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Hydroxyapatite (HA) nanoparticles are heavily used materials in biomedical applications. Therefore,
identification of cheap and readily available raw-materials for the synthesis of HA nanoparticles is very
important to fulfill the current demand. Herein, for the first time, we have developed a novel method to
convert readily available, extensively distributed, naturally occurring apatites into nontoxic hydroxyapatite
nanoparticles for biomedical applications. In this method, powdered apatite is digested and combusted
to produce calcium phosphate nanoparticles and hydrothermally treated to convert them into high

purity HA. HA nanoparticles are characterized using X-ray diffraction (XRD), Fourier Transform Infrared
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Accepted 4th May 2017 (FT-IR) spectroscopy, Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
Synthesized HA nanoparticles are nontoxic according to the cytotoxicity results which confirm their
DOI: 10.1039/c7ra02166f . L . —_— . . . )
potential usage in biomedical applications. Therefore, this method is very important to fulfill the current

rsc.li/rsc-advances demand of HA nanoparticles and for value-addition to natural apatite.

Open Access Article. Published on 09 May 2017. Downloaded on 4/3/2026 7:17:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Introduction

Hydroxyapatite (HA) nanoparticles are a very attractive and
heavily used material in many fields due to their broad range of
applications including as a coating material in bone implants,
in photo-catalysis, drug delivery systems, bone cement, bone
fillers, ceramic implants, in protein chromatography, water
purification and catalysis."® Among these applications, HA
nanoparticles are especially synthesized to recover damaged
human bones and teeth as they are mainly composed of natural
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hydroxyapatite.”® Therefore, nontoxic HA nanoparticles are
excessively synthesized for the fulfillment of current demand
mainly in biomedical fields. Furthermore, HA nanoparticles
and their nanocomposites are marketed with high-costs.

HA nanoparticles are mainly synthesized through chemical
synthetic routes starting from chemicals including calcium nitrate,
calcium oxide and diammoniumhydrogenorthophosphate.'®**
However, in the preparation of HA nanoparticles via chemical
synthetic routes, reaction conditions and amounts of reactants
have to be very carefully maintained. Otherwise, the final product
would contain impurities such as calcium phosphate and un-
reacted reactants which will undoubtedly reduce the quality of
the final HA product.”® Hence, the product will not be suitable for
its end-use. Furthermore, the crystalline structure of final HA
product can be affected significantly with the variation of condi-
tions and it is yet another crucial factor that diminishes the value
and applications of HA. Therefore, alternative methods and simple
techniques are to be developed to synthesize HA nanoparticles in
industrial-scale with good quality, uniformity and perfect crystal
structure.

Naturally occurring apatite has widely been distributed with
large minable quantities throughout the globe.'* However,
applications of most of these deposits are limited to production
of fertilizers and more value-added products should be intro-
duced for the value-addition to these natural apatite deposits.
There are three main forms of apatite; fluoroapatite, chlor-
oapatite and hydroxyapatite; based on their chemical compo-
sition and also their mixed forms readily exist naturally.**

This journal is © The Royal Society of Chemistry 2017
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Furthermore, naturally occurring apatite could be an econom-
ical source of HA when novel cost-effective methods are devel-
oped to produce high purity HA. Therefore, conversion of
naturally occurring apatite into high purity HA will be a great
effort and a timely needed requirement in order to fulfill the
current demand of HA as well as for the value-addition to such
natural apatite deposits. Synthesis of HA nanomaterials will
further increase the value addition of natural apatite deposits
since HA nanoparticles are much more expensive than
conventional HA micro- and millimeter-sized particles.
Furthermore, non-cytotoxic, biologically safe HA nanoparticles
are very valuable and are marketed at high price. However, most
of apatite deposits contain significant amount of impurities
which have limited their use for the synthesis of high-purity HA
and their nanoparticles.”*® Therefore, novel techniques are
required to synthesize high-purity HA from natural apatite.
There are a few methods have been introduced to convert
naturally occurring apatite into HA nanoparticles."*° However,
to the best of our knowledge, cytotoxicity of converted HA
nanoparticles from naturally occurring apatite has not been
studied.

