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Abstract

Bone tissue engineering is based on a comprehensive understanding of bone structure, bone mechanics, and biology. In
order to create nanostructured hydroxyapatite powders with customized properties, many synthesis strategies such as wet
chemical precipitation, sol-gel, hydrothermal, and biomimetic approaches have been intensively researched through the years.
Calcium phosphate (CaP)-based ceramic nanoparticles, including hydroxyapatite (HAp), were synthesized by the chemical
precipitation technique at pH ranges of 7 to 11 and different calcination temperatures of 600 to 1100 °C. The synthesized
powders were characterized by several techniques, including scanning electron microscopy (SEM), Fourier transform infra-
red spectroscopy (FTIR), X-ray powder diffraction (XRD), energy dispersive X-ray analysis (EDX), and in vitro cell culture
assays. The particle size analysis and zeta potential of these powders were also carried out using the dynamic light scattering
(DLS) and laser Doppler electrophoresis methods. The results showed that the pH levels of 9 to 11 range and calcination
temperatures of 600 to 800 °C were adequate for appropriate nanohydroxyapatite powder production using this method. The
particle size of the nanohydroxyapatite was approximately 55 nm, although they were agglomerated after calcination. The
biocompatibility tests demonstrated that these nanohydroxyapatite (nHAp) powders produced have appropriate cytocompat-
ibility and can be used for bone graft production and other biomedical applications.
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Introduction are some of the most important areas of orthopedic surgery.
In 2017, there were over 22.3 million orthopedic opera-
Bone tissue engineering is a field that involves the repair and  tions worldwide which also required bone grafting surgery
the growth of bone and at certain conditions the complete  to repair significant critical size bone defects arising from
and accelerated renewal of the damaged area of the injured  various accidents and diseases (like tumor resection) [1].

tissue. Bone graft synthesis and related tissue engineering  The bone graft and substitutes market was valued at US$2.9
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Billion in 2019 and was projected to reach US$4.4 billion
by 2027. The strategy in bone tissue engineering is based on
pure calcium phosphates or composites made with two or
more elements and bone substitute materials. The point of
creating a composite is to combine the benefits of each com-
ponent and add pharmaceuticals that can accelerate bone
growth or their bioactivity. Kneser et al. [2] stated that the
key issue in bone tissue engineering, which aims to produce
or repair natural tissue, is to mimic the bone structure and its
regeneration. Over the last two decades, many bone substi-
tutes have been extensively researched and commercialized,
including bioactive glasses, bioactive ceramics, and natural
or synthetic polymers and their composites [3]. To create
nHA powders with enhanced characteristics, researchers
have investigated novel techniques such microwave-assisted
synthesis [4], electrospinning [5], and sonochemical meth-
ods [6]. With the help of these methods, high-quality nHA
powders can be created with improved reaction kinetics,
shorter syntheses, and better control over particle proper-
ties. Although strictly speaking not fully true, HAp, with its
chemical formula Ca,y(PO,)s(OH),, is widely accepted as
the main inorganic component of bone and teeth [7-9]. In
addition to the main component, the structure of bone con-
tains a number of substitutional elements and components
such as Mg, Sr, Si, Zn, and others. HAp ceramics have been
well recorded that they are biocompatible and do not exhibit
any cytotoxic effects [10]. HAp provides excellent biocom-
patibility and bioactivity within hard tissues and skin and
muscle tissues. Bioactivity, as a definition, is given as “the
ability of an implant or graft to create a chemical bond with
the bone tissue” [11]. The applications of HAp powders have
expanded across diverse fields. HAp has shown promise in
the fields of bone tissue engineering, drug delivery systems,
and dental restoration [12].

HAp bone grafts are produced as in high density or as
interconnected porous structure materials. Porous HAp is
an excellent material due to the interconnected pores that
allow both mechanical interlock and direct bond to bone
[9, 13], and it has excellent bioactivity despite its restricted
use in long bones under load-bearing conditions because
of its low strength and brittle structure due to the inher-
ent porous structure [13, 14]. The synthetic HAp can be
produced by various processing routes, including precipi-
tation, sol-gel, and hydrothermal processing [9, 15-17].
In all these methods, the pH level during synthesis and
the applied calcination and then sintering temperatures
influences many properties of the final product. In this
current study, we used a chemical precipitation method,
and the reasons for this method are they can be carried out
at room temperature and obtain a pure product at a rea-
sonable cost [17]. This investigation is aimed to produce
pure nano-sized HAp at different pH levels and calcination
temperatures by a specific chemical precipitation method.

