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Bioceramics synthesized in laboratories must undergo biological tests that consider the final format
and all the processing steps involved in the production of the final device. However, in many cases,
the synthesized materials are characterized in formats very different from those that will ultimately
be implanted into the body. Once living cells are directly cultured on surfaces, a mismatch between
bulk and surface microstructural characterizations often leads to the misinterpretation of biological
responses. Therefore, our objective in this work was to determine whether and at what level significant
microstructural changes can occur between the surface and the bulk of hydroxyapatite pellets produced
by uniaxial pressing followed by calcination. Our results showed that the as-synthesized hydroxyapatite
crystals had a preferential orientation along the [0 0 1] direction. The calcination process followed by
grain growth inhibited this texture feature. However, on the pellet surfaces, the initial orientation was
preserved. At the same time, crystallite growth was inhibited, and the cell unit volume of the crystals
on the surface was significantly lower than that of the crystals in the bulk. These results demonstrated
that the crystallographic features on the surface of hydroxyapatite pellets can be completely different

from those observed for the bulk.
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1. Introduction

When novel calcium phosphate bioceramics are synthesized
via precipitation in aqueous media, the obtained powders
are processed in different ways to produce final devices that
can be used in applications such as biological assays . In
general, dense devices are obtained after the as-synthesized
powder is subjected to pressing followed by calcination at
a high temperature °. Calcination increases the mechanical
strength of the devices, preventing their collapse when in
contact with cell culture media or even when implanted in
living tissue.

In biological assays, cells are cultured directly onto
the surface of these calcined devices, and communication
between the cells and the bioceramic material happens through
the surface *“. Therefore, thorough characterization of the
surface crystalline structure is the most appropriate means
to study the effect of the microstructure of the biomaterial
on the cellular response °. However, in most cases, the
crystallographic characterization of such bioceramics is
performed on the as-synthesized powder after calcination 11!
and not on the dense device surface. Calcined devices have
been taken into account in only a few cases; however, the
X-ray diffraction (XRD) analyses were still focused on
bulk characterization and not on the surfaces of the devices
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themselves >!#, Therefore, several important studies on the
biocompatibility of bioceramics have consistently assumed
that the biological and crystallographic characteristics of the
systems are unchanged between the bulk and the surface.

Uniaxial pressing processes can generate zones of different
pressures that can induce notable density heterogeneity in
the ceramic body '°. Further, since the bulk material and the
surface are exposed differently to the furnace atmosphere
during calcination, the reactions that occur in the bulk can
be quite different from those observed on the surface. All of
these possible changes can affect cellular behavior since cells
are sensitive to micro- and nanostructural heterogeneities on
the surface. Therefore, important questions must be asked: is
the crystalline structure of hydroxyapatite in dense devices
the same in the bulk as on the surface? If not, what changes
occur during the calcination process? The same questions
can be asked for other ceramic systems where the surface is
extremely important in determining the obtained properties '°.
To answer these questions, in this work, we propose a means
of verifying the main crystallographic variations that can
affect hydroxyapatite bioceramic materials submitted to
uniaxial pressing and calcination by comparing the bulk and
surface using XRD, glancing incidence X-ray diffraction
(GIXRD), Rietveld refinement and transmission electron
microscopy (TEM).
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2. Materials and Methods

Ahydroxyapatite powder was obtained by the precipitation
method "' in aqueous solution through a reaction between
phosphoric acid (0.100 mol L") and calcium hydroxide
(0.167 mol L"). The reaction was conducted at 60°C under
stirring, and the pH was maintained at 10 by the addition of
potassium hydroxide (0.1 mol L). After 24 h, the precipitate
was filtered, washed with distilled water, dried at 110°C for
24 h, and sieved (106 pm) to obtain a powder. The reagents
were purchased from Sigma-Aldrich and had purity values
above 99%.

The precipitated hydroxyapatite powder was processed
under three distinct conditions:

a.  Theas-synthesized powder was calcined at 1150°C

for 4 h at a heating rate of 2.8°C/min;

b.  Dense pellets approximately 10 mm in diameter and
1.0 mm in height were made by uniaxial pressing
of the synthesized powder under a pressure of 216
MPa. The pellets were then calcined for 4 h at
1150°C at a heating rate of 2.8°C/min;

c. The pellets produced as described in item b were
ground and sieved (106 pm) to obtain a new powder
for further characterization.