In this paper, we describe a novel method to convert natu-
rally occurring apatite into high-purity, nontoxic HA nano-
particles. In this method, first, powdered apatite is digested in
concentrated nitric acid, and then, the digested product is
combusted using urea as a fuel in order to produce a mixture of
different types of calcium phosphate nanoparticles. Finally,
these precursor calcium phosphate nanoparticles are hydro-
thermally treated in order to convert them into high-purity HA
nanoparticles. The cytotoxicity experiments of synthesized HA
nanoparticles show that the HA nanoparticles are indeed
nontoxic. This confirms the potential use of synthesized HA
nanoparticles in biomedical applications. This technique is very
important on value-addition to natural apatite and to fulfill the
current demand of HA nanoparticles.

Experimental
Materials

Natural apatite (NAP) crystals were collected from apatite
deposit located at the village of Eppawala in north-central part
of Sri Lanka. The deposit covers approximately 6 km?> land area
with six hillocks. Apatite crystals were collected from various
locations of the deposit to represent whole deposit. All samples
were crushed, ground, ball-milled and mixed together. Finally,
the mixed powder was sieved to separate different size fractions.
The sizes of less than 100 pm sieved fraction was used for the
synthesis of HA nanoparticles and larger sizes were further
ground and milled to obtain the right sizes. Chemicals used for
the synthesis were urea (99% purity), calcium oxide (99%
purity), and nitric acid (70% purity). These chemicals were
purchased from Sigma-Aldrich.

Synthesis of HA nanoparticles from apatite

The powdered apatite sample was heated, at 1100 °C, for 3 h, in
a furnace to produce calcined apatite. The calcined apatite
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sample (2.0 g) was dissolved in 15 M HNOj; (10.0 mL) acid. The
mixture was placed in a ceramic crucible and required amount
of urea fuel was added to the mixture until the mole ratio of urea
to NO; ™ is 1 : 1. The whole mixture was heated at 300 °C to start
recrystallization process via combustion. 1.0 g of sample
prepared from combustion method was placed in Teflon-lined
stainless steel autoclave with 30 mL of distilled water for
hydrothermal treatment at pH 10, at 150 °C, for 3 h. The
precipitate was washed with distilled water for 3 times and was
allowed to dry under ambient laboratory conditions. Another
1 g of sample prepared from combustion method was hydro-
thermally treated by adding 1 g of CaO into the reaction
medium at pH 10 at 150 °C for 3 h. This method was triplicated
to check reproducibility.

Characterization of materials

Crystalline phases of natural apatite sample, precursor phases
and the final product were mainly characterized using X-ray
diffraction (XRD) technique with the aid of Siemens D5000 X-
ray powder diffractometer (Cu Ko radiation of wavelength
0.154 nm and scanning rate of 1 min~'). The obtained XRD
patterns were analyzed using ICDD PDF 2 database with X-
powder 12 software. Fourier Transform Infrared (FT-IR)
spectra of materials were recorded on a Shimadzu IR-Prestige
21 instrument with the KBr pellet method. Herein, samples
and fused KBr were thoroughly dried, in a vacuum oven, at
60 °C, for 12 h. Each well dried sample and fused KBr were
mixed in 1 : 40 mass ratio and pressed at 5 tons using a stan-
dard pellet press machine to obtain required pellets for the FT-
IR analysis. The high resolution transmission electron micros-
copy (HRTEM) was conducted using a JEOL 2100 transmission
electron microscope (TEM) for final HA product to further
confirm crystalline phases of the product based on selective
area electron diffraction (SAED) pattern. The morphologies of
samples were analyzed using the scanning electron microscopy
(SEM). The elemental composition of prepared HA samples
were analyzed using energy-dispersive X-ray (EDX) spectro-
scopic technique and Electron Energy Loss Spectroscopy (EELS)
of TEM. The TEM analyses were conducted using a JEOL, JEM-
2000FX Electron Microscope. SEM and EDX analyses were
conducted using Zeiss Sigma VP field emission scanning elec-
tron microscope coupled with an EDX detector. Amounts of
fluoride and chloride of the final product were measured by
means of Hach DR/2400 spectrophotometer.

