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Abstract

Due to its biocompatibility and bioactivity, hydroxyapatite (HA) has a wide
range of applications in medical engineering cases, such as bone repair and bone
tissue regeneration. The use of artificial HA with a similar structure and
chemical composition to biological apatite could increase the durability of the
HA inside the natural hard tissues. The aim of the present work was to synthesis
nano-structured HA via different routs, the comparison of their characteristics
and enhancement of the bioactivity of HA by controlling its crystallite size and
chemical composition. Nano HA was prepared by mechanical activation and sol
gel routs. The x-ray diffraction technique (XRD), Fourier transform infra red
spectroscopy (FTIR) and transmission electron microscopy (TEM) were used to
characterize the HA powder. The synthesized powder was soaked in simulated
body fluid (SBF) for various periods of time in order to evaluate its
bioresorbability and bioactivity after immersion in SBF. Atomic absorption
spectroscopy (AAS) was used to determine the dissolution of calcium ions in the
SBF media. Results showed that the prepared HA powder had a nanoscale
structure with a size of 29 nm for the powder prepared by mechanical activation
and 25 nm for the powder that was prepared by the sol gel method. The ionic
dissolution rate of nano-structured powder was higher than conventional HA
(with micro scale size) and was similar to biological apatite. It could be
concluded that bioactivity behaviour of HA powder is affected by its crystallite
size. Using the nano-structured HA powder with less than 50 nm crystallite size,
the optimum bioactivity and bioresorbability would be achieved.
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1 Introduction

Bioactive materials, such as hydroxyapatite (HA), can integrate well with living
bone tissues by forming spontaneously a biologically active bone-like apatite
layer on their surfaces [1-4]. HA shows excellent biocompatibility with hard
skin and muscle tissues and can directly bond to the bone [5].

Mechanical activation (MA) as a solid-state reaction has been widely studied
as an appropriate technique to produce nano-structured HA [6-9] and carbonate
substituted HA [10—12]. Solid-state reactions usually give a stoichiometric and
well-crystallized product [6—12]. Sol-gel rout, which is one of the wet chemical
methods for the preparation of HA nanopowder, has a low fabrication rate but
can produce products with high purity and nano-sized particles [13].

It is possible to improve the properties of HA by controlling the parameters of
powder, such as particle size, distribution and agglomeration. Nano-structured
HA shows suitable bioactivity. Using nano-structured HA can result in more
reliable bonding with the host biological bone. Nano-structured HA powders
exhibit a greater surface area and are expected to have better bioactivity than
coarser crystals. Osteoconductivity, solubility, sinterability and mechanical
reliability of the HA can be promoted by controlling its particle size and
structural morphology in the order of nanoscale [14—17].

Biological HA contains substituted carbonate groups and presents a nanoscale
structure of less than 50 nm in dimension. Based on these facts, artificial
carbonated nano-structured HA has bioactivity, bioresorbability and biological
properties, closer to biological apatite [18].

The aim of the present work was to produce nano-structured HA with less
than 50 nm dimensions by solid state and wet chemically routs and to evaluate
and compare their bioactivity with biological apatite.

2 Experimental procedure

The starting materials were dicalcium phosphate dihydrate (CaHPO,4.2H,0,
Merck >98%, average size: 10 micron) and calcium carbonate (CaCO; Merck
>98%, average size: 5 micron). Appropriate amounts of the two starting
materials were mixed together at a molar ratio of 3:2. The mixture was loaded
into a hardened steel bowl, together with stainless-steel balls of 20 mm in
diameter. Mechanical activation (MA) reactions were performed in a planetary
ball mill at a rotating speed of 530 rpm and the time in the period of 2—40 hours.
The mass ratio of balls to reactants was 20, whereby the overall ball mass was
160 g.

Sol-gel derived HA powder was prepared based on the previous study by the
authors [19], and in such a manner that was previously reported [19].

The phase composition of prepared HA powders was analyzed by the x-ray
diffraction (XRD) technique using CuKa radiation generated at 40 kV and 100
mA, at a scan rate of 0.02°s. The crystallite size of the HA powders was
determined by using XRD patterns and the Williamson-Hall approach [20].
Fourier transform infrared (FTIR) spectroscopy analysis (Bomem, MB 100) was
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carried out to identify the functional groups. The spectrum was recorded in the
4000400 cm™ region with 2 cm™ resolution. The transmission electron
microscopy (TEM) technique was utilized to evaluate the shape and size of the
prepared HA powders.

In vitro bioactivity evaluation of the synthesized HA powders was performed
in a simulated body fluid (SBF) media of pH 7.4 at a ratio of 1 mg/ml in a water
bath at 37°C. The dissolution amount of calcium ions in the SBF medium were
determined by atomic absorption spectrometer (AAS). The changes in the pH of
the SBF medium were measured at pre-determined time intervals using a pH
meter.

3 Results and discussion

Fig. 1 shows the XRD patterns of the powder mixtures of CaHPO4.2H,0O and
CaCOs; that were subjected to MA for various periods of time (2—40 hours). The
2 hours milled powder showed only the CaCO; and CaHPO,.2H,0 phases. By
increasing the milling time, the XRD peaks became broader and the intensities
decreased. The peak broadening was attributed to crystallite size refinement.
This trend continued for up to 12 hours. At this stage, no peak of starting
materials could be observed and according to JCPDS No. 09-0432, the only
present phase was HA. Further MA led to the formation and growth of nano-
structured HA. However, no additional increase in intensity was observed after
12 hours of milling, suggesting that the synthesis reaction was completed.
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Figure 1: XRD patterns of powder mixtures of CaHPO,.2H,0O and CaCO;
after ball milling for various periods of time.
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Figure 2: FTIR spectrum of (a) ball milled nano-structured HA and bone
apatite; (b) sol-gel derived nano-structured HA.

