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Recently, porous bioceramics are widely used in bone tissue engineering in order to the regeneration of
damaged tissues. Piezoelectric effect in bone plays a very important role in bone regeneration. Therefore,
the purpose of this study was the fabrication of porous barium titanate (BT)/nanobioglass (nBG) scaffold
(vol.% BT = 75% and 90%) with high piezoelectric coefficient by freeze casting technique. For this pur-
pose, BT and nBG powders were synthesized using solid-state and sol-gel methods, respectively. Partial
recrystallization of nBG phase during sintering process occurred. The highly oriented lamellar
microstructure of the fabricated BT90/nBG10 scaffold with open/interconnected porosities observed. The
BT75/nBG2S composite scaffold exhibited higher value of density (1.18 £ 0.1 g/cm3) and lower amount of
porosities (77 £ 1%) compared to the BT90/nBG10 scaffold (0.99 & 0.1 g/cm3 and 82 + 1%). The
piezoelectric coefficients of the BT90/nBG10 and BT75/nBG25 composite scaffolds obtained 36 pC/N and 24
pC/N which were much higher than that of the natural human bone. The BT75/nBG25 scaffold showed
more compressive strength (16.9 &+ 1.1 MPa) than that of BT90/nBG10 composite scaffold
(8.1 £ 0.3 MPa). The MTT results after 24, 72 and 168 h of culture showed that both composites had
acceptable cell viability and cells were able to adhere, proliferate and migrate into pores of the scaffolds.
Furthermore, cell density and adhesion were little bit higher in the BT75/nBG25 composite. These results
indicated that highly porous barium titanate scaffolds have great potential in tissue engineering applica-

tions for bone tissue repair and regeneration.
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1. Introduction

Porous bioceramics namely scaffolds are widely used in
bone tissue engineering in order to the regeneration of damaged
tissues due to their low solubility, chemical inertness and higher
biocompatibility compared to metallic implants (Ref 1-3).
These structures containing interconnected micro- or macro-
porosities facilitating osseointegration and formation of con-
nective tissue in the bone/implant interface especially for
bioactive ceramics (Ref 4). Porosity characteristics play an
important role in bone regeneration. The amount of intercon-
nected porosities, morphology and orientation strongly affects
cell penetration in porous ceramics and consequently bone
formation (Ref 5). However, it should be noted that large size of
porosities and high amount of porosities make the mechanical
strength unsuitable for biomedical applications (Ref 6). It has
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been found that porous ceramics with micro-porosities have
higher compressive strength in comparison with macro-porosi-
ties (Ref 7).

In a study, porous hydroxyapatite (HA) scaffold was
fabricated using a two-step freeze casting method by Tang
et al. (Ref 8). Compressive strength of 22.4 MPa was achieved
for the fabricated scaffold that is close to bone strength which
can be considered as a suitable material for bone restoration.
Fabrication of composite scaffolds made of bioactive glass
(BG) and gelatin matrix by sol-gel method was studied by
Nadeem et al. (Ref 9). The results showed that the scaffolds
with an average porosity of 170 um were obtained, which has
high ability of apatite formation. The main advantage of BG is
its high rate of surface reactions, which results in rapid bonding
with tissues (Ref 10). However, these materials have some
limitations for use as monolithic parts such as low mechanical
strength and fracture toughness (Ref 11). Therefore, the use of
BG is not suitable for load-bearing applications. But high
bioactivity of these materials made them a suitable case for use
in bio-composites (Ref 12).

Bone regeneration in BG scaffolds with oriented microstruc-
ture was evaluated in vivo using a rat calvarial defect model by
Liu et al. (Ref 13). The results showed that BG scaffolds with
50% porosity and pore size of 50-150 pm showed 55% of bone
formation after 24 weeks. Another sample with 80% porosity
showed 46% of bone formation after 24 weeks. The results
show that both scaffolds can be suitable for bone tissue
engineering. It has been shown that interconnected pores with
average porosity diameter of 100 um in scaffolds could be
achieved for the amount of porosity higher than 50%. In this
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condition, tissue growth within the pores and the bio-function-
ality of the porous scaffold can be facilitated (Ref 14).

