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shown to improve its structural stability and cellular biocompatibility properties.6–11
Recently, signiﬁcant research has been invested on improving
the osteoductivity of HAp using electro-thermal polarization
treatment as a surface modiﬁcation technique with a surface
charge between 0.08 and 1.2 mC/cm2 depending on the applied
electric ﬁeld strength and polarization temperature.12–25 The
original concept of polarized HAp to be used as bone graft material was ﬁrst introduced by Yamashita et al.17 during the late
1990s. It was shown that the electrostatic charges present on
poled HAp surfaces can signiﬁcantly accelerate or decelerate
bone-like apatite deposition in simulated body ﬂuid depending
on the surface charge amount and it’s polarity. Following this, a
number of in vitro and in vivo studies have investigated the effect
of electrical charges and polarization conditions on the biological response to polarized HAp toward orthopedic and reconstructive implant applications.18–25 In our previous research, we
have shown that bulk sintered HAp wettability and surface
energy can be tailored by inducing a surface charge through
electro-thermal polarization treatment without introducing any
volumetric effects in the material.21 It has been demonstrated
that the combined inﬂuence of surface charge density, surface
energy, and surface wettability enabled early-stage mineralization as well as signiﬁcantly improved the bone cell adhesion and
growth on electro-thermally polarized HAp compacts depending on the polarity of the surface charge.21 Similar observation
has also been made and showed that water contact angle values
on neutral surface of HAp can be signiﬁcantly decreased from
601 to 251 on positively charged HAp surface under optimum
poling condition.22 Furthermore, the application of polarization
in HAp coating application has also been successfully implemented.24 Our group further strengthens the polarized HAp
research by reporting experimental observations on early-stage
cell anchorage as well as differentiation by vinculin and alkaline
phosphatase protein expression for a range of incubation periods to unveil the bone cell–material interactions.25
However, till date, no experimental investigation has been
carried out to understand electro-thermal polarization treatment
and/or in vitro bone cell–material interactions of electrically polarized HAp ceramics doped with different trace elements, which
can show an additional advantage of matching bone chemistry
along with the original beneﬁts of electrical polarization treatment. For this purpose, based on literature review6–11 and our
own previous research,5,26–29 we have identiﬁed a selected group
of trace elements such as Mg21, Sr21, and Zn21 as potential
dopants. Previous investigation revealed that the presence of
Mg21 can inﬂuence the mineral metabolism and promote
catalytic reactions during the bone remodeling process.30
Mg-doped HAp has also been reported to improve the fracture
strength as compared with pure HAp. Earlier in vitro and in vivo
studies have also indicated that strontium increases osteoclast
apoptosis and enhances preosteoblastic cell proliferation and
collagen synthesis.31,32 On the other hand, Zn has a direct proliferative effect on the osteoblastic cells and a potent and selective inhibitory effect on osteoclastic bone resorption activities.33

The objective of this work was to investigate the inﬂuence of trace
element (Mg21, Zn21, and Sr21) doping on polarization behavior
of sintered hydroxyapatite [HAp, Ca10(PO4)6(OH)2] pertinent to
biomedical applications. For this purpose, commercially procured
phase pure HAp powder was doped with MgO, SrO, and ZnO
dopants in different single, binary, and ternary compositions. All
samples were sintered at 12001C for 2 h and subsequently electrothermally polarized via application of an external dc ﬁeld (2.0 kV/
cm) at 4001C. Combined addition of 1 wt% MgO/1 wt% SrO in
HAp was found to be the most beneﬁcial in enhancing the polarizability (stored charge B4.19 lC/cm2) of pure HAp (stored
charge B2.23 lC/cm2) by inhibiting high-temperature HAp phase
decomposition. Furthermore, in vitro bone cell–material interaction has been studied for polarized binary doped (1 wt% MgO11
wt% SrO in HAp) HAp samples by culturing with human fetal
osteoblast cells for a maximum of 7 days to establish the signiﬁcance of dopants on polarized HAp for bone graft applications. Scanning electron microscope images of cell morphology
revealed that favorable surface properties and dopants chemistry
led to good cellular adherence and extracellular matrix formation on negatively charged surfaces of binary doped HAp samples in comparison with undoped HAp surfaces. MTT assay
results at 7 days showed the highest cell proliferation on negatively charged surfaces of binary doped HAp samples.
I. Introduction

