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Hydroxyapatite is widely used for the reconstruction of defective bones due to its similarity with the composition of bone
mineral. In this research, nanocrystalline hydroxyapatite (HA) was synthesised using calcium hydroxide and phosphoric
acid as starting precursors. Different concentrations of the reactants, viz. 0.5, 1.0, 1.5 and 2.0 mol'L’I, were considered
to investigate their effect on the thermal stability and morphology of the synthesised HA. The results showed that the
synthesised HA exhibited rod-like shaped particles having sizes in the range of 73.4 to 114.5 nm in length and 14.9 to 20.7
nm in width. The HA produced at the reactant concentration of 0.5 and 1.0 mol-L™ was thermally stable up to 1200 °C and
did not exhibit any secondary phase. However, the HA prepared at the 1.5 mol-L” concentration decomposed into tricalcium
phosphate at 1000 °C while the HA prepared at 2.0 mol-L™ decomposed at 1200 °C. It was also found that the size of the
particles increased with increasing reactant concentrations. The HA produced from the reactant concentration of 1.0 mol-L”
was found to be optimum in terms of the powder characteristics and the in vitro cell studies indicated that osteoblast cells

proliferated well on the synthesised HA, thus confirming the biocompatible nature of the produced bioceramic.

INTRODUCTION

Hydroxyapatite (HA, Ca,(PO,){(OH),) is the
most important ceramic among the calcium phosphate
compounds since it is found in natural hard tissues as
a mineral inorganic phase [1-3]. In order to produce
synthetic HA powders with the desired properties,
wet-chemical methods (precipitation, hydrothermal
techniques and hydrolysis of other calcium phosphates)
and dry processes (solid-state reactions) can be used.
Depending upon the technique, materials with various
morphology, stability and level of crystallinity can be
obtained [4-6].

In general, wet-chemical methods allow the
production of materials with good crystallinity,
physiological stability, and with the morphological
characteristics of hard tissue [3, 7]. However, the
physical, chemical, and mechanical properties of the
final product depend on the experiment conditions,
i.e., starting precursor, reaction temperature, pH and

concentrations [8-11]. It was reported that different
reaction temperatures affected the morphology of the
precipitated particles, thermal stability as well as the
degree of crystallinity of the product [8, 9, 12]. For
example, Lazic et al. [8] prepared HA from alkaline
aqueous solutions of a Ca(OH), suspension, which was
prepared by slurring CaO powder in distilled water
and H;PO,. The results showed that the precipitation
conditions had a significant effect on the thermal stability
of the HA. At a temperature of 900 °C, the presence
of impurity phases, such as CaO, B-tricalcium phosphate
(TCP), was detected in the samples prepared at low
reaction temperatures (22 °C and 70 °C). Nano-size HA
was synthesised [13] using two different precipitation
routes: from calcium nitrate with (NH,),HPO, and
from calcium hydroxide with H;PO,. The reaction was
carried out at either 40 or 70 °C. At higher precipitation
temperatures, the degree of the crystallisation increased.
However, except for the sample which was prepared
from calcium hydroxide that retained the HA phase
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up to 1300 °C, the remaining samples showed the
appearance of B-TCP above 800 °C and of a-TCP from
1200 °C onwards.

On the other hand, the concentration of the reactants
is one of the key factors affecting the thermal stability
ofthe powder. Inastudy [9], precipitated HA was prepared
from calcium nitrate and an ammonium hydrogen
orthophosphate solution at different concentrations
of 0.5, 1.0 and 2.0 mol-L™". The process was carried out
at 25, 70 and 100 °C under continuous stirring. It was
found that, at low reaction temperatures (below 100 °C)
and a high concentration (2 mol-L™), all the HA powders
decomposed into CaHPO,, CaO and TCP phases.

