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Abstract

Nanoemulsion technique, based on Ouzo effect, was applied for synthesis of the pure and silver doped (2.5 and
Smol%) calcium hydroxyapatite (HAp). After calcination at 500 °C fully crystallized powders were obtained.
X-ray powder diffraction analysis accompanied with Rietveld refinement revealed that the synthesized pow-
ders were single-phase hydroxyapatite. Raman spectroscopy also confirmed that the synthesized powders were
single-phase. The obtained HAp particles were spherical in shape and their sizes were in the nanometer range
which was revealed by field emission scanning electron microscopy analysis (FESEM). The successful synthe-
sis of the single-phase Ag doped HAp showed that nanoemulsion method is a simple technique for obtaining

pure and doped hydroxyapatite nanospheres.

Keywords: apatite, nanoparticles, nanoemulsion, Raman spectroscopy, X-ray diffraction

I. Introduction

Hydroxyapatite (denoted as HAp) belongs to a group
of phosphate minerals and it is the major component
of tooth enamel and bone mineral. HAp has attracted
wide interest in science due to the possibility of its ap-
plication as bioceramic material. Namely, hydroxyap-
atite has been widely used as a bone substitute and
smart drug delivery due to its adequate mechanical and
bioactive properties [1,2]. Properties of this material can
be improved by doping that can induce complex struc-
tures at the unit cell level [3,4]. In pure CHAp Ca®*
ions can be replaced by various isovalent or aliovalent
metal ions like Ag*, Sr**, Mg?*, Zn?>*, Ce*, La*, Y37,
Gd**, Tb**, etc. [3-11]. Usually, this kind of substitu-
tions leads to improvement of biological properties.

In recent years there is a constant need for develop-
ment of new drugs and drug targets due to the ability of
microorganisms to rapidly adapt and become resistant.
The pharmaceutical companies have introduced only
few new antibiotics, and none of them demonstrated
improvements against multidrug-resistant bacteria [12].
That is why nanoparticles with antibacterial properties
are nowadays on the top of the scientific research, as
an alternative to classical antibiotics [13]. Having that
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in mind, it would be interesting to develop smart drug
delivery system based on HAp with antibacterial prop-
erties. Hydroxyapatite doped with small amounts of sil-
ver ions showed a broad spectrum of antibacterial ac-
tivity and the absence of cytotoxicity [14—17]. Silver
ions in particular show oligodynamic effect with a min-
imal development of microorganism’s resistance [18].
Hydroxyapatites are usually doped with Ag concentra-
tions of 0.1 to 5 mol% [16]. Studies showed that the an-
timicrobial effect is stronger as the concentration of Ag
is higher [19], but attention must be paid not to reach
cytotoxic silver concentration for the surrounding tissue
[17]. That is the reason why we decided to reach 5 mol%
of Ag dopant.

HAp for smart drug delivery application is mostly
used as powder and its behaviour and usefulness de-
pends on powder properties such as mean particle size,
surface area and morphology. Among various methods
that can be used for synthesis of Ag* doped HAp, na-
noemulsion technique can be ideal for the fabrication
of nano-biomaterials, because it provides possibility to
manipulate the structure of biomaterials at the molecu-
lar level and it can produce spherical nanoparticles with
small size of droplets [20,21].

Nanoemulsions represent a special class of liquid dis-
perse systems, with droplet diameter less than 100 nm
[22]. Spontaneous emulsification occurs when strongly
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hydrophobic oil is dissolved in a water-miscible solvent.
This effect is nanoemulsification and it is usually called
the Ouzo effect. Ouzo effect offers the possibility of ob-
taining dispersions without the need to use any surfac-
tant at all, because emulsification occurs almost simul-
taneously in the entire volume [23].

The aim of this work was to synthesize the
monophase fully crystallized silver doped hydroxyap-
atite nanopowders. We have demonstrated a simple pro-
cedure for the synthesis of nanospheres of the pure and
doped calcium hydroxyapatite in which 2.5 and 5 mol%
of calcium is substituted with silver via a nanoemulsion
route. To the best of our knowledge, this is the very
first time that this method was used for the synthesis
of doped HAp.