H

[HAp, Ca10(PO4)6(OH)2] has been recognized as one of the most widely researched bioceramics due
to its excellent biocompatibility; ability to promote cellular functions, and protein expressions in both in vitro and in vivo conditions. It is commonly used as a ﬁller to replace amputated
bone or as a coating on load-bearing orthopedic implants to
promote bone ingrowth.1,2 However, one of the major drawbacks of synthetic HAp is its inferior osteogenic capacity and
poor mechanical strength compared with the living bone tissue,
and this has been attributed to the subtle but signiﬁcant chemical difference found in the structure. Earlier studies show that
natural bone contains different trace elements such as Mg21,
Sr21, Zn21, F, and CO2
3 , which play an important role in
biological and mechanical performances of bone and this subtle
but signiﬁcant chemical difference found in the natural bone
structure has been attributed to the one of the important reason
of lower osteogenic capacity as well mechanical properties of
synthetic HAp.3–5 In recent years, several studies have been
reported on the synthesis of metal ion substituted HAp and
YDROXYAPATITE

J. Ferreira—contributing editor

Manuscript No. 27976. Received May 5 2010; approved October 4 2010.
This work was ﬁnancially supported by the Ofﬁce of Naval Research under the grant no.
N00014-01-05-0583, and the National Institutes of Health under the grant no. NIH-R01EB-007351.
w
Author to whom correspondence should be addressed. e-mail: amitband@wsu.edu

1281

1282

Journal of the American Ceramic Society—Bodhak et al.

Therefore, it is important to incorporate these trace elements
into synthetic HAp to improve its mechanical and biological
performance. Furthermore, it has been observed that the HAp
lattice easily incorporates these metallic dopants in the apatite
structure, inducing modiﬁcations in the lattice parameters and
the thermal stability. Therefore, we hypothesize that the poling
behavior of HAp can be optimized by doping these trace elements that have a signiﬁcant inﬂuence on the structural stability
of HAp and further the combined inﬂuence of dopants and
polarization may assist in designing bone graft materials that
can permit rapid cell growth while providing the initial biomechanical support required for the restoration of ambulatory
function. In the present report, we have investigated how the
various dopants in different single, binary, and ternary compositions inﬂuence the polarization behavior of HAp and evaluated the combined inﬂuence of dopants and surface charge
on bone cell interactions on polarized doped HAp surfaces in
in vitro condition.

II. Materials and Methods
(1) Sample Preparation
Commercially procured phase pure HAp (Berkley Advanced
Biomaterials Inc., Berkeley, CA) was doped using 1.0 wt%
MgO, 1.0 wt% SrO, and 0.25 wt% ZnO as dopants
(99.9% purity) in different single, binary (1.0 wt% MgO11.0
wt% SrO), and ternary (1.0 wt% MgO11.0 wt% SrO10.25
wt% ZnO) compositions. The amount of dopants was selected
based on our previous research and the reported literature. Previous investigation showed that the selected dopants improved
the biological and mechanical properties of calcium phosphate
ceramics when used in trace amount.5,9,27,29 Speciﬁc amounts of
dopants were added into HAp and the mixtures were wet ball
milled in ethanol media for 24 h at 70 rpm. After ball milling,
powders were then placed in an oven at 801C for 72 h for drying.
Dried powders were then pressed using a uniaxial press to form
disks [diameter (F) B12 mm and height (h) B1 mm] and sintered in air at 12001C for 2 h in a conventional mufﬂe furnace.
(2) Phase Analysis and Density Measurement
Phase analyses of ground powders prepared from sintered samples were performed using an X-ray diffractometer (Philips PW
3040/00 X’pert MPD, Eindhoven, the Netherlands) using Cu
Ka radiation at 30 kV and 35 mA with a Ni ﬁlter. The bulk
densities of the sintered doped and undoped HAp were measured by the Archimedian’s method.34 The amount (the wt%
fraction) of different phases (i.e., HAp, b-tricalcium phosphate
(TCP), tetra tricalcium phosphate (TTCP), CaO) present in the
sintered undoped and doped HAp samples was quantitatively
determined by using the ratio of the relative intensities of the
most prominent or highest diffracted XRD peaks of the respective phases by the the following equation35:
WCalculated Phase ¼

ICalulated Phase
P
ICalculated Phase þ IOther Phase

(1)

where WCalculated Phase is the wt% of the calculated phase,
ICalculated Phase is the relative intensity or the peak height of the
most prominent XRD peak of the corresponding phase, and
IOther Phase is the relative intensity of the most prominent XRD
peaks of other phases.
To compare densiﬁcation of different doped and undoped
sintered samples, relative densities (% theoretical) were calculated from the theoretical densities of the starting powders. The
theoretical densities of the different sintered samples were calculated using rule of mixture based on XRD phase analysis
results using the the following equation34:
1
T:D: ¼ P Wx
Dx

(2)
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where T.D. is the calculated theoretical density of the sintered
sample, Wx is the wt% of the phase x present in the sample, and
Dx is the theoretical or powder density of the corresponding
phase x. For sintered sample theoretical density calculation, the
theoretical densities of HAp, b-TCP, TTCP, and CaO were
taken as 3.16, 3.07, 3.06, and 3.35 g/cm3, respectively.