In vitro cytotoxicity evaluation of HA nanoparticles

HOS cells were cultured and the preparation was carried out
under sterile conditions using a class 2 safety cabinet (Herasafe,
Kendro Laboratory products, Germany).?*** The cell viability
and cytotoxic effects of the material was determined by per-
forming MTT assay. The Dulbecco's Modified Eagle's Medium
(DMEM) and 70% ethanol were used as negative and positive
controls, respectively. Extracts were prepared by eluting test HA
nanoparticles in complete medium at 37 °C for 1, 5, 7, 14, 21, 28
and 35 days. Then HOS cells were cultured for 24 h and further
4 h incubation in the presence of 10% MTT [(3-(4,5)-

RSC Adv., 2017, 7, 24806-24812 | 24807
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma
Aldrich Ltd, UK).>* Finally, Absorbance was measured on
Dynatech MR 700 micro plate reader, at a test wavelength of
570 nm and a reference wavelength of 630 nm.***

Results and discussion
Characterization of synthesized HA products

According to geochemical studies of selected NAP deposit
located at Eppawala, Sri Lanka, it contains high degree of
fluoride and chloride ions together with hydroxyl groups.'”'®
Therefore, fluoride and chloride ions should be removed to
synthesize required hydroxyapatite as a biomaterial. The XRD
peaks (Fig. 1) of NAP raw-sample found at 26 values from 10° to
60° are compatible with standard XRD patterns of hydroxyapa-
tite (JCPDS card no. 72-1243), fluoroapatite (FA) (JCPDS card no.
73-1727) and chloroapatite (CA) (JCPDS card no. 73-1728). There
is no significant change of heat-treated NAP sample at 1100 °C
as found out from XRD pattern (ESI Fig. Slatf). However,
increase in peak intensities of XRD pattern of heat treated NAP
excluding the reduction of intensity at (300) plain may be due to
the removal of chloride ions from the crystal lattice during the
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Fig. 1 XRD patterns of (a) NAP sample, (b) synthesized product via
combustion method, (c) hydrothermally treated final HA nanoparticles
at pH 10 with CaO.
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heat treatment. Fig. 1b shows the XRD pattern of the synthe-
sized products prepared via combustion method which
contains diffraction peaks of apatites, tricalcium phosphate
(TCP) and calcium pyrophosphate (Ca,P,0,) (CPP). Herein,
heat-treated NAP reacts with the HNO; acid in order to produce
Ca(NOg),. During the combustion, Ca(NO;), acts as an oxidant
and urea acts as a fuel. Self-propagating redox reaction is
identified along with the decomposition of nitrate and oxida-
tion of urea, which releases a large amount of energy as heat.
The combustion reaction has been initiated at low temperature
and after the initiation, the reaction supplies required amount
of heat to the reaction medium in order to continue the
combustion. Hence, no external heat source is needed and this
leads the formation of HA (Reaction S1 in the ESIt).>* Also, in
mild acidic media (about pH = 5), there is a possibility to
precipitate monetite (CaHPO,-2H,0) (Reaction S2 in the
ESIT).>® During the combustion process, monetite can be con-
verted into the CPP (Reaction S3 in the ESIt) due to the excessive
amount of heat.>®*® XRD peaks of CPP are found at 26 values of
18.0°, 20.0°, 23.5°, 25.2°, 26.9°, 27.7°, 33.7°, 34.6°, 36.5°, 37.0°,
39.9°, and 45.5° (JCPDS card no. 72-1651) (Fig. 2c). In addition,
formation of TCP can be identified during the combustion of
heat treated NAP with the aid of XRD pattern (Fig. 1b) with
peaks at 26 values of 31.0°, 34.3°, 37.8° and 51.4°. HA then reacts
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Fig. 2 FTIR spectra of (a) Eppawala NAP (b) synthesized product via
combustion method and (c) hydrothermally treated final HA nano-
particles at pH 10 with CaO.
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with CPP in order to form TCP with the generated heat from the
combustion (Reaction S4 in the ESIt).>