Different techniques have been reported for fabricating
bioactive glass scaffolds such as sol—gel (Ref 15), replication of
polymeric foam (Ref 16), thermally bonding of particles or
fibers (Ref 17) and freeze casting (Ref 18). Among these
techniques, freezing casting process is an appropriate method
for the production of scaffolds due to its oriented microstructure
which results in increasing compressive strength of these
structures (Ref 19). It has been reported that compressive
strength of scaffolds with directional microstructure is higher
than that of random-orientated microstructures (Ref 19).

Piezoelectric effect in bone containing an outer hard layer of
collagen and soft internal tissue was discovered for the first
time in 1957 by Fukada et al. (Ref 20). In this research, the
direct and inverse piezoelectric effect of the bovine bone was
proved. The linear relationship between the dipoles and the
stress or electric field and strain is observed, which demon-
strated the piezoelectric effect in the bovine bone. Piezoelectric
coefficient of 0.7 pC/N has been observed in bone tissue (Ref
21). It has been proved that the piezoelectric effect in bone
plays a very important role in bone regeneration (Ref 22).
Therefore, the use of biocompatible piezoelectric materials can
be useful for bone healing process. Barium titanate (BT) is one
of the most widely used piezoelectric materials for biomedical
applications due to its high biocompatibility and suitable piezo-
electric property (Ref 23, 24).

Therefore, the use of bio-composites scaffolds containing a
bioactive component (such as BG) and a piezoelectric compo-
nent (such as BT) can be effective in improving the osseoin-
tegration process. Here, the most similar researches on the
electrical and biological properties of piezoelectric bio-com-
posites are discussed. In a recent study, HA/BT composite
scaffold with different compositions and amount of porosities
fabricated by freezing casting method (Ref 23). The sample
containing 10 wt.% HA and 90 wt.% BT showed the highest
compressive strength of 14.5 MPa and the lowest porosity of
57.4% compared to the other samples. The piezoelectric
coefficient of 1.2 pC/N and 2.8 pC/N obtained for composite
containing of 70 wt.% BT and 90 wt.% BT, respectively, which
are higher than bone piezoelectric coefficient. Increasing the
amount of solid load in the initial suspension leads to an
increase in the piezoelectric coefficient in these composite
scaffolds. No cell toxicity was observed for the prepared
scaffolds in the MTT tests. Dense HA/BT composites were
fabricated by Baxter et al. (Ref 25). Piezoelectric coefficient of
57.8 pC/N was observed in HA/BT composites. The composite
biocompatibility was also demonstrated by biological tests. No
indication of the cytotoxicity of HA/BT composite was
observed. In the recent study, BT/akermanite composite
scaffolds with the suitable piezoelectric coefficient for bone
defect recovery were fabricated by freeze casting method (Ref
26). High dj; of 4 pC/N was obtained for the composite
scaffold with 90 wt.% BT. MTT assay indicated that the
prepared composite scaffolds have no cytotoxicity on the
human bone marrow mesenchymal stem cells.

In the present work, biocompatible nBG/BT composite
scaffold with high piezoelectric coefficient was fabricated by
freeze casting method. The main goal of this study was to
evaluate the microstructural, mechanical, piezoelectric coeffi-
cient and biocompatibility of the prepared scaffolds. The
amount of BT phase was selected as high as possible in these
composites because of two reasons. On the one hand, by
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increasing the amount of nBG phase, liquid phase increases
during the sintering process, which fills the pores and changes
the microstructure of the composite scaffold. On the other hand,
a high amount of BT is required to achieve a high piezoelectric
coefficient in the composites. The obtained results were
compared with compact and cancellous bone.

2. Experimental

2.1 Materials Preparation

The solid-state method was used for synthesizing of BT
powders. BaCO5; (Merck, purity > 99%) and TiO, (Merck,
purity > 99%) powders were used as starting materials. BaCO;
and TiO, powders were mixed with equal molar ratio using
planetary mill in polymeric jar and zirconia balls in acetone
medium. The ball to powders mass ratio, rotation speed and
milling time were 5:1, 150 rpm and 5 h, respectively. The
mixed powders were dried at 55 °C during stirring and calcined
at 1000 °C for 5 h and finally pulverized.