(3) Electro-Thermal Polarization and Thermally Stimulated
Depolarization Current (TSDC) Measurement
Electro-thermal polarization was carried out on the sintered and
polished undoped and doped HAp samples in air, using platinum electrodes with a Keithley 6487 picoammeter (Keithley
Instruments Inc., Cleveland, OH) and a ceramic strip heater
(OMEGA Engineering Inc., Stamford, CT). During polarization, the samples were slowly heated from the room temperature
to the polarization temperature (Tp) with a controlled heating
rate of 51C/min and soaked at Tp for 1 h before applying a dc
voltage. A dc electrical ﬁeld (Ep) of 2.0 kV/cm was applied for
1 h at Tp and maintained until the sample cooled to the room
temperature. The polarity of the induced surface charges depends on the applied external dc ﬁeld polarity, while the magnitude of the stored charge depends on the polarization
temperature. In order to estimate the stored static charge due
to the polarization operation, TSDC technique was used.36 Polarized HAp samples were heated at a rate of 51C/min up to
5501C and the thermally stimulated release depolarization current was measured using a Keithley 6487 picoammeter. The
stored electrical charge was calculated from the TSDC spectra
using the the following equation.21
Z
1
JðTÞdT
(3)
Qp ¼
b
where Qp denotes the stored charge density b and J(T) are the
heating rate and the current density, respectively.

(4) In Vitro Bone Cell–Material Interactions
In vitro cytotoxicity behavior of poled, and unpoled undoped
and doped HAp samples was evaluated to investigate the inﬂuence of the dopants and polarization on osteoblast cells. For this
purpose, based on the TSDC study results, binary-doped HAp
samples were selected and used in bone cell–material interaction
study because the combined addition of 1 wt% MgO/1 wt%
SrO in HAp was found to be the most beneﬁcial in enhancing
the polarizability of HAp. For comparison, undoped HAp samples were used as control. In vitro cytotoxicity behavior of all
negatively charged, positively charged, and unpoled binary
doped as well as undoped HAp samples was evaluated for 3
and 7 days of incubation using human fetal osteoblast cells
(hFOB). The cells used were derived from an immortalized,
osteoblastic cell line, established from human fetal bone tissue.
All samples were sterilized by autoclaving at 1211C for 20 min
before cell culture experiment. Following this, cells were seeded
onto HAp samples polarized at 4001C, placed into the wells
of a 24-well plate with either the negative-charged (‘‘N’’ poled)
or positive-charged (‘‘P’’ poled) surfaces facing upward.
Nonpolarized undoped as well as doped HAp samples were
used as controls in our investigation. Initial cell density was
1.0  104 cells/wall. One milliliters of DMEM media enriched
with 10% fetal bovine serum was added to each well. Cultures
were maintained at 341C under an atmosphere of 5% CO2 and
95% air in an incubator. The culture media were changed every
alternate day during the duration of the experiment. From here
on, the negatively polarized surface will be termed as ‘‘N’’ poled
surface and positively polarized surface as ‘‘P’’ poled surface.
(A) Cell Morphology: Cells morphology was assessed by
scanning electron microscope (SEM) observation after 7 days of
culture period. Cultured samples for SEM observation were
rinsed with 0.1M phosphate-buffered saline (PBS) and ﬁxed
with 2% paraformaldehyde/2% glutaraldehyde in 0.1M cacodylate buffer overnight at 41C. Following this, post ﬁxation for
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each sample was made with 2% osmium tetroxide (OsO4) for 2 h
at room temperature. Fixed samples were then dehydrated in an
ethanol series 30%, 50%, 70%, 95%, and 100% three times,
followed by a hexamethyldisilane drying procedure. Dried samples were then mounted on aluminum stubs, gold coated, and
observed under a ﬁeld-emission SEM (FEI Inc., Hillsboro, OR).
(B) Cell Proliferation Using MTT Assay: The MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay (Sigma Inc., St. Louis, MO) was performed for 3 and 7 days
of incubation to determine hFOB cell proliferation on polarized
as well as nonpolarized doped and undoped HAp surfaces.
Triplicate samples per group were evaluated and three data
points were measured from each sample. The MTT (Sigma) solution of 5 mg/mL was prepared by dissolving MTT in PBS, and
was ﬁlter-sterilized using a ﬁlter paper of 0.2 mm pore. The MTT
was diluted (100 mL  900 mL) in DMEM/F12 medium. One
milliliter of diluted MTT solution was then added to each sample in 24-well plates. After 2 h of incubation, 1 mL of solubilization solution made up of 10% Triton X-100, 0.1 N HCl,
and isopropanol was added to dissolve the formazan crystals.
One hundred microliters of the resulting supernatant was transferred into a 96-well plate, and read by a plate reader at 570 nm.