The structural state of the hydroxyapatite powder before
and after processing was studied by XRD in a RIGAKU
MINIFLEX powder diffractometer (CuKa A = 1.5405 A).
The powders were scanned under Bragg-Brentano geometry
from 20° to 55°, with a step size of 0.05° and a scanning
speed of 1°min. The surfaces of the dense pellets were
analyzed by GIXRD in a Shimadzu XRD 6000 diffractometer
(CuKo A= 1.5405 A) equipped with a low-angle apparatus.
Diffraction was performed with a fixed incidence angle (0)
at 1.2°, a detection angle (20) varying from 20° to 55° with
a step size of 0.01°, and an acquisition time of 1 s per point.

The diffraction patterns were refined using the Rietveld
method, which allowed us to follow the changes in the
lattice parameters, texture (March/Dollase parameter) and
crystallite size of the hydroxyapatite crystals before and after
processing. The as-synthesized and calcined powders were
also analyzed by TEM in JEOL 2100F and JEOL 2000FX
electron microscopes operating at 200 kV. After calcination,
the surface of the pellets was examined by scanning electron
microscopy (SEM) using a JEOL JSM 6460LV microscope.

3. Results and Discussion

From the TEM images, the synthesized hydroxyapatite
particles are needle shaped, with sizes varying between 50 and
200 nm (Fig. 1a). These particles are formed in some cases
by single crystals and in other cases by the agglomeration of
several crystals. This morphology is a typical characteristic
of hydroxyapatite synthesized via aqueous precipitation. As-
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synthesized hydroxyapatites exhibit preferential orientation
in the crystallographic direction [0 0 1], i.e., along the crystal
c-axis 22!, Partial doping with CO,?, H,O, and several
metallic ions intensifies the texturing of the as-synthesized
hydroxyapatite crystals '*22.

Calcination at a high temperature allows particle coalescence
by the known process of grain coarsening '*2'3, According to
the Ostwald ripening mechanism '%22*25 smaller particles tend
to transfer matter to larger ones, feeding grain growth. This
process is well demonstrated by comparing the TEM images
obtained from hydroxyapatite powders before (Fig. 1a) and
after calcination (Fig. 1b). The elongated particles observed
before calcination are replaced by spherical particles. This
change indicates that calcination not only produces grain
growth but also reduces the texture of the crystals.

To better evaluate these changes at a structural level,
we analyzed the XRD patterns of powders before and after
calcination. The powder before calcination exhibits a typical
diffraction pattern of a hydroxyapatite phase (151414-ICSD).
No other phase is observed beyond a poorly crystalline
hydroxyapatite phase. Low crystallinity can be observed by
the broadening of the diffraction peaks. After calcination,
the peaks become sharper, and a new phase appears: CaO
(~ 0.5 wt. %) (52783-ICSD). This phase is associated with
transformations occurring in hydroxyapatites with a Ca/P
ratio higher than 1.67 2. The excess of Ca** ions tends to react
with oxygen at high temperatures, which generates calcium
oxide. As observed previously, as-synthesized hydroxyapatite
generally contains CO,> that replaces PO,* groups (B-type
doping), which increases the Ca/P ratio.

The question thus far has been whether processing the
original powder via uniaxial pressing can lead to significant
structural changes to the original hydroxyapatite structure
after calcination. To answer this question, the as-synthesized
powder was used to produce pellets via uniaxial pressing
followed by calcination under the same conditions as those
previously used for the calcined powder. A portion of the
pellets was ground for further analysis via XRD. The other
portion was kept intact so that we could analyze the structural
modifications on the surface after processing.

SEM images reveal the dense surface of the pellets
after calcination (Fig. 2). Faceted grains with several sizes
are observed on the surface. The diffraction pattern of the
powder obtained from the calcined pellets after being ground
is similar to that obtained for the as-synthesized powder
after calcination (Fig. 1). Therefore, the pressing process
does not significantly affect the crystalline structure of the
hydroxyapatite. A similar amount of CaO (~ 0.4 wt. %) was
calculated from Rietveld refinement, confirming the small
influence of the pressing process on the crystals. Moreover,
the GIXRD diffraction pattern of the pellets demonstrates that
textured grains formed on the surface. The peak related to the
(0 0 2) plane of hydroxyapatite remarkably decreased, while
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Figure 1. TEM images of (a) as-synthesized hydroxyapatite (HA) particles and (b) the same particles after
calcination at 1150°C for 4 h. Rietveld refinement of the XRD patterns obtained from the as-synthesized HA
(GoF: 3.05) and after calcination (GoF: 2.46) are shown.

the peak related to the orthogonal (3 0 0) plane increased.
This behavior indicates a preferential orientation of the
surface grains in the [0 0 /] direction .

