HA and
60 wt% BT-40 wt% HA samples reported by Dubey et al. [21]. Al-
though, the hardness decreased, the presence of BT improved the
hardness of the matrix phase, so that the hardness measured for the
samples mentioned was greater than normal bone. On the other hand,
the method mentioned in this study for the prepared of HA-BT com-
posite is economical compared to the SPS method. In fact, the difference
in the reported hardness values can be attributed to differences in the
method of manufacture, sinter and microstructure of the HA-BT com-
posite. It is important to note that the presence of 50 wt% BT improved
the hardness of the matrix HA phase. By comparing the hardness values
obtained for the 40 wt% BT-60 wt% HA, 50 wt% BT-50 wt% HA and
40 wt% BT-60 wt% HA composites, it can be said that the composite
containing 50 wt% BT has the highest hardness than other composites.
According to the study by Dubey et al. [10], only the compressive
strength of the 40 wt% BT-60 wt% HA, 50 wt% BT-50 wt% HA com-
posites have been investigated and the hardness has not been measured
for the mentioned composites. It should be noted that there is not much
research on the microstructure, physical and mechanical properties of
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Fig. 4. a) The variations in dielectric constant and loss for pure and composite samples at the frequency of 1 kHz and Curie temperature of b) pure BT and c) 60 wt%

BT-40 wt% HA composite at 1 kHz frequency.

composite containing 50 wt% BT and the information provided in this
study is for reporting.

An important and similar point in this study to other studies is that
the addition of BT with different weight percentages improves the
mechanical properties of the HA phase.

3.5. Dielectric and electrical behavior

According to Fig. 4a, by increasing the BT content, the dielectric loss
(D) of the composite samples decreases. The reason is the lower amount
of porosities and the higher densities of composite samples compared
with pure HA [29]. The composite sample containing 60 wt% BT shows
the smallest amount of dielectric loss at the frequency of 1 kHz
(p > 0.05). According to Pen et al. [39], studies, a high value of tan &
is attributed to the trapping of electrons inside the cavities.

In this study, the dielectric loss values of pure BT, pure HA, and
40 wt% BT-60 wt% HA composite samples are lower than those re-
ported by Bowen et al. [24] (samples made by pressureless sintering).
For 60 wt% BT-40 wt% HA composite sample, the measured tan § is
lower than the results of Dubey et al. [12], for similar composite (made
by SPS). The variations in the dielectric constant (e,) of all composites
with BT content are shown in Fig. 4a. The 60 wt% BT-40 wt% HA
composite with a dielectric constant of 46.50 has the highest value
compared to other composite samples. Therefore, the coupling of low-
dielectric constant HA with BT causes a sudden decrease in the capacity
and dielectric constant of all composite samples compared with pure BT
(p < 0.05). In fact, due to the development of parallel polarization in
the presence of two phases with different weight percentages and dif-
ferent electrical conductivity, a composite sample containing 60 wt%
BT has the highest amount of dielectric constant and lower dielectric
loss at room temperature, along with a low frequency of 1 kHz com-
pared to other composites (p > 0.05). Based on previous studies,
factors influencing the dielectric constant are microstructure, distribu-
tion of crystalline phases alongside each other, and the density of the
sample [24,29]. The dielectric constants values of 60 wt% BT-40 wt%
HA and 40 wt% BT-60 wt% HA composite samples of this study are
higher than the results reported by Dubey et al. [12], for similar com-
posites made by SPS. According to the reports of Bowen et al. [24], The
dielectric constant of pressureless sintered BT sintered by pressureless
sintering method is less than the dielectric constant of the pure BT
sample of this study. Additionally, the measured dielectric constant
value for pure HA sample is lower than the results reported by Bowen
et al. [24].

The values of dielectric loss and dielectric constant of HA-
BTcomposite containing 50 wt% BT are than than 60 wt% BT-40 wt%
HA and higher than 40 wt% BT-60 wt% HA composites. This difference
can be attributed to the weight percent of BT, the amount of porosities
in the microstructure, the presence of secondary phases, and the sample
density.
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The piezoelectric coefficient of pure BT is approximately 28 pC/N.
Since the piezoelectric coefficient decreases with decreasing the grain
size [40], the piezoelectric coefficient measured for pure BT is also
lower than the reported value of Vouilloz et al. [29]. It can be attributed
to the lesser degree of freedom of the spheres during the polarization
process and the inhibition of adjacent grains to form a bipolar domain
in other grains [41]. Although, the piezoelectric coefficient of BT is
higher than the corresponding values reported for normal bone
(0.7 PC/N) [29], the piezoelectric coefficient of pure HA is almost zero,
which is in agreement with the values reported by Dubey et al. [21].
The piezoelectric coefficients of all composite samples are approxi-
mately zero. According to Bowen et al. [24], piezoelectric coefficients
greater than zero can be expected for composites containing more than
80 wt% BT.