Nano-bioactive glass powders (nBG, 63 mol.% SiO,,
28 mol.% CaO and 9 mol.% P,0s) were prepared by sol-gel
method using 2 N HCI (Merck), CaNO5-4H,0 (Sigma-Aldrich,
99%), (C,Hs0);PO (Sigma-Aldrich) and Si(OC,Hs), (Sigma-
Aldrich, 99%) as reported by Fathi et al. (Ref 27).

2.2 Scaffold Fabrication

The prepared BT and nBG powders were mixed with
different compositions using a Spex shaker mill. Deionized
water, polyvinylalcohol (PVA) and ammonium polyacrylate
(Dolapix CE64) were used as freezing agent, binder and
dispersant, respectively. The prepared slurries were put into a
cylindrical die and frozen at — 40 °C with a cooling rate of
— 1 °C/min. After that, the frozen samples were freeze-dried at
— 55 °C and pressure of 10~ > mbar for 48 h. Finally, the dried
samples were sintered at 1250 °C for 2 h. The conditions of
scaffolds fabrication are presented in Table 1.

2.3 Characterization

2.3.1 Phase Analysis. X-ray diffraction (XRD) analysis
(Philips XPert System, Cu k,) was performed for phase
identification of the synthesized materials and sintered BT/nBG
composite scaffold.

2.3.2 Microstructural  Characterization. Microstruc-
tures of the synthesized powders, as well as porosity charac-
teristics of the fabricated scaffolds, were analyzed by field
emission scanning electron microscope (TESCAN MIRA3;
Czech Republic).

2.4 Properties

2.4.1 Physical Properties. Density and total porosity of
the fabricated scaffolds were measured according to the C-373
ASTM standard. Based on this standard, the samples were
boiled in deionized water for 5 h and immersed for 24 h.
Saturated and suspended weights of the samples were measured
using a scale with an accuracy of 0.0001 g. Dry weights were
also measured after heating of the specimens in an oven at
150 °C for 5 h. Apparent density and total porosity of the
samples were calculated using Archimedes’ principle.
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Table 1 Freeze casting conditions and composition of the prepared samples

Sample BT, vol.% nBG, vol.% Solid loading, vol.% Cooling rate, °C/min PVA, wt.% Dolapix, wt.%
BT90/nBG10 90 10 25 1 1 0.5
BT75/nBG25 75 25 25 1 1 0.5

2.4.2 Mechanical Properties of the Fabricated Scaf-
folds. The compressive strength of the fabricated composite
scaffolds was carried out using SANTAM-20 mechanical
testing machine at a rate of 0.1 mm/min. The results of
compressive strength were reported after 5 repetitions.

2.4.3 Piezoelectric Coefficient Measurement. In order
to measure the piezoelectric constant (ds3), the sintered samples
were electrically poled by applying the corona poling using the
DC voltage of 14 kV at 110 °C for 30 min. The heights of
cylindrical sintered ceramics were about 30 mm. The values of
d;; were measured using a quasistatic d;; m (Berlincourt-type)
with a frequency of 100 Hz.

2.4.4 Cell Viability and Adhesion. The MTT assay was
conducted according to one of our previous studies (Ref 28).
All experiments were conducted for at least 5 times. To
evaluate cell viability of the specimens, each sample was
exposed to ethanol overnight, then sterilized for 3 h by UV
irradiation, and then washed three times with phosphate-
buffered saline (PBS). Thiazolyl blue tetrazolium bromide
(MTT, Sigma, M5655) is dissolved in PBS at a concentration of
5 mg/ml and stored at 4 °C in a dark medium. Adult human
mesenchymal stem cells (hMSC, Lonza Walkersville Inc., MD,
USA) were used in this analysis. The cells were cultured at cell
number of 1.3 x 10 cells/well in 24-well plates and stored for
24 and 72 and 168 h in an incubator at 37 °C and 90%
humidity (RPMI 1640 medium containing 10% fetal bovine
serum (FBS) and 1% Pen Strep). After that, the medium was
removed and 100 ml of culture medium solution containing
10% of MTT was added to each well and incubated for 4 h in a
dark medium at 37 °C. Then, the MTT medium was removed
and 100 pL of dimethyl sulfoxide (DMSO, Merck) was added
to the medium. After 15 min, the solution was analyzed by
ELISA reader at a wavelength of 570 nm. The morphologies of
hMSCs seeded on the samples were observed by SEM.