The crystallite sizes were measured via the Scherrer
equation > along the [0 0 /] and [/ 0 0] directions from the
(0 0 2) and (3 0 0) planes, respectively. These planes were
chosen because they do not present important overlaps and
are orthogonal to each other. The average values are shown
in Fig. 3. Crystallite growth is favored after calcination and
inhibited on the surface compared to the bulk. The texture
of the grains was evaluated by refining the March/Dollase
parameter and assuming a typical orientation in the [0 0 ]
direction. When this parameter is 1.0, the orientation in the [
k [] direction is completely random. Values smaller than 1.0
mean a preferred orientation in the [/ k [] direction. Values
larger than 1.0 mean that orientation in the [/ k /] direction
is avoided. The as-synthesized hydroxyapatite particles are
oriented in the [0 0 I] direction. After calcination, the particles
become more random as the parameter approaches 1.0. This
behavior seems to be induced only by the calcination process,
as the values for the pressed and nonpressed powders are

similar. However, on the surface of the pressed pellets, the
parameter is larger than 1.0, indicating that orientation in
the [0 0 ] direction is avoided.

If we consider the use of a fixed glancing incidence angle
almost parallel to the surface, the increase in this parameter
indicates that the (0 0 2) planes on the surface are preferentially
perpendicular to the X-ray beam, which reduces their signal
at the detector 2. Conversely, the scattering from the (3 0
0) planes parallel to the X-ray beam is stronger, which is
in fact observed in the GIXRD pattern (Fig. 2). Therefore,
the increase in the March/Dollase parameter means that the
grains are oriented along the [0 0 /] direction on the pellet
surface. The initial orientation observed for the as-synthesized
hydroxyapatite is preserved on the pellet surfaces. One
can conclude that both crystallite size and orientation are
strongly affected by the region where crystallites are found
in the pellets. This relationship is further demonstrated by the
calculated lattice parameters. Calcination tends to decrease
the cell unit volume compared with that of the as-synthesized
hydroxyapatite. This reduction is even more pronounced for
crystals on the pellet surfaces, confirming that the grains
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Figure 2. Macro images of pellets obtained after pressing/calcination and in powder form after grinding.
Details on the pellet surfaces can be observed in scanning electron microscopy (SEM) images at different
magnifications. The crystallographic parameters of both the surface and bulk materials can be compared in

X-ray diffraction (XRD) patterns. Rietveld parameters: GoF 1.45 (left), GoF 2.16 (right).

on the surface and in the bulk have remarkably different
crystallographic characteristics.

All these behaviors seem to be entirely dependent on
the original condition of the particles used in the uniaxial
pressing process. Since the as-synthesized particles have an
intrinsic elongation (Fig. 1a), their packing in the bulk and
on the surface is different. In the bulk, the elongated particles
are randomly distributed when they are poured into the steel
die, which results in structural isotropy (Fig. 4). On the top
and bottom surfaces, the elongated particles tend to lie flat
due to the gravitational force. After pressing, the particles on
the top surface become oriented in parallel planes. Despite
the random orientation of elongated particles in each plane,
the arrangement of particles in parallel makes all crystal
planes in the [0 0 I] direction almost perpendicular to the
incident X-ray beam in GIXRD analysis, as discussed above.

The main implication of these results is that cells can
respond differently to surfaces that exhibit topographic or

crystallographic anisotropy. Several studies have demonstrated
that oriented surface grooves at the nano- and microscale
can induce polarized growth or a preferential cell spreading
direction ?-*. This phenomenon is known as contact guidance
and occurs through an important cytoskeletal reorganization
that implies changes in the adhesion, proliferation and
differentiation of the cells *. It has also been demonstrated
that cells can exhibit different behavior when cultured on
different faces of the same crystal 33, If each crystal face
exhibits unique chemical terminations and atomic packing,
the surface energies attributed to the faces can diverge.
Surface energy directly influences two important phenomena
in cell/biomaterial interactions **’*%: protein adsorption
and cell attachment. Therefore, careful and precise surface
characterization is essential for correctly describing cell
behavior on biomaterial devices.
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Figure 3. Lattice parameters, cell unit volume, crystallite size and orientation of the hydroxyapatite
crystals throughout processing, as measured from Rietveld refinement data.
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Figure 4. Schematic illustration of the HA particle arrangement after being poured into the steel die (left) and after being pressed (right)
into pellets.
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4. Conclusions

As-synthesized hydroxyapatite crystals had a preferential
orientation along the [0 0 I] direction. The calcination
process followed by grain growth inhibited this texture
feature. However, on the pellet surface, the initial orientation
of the crystal was preserved. The crystallite growth and
cell unit volume were significantly reduced for the crystals
on the surface relative to those in the bulk. These results
demonstrate that the crystallographic features on the surface
of hydroxyapatite pellets can be completely different from
those observed for the bulk, which may compromise the
interpretation of cellular behavior generally attributed to
the bulk material.
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