During the process of combustion, a mixture of calcium
phosphates has been obtained from NAP as a result of conver-
sion of TCP and CPP into the HA. (Reactions S5 and S6 in the
ESIt). Therefore, the final product obtained from the urea-
assisted combustion of NAP is hydrothermally treated in
order to convert the mixture of calcium phosphates into HA
nanoparticles. XRD peaks of crystal planes of TCP have
completely been removed (ESI Fig. Sibt) during the hydro-
thermal treatment at pH 10. Crystal plane of HA at (102) has
become dominant compared to the other planes. Therefore,
conversion of TCP into HA has been occurred at pH 10.
However, there is no phase transformation of CPP at different
pH conditions through the hydrothermal process. However,
transformation of CPP into HA has been occurred with CaO
(Reaction S6 in the ESIt). The characteristic XRD peaks of HA
are found at correct positions of final HA product prepared
through hydrothermal synthesis with CaO at pH 10 (Fig. 1c)
(JCPDS card no. 72-1243). However, there is a small difference in
(210) basal plane of the synthesized product. Intensity of that
peak has become higher than the other peaks as well as
different from the standard data. This is due to the, over growth
of HA crystals along the (210) plane during hydrothermal
treatment. According to the Debye-Scherrer formula, which is
applied to (210) and (211) planes, the responsible crystallite
sizes are 43 nm and 12 nm, respectively. Hence, formation of
needle-like HA crystals can be identified in SEM and TEM
images (vide infra).

XRD results are further confirmed by FTIR studies (Fig. 2).
The sharp band centered at 1644 cm ™' and the broad band
around 3400 cm™' represent the stretching vibration of
combined water in the HA lattice. However, NAP sample
contains less amount of combined water in the HA lattice
because there is no more intense bands at the required posi-
tions in FTIR spectrum as shown in Fig. 2a. The bands centered
at 950 em™ " and 1046 cm ™" are obtained due to the symmetric
(v1) and anti-symmetric (v3) stretching vibrations of the P-O
bonds which are presented in PO,*>~ groups of NAP. Similarl y,
606 cm™ ', 567 cm ' bands reflect the (v,) anti-symmetric
bending of the phosphate group of NAP as well as the bands
at 431 cm ™" and 492 cm ™" are also related to the (v,) symmetric
bending of the phosphate group present in NAP.?”** Charac-
teristic bands for the carbonated apatite are found at 1380 cm ™"
and 1447 cm™ " in these samples which can be attributed to the
carbonate (-COj3) group.”’* This suggests that some of the
hydroxyl groups in NAP lattice have been replaced by the
carbonate ions. However, the characteristic FTIR band of
carbonate groups at 860 cm ™' has been masked due to high
absorbance of bands of phosphate groups. The FTIR spectrum
of synthesized product via combustion method is shown in
Fig. 2b. The presence of pyrophosphate groups in the synthe-
sized samples can be identified with the broad IR absorbance at
around 1200 cm ™" position.***> Narrow IR absorption band at
750 cm ™ is also attributed to the pyrophosphate of synthesized
samples.**** Incorporation of H,O into the synthesized crystals
from combustion method can be identified with the highest
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appearance of bands at 1644 cm ™" and the broad band around
3400 cm™ "% The band at 3549 cm™" is related to the bending
vibration of the hydroxyl group (-OH) of HA.*”** Similarly,
during the combustion process, incorporation of carbonate
groups in the synthesized products can be identified with the
increase in intensities of the bands at 1380 em™" and 1447
em '3 According to the FTIR spectra, the presences of CPP and
calcium phosphates have been found in the synthesized prod-
ucts via combustion method. XRD result of final HA product is
also confirmed by FTIR spectrum of final HA product (Fig. 2c).
As previously described, all the characteristic IR absorption
bands of HA have been appeared in the IR spectrum of final HA
product.