Researches have shown that by using Ca(OH), and
H,;PO, with a Ca/P ratio of 1.67, HA with nano-size par-
ticles and high purity could be synthesised [6, 8, 14, 15].
In addition, pure HA could be produced at temperatures
below 100 °C mainly due to the lower supersaturation
of the Ca(OH), solubility [16-18]. However, at a lower
reaction temperature, the precipitated HA decomposed
into other phases, such as TCP and CaO, during
the heating process from 900 °C onwards [8]. Moreover,
to obtain nano-size single phase HA particles with high
thermal stability, the reactions were always carried out at
high temperatures in the range of 70 to 100 °C [9]. The
aim of this research work was to investigate the effect
of the reactant concentration on the purity, morphology
and thermal stability of HA synthesised at 40 °C
byaprecipitationmethod. Inaddition, the biocompatibility
of the synthesised HA was evaluated using MC3T3-El
cell-lines by cell viability and cell proliferation assays.

EXPERIMENTAL

Material and methods

A precipitation method was used to prepare
hydroxyapatite (HA), using Ca(OH), (96 % purity, Flu-
ka) and H;PO, (15 M, Merck) as described in a previous
study [3]. In this research, a Ca(OH), solution and an
H,PO, solution were prepared at different concentration
solutions, i.e., 0.5, 1.0, 1.5 and 2.0 mol-L"'. The pre-
pared Ca(OH), and H;PO, solutions were mixed at the
stoichiometric Ca/P ratio of 1.67 for hydroxyapatite.
In a typical mixture, the H;PO, solution was gradually
added to the Ca(OH), suspension under vigorous stirring
at 400 rpm. The reaction was performed in a water
bath at 40 °C. The pH of the reaction was monitored
by a pH meter and maintained at about 9 by adding
some ammonia solution (NH,OH 29 %, J.T. Baker,
USA). After the reaction had completed, the mixture
was allowed to mature at room temperature for 24 h.
Subsequently, it was filtered and washed with deionised
water before drying in an oven at 90 °C for 12 h.
The dried HA powders were then ground with an agate
pestle and mortar. The as-prepared powder was heat-
treated at different temperatures of 1000 °C and 1200 °C

for 1 h in a furnace (Lenton, 1500) to study the thermal
stability of the synthesised powder. For identification
purposes, the samples were labelled according to the
concentration used to prepare the HA, for example,
HAO.5 refers to the powder prepared at the reactant
concentration of 0.5 M.

Characterisation

A thermal analysis of the as-prepared HA powder
was carried out by using a STA 409 PC Luxx (Netzsch,
Germany). The temperature range used was from room
temperature up to 1200 °C using a heating rate of
10 °C'min™" in an inert atmosphere. The as-synthesised
and heat-treated powders were characterised using an
X-ray diffractometer (XRD; D5000 Siemens) for the
phase identification. A diffraction peak at about 25.9° (20)
was used to calculate the crystallite size of the sample
since it was sharper and isolated from the other peaks.
The morphology of the particles was observed by using
high-resolution scanning electron microscopy (FESEM,
SUPRA 35VP-24-58) and transmission electron micro-
scopy (TEM, Philips CM12). Powder density was mea-
sured using a gas pycnometer. The BET (Brunauer,
Emmet and Teller) specific surface area was determined
by using BET Flow Sorb 2300-Micromeritics with liquid
nitrogen.

The heat-treated HA pellets at 1200 °C (app. ¢p12 x
x 3 mm) were used in the cell study. An MC3T3-E1 cell-
line was used to evaluate the tissue compatibility of the
HA obtained through the cell attachment ability and cell
morphologies on the samples. Cells were loaded on the
sample at a density of 3 x 10* cells/well and incubated for
4 h, 1 day and 3 days. After each time point, the samples
were rinsed gently with phosphate buffer saline, fixed
with 3 % glutaraldehyde (SIGMA) in a sodium phosphate
buffer at 4 °C for 2 h. Subsequently, the samples with
the cells were dehydrated in a graded series of ethanol
solutions (50, 60, 70, 80, 90 and 100 %) for 30 min each
at 4 °C. The samples were dried in hexamethyldisilazane
(HMDS, Wako, Japan). 500 uL of HMDS was added to
the cell area requiring fixation for 30 min. This procedu-
re was repeated three times to totally remove the etha-
nol. After complete evaporation of HMDS, the samples
were sputtered with a thin gold film and visualised by
SEM.