II. Experimental methods

HAp nanospheres were synthesized using analytical
grade Ca(NO;),-4H,0 (Riedel-de Haén, 99% purity)
and (NH,),HPO, (Riedel-de Haén, 99% purity). The
solvent used for making nanoemulsions was analyti-
cal grade acetone. The synthesis process is illustrated
in Fig. 1. An acetone solution of Ca(NO;),-4 H,O was
mixed with an aqueous solution of (NH4)2HPO4 at a
molar ratio of Ca®* : PO43‘ = 1.67 : 1 using a mag-
netic stirrer. For the preparation of the pure hydroxyap-
tite 1.67/100 mole of Ca(NO;),-4 H,O was dissolved in
50 ml of acetone and then mixed with the 1/100 mole
of (NH,),HPO, which was dissolved in 50 ml of wa-
ter (the ratio of acetone and aqueous solution phases in
nanoemulsion was 1 : 1). The pH in the (NH,),HPO,
aqueous solution was adjusted to 11 with sodium hy-

Ca(NOs),-4H,0 + AgNO; (NH,),HPO,
+

+
50 ml Acetone 50 ml Water + NaOH (pH 11)

Stirring (5 min)
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Figure 1. Synthesis procedure for obtaining Ag* doped HAp
spheres using the nanoemulsion technique
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droxide (1 M) prior to mixing. In case of Ag" doped
hydroxyapatite, AgNO, (Sigma-Aldrich, 99% purity)
was added in acetone solution of Ca(NO;),-4H,0 in
concentration of (Ag/Ag+Ca)-100% = 2.5 and 5 mol%.
The mixed solutions were stirred for 5 min. No surfac-
tant was used in all synthesis processes. The resultant
nanoprecipitates in the solutions were immediately fil-
tered using a vacuum filtration set to avoid particle ag-
glomeration and then washed three times using ultra-
pure deionized water. The slurry of nanoprecipitates
was dried out in the oven at 70 °C. Finally, the obtained
powders were calcined at different temperatures in order
to obtain fully crystallized samples.

The phase purity and crystallinity of the produced
apatite powders were examined using X-ray diffraction
(Raguku Ultima IV, Japan) and Raman spectroscopy
The X-ray beam was nickel-filtered CuKa; radiation
(1 = 0.1540 nm, operating at 40kV and 40 mA). XRD
data were collected from 5 to 90° (26) at a scanning rate
of 5°/min. A refinement of the structure of calcium hy-
droxide phosphate was undertaken in order to elucidate
the crystal structure and microstructure of hydroxyap-
atite. Phase analysis accompanied with Rietveld refine-
ment was done by using the PDXL2 software (version
2.0.3.0 - Rigaku Corporation, Japan), with reference
to the patterns of the International Centre for Diffrac-
tion Database (ICDD) PDF-2 Database, version 2012.
Calculation of the average crystallite size (D) was per-
formed on the basis of the full width at half maximum
intensity (FWHM) of the reflections by using Scherrer’s
formula [24]:

Dy = )

B-cosb
where A is the wavelengths of the X-rays, 6 is diffraction
angle, (8 is corrected half-width for instrumental broad-
ening 8 = (B, — Bs), Bm observed half-width and ; is
half-width of the standard CeO, sample.

Raman spectra were taken with an Advantage 532
Raman spectrometer (DeltaNu Inc.) by a frequency dou-
bled diode pumped YAG type laser operating at 532 nm.

The morphology of the obtained nanoprecipitates
was studied by field emission scanning electron mi-
croscopy (FESEM) TESCAN Mira3 XMU, with elec-
tron energies of 20kV in high vacuum. The samples
used for SEM characterization were coated with 5nm
thin layer of Au/Pd using a standard sputtering tech-
nique.

IT1. Results and discussion

3.1. XRPD characterization

Typical X-ray diffraction patterns for the as-
synthesized samples as well as the samples calcined
at 500 and 900 °C are shown in Fig. 2. All diffraction
peaks of both samples can be well indexed to the hexag-
onal hydroxyapatite (ICSD Card No.: 26204). There
are no other characteristic peaks of impurities or sec-
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Figure 2. XRD patterns of pure and Ag* doped HAp
samples, calcined at different temperatures: a) as-
synthesized (70 °C), b) 500 °C and c¢) 900 °C
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ondary phases, such as CaO, Ag,O or silver phosphates.
The absence of other phases in XRD pattern of Ag*
doped HAp samples demonstrates that the Ag* ions
have successfully substituted Ca®* ions without affect-
ing the crystal structure of the original HAp. This re-
sult is in agreement with previous studies conducted by
Shirkhanzadeh et al. [25] and Ravindran et al. [26].