3. Results and Discussion

3.1 Microstructure and Characterization

Figure 1 shows the FESEM image of the synthesized nBG
powders. Based on the micrograph, it is observable that particle
sizes of the synthesized powders are less than 50 nm which is
closely similar to the other similar studies (Ref 27, 29). XRD
patterns of the synthesized BT powders as well as BT90/
nBG10 scaffold are illustrated in Fig. 2. A single phase of
barium titanate with tetragonal crystal system is characterized
according to JCPDS# 01-079-2264. It can be observed that
high levels of noise appear in the XRD pattern of the fabricated
scaffold comparing to synthesized BT. The significant amount
of noise may be due to the existence of the nBG powders as an
amorphous phase. Besides, the minor values of additional
phases such as cristobalite (SiO,), Ca;SiOs, CaSiO; and
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Fig. 1 FESEM image of the synthesized nBG powders

SigCasP,03, are observed due to the recrystallization of nBG
via sintering process. The formation of these phases should not
be considered as the occurrence of reaction between nBG and
BT.

Figure 3 shows the typical FESEM micrographs of the
sintered BT90/nBG10 composite scaffold. The highly oriented
lamellar microstructure of the fabricated scaffold with open/
interconnected porosities is clearly seen in the FESEM images
of this sample. The average length and width of pores in this
sample were about 158 & 35 and 47 £ 11 pm, respectively. In
the freeze-drying process, the solvent crystals are sublimated,
leading to formation of lamellar pore channels. Similar
microstructures are reported for freeze casting of different
materials (Ref 30-32). FESEM images of the sintered BT75/
nBG25 composite scaffold recorded at different magnifications
are shown in Fig. 4. The microstructure of BT75/nBG25
composite scaffold with inhomogeneous cellular porosities as
well as dense areas is observed. Mean size of porosities in this
sample was about 112 + 48 pm. Several parameters such as
solid loading, freezing rate, rheology of suspension, pH could
affect the microstructure of the freeze-dried scaffolds (Ref 19).
Although the mentioned parameters are constant for both
samples, different microstructures of the scaffolds are observed.
Deville et al. (Ref 33) reported that sintering conditions affect
the microstructure as well as the total porosity of scaffolds. The
only variable parameter in this study is amount of the nBG
phase. It is suggested that by increasing the amount of nBG
phase, the liquid phase increased during the sintering process,
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Fig. 2 XRD pattern of the synthesized BT powders and sintered BT90/nBG10 composite scaffold
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Fig. 3 Typical FESEM micrographs of the sintered BT90/nBG10 composite scaffold recorded at different magnifications
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Fig. 4 FESEM images of the sintered BT75/nBG25 composite scaffold recorded at different magnifications

which fills the pores and changes the microstructure of the
composite scaffold. As mentioned above, in hard tissue
engineering, morphology, size and the type of porosities in
implants are important factors for bone regeneration. Intercon-
nected porosities facilitating osseointegration and formation of
connective tissue in the bone/implant interface. The amount of
interconnected porosities, morphology and orientation strongly
affects cell penetration in porous ceramics and consequently
bone formation (Ref 5). Therefore, it is suggested that the
microstructure of BT90/nBG10 sample could have higher
osseointegration ability than that of BT75/nBG25 sample.