For the cell proliferation, cells were cultured at

a density of 1 x 10* cells per well (n = 4) under the
conditions explained above for the proliferation
assessment. The culture medium was changed every
2 days. At 2, 4 and 6 days, the proliferation of the cells
was determined using a cell counting kit-8 (CCK-8;
Dojindo, Kumamoto, Japan). After washing with PBS
three times, the samples were incubated in a growth
medium supplemented with a CCK-8 solution at 37 °C
for 1 h, and 100 pL of the resulting medium was then
transferred to a 96-well plate. The absorbance was
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measured at 450 nm with a microplate reader (M200;
Tecan Group Ltd., Victoria, Australia).

The means and standard derivation (S.D.) of the
data were calculated. The statistical significance between
the test groups was evaluated by a one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison
cell proliferation experiment. p < 0.05 was considered
statistically significant.

RESULTS AND DISCUSSIONS

Thermal analysis

The  Thermogravimetry/Differential ~ Scanning
Calorimetry (TG/DSC) curve of the as-prepared HA
powders prepared at the different concentrations
of 0.5 mol-L"' (HA0.5), 1 mol-L"' (HA1), 1.5 mol-L"
(HA1.5) and 2 mol-L"' (HA2) are shown in Figures la-d,
respectively. Generally, the first endothermic peak below
100 °C in all four samples corresponds to the weight
loss in this temperature range and is attributed to the
evaporation of adsorbed water. In addition, there are no
endothermic peaks present where the DSC results exhibit
the smooth curves for the HA0.5, HA1 and HA2 samples
(Figure la, b, d), and the corresponding TG curves
showed little mass change over the temperature range
of 600 — 1200 °C. This indicated that the thermal stability
of the HA was not disrupted and there was no formation

However, on the DSC curve of the HA1.5 sample
(Figure Ic), there is a very small endothermic peak
at 959.5 °C corresponding to a weight loss of about
0.46 % from 900 — 1200 °C. This endothermic peak
could be attributed to the transformation of HA into
B-TCP as reported by other workers [13, 19, 20]. The
thermal stability of all four samples in the present work
was confirmed by XRD analysis before and after heat
treatment at 1000 °C and 1200 °C, as discussed in the
subsequent section.

According to the literature [8], the decomposition of
calcium deficient apatite at temperatures below 1000 °C
proceeded according to the reaction:

Ca,(HPO,)(PO,)s — xCay(PO,)s (B) + (1-x)Ca;o(PO,)s
(OH),, (1)

Therefore, the endothermic peak that appeared in the
HAT1.5 sample curve is likely due to the decomposition
of hydroxyapatite to B-Cay(PO,),. On the other hand,
there is a significant decrease in the DSC curve above
1000 °C in sample at 2.0 mol-L"' (Figure 1d) compared
to the other curves. This can be explained by the severe
decomposition of hydroxyapatite [8, 9, 21] that takes
place at a higher temperature (1200 °C) according to
either of the below reactions.

Ca,(PO,)(OH), — 2Cay(PO,), (o) + Ca,P,0, + H,0

of a secondary phase after heat treatment. (2)
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Figure 1. TG/DSC curves of the samples at different reactant concentrations: (a) 0.5 mol-L™!, (b) 1.0 mol-L™", (¢) 1.5 mol-L™" and

(d) 2.0 mol-L™!
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Ca,((PO,)s(OH), — 2Ca;(PO,), (o) + CasP,O4t CaO
+H,0 (3)

At this juncture, more in-depth studies such as using
XRD high temperature attachment could be carried
out to gain more insights into the phase decomposition
of the HA.

XRD analysis and specific surface area measurement

Figure 2 shows the XRD pattern of the as-prepared
powders. The XRD patterns indicate that a poor
crystalline nature of typical apatite crystal structure with
broad diffracted peaks could be obtained without any
extraneous phases. It means that pure HA was obtained
at all concentrations.