(5) Statistical Analysis
Triplicate samples were used in all the experiments to ensure
reproducibility. Data for densiﬁcation and MTT assay are
presented as mean7standard deviation. Statistical analysis
was performed on relative densities of different sintered samples and MTT assay results using Student’s t-test and a P-value
o0.05 was considered signiﬁcant.
III. Results and Discussion
(1) Phase Evaluation and Densiﬁcation
Figure 1 presents the XRD spectra acquired from commercially
procured HAp powder, as well as sintered undoped and doped
HAp samples. The XRD pattern from commercial powder
shows only characteristic peaks of HAp phase, which match
well with the JCPDS card (09-0432) as shown in Fig. 1(a). However, XRD pattern from sintered HAp reveals that both undoped and doped HAp samples with different concentrations of
dopants exhibit characteristic HAp [Ca10(PO4)6(OH)2] peaks
along with the varying concentration of b-TCP phase (JCPDS
No. 09-0169) and the occasional presence of the weak additional

peaks correspond to TTCP (JCPDS No. 25-1137) and CaO
(JCPDS No. 04-0777). It can be recalled earlier that research
reports have proved that the sintering of HAp can lead to the
dehydroxylation (removal of OH) and partial thermal decomposition of HAp into varying amount of TCP, CaO, and/or
TTCP phases depending on several factors such as sintering
temperature, heating atmosphere, starting powder physical
properties etc.37–39 In Fig. 1(a), XRD pattern from the undoped
HAp reveals the dominant presence of b-TCP phase (JCPDS #
09-0169) along with characteristic peaks of HAp phase. The
decomposition of HAp into b-TCP occurs at a temperature
49001C according to the the following equation:
Ca10 ðPO4 Þ6 ðOHÞ2 ! 3Ca3 ðPO4 Þ2 þ CaO þ H2 O

(4)

However, it can be seen that the presence of Mg and Sr
dopants considerably improves the thermal stability of HAp
crystal structure compared with undoped HAp. Weak peaks of
b-TCP for SrO-doped HAp clearly indicate less decomposition
of HAp phase during the sintering process. The inﬂuence of
MgO dopant is more pronounced in stabilizing the HAp phase
and MgO dopant in both single and binary dopant composition
has been found to inhibit the decomposition of HAp. Table I
presents the amount of different phases as obtained in different
sintered doped and undoped HAp samples. The quantitative
calculation of different phases from XRD results has evidently
showed that the amount of HAp (wt%) is higher for MgOdoped HAp (91.5 wt% HAp, 9 wt% b-TCP), SrO-doped HAp
(84 wt% HAp, 16 wt% b-TCP), and binary-doped HAp samples (B88 wt% HAp, 12 wt% b-TCP) as compared with pure
HAp (HAp phase B67 wt%, b-TCP phase B33 wt%).
However, the addition of ZnO has been found to have a
minimal inﬂuence on HAp phase stabilization. For both ZnOdoped single and ternary HAp samples, the presence of Zn is
observed to destabilize the HAp phase as indicated by the strong
peaks of b-TCP. The quantitative calculation also conﬁrms that
Zn leads to destabilize the HAp phase and considerably lower
amount of HAp is measured for ZnO-doped HAp samples
(HAp phase B49 wt%, b-TCP phase B33 wt%) as compared
with MgO- or SrO-doped and undoped HAp samples. In particular, for ternary doped HAp sample the incorporation of
ZnO has been observed to stabilize the b-TCP phase (HAp
phase B20 wt%, b-TCP phase B67 wt%). This observation is
in good agreement with earlier reported work.40–42 Bigi and colleagues showed that zinc preferentially enters into the b-TCP
structure and stabilized the b-TCP phase. In addition, the presence of TTCP phase along with a weak peak of CaO can also be
noticed for Zn-doped samples because of the increasing thermal
decomposition of HAp phase. The formation of TTCP phase
can be explained by the following possible reaction as given in
the following equation:
Ca10 ðPO4 Þ6 ðOHÞ2 ! 2Ca3 ðPO4 Þ2 þ Ca4 P2 O9 þ H2 O

Fig. 1. (a) Comparison of XRD patterns of commercial HAp powder,
sintered undoped HAp and doped HAp samples, (b) XRD patterns for
sintered doped and undoped HAp samples illustrating the shift in peaks
due to incorporation of dopants.
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(5)

