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ABSTRACT

Hydroxyapatite is a biocompatible, bioactive, and non-toxic bioceramic that constitutes the primary
inorganic material in human bone. Synthetic hydroxyapatite is not suitable for load-bearing uses due to
its insufficient mechanical strength. The mechanical properties of nano-hydroxyapatite can be improved
by incorporating small amounts of trace elements that are present in bone. Zinc is found in bone at
around 0.01 - 0.05 %, and strontium around 0.01 - 0.1 %. The introduction of zinc and strontium
improves the properties of nanohydroxyapatite. In this study, nanohydroxyapatite and its doped
samples are synthesized using a simple chemical precipitation method. The structural analysis has been
done using Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD) Spectroscopic techniques.
The thermal properties of the synthesized sample were studied using TGA. The elemental analysis was
done using EDX analysis, and the morphological analysis was done by HRTEM. The density of the
sintered sample was measured using Archimedes' principle, and its Vickers hardness was also
evaluated. Findings reveal that the incorporation of zinc and strontium improves the density and
hardness of nanohydroxyapatite.
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INTRODUCTION

Hydroxyapatite (HA), Caio(PO4)s(OH), is a
highly regarded material that has caught the
attention of researchers among various calcium
phosphates due to its impressive qualities such as
biocompatibility, bioactivity, osteoconductivity,
non-toxicity, and anti-inflammatory properties,
along with its close resemblance to the inorganic
components of human bones and teeth [1-2,6]. As

a result, it is frequently utilized in multiple
biomedical applications, including bioactive
coatings on metallic implants, middle ear
implants, dental materials, tissue engineering
systems, and targeted drug delivery [3]. Natural
apatite crystals exhibit different properties
compared to conventional synthetic
hydroxyapatite. Bone crystals are formed within
a biological environment through the
biomineralization process. Moreover, biological
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apatites exhibit non-stoichiometric compositions
because they contain trace elements like
magnesium, manganese, zinc, strontium,
sodium, carbonates, and fluorides [4,10].
Furthermore, the bioactivity of conventional
synthetic HA ceramics is not as high as that of
bone. The characteristics of  synthetic
hydroxyapatite can be enhanced by doping it
with different cations and anions. Zinc, a crucial
trace element present in all biological tissues,
plays a crucial role in maintaining membrane
structure, protein synthesis, DNA synthesis, and
cell proliferation in the human body. It also
functions as an antioxidant. Hence, producing
zinc-doped hydroxyapatite could be
advantageous for optimizing biochemical
processes [3-4,7]. Additionally, strontium (Sr?"),
though present in small amounts in the body, has
a high bone affinity and contributes significantly
to mineralization. The increasing interest in
strontium-substituted hydroxyapatite (HA) for
bone repair is supported by numerous studies
demonstrating the beneficial effects of this
element on hard tissues, such as the promotion of
alkaline phosphatase (ALP), collagen type I, and
increased cell proliferation. Furthermore, Sr2*
ions improve antiresorptive activity, enhance the
solubility ~of the biomaterial, stimulate
osteoblasts, and induce apoptosis in osteoclasts,
leading to enhanced new bone formation. The
biological properties of Sr2* substituted HA are
linked to the expansion of its crystal lattice and
changes in crystallinity resulting from the
differences in ionic radius [8-9].

In this work, pure nanohydroxyapatite, zinc-
doped, and strontium-doped
nanohydroxyapatite were synthesized using a
simple chemical precipitation method, and their
crystallographic properties were characterized.
Doping with zinc and strontium can change the
crystal structure of HA, raise lattice strain,
change its solubility, and promote cell
differentiation and proliferation. Zn/Sr-nHA is a
promising material for enhanced bone tissue
engineering, dental applications, and drug
delivery systems.

MATERIALS AND METHODS

Materials

The chemicals used in this experiment are
calcium nitrate tetrahydrate Ca(NOs)4H2O,
diammonium hydrogen phosphate (NH4).HPO,,
zinc nitrate hexahydrate Zn(NO3)26H>O (Merck),
and strontium nitrate anhydrous Sr(NOs). To
maintain pH, ammonium hydroxide NHsOH
(99%) solution is used. All reagents were used as
received.