Figures 3-4 show the XRD patterns of the HA pow-
ders after being heat-treated at 1000 °C and 1200 °C for 1
h, respectively. It was found that, at 1000 °C (Figure 3), all
the samples are stable pure HA except for sample HA1.5
which shows two very small peaks of B-TCP observed at
31.208° and 34.598° (20). Upon heat treatment at 1200 °C
(Figure 4), the XRD pattern did not indicate any new
crystalline phases in the HA0.5 and HA1 samples, i.e.,
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Figure 2. XRD patterns of the as-prepared HA powders

at different concentrations of reactants: (a) 0.5 mol-L,
(b) 1.0 mol-L™", (¢) 1.5 mol-L" and (d) 2.0 mol-L"".
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Figure 3. XRD patterns of the HA powders prepared at different
concentrations and heat treated at 1000 °C.

the XRD patterns only match the HA reference pattern
(ICDD card No. 9-432), indicating the stability of the
HA powders at high temperatures. However, small peaks
of a-TCP were detected in the sample prepared at 2.0 M
(HA2 sample) and this is due to the decomposition of
HA to form a-TCP at 1200 °C while HA1.5 decomposed
at 1000 °C.

Untatk peaks: HA
= o TCF

2Tt - Sl

Figure 4. XRD patterns of the HA powders prepared at different
concentrations and heat-treated at 1200 °C.

It is established in the literature [22, 23] that the
transition from B-TCP to o-TCP proceeds at high
temperatures above 1125 °C. It was reported [9] that pure
HA powders could not be produced at concentrations of
1.5 and 2.0 mol-L" when treated at 1200 °C except for
samples prepared at concentrations of 0.5 and 1.0 mol-L™!
synthesised at a high reaction temperature of 100 °C. The
amount of B-TCP present in the HA was not determined;
however, it was reported that depending of the powder
history, a small amount of -TCP (1 — 3 %) was formed
when treated at temperatures of 1200 — 1250 °C and
about 3 % a-TCP was present when treated above
1250 °C [21].

Table 1 summarises the specific surface area and
crystallite size of the as-precipitated HA synthesised
at different concentrations. It was found that sample
HAT1 recorded the highest specific surface area of
78.98 m’-g"' and the specific surface area decreased
when the concentration was increased from 1.0 M
to 1.5 M and 2.0 M. The crystallite size, however,
did not show significant changes with an increasing
reactant concentration. The average particle size of
the powders as given in Table 1 was measured from
about 36 to 78 particles taken from the Transmission
electron microscopy (TEM) images. The results showed
that the aspect ratio increased when the concentration
of the reactant increased. This phenomenon is believed
to be due to the increase in the length of the particles due
to the higher growth rate experience by the HA crystals
in the c-axis [4, 9].

22
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Table 1. Specific surface area, crystallite size and particle size
of the as-synthesised HA at different reactant concentrations.
Particle size

Specific Crystallite  Avg. Avg. Avg.
Sample surface size  length breadth Aspect ratio

(m’g) (m)  (nm) (nm) (nm)
HAO0.5 68.96 21.6  79+42 18.6+1.8 44
HA1l  78.98 20.1 853+£24 17.9+0.5 4.7
HALS5 62.56 204 89.2+£29 17.1+0.5 52
HA2  64.69 189 92.8+46 184+0.7 5.1

Morphological analysis and density measurement

The morphology and the particle size of the as-
synthesised HA powders were studied by TEM as shown
in Figure 5. The microstructure of the HA particles was
observed to be a rod-like shape with a particle size in the
range of 73.4 to 114.5 nm in length and 14.9 to 20.7 nm in
width. This result demonstrated that nano-particles could
be successfully produced by the precipitation method.