Fig. 4 b and c demonstrate the temperature dependence of the di-
electric constant for pure BT and the 60 wt% BT-40 wt% HA composite
samples. As seen, the Curie temperature for pure BT and the 60 wt% BT-
40 wt% HA composite samples are 110 °C and 97 °C, respectively.
However, the Curie temperature of micron-sized BT reported in the
literature is about 120 °C [40]. For 60 wt% BT- 40 wt% HA composite
sample with nano-sized grains, this value ranges from 97 °C to 122 °C
[42]. According to Tan et al. [40], decreasing the grain size reduces the
Curie temperature.

3.6. Bioactivity evaluation

Fig. 5 (a, ¢ and d) shows the SEM images of pure HA, composite
60 wt% BT-40 wt% HA and pure BT samples immersed in SBF solution
for 28 days. It should be noted that only the bioactivity of the 60 wt%
BT-40 wt% HA composite has been studied among other composites.
The reason for this choice is the optimum microstructure and me-
chanical properties of this composite compared to other composites.
Fig. 5a shows the morphology of the apatite crystals formed on the pure
HA sample.

According to Fig. 5a, the surface of the sample is completely covered
with a layer of apatite crystals. The EDS pattern of the apatite formed
on the surface of the pure HA sample after immersion in the SBF is
shown in the left corner of Fig. 5a. In this pattern (Fig. 5a), the char-
acteristic peak of the apatite-containing elements—including Ca, P, and
O—have high intensity. In fact, by immersing in the SBF, the ions in the
SBF solution move towards the sample surface. In this case, the entry of
ions—and even their dissolution at the sample surface—provide nu-
cleation areas with less surface energy for nucleation of apatite crystals
[43].

On the other hand, according to Kokubo et al. [26], the apatite
crystals formed on the surface of ceramic and composite samples have a
Ca/P ratio of 1.67. The morphology of 60 wt% BT-40 w% HA composite
and pure BT samples are shown in Fig. 5 ¢ and d, respectively, it can be
seen that apatite crystals and NaCl salt formed on the surface of the
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Fig. 5. Morphology of apatite crystals formed on the surface of samples after immersion in SBF: a) pure HA, b) line EDS analysis of apatite crystal formed on the
surface of pure HA, c) 60 wt% BT- 40 wt% HA composite, d) pure BT, e) line EDS analysis from HA and BT phases and salt deposits of NaCl. AFM topography of (f, g)
pure HA and (h, i) 60 wt% BT-40 wt% HA composite, before and after immersion in the SBF, respectively.

samples. In fact, the formation of NaCl salt deposits on the surface of
both samples due to the insolubility, and no entry of ions into the
sample surface at locations with the presence of BT phase. In this case,
the places of apatite nucleation reduced. However, in the 60 wt% BT-
40 wt% HA composite sample due to the presence of HA, the number of
apatite crystals formed on the surface increased compared with pure BT
sample. Because fine particles of HA in the composite, help to absorb
and deposit minerals with calcium content [36]. As a result, according
to the pattern of EDS analysis shown in the left-hand side of Fig. 5c, the
presence of salt crystals and the deviation from the Ca/P ratio of 1.67
for apatite crystals formed on the surface of 60 wt% BT-40 wt% HA
composite, this composite does not have a biomedical application [26].
Finally, the EDS pattern in Fig. 5e confirms the presence of Ca, P, O, Ba,
Ti, Na, and Cl elements on the surface of pure BT.

To demonstrate the formation of apatite crystals on the surface of
pure HA and 60 wt% BT-40 wt% HA composite, we examined the
surface topography of the samples before and after immersion in SBF.
By comparing the images in Fig. 5 f and g and reducing the roughness of
542.7 for a pure HA sample, it can be concluded that the sedimentation

of apatite after immersion in SBF is completely uniform on the surface
of the pure HA sample. According to studies of Kokubo et al. [26], the
formation of a surface layer of apatite crystals on the surface of ceramic
and composite samples after immersion in SBF indicates the bioactivity
of the samples. Consequently, the presence of apatite crystals on the
surface of the HA sample by atomic force microscopy indicates the
bioactivity of the pure HA sample. According to Fig. 5 h and i, the
roughness reduction of the 60 wt% BT-40 wt% HA composite sample
due to apatite and salt depositions on the surface, was 186.9 nm.

On the other hand, by comparing Fig. 5 g and i, the apatite sedi-
ments formed on the surface of the pure HA sample were much more
uniform than 60 wt% BT-40 wt% HA composite. The weight changes of
the samples (Table 1) before and after immersion in SBF confirm the
presence of the apatite crystals on the surface of the samples. Also, by
decreasing the HA content in the 60 wt% BT-40 wt% HA composite, a
considerable weight change after immersion in SBF solution have been
observed. This behavior indicates the contribution of BT in preferential
apatite precipitation around the HA grains in this sample.