Synthesis of pure zinc-doped and strontium-
doped hydroxyapatite

Nanohydroxyapatite is synthesized using the
wet  chemical precipitation  technique.
Appropriate concentrations of calcium nitrate
and diammonium hydrogen phosphate solutions
are prepared and thoroughly mixed. The solution
concentrations are adjusted to ensure that the
Ca/P ratio consistently remains at 1.67. The
calcium nitrate solution is progressively added to
the diammonium hydrogen phosphate solution
while stirring well. The pH of the mixture is
regulated at 9 by gradually adding ammonium
hydroxide solution. The resultant solution is
stirred continuously for one hour and allowed to
age for 12 hours. The obtained suspension is
centrifuged at a speed of 4000 rpm and
thoroughly rinsed with deionized water. The
resulting precipitate is then heated to 80 ¢ C for 18
hours in a hot air oven and ground into a fine
powder using an agate mortar.

To synthesize zinc-doped and strontium-doped
nano-hydroxyapatite, suitable amount of zinc
nitrate hexahydrate and strontium nitrate
anhydrous is added to the calcium nitrate
solution such that the (Ca+Zn/Sr)/P ratio
remains 1.67. Then the entire experiment is
repeated as mentioned above. 2 mol%, 5 mol%,
and 10 mol% zinc-doped and 2 mol% %, 5 mol%,
and 8 mol % strontium-doped
nanohydroxyapatite samples were synthesized.
Pure and doped samples were denoted as HA,
HAZn2, HAZn5, HAZn10, HASr2, HASr5, and
HAGST8 respectively.

Characterization

The structural analysis of the synthesized
powder was done by powder X-ray diffraction.
The X-ray diffraction pattern of the powdered
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specimen is taken using Bruker D8 ADVANCE
with DAVINCI instrument operating at 30 kV
and 10 mA using Cu Ka radiation (A=1.5418 A).
Diffraction patterns were collected over the range
10°< 20 <79° with a step size of 0.02 0. The
functional groups present in the sample were
identified using FTIR spectrum. The FTIR spectra
of prepared samples were recorded by
Thermoscientific Nicolet iS50 instrument and
recorded using the KBr pellet technique in the
range 4000 - 400 cm?. The components in the
sample were examined using EDX (Carl Zeiss
EVO 18). The thermal stability was analyzed
using thermogravimetric analysis (Perkin Elmer
STA 8000). The morphology of the synthesized
samples was determined by HRTEM analysis
using Jeol/JEM 2100 instrument. The synthesized
powder is pelletized using a hydraulic press at a
pressure of 2.5 MPa and sintered to 1100°C. The
density of the sintered sample is determined
using Archimedes' principle, and Vickers
hardness was determined using Vickers hardness
testing machine (Model-DVS-1AT-8) as per
ASTM standard C1327-15. To determine
hardness and density, pellets of 1 cm diameter
and 2 mm thickness were used. Vickers hardness
was measured for two samples at 5 different
positions, and the average value was taken.

RESULTS AND DISCUSSION

XRD analysis

The XRD patterns for pure nanohydroxyapatite,
as well as zinc-doped and strontium-doped
variations, are presented in Figure 1. The XRD
pattern of the examined samples can be indexed
to the hexagonal crystal structure of
hydroxyapatite (ICDD No. 09-0432). No

additional peaks are found, which shows that the
obtained powder is pure and only one phase is
present. The d spacing for the most intense peak
is found to be 2.822 A% which matches with that
of the hexagonal system with a primitive lattice.
The XRD pattern of zinc-doped hydroxyapatite is
the same as that of pure hydroxyapatite,
indicating that no additional crystalline phases
are present. It has been observed that the peaks
become wider and shift to higher angle values
with the addition of zinc. This occurrence is due
to the smaller ionic radius of zinc (0.74 A) when
compared with that of calcium (0.99 A), along
with the increased structural strain observed in
zinc-doped hydroxyapatite compared to pure
hydroxyapatite [7,8,20]. When zinc concentration
increases, the crystallinity and crystallite size of
hydroxyapatite decrease [8]. The presence of zinc
in hydroxyapatite leads to the creation of crystal
imperfections, resulting in a more defective
hydroxyapatite  crystal [8,16]. Doping
hydroxyapatite with strontium (Sr) can result in
an increase in the size of the crystallites,
particularly at lower concentrations of strontium.
This effect occurs because the ionic radius of
strontium ions (Sr2*, 1.18 A) is larger than that of
calcium ions (Ca?*, 0.99 A), which contributes to
the expansion of the lattice [20]. Peaks become
sharper and shift to lower angles due to
strontium addition, due to reduced lattice strain
and enhanced growth kinetics [11,14]. The size of
the crystallites in the powder was calculated