Figures 6 and 7 show the representative FESEM
images of the HA powders heat-treated at 1000 °C
and 1200 °C for 1 h, respectively. The heat-treated
HA powders appear to be highly agglomerated with

relatively uniform spherical shape particles. The size of
the particles was found to increase with the increasing
heat treatment temperature [24, 25]. Moreover, it is

E
3
:
E
3

A

noticeable that the HA1.5 and HA2 samples, which
decomposed into B-TCP after heat treatment, showed
the presences of pores (Figure 7¢, d). This phenomenon
could be explained from the fact that the decomposition
temperature is strongly dependent on the characteristic
of the HA powders. During decomposition, a large
amount of water is formed. It is hypothesised that as
the water forced its way out, which created many pores
in the heat-treated powders [9]. As a result, the density
of the heat-treated powder of HA1.5 and HA2 samples
decrease when compared to that of the HA0.5 and HA1
samples (Table 2).

The properties of the heat-treated HA powders
after heat treatment at 1000 °C and 1200 °C are given in
Table 2. Three different FESEM images of each sample
were used to measure the particle size using Imagel
soft-ware. It can be seen that the HA1 sample exhibited
the smallest particles which were about 0.53 pum at
1200 °C while the remaining samples have a particle size
in the range of 0.59 — 0.82 um (see Table 2). Although
the differences in the particle size among the evaluated
samples is obvious, the crystallite size did not change
significantly when treated at 1200 °C. This due to the
fact that HA exhibited a polycrystalline structure. The
result indicated that the reactant concentration influences
the particle size, but not the crystallite size of the HA

B S s

Figure 5. TEM micrographs of the HA prepared at different concentrations of reactants: (a) 0.5 mol-L”, (b) 1.0 mol-L",

(¢) 1.5 mol-L" and (d) 2.0 mol-L".
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Figure 6. SEM morphology of the heat-treated HA at 1000 °C derived from different starting reactant concentrations:
(a) 0.5 mol-L™", (b) 1.0 mol-L", (c) 1.5 mol-L"! and (d) 2.0 mol-L"".

Figure 7. SEM morphology of the heat-treated HA at 1200 °C derived from different starting reactant concentrations:
(a) 0.5 mol-L", (b) 1.0 mol-L™", (¢) 1.5 mol-L™" and (d) 2.0 mol-L"".

powders, i.e., the lower the concentration, the smaller the  which is around 81.3 — 89.5 % compared to the theore-
particle size obtained. tical density of the HA. It was reported that the relative

It can be observed from Table 2, the density of the  density increases as the sintering temperature increases
calcined HA increases with an increase in the calcination — and reaches about 95 % depending on the processing
temperature and the density range was 2.57 —2.83 g-cm™®  methods [6, 16, 26]. For example, the density was
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Table 2. Crystallite size from the XRD data, grain size from the SEM observation and density of the samples obtained for the

samples heat-treated at 1000 °C and 1200 °C.

At 1000 °C At 1200 °C
Sample Density Crystallite Particle Density Crystallite Particle
(grem?) size (nm) size (nm) (grem?) size (nm) size (nm)
HAO0.5 2.63 81 104+ 4 2.83 147 590+ 7
HA1 2.69 66 97+3 2.83 148 5307
HALS 2.63 89 156 6 2.69 151 820+8
HA2 2.57 92 140+ 4 2.65 150 790 + 4

\

Figure 8. SEM morphology of the cells cultured on the heat-treated HA at 1200 °C after incubation for (a) 4 hours, (b) 1 day,

(c) 3 days.

found to decrease significantly in the case of chemical
decomposition at 1350 °C [17, 24]. In this study, upon
increasing the heat treatment temperature, the density of
the sample increased (Table 2). The lower density of the
sample can be explained by the incomplete densification
[18, 25] of the sample at 1000 °C compared to that at
1200 °C. In addition, due to the decomposition, the
samples produced at a reactant concentration of 1.5 and
2.0 mol-L! had a lower density compared to the other
samples at certain temperatures. A similar result was also
obtained previously [9] in which the sample prepared at
a reactant concentration of 2.0 mol-L" and 100 °C has
the lowest density after heat treatment at 1200 °C as
compared to other concentrations (0.5 and 1 mol-L™").