The crystalline phase and morphology of final HA product is
characterized using TEM, HRTEM and SAED studies as shown
in Fig. 3. The final HA product is in needle-like morphology.
SAED result is in good agreement with XRD and FT-IR results.
SAED shows that the final product only contains crystalline
hydroxyapatite at the electron diffraction planes at (111), (102),
(202), (302), (132), (331), (215) and (352). The d-spacing of the
lattice fringe of final HA product according to the HRTEM
images is found to be 2.6 A (ESI Fig. S21).

SEM images of formed products from NAP at the end of
combustion are shown in Fig. 4. Rod-like particles are found in
these SEM images. The average length and width of rod-like
particles are about 100 nm and 50 nm, respectively. Herein,
synthesized calcium phosphate and pyrophosphate particles
have been aggregated to form irregular shapes and dumbbell-
like morphology in micrometer range. SEM image of synthe-
sized final HA product from NAP is shown in Fig. 4b. Needle-like
particles have been found in SEM images. The average width
and length of needle like particles is about 80 and 750 nm in

Fig.3 (a) TEMimage (b) and (c) HRTEM images and (d) SAED pattern of
synthesized HA nanorods.

RSC Adv., 2017, 7, 24806-24812 | 24809
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Fig. 4 SEM images of (a) precursor product after combustion with
urea-combustion (b) final HA nanorods.

size, respectively. As described earlier, morphology of such
synthesized HA nanoparticles is well-matched with the XRD
data and calculated crystallite sizes because those data also
describes the formation of needle-like HA crystals.

Morphologies and sizes of the HA nanoparticles synthesized
by combustion method depend on the various parameters. The
flame temperature (highest temperature generated in the
combustion) directly affects on the characteristics of synthe-
sized powder. In addition, other reaction parameters such as
nature of fuel, fuel-to-oxidizer ratio and the initial temperature
of the furnace are factors affecting on properties of the resulting
powder. Another important feature in this process is the
prevention of over growth of particles by cooling the product
effectively through evolution of gases during the combustion
process. Aghayan et al. (2012), have studied the morphological
changes of HA nanoparticles with the ratio of urea to HNO;. In
their study, rod shaped nanoparticles were formed when the
ratio between urea to HNOj; is around one.?* This is due to the
complete oxidation of urea by releasing more energy during the
process. Moreover, the acidity of the solution is increased
strongly with increasing amount of HNO; and the reactivity of
phosphate ions is decreased. Therefore, the amount of HNO,
leads to diminution of TCP while increasing the amount of HA.

In this study, the ratio between urea to HNO; is 1:1.
Therefore, during the combustion, large amount of energy is
released while forming rod shaped HA, CPP and TCP. Hydro-
thermal method has been exploited to prepare 1D nanosized
HA, owing to its capability to induce 1D growth.**~*¢ Therefore in
the present study, we have used hydrothermal method to
convert both CPP and CP into HA nanoparticles. Rod-shaped
particles are elongated through [210] direction while forming
needle-like HA crystals due to the high pressure and tempera-
ture during the hydrothermal treatment.