Figure 2 shows the densiﬁcation results (as % theoretical
density) for the sintered doped and undoped HAp samples.
Based on the XRD analysis, the theoretical densities of each
composition has been calculated and presented in Table I. In
Fig. 2, the relative densities of different samples are presented as
determined from the measured bulk densities and calculated
theoretical densities of different samples. Undoped HAp shows
a relatively low density (93.93%71.92%) after sintering at
12001C for 2 h compared with the single doped or binary doped
HAp samples. This result is expected because the dissociation of
HAp into a less dense b-TCP causes the lattice volume expansion during HAp to b-TCP phase transition, which lowers the
density of undoped HAp samples. However, the density of HAp
can be signiﬁcantly improved after addition of MgO as dopants
as conﬁrmed by statistical analysis (P40.05). A maximum
density of 98.83%71.11% can be achieved by adding 1 wt%
MgO into HAp. It can be suggested that during sintering the
bivalent smaller ionic radius Mg21 ion (0.66 Å) substitutes a
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Table I. Calculation of Different Phases and the Theoretical Densities (g/cm3) Based on XRD Quantiﬁcation for Various Doped and
Undoped HAp Samples Sintered at 12001C or 2 h
Presence of phases (wt%)

Sample

HAp

b-TCP

Undoped HAp
HAp–1 wt% SrO
HAp–1 wt% ZnO
HAp–1 wt% MgO
Binary doped HAp
Ternary doped HAp

66.67
84.25
49.09
91.57
88.06
19.88

33.33
15.75
32.90
8.53
11.94
66.27

TTCP

CaO

12.27

5.74

7.83

6.02

Measured bulk
density (g/cm3)

Calculated theoretical
density (g/cm3)

Relative density (%
theoretical density) (%)

2.9470.06
2.9470.03
2.9570.03
3.1070.04
3.0870.03
2.9070.03

3.13
3.14
3.13
3.14
3.14
3.10

93.9371.92
93.6370.84
94.1470.8
98.8371.11
98.1970.97
93.4470.81

HAp, hydroxyapatite; TTCP, tetra tricalcium phosphate; TCP, tricalcium phosphate.

higher ionic radius Ca21 ion (0.99 Å) in the HAp crystal lattice
structure. This leads to shrinking of the unit cell of HAp lattice
and increases the density of MgO-doped HAp samples. This
conclusion is supported by the XRD result (Fig. 1(b)), which
indicates a peak shift toward higher angle side for MgO-doped
HAp samples in both single and binary composition. However,
although Zn21 has lower ionic radius (0.74 Å) than Ca21 ion
(0.99 Å), ZnO doping shows no improvement in density in
comparison with undoped HAp. Both ZnO-doped single and
ternary HAp samples exhibit low theoretical densities of
94.14%70.8% and 93.44%70.81%, respectively, which are
almost similar to the density of undoped HAp. It is believed
that in spite of having lower ionic radius than Ca21 ions, unlike
Mg for MgO-doped samples, Zn doping inhibits HAp stability,
and preferentially stabilizes the b-TCP, which consequently
leads to decrease the density of ZnO-doped HAp samples due
to the dominant presence of less dense b-TCP and other phases
(TTCP and CaO).40–43 In the case of Sr21-doped HAp, which
has higher ionic radius (1.13 Å) than Ca21 ion leads to expansion of HAp crystal lattice by substituting a lower ionic radius
Ca21 ion (0.99 Å) and reduces the density of HAp
(93.63%70.84%) despite the improved thermal stability of
HAp and the lower concentration of b-TCP phase as compared
with undoped and ZnO-doped HAp samples. The statistical
analysis on relative densities data of different sintered samples
reveals that the differences in densities between pure/undoped
sintered HAp and three different doped sintered HAp samples
(ZnO–HAp-, SrO–HAp-, and ternary doped HAp) are not statistically signiﬁcant (P40.05). However, binary doped HAp

Fig. 2. Relative density variation for different sintered undoped HAp
and doped HAp samples. Statistical analysis conﬁrms that the differences in relative densities between undoped HAp and SrO–HAp, ZnO–
HAp, ternary HAp are not signiﬁcant (P40.05) whereas the differences in relative densities between undoped HAp and MgO–HAp as well
as undoped HAp and binary doped HAp samples are signiﬁcant (Po
0.05). Statistical analysis also indicates that the relative density difference
between MgO–HAp and binary doped HAp samples is not signiﬁcant
($P40.05).

sample shows signiﬁcant improvement in the density
(98.19%70.97%) in comparison with undoped HAp as conﬁrmed by the Student t-test (Po0.05). It is believed that the
average size of substituted Sr21 and Mg21 ions (1.13 Å10.66
Å)/2 5 0.90 Å being lower than the substituted Ca21 ion size
which leads to decrease in the unit cell parameters of HAp
structure and hence shift in the peak to higher 2y value is observed (Fig. 1(b)).11 Interestingly, statistical analysis indicates
that the relative density difference between MgO–HAp and
binary doped HAp samples is not signiﬁcant (P40.05).