The XRD pattern of the as-synthesized samples (Fig.
2a) revealed that the HAp phase was already form-
ing at low temperature. However peaks are significantly
broadened indicating poor crystallinity and small crys-
tallite size. According to calculation based on the Scher-
rer’s equitation crystallite size of the as-synthesized
samples is about 4 nm (Table 1). Calcination at 500 °C
for 2 hours promotes process of crystallization (Fig. 2b)
and crystals grow to the size of 7nm (Table 1). Since
the peaks are still very broad we decided to increase cal-
cination temperature to 900 °C. At this temperature all
samples are fully crystallized and reflections are well
defined by the sharp peaks (Fig. 2¢). There is still no in-
dications of any secondary phases in Ag doped samples
while the crystallites sizes grow to 19 nm (Table 1).

Refined unit cell parameters of all samples are pre-
sented in Fig. 3. Doping of Ag* ions into the ap-
atite shows an increase in a and c lattice parameters
(Fig. 3). An expansion of these lattice parameters are
caused by the substitution of smaller radius ion of
the Ca®* (0.099 nm) by the larger Ag* (0.128 nm) ion.
These results are in accordance with previous reports
by Rameshbabu et al. [27] which assumed that silver
substitute for calcium in the HAp lattice. On the other
hand, strain in crystal lattice remains almost the same at
all temperatures, but it depends on the concentration of
Ag™ in the samples. Namely, incorporation of larger ion
provokes additional stress and strain in crystal structure
(Table 1).

3.2. Raman spectral studies

Raman analysis was used in order to verify the pres-
ence of pure HAp phase in samples, because it is known
that Raman spectroscopy method is more sensitive on
the presence of secondary phases than X-ray powder
diffraction. Raman spectrum of HAp sample doped with
higher concentration of Ag* is shown in Fig. 4. For
comparison Raman spectrum of the pure as-synthesized
sample is also represented at Fig. 4. The most intensive
mode near 950 cm™' is assigned to the internal modes of
the PO43’ tetrahedral v; frequency which corresponds
to the symmetric stretching of P—O bonds [13,28]. The
bands present near 1027 cm’!, 1050cm™!, and 1080 cm™
can be assigned to the asymmetric v3 (P—O) stretch-
ing [19]. The other expected bands near 576, 590 and
616cm’ which originate from v4 PO, and bands near
430 (v,) and 450cm™ (v,) attributed to the O—P-O
bending modes have weak intensities and were not de-
tected [29,30]. The reason for such behaviour may lie
in water vibrational modes, which gives rise to weak in-
tensity stretching and bending bands in Raman spectra
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Table 1. Refined microstructural factors: crystallite size (D) and strain (&)

Temperature 0 mol% 2.5mol% 5 mol%
p D[nm] &[%] D[nm] e[%] D[nm] &][%]
70°C 4.1 0.4 39 0.41 4.2 0.45
500°C 6.6 0.2 6.8 0.4 6.9 0.59
900°C 18.6 0 19.8 0.39 19.2 0.48
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Figure 3. Refined lattice parameters a (a) and ¢ (b) of pure
and Ag* doped HAp samples, calcined at different
temperatures

[31,32]. The OH™ vibrational bands expected in the re-
gion of 630 cm™! are not clearly detected. This behaviour
is in good agreement with the previous studies [33].

3.3. Morphology characterization

SEM micrographs of the pure and Ag-doped HAp
powders calcined at 500 °C are shown in Fig. 5. The
results showed that the obtained hydroxyapatite pow-
ders were composed of nearly spherical particles of nar-
row size distribution. The average particle size is about
~100 nm in all samples. Individual spheres are agglom-
erated and a lot of porosity is present. The formation
of spherical HAp nanoparticles is due to the Ouzo ef-
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purities or secondary phases which was confirmed both
by XRD and Raman analysis. Calcination at higher tem-
peratures promotes crystallization process and crystal-
lite growth. Incorporation of larger Ag* ion instead of
Ca”* ion causes increase of lattice parameters. The sil-
ver ions cause the increase in the size of the crystal-
lites in the doped samples. The synthesized nanoparti-
cles were spherical in shape and their sizes were in the
range of ~100nm. The obtained results give new per-
spective for possible application of smart drug delivery
in form of HAp nanospheres improved with Ag* ions
which has antibacterial properties.
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