3.2 Physical Properties

Density and porosity results of the sintered composite
scaffolds are presented in Table 2. It is obvious that the BT75/
nBG25 composite scaffold exhibited the higher value of density
(1.18 + 0.1 g/em®) and accordingly the lower amount of
porosities (77 + 1%) compared to the BT90/nBG10 scaffold
(0.99 £ 0.1 g/em® and 82 & 1%). This behavior may be a
consequence of more liquid-phase formation for BT75/nBG25
sample during the sintering process. Comparing the density and
porosity results of the samples shows that the obtained density
and porosity values of fabricated composite scaffolds are close
to the cancellous bone (0.8-1.1 g/cm® and 75-90%) (Ref 26, 34,
35).
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3.3 Piezoelectric Goefficient

The piezoelectric properties of the BT90/nBG10 and BT75/
nBG25 composite scaffolds are presented in Table 2. As
expected, by increasing the amount of BT in composites, the
piezoelectric coefficient of the fabricated scaffolds increased.
This can be due to the presence of BT which is a piezoelectric
material with an asymmetric perovskite crystal structure. This
means the higher value of d;; for BT90/nBG10 (36 pC/N)
comparing to BT75/nBG25 composite scaffold (24 pC/N). The
obtained d33 values of both composite scaffolds were much
higher than that of the natural human bone (0.7 pC/N) (Ref 21)
which could facilitate bone regeneration. Generally, in a porous
piezoceramic with dense walls, the piezoelectric coefficient could
be improved by increasing the size of porosities. This can be due
to decreasing surface area and defects. The effect of porosity size
and orientation on the piezoelectric properties of PZT scaffolds
fabricate by freezing casting method was investigated by Guo
et al. (Ref 36). In their study, it has been shown that porosity size
and orientation have a significant effect on its piezoelectric
coefficient. In their study, a higher piezoelectric coefficient was
obtained for the fabricated scaffold with mean pore size 0of 40 pm
than the scaffold with mean pore size of 25 pm. Although the
volume fraction of the porosities in the fabricated scaffolds was
above 60%, the piezoelectric coefficient of the scaffolds was
between 81 and 93% of its theoretical value (Ref 36).
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Table 2 Comparison between fabricated scaffolds and bone for the piezoelectric coefficient, physical and mechanical

properties

Property BT90/nBG10 BT75/nBG25 Compact bone Cancellous bone
Density, g/cm’ 0.99 £ 0.1 1.18 £ 0.1 1.4-1.9 0.8-1.1
Porosity, % 82 +£1 77 £1 5-30 75-95
Compressive strength, MPa 8.1+£03 169 £ 1.1 50-150 1.3-13

ds3, pC/N 36 0.7 0.7

Statistical analysis was conducted using ANOVA; P < 0.001 (Differences were considered significant for P < 0.05)
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Fig. 5 Compressive stress vs. strain plots of the fabricated BT90/
nBG10 and BT75/nBG25 composite scaffolds

3.4 Mechanical Properties

Figure 5 reveals the compressive stress versus strain plots of
the fabricated BT90/nBG10 and BT75/nBG25 composite
scaffolds. As can be seen, the BT75/nBG25 scaffold showed
more compressive strength (16.9 4+ 1.1 MPa) than that of
BT90/nBG10 composite scaffold (8.1 £ 0.3 MPa). The BT75/
nBG25 composite scaffold showed linear stress—strain behav-
ior, while the BT90/nBG10 composite scaffold showed fluctu-
ations in its stress—strain diagram. This may be due to different
morphologies of the composite scaffolds. As shown in Fig. 4,
the BT75mBG25 composite has high density in the walls
(dense areas) with cellular porosities; while the BT90/nBG10
composite scaffold showed a lamellar microstructure. There-
fore, these fluctuations can be due to the gradual degradation of
the layers. The obtained results of compressive strength of the
fabricated composite scaffolds are in the range of cancellous
bone (1.3-13 MPa) (Ref 37) as indicated in Table 2.