(2) Polarizability and Stored Charge Characterization
To understand the inﬂuence of different dopants on the polarizability and charge storage ability of sintered HAp ceramics,
TSDC technique was used to conﬁrm the success of the polarization treatment. Figure 3 shows the characteristic TSDC thermograms measured for different doped and undoped polarized
HAp samples. The calculated stored charge (Qp) values are presented in Table II. The value of Qp for the polarized undoped
HAp compact has been estimated as 2.23 mC/cm2. However, a
considerable difference in the polarizability behavior can be observed for doped HAp samples from the TSDC thermographs as
shown in Fig. 3 and the calculated stored charge results as presented in Table II. Interestingly, the stored charge density of
doped HAp is gradually increased from 2.37 mC/cm2 with the
addition of SrO into HAp. Furthermore, signiﬁcant enhancement in polarizability of HAp can be observed with the incorporation of MgO. MgO in single dopant condition in
commercial HAp exhibits considerably higher current density
of 3.58 nA/cm2 and stored charge density of 3.86 mC/cm2, where

Fig. 3. Thermally stimulated depolarization current curves for (a) undoped HAp, (b) HAp–0.25 wt% ZnO, (c) HAp–1.0 wt% SrO, (d) HAp–
1.0 wt% MgO, (e) HAp–1.0 wt% MgO–1.0 wt% SrO, (f) ternary doped
HAp samples. Polarization condition: All samples were polarized at
4001C under a dc electric ﬁeld of 2.0 kV/cm for 1 h.

April 2011

1285

Electro-Thermally Polarized Doped Hydroxyapatite Ceramics

Table II. Estimated Maximum Current Densities and Corresponding Temperatures Along with the Calculated Stored Charge Values
Obtained from Depolarization of Different Doped and Undoped Sintered HAp Samples
Sample

Maximum current
density (nA/cm2)

Temperature at maximum
current density (1C)

Stored charge density
(Qp) (mC/cm2)

1.66
1.09
1.61
3.58
3.95
0.70

465.4
457.4
448.7
484.3
490.9
437.4

2.23
1.41
2.37
3.86
4.19
0.92

Undoped HAp
0.25 wt% ZnO-doped HAp
1 wt% SrO-doped HAp
1 wt% MgO-doped HAp
1 wt% MgO–1 wt% SrO-doped HAp
1 wt% MgO–1 wt% SrO–0.25 wt% ZnO-doped HAp
Literature results

Sample

Sintered HAp
HAp coating on Ti
Sintered HAp
Sintered HAp
Sintered HAp
HAp (avg. grain
size 1.9 mm)
HAp (avg. grain
size 11 mm)
Commercially
procured porous
HAp (75%
porosity)
Dense HA ceramics
with drilled hole
Sintered HAp
Sintered HAp

Sintering
atmosphere

Polarization condition

Tp 5 4001C,
Tp 5 4001C,
Tp 5 3001C,
Tp 5 4001C,
Tp 5 6001C,
Tp 5 4001C,

Ep 5 2.0
Ep 5 2.0
Ep 5 1.0
Ep 5 5.0
Ep 5 5.0
Ep 5 5.0

kV/cm,
kV/cm,
kV/cm,
kV/cm,
kV/cm,
kV/cm,

tp 5 1.0
tp 5 1.0
tp 5 1.0
tp 5 1.0
tp 5 1.0
tp 5 1.0

Maximum
current
density
(nA/cm2)

Stored
charge (Qp)
(mC/cm2)

Reference

Bodhak et al.21
Bodhak et al.25
Nakamura et al.14
Ueshina et al.15
Ueshina et al.15
Tanaka et al.16

h
h
h
h
h
h

Air
Air
Water vapor
Water vapor
Water vapor
Water vapor

4.37
1.19
3.06
—
—
—

4.28
1.69
4.20
18.00
1200
8.4

Tp 5 4001C, Ep 5 5.0 kV/cm, tp 5 1.0 h

Water vapor

—

60

Tanaka et al.16

Tp 5 4001C, Ep 5 2.0 kV/cm, tp 5 1.0 h

—

—

13.0

Iwasaki et al.20

Tp 5 4001C, Ep 5 1.3 kV/cm, tp 5 1.0 h

—

—

2.6

Iwasaki et al.20

Tp 5 6001C, Ep 5 3.0 kV/cm, tp 5 1.0 h
Tp 5 6001C, Ep 5 3.0 kV/cm, tp 5 1.0 h

Water vapor
Air

26.0
4.0

—
—

Kumar et al.23
Kumar et al.23

For comparison, depolarization behaviors of other polarized sintered HAp compacts as reported in the literatures, are also mentioned. Polarization condition: All samples
in our present research were sintered in air and electro-thermally polarized at 4001C under an electric ﬁeld of 2.0 kV/cm for 1 h. HAp, Hydroxyapatite.