0.91
B cost’ The

broadened nature of diffraction peaks shows that
the grain size of the sample was in the nanometer
range. The crystallite size, lattice constants (a,c),
cell volume, and crystallinity of pure and doped
samples are given in Table -1.

using the Scherrer equation, D =

Counts (a.u)

20 30

60 70 80

26 (Degrees)

Figure 1 : XRD pattern of HA, HAZn2, HAZn5, HAZn10, HASr2, HASr5, and HASr8 samples
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Table 1: The lattice constants, unit cell volume, crystallite size, and crystallinity of HA, HAZn2, HAZn5,

HAZn10, HASr2, HASr5, and HASr8 samples

SL. Lattice constants Unit cell | Crystallite

No. | Sample |a(A9 b (A?) c(A9) Volume(A 93 | Size(nm) | Crystallinity

1 HA 9.473 9.473 6.904 535.159 20.2 85.65%

2 HAZn2 | 9.453 9.453 6.891 533.318 20.12 81.34%

3 HAZn5 9.433 9.433 6.883 530.441 17.72 76.44%

4 HAZn10 | 9.432 9.432 6.882 530.298 17.5 75.90%

5 HASr2 9.474 9.474 6.912 537.350 2211 85.21%

6 HASr5 9.479 9.479 6.917 538.332 22.31 84.43%

7 HASr8 9.485 9.485 6.921 539.370 22.41 84.02%
FTIR Analysis stretching vibrations of adsorbed water, while
The FTIR Spectra for pure, zinc-doped, and the peak at 630 cm? is due to the stretching
strontium-doped = nanohydroxyapatite = are

illustrated in Figure 2. The distinctive bands of
hydroxyapatite were detected in every sample,
corresponding to phosphate, carbonate, and
hydroxyl groups. The peak at 961 cm?' was
identified as characteristic of the symmetric
stretching mode, v, of the PO group, and that
at 1021 cm? as the asymmetric stretching v3 of the
PO group. The bending modes of phosphate
group are seen at 600 cm?! and 560 cm,
respectively, which refer to the O-P-O in-plane
bending vibrations within the PO4% group. The
band at 3248 cm? corresponds to the -OH

vibrations of OH™ ions. The band corresponding
to an asymmetric stretching of the COs?> group
occurs at 1420 cm? [7,8,18]. The FTIR analysis
verifies the creation of hydroxyapatite, showing
no presence of additional phases in the
synthesized sample. The FTIR spectra
demonstrate peak broadening and increased
smoothness at elevated zinc concentrations,
consistent with a reduction in crystallinity [18].
The shift in peak, attributable to strontium
doping, consequently suggests carbonate
substitution and lattice expansion [12-15].

——HA
[=——HAZn2
[=—HAZn5
[==——HAZn10
HASr2
HASr5
[~ HASr8

J
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Figure 2 : FTIR spectra of HA, HAZn2, HAZn5, HAZn10, HASr2, HASr5, and HASr8 samples
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Thermogravimetric analysis

The thermal stability of pure, zinc-doped, and
strontium-doped  nano-hydroxyapatite  was
studied using thermogravimetric analysis under
a nitrogen environment in the temperature range
of 300C -8000°C. The graph is presented in Figure
3. A total mass loss of 8.35% is observed in pure
hydroxyapatite in this temperature range. Three
stages of degradation as a result of adsorbed and
lattice water removal and de-hydroxylation of
nano-hydroxyapatite were observed. These
stages occur at 30 °C - 200 °C, 200 °C - 650 °C,
and 700 9C - 800 0 C, respectively. The first stage
occurs due to the evaporation of physically
adsorbed water from the hydroxyapatite surface.
The second stage arises from the removal of
chemically bound lattice water, decomposition of
NOs?" groups, dehydration and condensation of
HPO+*, and crystallization of amorphous
hydroxyapatite [21]. The third stage involves
mass loss associated with decarbonization and
dehydroxylation processes [8]. Zinc-doped

hydroxyapatite shows a mass loss of 9.07%,
9.41%, and 14.85% for 2 mol% %, 5 mol%, and 10
mol% zinc-doped nano-hydroxyapatite in this
temperature range. The weight loss increases
with an increase in zinc concentration [5,17]. The
thermal analysis indicated that the synthesized
powders exhibit a certain level of thermal
stability; however, this stability diminishes as the
zinc fraction increases due to crystal deformation
resulting from zinc substitution, which could
facilitate the transformation from hydroxyapatite
to TCP [8]. Strontium-doped hydroxyapatite
shows a mass loss of 5.75%, 4.671%, and 3.38% for
2 mol%, 5 mol%, and 10 mol% strontium-doped
nano-hydroxyapatite. The weight loss is
minimum for strontium-doped hydroxyapatite
because of its thermal stability. Findings show
that moderate levels of zinc and strontium
doping provide a balance between structural
integrity and thermal resistance, which makes
the sample suitable for biomedical applications
[11,19].