Fig. 5 shows the EDX and EELS spectra of pure NAP and final
HA nanoparticles. The EDX spectrum in Fig. 5a clearly indicates
the presence of F~ and Cl™ in pure NAP samples. However, there
are no peaks in EDX spectrum (Fig. 5b) for F and CI due to the
removal of F~ and Cl™ during the synthesis process of HA

24810 | RSC Adv., 2017, 7, 24806-24812
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a0l (c)

Fig. 5 EDX spectra of (a) pure NAP and (b) finally synthesized HA
nanoparticles and (c) EELS spectrum of HA nanorods.

nanoparticles. This is the important point of this conversion
method of NAP to the HA nanoparticles because there is no
published report in literature on removal of incorporated F~
and Cl” from NAP. This removal process occurs during the
process of combustion. This novel process contains interesting
findings in order to synthesize high purity HA nanoparticles by
removing harmful impurities from HA nanoparticles. According
to the quantitative analysis of spectrophotometry, the final HA
product does not contain F and Cl species. Furthermore, weight
percentages of Si and Sr impurities of final HA nanoparticles
based on EDX and EELS results are 0.29% and 0.29%, respec-
tively. No other impurities are found in HA nanoparticles.
Therefore HA nanoparticles are of more than 99% purity. This
means that the devised method is very successful in the
synthesizing high purity HA from impure apatite rocks.
Furthermore, such small amount of Sr would not contribute to
any toxicity to HA nanoparticles.

Evaluation of cytotoxicity of HA nanorods for biomedical
applications

Absorption values of MTT test elution and controls are shown in
Fig. 6. The results of the MTT assay, which measures the test
materials, do not obtain any toxic leachable substance which
would cause a deleterious effect to the cells and hereby do not
affect cellular metabolism. Results of the test materials are
slightly lower than those of the negative control that should be
mentioned, the fact that the synthesized HA nanoparticles are
less performing than the negative control. However, these results
do not show any significant difference in the response (within the
range of experimental error), at days 1, 7, 14, 28, and 35 of
incubation and they are comparable to the negative control (p <
0.05). Therefore, the long term evolution of the response of
osteoblast-like cells to the synthesized HA nanoparticles, confirm
the non-cytotoxicity of the material. Also, reduction of the
metabolic activity with the positive toxic control can be observed.
In addition, the percentage viability of cells can be calculated
using equation which is given in our previous publication.”

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Absorption values of synthesized HA nanoparticles and DMEM
resulted from MTT assay (*p < 0.05).

Table 1 Cell viability (%) and toxicity level of synthesized HA
nanoparticles

Standard viability

data’*3* Experimental data

Cell Cell

viability Toxicity viability Toxicity
(%) level Sample (%) level
=100 0 Day 1 81.9 1

75-99 1 Day 7 85.5 1

50-74 2 Day 14 88.6 1

25-49 3 Day 21 91.8 1

1-24 4 Day 28 94.5 1

0 5 Day 35 95.8 1

The toxicity level of synthesized HA nanoparticles can be
identified by considering standard percentage viability
range.”»*”** Those standard toxicity levels and calculated
experimental data are tabulated in Table 1. Because of these
tested samples having toxicity level 1 for all 6 elution (day 1, 7,
14, 21, 28 and 35), we can say that those can be considered as
nontoxic to the human body.

Conclusions

Naturally occurring apatite has successfully been converted into
needle-like hydroxyapatite nanoparticles in nanometer range
through combustion method followed by hydrothermal treat-
ment. Mixture of rod-like and dumbbell-like phosphates
including calcium pyrophosphate and tricalcium phosphate
have been obtained after combustion of digested apatite with
urea. The mixture of apatite have directly been converted into
needle-like HA nanoparticles after the hydrothermal treatment
at pH 10. Both fluoro- and chloro-apatites in the natural apatite
sample have also been converted into HA nanoparticles. The
final HA nanoparticles are of more than 99% purity and quality.
The synthesized HA nanoparticles are suitable for biomedical
applications as they are nontoxic. The reported novel method is
up-scalable to industrialize the process. This effort is very useful
for the value-addition to the readily available extensive deposits

This journal is © The Royal Society of Chemistry 2017
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of apatite throughout the globe and to fulfill the current high
demand of HA nanoparticles.
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