as combined addition of 1.0 wt% MgO/1.0 wt% SrO has been
found to be the most beneﬁcial in enhancing the polarizability of
sintered HAp prepared from commercial powder. A maximum
current density and the stored charge density can be achieved as
3.95 nA/cm2 and 4.19 mC/cm2 respectively for the combined
addition of MgO and SrO dopants in HAp. This observation is
consistent with the XRD results and relative density data, which
clearly indicate a signiﬁcant enhancement in HAp phase thermal
stability with the addition of MgO and SrO and improvement of
density in presence of MgO. On the contrary, the addition of
ZnO can be seen to decrease the polarizabilty of both 0.25 wt%
ZnO-doped HAp and ternary doped HAp samples by impairing
the density as well as the HAp phase thermal stability and consequently leads to a low stored charge density of 1.41 and 0.92
mC/cm2, respectively. Therefore, the TSDC results and the calculated depolarization data as given in Table II clearly indicate
that the polarizability and/or charge storage ability of different
samples considerably vary with dopant chemistry. Now further
to justify the observed inﬂuence of different dopants on polarizability behavior of HAp it is important to understand the basic
electro-thermal poling mechanism of HAp. Here, it can be
recalled that the polarization of HAp has been attributed to
the ionic conduction mechanism, where protons (H1) from the
hydroxyl group (OH) are considered as the mobile charge carriers that migrate along the columnar (OH) channels of hexagonal unit cell of HAp at low temperature (Poling temperature
up to 4001C) where as at higher temperature (45001C) partial
diffusion of O2 can occur along with the proton (H1) migration.14,15 Therefore, phase purity is very important for HAp’s
polarization and charge storage ability of sintered HAp because
b-TCP cannot be polarized due to the absence of any hydroxyl