In this paper, the bioactivity of samples is evaluated in the absence

Table 1
Weight changes of pure HA and 60 wt% BT-40 wt% HA composite before and after immersion in SBF for 28 days.
Composition (Wt%) Weight before immersion (g) Weight after immersion (g) Weight changes (g)
Pure HA 0.6827 0.6856 0.0029
60 wt% BT-40 wt% HA 0.2952 0.2979 0.0027
Pure BT 1.1901 1.1915 0.0014
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Fig. 6. a) Live/dead staining of DPSCs cultured for 1 day on pure HA, pure BT, and composite samples containing 40, 50 and 60 % wt BT. The live green cells seem to
have normal morphology. Red dead cells were very few on all samples. b) Results of PrestoBlue assay after 1, 3, and 7 days culture of DPSCs on samples. c) Alkaline
phosphatase activity (ALP). Each value is mean * sd, n = 5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

of a polarization process. It was suggested that by polarizing the sam-
ples, more favorable conditions for the formation of apatite crystals on
the surface of the specimens could be provided after immersion in the
SBF solution. Mythili Prakasam et al. [42], obtained significant results
for the formation of apatite crystals on immersed polar specimens, and
we are also trying to investigate it in future studies.

3.7. Biocompatibility evaluation

The viability and proliferation of DPSCs on the scaffolds were de-
termined both quantitatively by ProstoBlue assay and qualitatively,
with live/dead staining. As shown in Fig. 6a, no evidence of cell death
(red fluorescence) is observed on the surface of our scaffolds, and DPSC
distribution and proliferation was similar in all composite scaffolds.
Increasing the cell density with culture time in all samples confirm
excellent biocompatibility and no cytotoxic effects of scaffold materials
and process (Fig. 6b). Although there is no significant difference be-
tween composite scaffolds and pure HA in our study, Ohgaki et al. [44],
reported reduced cell proliferation in the polarized composite samples
compared to the pure HA. However, in the study of Dekhtyar et al. [45],
an increase of cell proliferation was found on composite samples
compared to pure HA surface. One explanation for the variations in
cellular responses seen in these studies is that the scaffolds used in the
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various experiments have different surface roughness and topology;
also, cell types used in the studies are different [19]. In this study, the
cellular density on the pure BT scaffolds is significantly lower than that
on the other scaffolds (p < 0.05). Therefore, although all samples
could support the proliferation of cells over time, the pure BT scaffolds
have less affinity for cell attachment and subsequent proliferation of
seeded cells. There is no significant difference between the three
composite scaffolds (40, 50, and 60% wt BT). Ciofani et al. [46],
showed that even robust mechanical properties of the high percentage
of BT doped poly(lactic-co-glycolic) acid/BT composite scaffolds are
considerably higher than the low percentage structures, but cell pro-
liferation is similar (p > 0.05). Also, Tang et al. [15], reported no
significant difference in the growth of osteoblasts on the composite
scaffolds containing different contents of BT (80 and 90 wt% BT) and
found same biocompatibility as the pure HA in these composite sam-
ples.

As a final test, the ALP activity of DPSCs on pure and composite
scaffolds was assessed (Fig. 6¢). Interestingly, after a 3-day incubation,
the ALP activity in pure BT is more than other groups (p < 0.05), but
after 7 days there is no significant difference between all groups. This
result is in contrast to the result of Tang et al. [15], who reported more
ALP activity in pure HA than pure BT, 80 wt% BT-20 wt% HA and 90 wt
% BT-10 wt% HA composites. However, the cell used in their study was
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osteoblast. Teixeira et al. [47], reported similar ALP activity for cultures
on the composite membrane containing BT and poly (vinylidene
fluoride-trifluoroethylene) at 14 days. In this study, all samples were
cultured in the regular culture medium. The effects of culturing samples
in osteogenic medium and the impact of BT on the differentiation of
stem cells should be considered in future research.

4. Conclusion

In this paper, composite samples of HA-BT were produced through
mechanical milling and non-pressure sintering. Sol-gel synthesized HA
and commercial BT were the two components of the composite. The
production of composite samples of HA-BT has been used to improve
the physical, mechanical, and electrical properties of these samples by
using universal cold press and pressure-less sinter. In this way, the re-
sults obtained in this study are almost near the results reported in the
spark plasma sintering method. The presence of BT as a secondary
phase reduces the porosity and relative density and increases the bulk
density and mechanical properties of composite samples, especially the
60 wt% BT-40 wt% HA composite. Improving the mechanical proper-
ties after adding up to 60 wt% BT can be attributed to the size of the
initial particles of HA and BT, the number and size of the porosities in
the composite and the activation energy needed to fracture the bonds.
The results of biocompatibility assays show that all samples are bio-
compatible, and there is no significant difference between pure HA and
composite scaffolds in term of cell proliferation and ALP activity.
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