160 ———
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Figure 3 : Thermogravimetric curve of HA, HAZn2, HAZn5, HAZn10, HASr2, HASr5, and HASt8

samples
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EDX Analysis

EDX analysis of HA, HAZn2, HAZn5, HAZn10,
HASr2, HASr5, and HASr8 samples are shown in
Figure 4. The Ca/P ratio for hydroxyapatite is
found to be 1.72. When doping is done, the
calcium-to-phosphorus ratio decreases, but the
(Ca+Zn)/P or (Ca+Sr)/P ratio retains a value
very close to 1.67. For HAZn 2, HAZn 5, and

HAZn 10 samples, the (Ca+Zn)/P ratio is
obtained as 1.74, 1.73, and 1.71, respectively. For
HASr 2, HASr 5, and HASr 8 samples, the
(Ca+Sr)/P ratio is 1.73, 1.76, and 1.72,
respectively. All these values are very close to the
theoretical value of 1.67. This analysis also
confirms the successful incorporation of zinc and
strontium in the sample.

o — HAZn 10
HAZn 2 HAZn 5
— - HASr 8
HASr 2 HASr 5 L

Figure 4 : EDX spectra of HA, HAZn2, HAZn5, HAZn10, HASr2, HASr5, and HASr8 samples

HRTEM Analysis

The HRTEM images of pure hydroxyapatite, 2
mol% zinc-doped, and 2 mol% strontium-doped
hydroxyapatite samples are shown in Figure 5.

(a)

Particles in all samples are found to be rod-
shaped. The average particle size is found to be
3153 nm, 41.04 nm, and 28.94 nm for HA,
HAZn2, and HASr2 samples.

()

Figure 5 : HRTEM image of HA, HAZn2, and HASr2 samples
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Density and Hardness
The density and Vickers hardness of the samples
sintered at 1100 © C are given in Table 2.

Table 2 : Vickers hardness and density of HA, HAZn2, HAZn5, HAZn10, HASr2, HASr5, and HASr8

samples
Relative
Sample ID Sintering Vickers hardness | Hardness Density density
temperature Hvy MPa Kg/m 3 (%)
HA 1100°C 368.28 3612 2.27 71.83
HAZn2 1100°C 416.5 4022 2.86 90.50
HAZn5 1100°C 4121 4038.58 2.72 86.08
HAZn10 1100°C 410.15 4019.47 2.54 80.38
HASr2 1100°C 436.98 4285 2.92 92.40
HASr5 1100°C 402.56 3945.08 291 92.09
HASr8 1100°C 391.1 3832.78 2.80 88.61

The density and hardness of the samples are
found to increase with zinc and strontium doping
at moderate levels. Due to improved grain
packing, density increases for 2 mol% of zinc
doping, and hence, hardness also increases. At 5
mol% % and 10 mol% of zinc doping density and
hence hardness decreases due to the
decomposition of hydroxyapatite and an increase
in porosity [15]. For strontium doping, at 2 mol %
strontium, density and hardness are found to be
maximum due to enhanced diffusion and grain
boundary mobility [15]. At5 mol % and 10 mol%
of strontium doping, density and hardness
decrease due to the formation of secondary
phases, leading to grain coarsening and increased
porosity [15]. Hence, the optimum concentration
of zinc and strontium doping is 2 mol% to get
maximum density and hardness.

CONCLUSION

The current study successfully demonstrates the
incorporation of zinc and strontium in
hydroxyapatite. XRD and FTIR results confirm
the incorporation of zinc and strontium in the
sample. Thermogravimetric studies show that
the sample becomes thermally stable due to
strontium doping. For zinc doping thermal
stability is the same as that of hydroxyapatite at
low levels of doping, and it decreases for high
levels of doping. EDX results also confirm the
formation of hydroxyapatite and its doped
samples. HRTEM results show the formation of

1.

rod-shaped particles, which are agglomerated.
The sintered samples show enhanced density and
hardness at low levels of doping. Future work
should focus on the biological properties of
optimized samples so that it can be used for
various biological applications.
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