group in its crystal lattice. It is reported that a decrease HAp
phase content reduces the charge carrier density, which results in
lowering the polarizability of HAp samples.12,13 Furthermore,
the degree of densiﬁcation or the porosity also has a strong
inﬂuence on polarization level along with the effect of HAp
phase purity. With increasing the pore fraction or lowering the
density, polarizability is expected to be reduced because the air
present inside the pores restricts polarization.
In our present study, we found that polarizability of HAp
signiﬁcantly varies with the dopant chemistry since both the two
factors i.e., fraction of the HAp phase (wt%) as well as density
or porosity level changes considerably with the presence of
dopants, which in turn inﬂuences the polarizability and/or
charge storage ability of sintered HAp. It has been assumed
that the differences in polarizability of undoped HAp, ZnO–
HAp, SrO—HAp, and ternary doped HAp are solely due to the
difference in the degree of HAp phase stability or fraction of the
HAp phase (wt%) because all these samples exhibit similar level
of densiﬁcation. For example, the incorporation of ZnO has
been found to lower HAp polarizability for both ZnO-doped
and ternary doped sintered HAp samples. This can be attributed
to increase the thermal instability of the HAp (ZnO-HAp B49
wt%, ternary HAp B20 wt%), which partially dissociate into
b-TCP due to dehydroxylation (removal of OH) of HAp crystal structure in the presence of ZnO. In contrast, SrO-doped
HAp exhibited higher polarizability and better charge storage
ability than undoped HAp due to the higher content of HAp
phase (HAp B84 wt%) even if both of them possess similar
porosity level. The combined inﬂuence of enhanced density as
well as higher content of HAp phase can be realized when the
polarization behavior of MgO-doped HAp samples to that of
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undoped HAp are compared. Higher density or reduced porosity level of MgO- and binary-doped HAp samples as compared
with undoped HAp leads to an increase in polarizability in addition to the positive contribution from the higher content of
HAp phase present in these samples. Both MgO-doped and
binary doped HAp samples exhibit strong and high depolarization current release peaks indicating improved polarizability and
comparable charge storage ability. However, when compared
between SrO-doped HAp and MgO- or MgO/SrO-doped sample polarizability, it can be observed that for SrO-doped HAp
samples, the polarizability and/or charge storage ability are considerably lower due to poor densiﬁcation.
Our measured surface charge density numbers for different
doped and undoped HAp sample are consistent with the literature results as given in Table I. In our previous work, we
estimated a stored charge density of 4.28 mC/cm2 for sintered
pure HAp sample prepared from our laboratory synthesized
sol–gel-derived HAp powder.21 It is believed that synthesis of
sol–gel-derived HAp powder at the high pH favors HAp crystal
structure stabilization by inhibiting its phase decomposition at
higher sintering temperature and therefore can store higher
charge than sintered HAp compacts prepared from commercially procured powder.44 Moreover, it has been observed that
the HAp compacts sintered in water vapor exhibited better
polarizability due to the reduced dehydration reaction during
sintering and better sinterability of HAp compacts.12–15,37 Nakamura and colleagues reported that a water vapor sintered HAp
compact with near theoretical density can store a surface charge
of as high as 18 mC/cm2 at 4001C.14,15 In another report, polarized HAp sintered in both air and water vapor exhibited a
depolarization a peak current density of 4 and 26 nA/cm2,
respectively, after polarizing them under an electric ﬁeld of 3.0
kV/cm for 1 h at 4001C. Interestingly, in another work a commercially procured 75% porous HAp disk compact is shown to
store a charge density of 13 mC/cm2 where as a dense HAp block
with a through hole (width B5 mm  breadth B5 mm  height
B5 mm) exhibited a charge density of 2.6 mC/cm2. Recently,
inﬂuence of grain size and poling condition of HAp charge
storage ability was investigated and experimentally shown that
by increasing the HAp sintering temperature from 12501 to
14001C, the stored charge density can be increased from 8.4 to
60 mC/cm2 under identical poling condition (Tp 5 4001C,
Ep 5 5.0 kV/cm, and tp 5 1.0 h) as the grain size of sintered
HAp increased from 1.9 to 11 mm.
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(3) In Vitro Bone Cell–Material Interactions
(A) Cell Morphology: In Fig. 4, poled and unpoled
binary doped and undoped HAp samples surfaces are imaged
after 7 days of culture to investigate bone cell attachment,
growth and spreading on different surfaces. It can be observed
that depending on the doping condition, surface charge and
charge polarity of HAp samples, different levels of bioactivity
on binary doped HAp (Figs. 4(a)–(c)) and undoped HAp (Figs.
4(d)–(f)) are possible. Overall, ‘‘N’’ poled surfaces of both
binary doped HAp (Fig. 4(b)) and undoped HAp (Fig. 4(e))
samples demonstrate superior cell attachment and growth where
osteoblasts cells form a well-ﬂattened conﬂuent layer covering
the entire surface. In contrast, osteoblast adhesion has been
found to be restricted on ‘‘P’’ poled sample surfaces where cells
are mostly round in shape and less in number for both binary
doped (Fig. 4(c)) and undoped HAp (Fig. 4(f)) samples. This
observation is in good agreement with our previous in vitro cell
culture results on pure polarized bulk and HAp-coated surfaces.21,25 However and more importantly, binary dopant composition shows better cell–material interactions over undoped
HAp samples when cells are seen to adhere to each other with
cellular micro extensions and connected to the substrate in
addition to the neighboring cells on ‘‘N’’ poled (Fig. 4(b)) and
unpoled (Fig. 4(a)) binary-doped HAp surfaces as compared
with unpoled and undoped HAp (Fig. 4(d)). Furthermore, better cell–material interactions on both binary doped ‘‘N’’ poled
and unpoled can also evidenced from the presence of apatite
granules as indicated by the arrows in the Figs. 4(a) and (b),
respectively. These spherical granules of apatite deposition as
observed on unpoled and ‘‘N’’ poled binary doped samples indicate the onset of biomineralization process.21 Evidently, ‘‘N’’
poled surfaces of Sr21–Mg21 binary doped HAp samples were
found to have maximum bioactivity among all other surfaces
with extensive ﬂaky layers of cell proliferation and rough cellular surface suggesting multilayer proliferation of osteoblast cells.
(B) Cell Proliferation: The MTT assay study has been
used to quantitatively determine the proliferation of viable
hFOB cells on both poled and unpoled binary doped as well
as undoped HAp samples. Figure 5 shows a comparison of
optical densities illustrating hFOB cell proliferation on different
samples after 3 and 7 days culture period. The advantage of
dopant addition can be realized when improved bone cell
viability and growth were observed on all binary doped HAp

Fig. 4. SEM micrographs illustrating the hFOB cell adhesion and growth after 7 days of culture on poled and unpoled surfaces of (a–c) binary doped
(1 wt% MgO11 wt% SrO) HAp and (d–f) undoped HAp samples. ‘‘N’’, negatively charged surface, ‘‘P’’, positively charged surface, Arrows in the
ﬁgures indicate the deposited apatite minerals.
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Overall, our research results warrant further in vivo investigation to establish the potency of developing electrically polarized
doped HAp ceramics as a viable biomaterial for clinical usage
where we could gain several advantages of dopants accompanied
with the original beneﬁts of electrical polarization treatment.
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