The average crystallite size of the prepared HA after 12 hours of milling was
about 29 nm according to the Williamson-Hall approach.

As was reported in the previous work by the authors, the XRD pattern of sol-
gel derived HA indicated that a pure crystallite nature of typical apatite crystal
structure with broad diffracted peaks could be obtained without any extraneous
phases [19]. The average crystallite size of sol-gel derived HA was about 25 nm
according to the Williamson-Hall approach. Controlling the process parameters
could make the crystallite size of products in MA and sol-gel routs similar.

Fig. 2(a) shows the FTIR spectroscopy of nano-structured HA synthesized by
12 hours MA and also the biological apatite of bone. The FTIR spectrum showed
all the characteristic peaks of pure HA and additionally the characteristic peak of

the CO 5_ group that appeared at 873 cm™, 1454 cm™ and 1769 cm™. Bone

apatite also contains substituted carbonate ions and has a similar FTIR pattern
[21].
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The FTIR spectrum of sol-gel derived HA is also shown in Fig. 2(b),
indicating all characteristic peaks of pure and stoichiometric HA. The
characteristic bands from inorganic carbonate ion (1465-1415 cm™ and 876
cm’) are also present.

The bone contains carbonated HA having 4— 6% carbonate by weight [22]. A
common method for determining the type of carbonate substitution is to examine
the positions of carbonate bands observed in FTIR spectra. Fig. 2 shows that
carbonated HA were achieved by using both sol-gel and MA processes. As
indicated earlier by Emerson and Fischer [23] and Elliott et al. [24], the place of
carbonate group in FTIR spectrum in Fig. 2 is located in B type carbonated HA.
In B type carbonate HA, phosphate group is replacing by carbonate groups.

Fig. 3(a) shows TEM image of 12 hours ball milled powders. The prepared
HA powder has average crystallite size close to the size determined by
Williamson-Hall calculation. TEM image shows high agglomerated powder with
less than 50 nm crystallite size. Agglomeration was occurred because of high
surface energy of ball milled HA powder. The morphological shape and size of
sol-gel derived HA is also shown in Fig. 3(b). The sizes of the particles are in the
nano scale region with a mean crystallite size of 25 nm in diameter. Furthermore,
HA particles are not agglomerated and are mono dispersive. These differences
between two types of process were shown in other studies [25, 26]. However,
nano-structured powder with particle size of less than 50 nm could be obtained
by both processes.

Results showed that nano-structured carbonated HA was produced by MA
and sol-gel processes. In comparison with other researches [25-27], nano-
structured HA with crystallite size less than 50 nm could be prepared and the sol-
gel process that was used in this study, did not need any catalyst and pH control.

Figure 3: TEM micrograph of nano-structured HA powder produced by; (a)
MA; and (b) sol-gel processes.

Fig. 4 (a) shows the trend of releasing of calcium ions from nano-structured
HA into SBF. More calcium ions were released from the nano-structured HA as
compared with conventional HA (Con. HA). The amount of calcium release
from the nano-structured HA corroborated well with the calcium release pattern
of biological apatite [28]. The ionic dissolution rate of ball milled nano-
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Figure 4: (a) Release of calcium ions from sol-gel derived nano-structured

HA (nano HAT1), ball milled nano-structured HA (nano HA2),
biological HA (Bio HA) and conventional HA (Con. HA). (b) The
changes of pH versus time for nano HA1, nano HA2, Bio HA, and
Con. HA.

structured HA (nano HA 2) is much similar to that of sol-gel derived nano-
structured HA (nano HA 1) and biological HA (Bio. HA). As the solubility is
highly sensitive to the structural and chemical compositions of the apatite, the
crystallite size is an essential key factor for in vitro behaviour of HA.
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There is a little difference between the ionic dissolution rate of nano HA 1
and nano HA 2. This is because of agglomeration of ball milled powder. Surface
area is one of the most effective factors on ion releasing. Sol-gel derived HA
contains nano scale individual particles that make its surface area higher than
ball milled HA.

Fig. 4 (b) shows a graph of the changes of pH versus time which illustrates
the resorbability of nano HA 1 and nano HA 2. The graph also shows the
variation of pH versus time for a Con. HA and, Bio. HA for comparison. The pH
changes of the Con. HA were found to be insignificant variation trend as it was
not resorbed in SBF medium which indicates its physiological stability during
the period of study. The nano HA 1 showed drastic pH changes, suggesting that
it dissolves much faster than Con. HA.  The pH value depends on solubility or
resorbability of the HA. As the pH decreases, the solubility increases.
Accordingly, it is clear from the Fig. 4 (b) that the rate of bioresorbability of the
prepared nano-structured HA is higher than the rate of bioresorbability of the
Con. HA and is similar to Bio. HA.

Based on the type of medical application, bioactivity of the HA can be
controlled by its crystallite size. Due to the presence of substituted carbonate
groups and nanoscale structure, prepared HA powder shows the similar
bioactivity and bioresorbability properties to biological apatite and could be used
near the hard tissues [29-31]. Using such as nano-structured HA can improve the
host/implant reactions in biomedical applications.

4 Conclusion

Carbonated nano-structured HA with crystallite size less than 50 nm was
prepared by mechanical activation and sol-gel processes. Prepared carbonated
nano-structured HA showed similar bioactivity properties to biological apatite.
Bioactivity of nano-structured HA was affected by its crystallite size and was
independent to the type of preparing routs. Controlling the crystallite size of HA
is the most effective factor on bioactivity behaviour.
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