3.5 Cytotoxicity Evaluation

According to ISO 10993-5 standard, reduction of cell
viability by more than 30% is considered a cytotoxic effect. The
MTT results after 24, 72 and 168 h of culture showed that both
composite samples had acceptable cell viability. As indicated in
Fig. 6, the viability of hMSCs on the BT75/nBG25 composite
scaffold is more than 98% (P value < 0.05). The BT90/
nBG10 composite scaffold also had no toxicity since cell
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Fig. 6 Viability of hMSCs on the BT75/nBG25 and BT90/nBG10
composite scaffolds after 24, 72 and 168 h of culture; Differences
were significant for P < 0.01

viability after 1 week was more than 82%. There is no
significant difference between cell viability over the time
(P > 0.05) in BT90/nBG10 composition. Increasing the
amount of nBG phase in BT75/nBG25 composite leads to
increase the viability of hMSCs, which is completely expected.

The morphology of hMSCs on the surface can directly
reflect the biological activity of the material (Ref 24, 28).
Figure 7 shows the growth and adhesion of hMSCs on the
surface of BT/nBG piezoelectric bioceramics. hMSCs are
polygonal and distributed on the material surface, and the
pseudopodium is connected with piezoelectric bioceramics and
neighboring cells. The cells associated with each sample
showed excellent growth, including good cell morphology,
extracellular secretions and intercellular connections. Bioactive
glass (BG) is a widely used bone substitute material, and its
biological activity is generally recognized (Ref 10, 11). h(MSCs
showed a better adhesion on BT75/nBG25 composite sample
(Fig. 7a). This result was completely expected because of the
higher percentage of BG in this composition (Ref 7-11). These
results indicate that the BT75/nBG25 composite scaffold with
improved mechanical and biological properties and high
piezoelectric coefficient could be potentially a suitable candi-
date for hard tissue engineering and bone defect recovery. More
investigations including in vivo studies and further mechanical
properties of the composites are ongoing.
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(a)

Fig. 7 Growth and adhesion of hMSCs on the surface of BT/nBG piezoelectric composites: (a) BT75/nBG25 and (b) BT90/nBG10

4. Conclusions

In this study, BT/nBG piezoelectric scaffolds (vol.%
BT =75% and 90%) as a potential candidate for bone
replacement with high d;; were fabricated using freeze
casting technique. For this purpose, BT and nBG powders
were successfully synthesized using solid-state and sol-gel
methods, respectively. The occurrence of partial recrystalliza-
tion of nBG caused by sintering treatment was observed. The
BT90/nBG10 composite scaffold showed oriented lamellar
morphology and open/interconnected porosities; while BT75/
nBG25 sample exhibited cellular porosities with dense walls.
It was suggested that by increasing the amount of nBG
phase, the liquid phase increased during the sintering process,
which fills the pores and changes the microstructure of the
composite scaffold. The BT75/nBG25 composite scaffold
exhibited higher value of density (1.18 4+ 0.1 g/em®) and
lower amount of porosities (77 £ 1%) compared to the
BT90/nBG10 scaffold (0.99 & 0.1 g/cm® and 82 + 1%). This
phenomenon may be due to higher liquid-phase formation of
BT75mBG25 sample during the sintering process. The
resultant piezoelectric constants for the BT90/nBG10 and
BT75mBG25 composite scaffolds were remarkably higher
than natural human bone, which could facilitate osseointe-
gration. As expected, higher value of d;; for BT90/nBG10
(36 pC/N) comparing to BT75/nBG25 composite scaffold (24
pC/N) was obtained. The BT75/nBG25 scaffold showed more
compressive strength (16.9 + 1.1 MPa) than that of BT90/
nBG10 composite scaffold (8.1 & 0.3 MPa). The BT75/
nBG25 composite scaffold showed linear stress—strain behav-
ior, while the BT90/nBG10 sample revealed fluctuations in its
stress—strain diagram. This may be caused by different
morphologies of the fabricated scaffolds. Comparing the
density and porosity results of the samples shows that the
obtained density and porosity values of fabricated composite
scaffolds are close to cancellous bone. The MTT results after
24, 72 and 168 h of culture showed that both composite
samples had acceptable cell viability. In addition, increasing
the amount of nBG phase leading to increase the viability of
hMSCs up to 98%.
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