Biocompatibility evaluation

In order to demonstrate the biocompatibility of the
derived HA through an in vitro cell study in terms of the
cell attachment and proliferation, the sample prepared at

the 1 mol-L"' (HA1) precursor concentration was selected
since it exhibited the optimum properties and thermal
stability when treated at 1200 °C. The SEM images
images (Figure 8) show the morphological feature of the
osteoblast-like cells cultured on sample HA1 after 4 h,
1 day and 3 days of incubation.

The evaluation of the biocompatibility is a primary
step to assess the biological behaviour of biomaterials.
Significant attachment to the surface is necessary for
the cells to spread and differentiate [27]. The results
of the cell attachment showed that, after 4 hours of
incubation (Figure 8a), the cells are observed to adhere
well and form an intimate contact with the surface
of the HA specimens. The attached cells had typical
osteoblast morphology, with a polygonal shape spread.
Some cells have a long shape (inserted image). Cells
securely attached to the surface indicate that the material
surface provided a favourable environment for the cell
to migrate and grow [3, 28]. It is believed that contact
and interaction between the cells are paramount for the
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differentiation process [27]. This is evident as the cells
coverage in day 3 was greater than on day | as a result
of the cell growth and proliferation, as seen in Figure 8 b
and c. The cells form bridges across the undulations and
spread over them. In addition, the cells have spread and
are in physical contact with each other (Figure 8b).

The result of cell proliferation of the HA sample
and polystyrene control (culture disk) after 2, 4 and 6
days of culture are shown in Figure 9. As expected, the
cell number for the control sample was higher compared
to that of HA sample. A similar observation was also
reported in a previous study [27]. However, the cell
number steadily increased with time in all the samples.
This indicated that the prepared sample is non-toxic and
possessed good biocompatibility. The cell responses
are affected by numerous factors including material
chemistry, surface roughness, and surface topography
[3, 27, 29, 30]. A similar trend was also obtained in our
previous study [3]. However, the difference in the cell
number between the evaluated samples was due to the
differences in the initial cell number and the cell counting
protocol.

At day 6 of culture, there is insignificant difference
in the cell number between the control and the HA
samples although the control showed a slightly higher
cell number as shown in Figure 9. It was reported that,
at a certain period, cells formed a dense cell layer to
cover the surface [29], followed by the expression of
alkaline phosphatase and the synthesis, deposition, and
mineralisation of a collagenous matrix [31].

The interaction of living cells with foreign materials
is the key for understanding biocompatibility [32,
33]. The initial cellular event that takes place at the
biomaterial interface is the natural adhesive interaction
of the cells with the extracellular matrix. In the present
work, based on the results obtained, it is evident that the
synthesised HA promoted cell proliferation and growth,
thus exhibiting excellent biocompatibility suitable for
clinical applications.

20
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Figure 9. Proliferation of the cells on the HA and control
samples (**p < 0.05 for comparisons between the indicated
groups) 1 day, (c¢) 3 days.

CONCLUSIONS

In this study, it was revealed that the reactant
concentration affects the thermal stability of the
HA produced as well as the final morphology
of the precipitates. Increasing the reactant
concentration results in HA precipitates with higher
pores in the sample. The decomposition of HA
into TCP occurs at 1000 °C for an HA prepared
at a reactant concentration of 1.5 mol-L™" and at 1200 °C
for an HA prepared at reactant concentrations of 1.5 and
2 mol-L"' . Nonetheless, HA prepared at the reactant
concentrations of 0.5 mol-L" and 1 mol-L" were found
to be stable regardless of the calcination temperature.
In particular, HA synthesised at 1.0 mol-L"' composed
of nano-particles, phase pure HA having excellent
thermal stability. In addition, the cellular attachment
and proliferation demonstrated that the HA prepared
in this research work exhibited excellent biocompatibility
suitable for biomedical applications.
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