@ Springer

Calcium phosphates according to their Ca to PO, ratio can
be classified to include a number of different phases with
different solubilities. In our previous study, calcium phos-
phate materials such as tri calcium phosphate, monetite,
hydroxypatite, and whitlockite were successfully produced
by mechano-chemical precipitation method. Acidic and
basic environments were studied. Boskey and Posner
stated the precipitation of calcium phosphate from a sys-
tem which contains total calcium and phosphate each with
a concentration higher than 10 milimoles per liter (mmol.
17!) and at pH values greater than 6.8; the precipitation is
always preceded by the formation of an amorphous pre-
cursor, hydroxyapatite (HAp) Cas(PO,) 30H (10). This
theory is very much consistent with the Ostwald rule of
stages in precipitation. It was postulated that in this pro-
cess there is transformation of precipitates through some
intermediate states to the thermodynamically stable prod-
uct, mainly a final HAp crystal [15, 17, 18].

It is thought that supersaturation, pH values, and impuri-
ties like magnesium and strontium are some of other factors
that influence these transformations. [16]. It was postulated
that carbonate environment in bone mineral enhanced IR
shift of carbonate and stabilizes the non-apatitic surface
layer present on apatite nanocrystals [17]. Theories have
been suggested on the mechanisms of crystal formation;
however, only a very few mechanisms have been globally
accepted. Final morphologies and structures observed from
these transformations are not clearly explained. The present
work aims to explore the evolution of crystalline calcium
phosphate, specifically HAp and their morphologies with
respect to different pH environments and under different
reaction temperatures. The difference in the study is that it
examines the pH and calcination temperature range more
broadly than the studies in the literature. The contribution
and novelty of this present study is the examination of the
synthesis parameters such as pH and calcination tempera-
tures and the physicochemical analysis and the in vitro
analysis such as cytotoxicity of the successful pure HAp
produced.

Experimental procedures
Materials and methods

Although chemical and mechano-chemical methods
were previously reported [18], the reaction of forma-
tion was investigated under a specific time intervals
during the first 30 min, and the resultant changing pH
levels during this transition periods were recorded.
However, in this current work, we investigate the syn-
thesis of pure nanohydroxyapatite (nHAp) formation
by chemical precipitation method under different pH
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conditions to determine the most appropriate pH, which
ranged from 7 to 11 and the calcination temperatures
of 600 to 1100 °C were investigated. It is well accepted
that medically used calcium phosphate compounds
have a Ca/P molar ratio ranging from 1.50 to 1.9. One
of the primary purposes of this current work was to
obtain pure nano HAp with a stoichiometric ratio of
1.67 by this method. Characterization of the products
was carried out with several physicochemical meth-
ods. In addition, in vitro studies for cytotoxicity were
also utilized for the determination of bioactivity and
cytotoxicity.

Powder synthesis

Calcium nitrate tetrahydrate [Ca(NO;),-4H,0], diam-
monium phosphate [(NH,),HPO,] powders and ammo-
nia solution (25%) were obtained from Merck (Darm-
stadt, Germany). The Ca- and P-based solutions were
prepared by dissolving 0.116 M Ca(NOs;),-4H,0 and
0.1 M (NH,),HPO, separately in 200 mL distillate
water. Two separate solutions were mixed in the mag-
netic stirrer for 30 min to obtain homogenous mixtures.
The (NH,),HPO, solution was then added slowly drop-
wise to the stirred solution, allowing the chemical reac-
tion of the components to take place at a constant tem-
perature (room temperature) with continuous stirring
(60 min and 200—600 rpm). Because of the solutions
were mixed by dropping, rpm was low as the reaction
took place, and then, it was increased. After adding the
(NH,),HPO,, this solution was adjusted to different pH
levels by adding the ammonia solution to adjust the pH
values of 7, 8, 9, 10, and 11, which were maintained
during the experiment by adding additional ammonia
solutions. Mixing was continued for 5 h by controlling
the temperature and pH. When the mixing process was
completed, a white precipitate was observed at the bot-
tom of the precipitation beaker. This white powder was
retained for Ostwald ripening in the solution used over-
night foraging and growth. In this way, reactants had
fully matured, and the Ca/P molar ratio was reached
specific ratios, including the stoichiometric value of
1.67 for pure HAp [19-23]. The final powders pro-
duced were vacuum filtered after this maturation step.
Using the distilled water several times, the NH;NO,
salts formed during the reaction were removed, and
the resulting cake was dried in the oven at 90 °C for 12
h. In addition to this, one of the mixtures produced at
pH = 11 was dried in the oven at 60 °C for additional
12 h. The dried powders were crushed to fine particle
size by mortar and pestle to reduce or eliminate the
agglomeration. Five new batches were derived from

the powders by individual calcination temperatures in
the ranges of 600, 700, 800, 900, 1000, and 1100 °C,
which were retained for 2 h in the furnace. The furnace
was heated to the target temperature and cooled down
to room temperature with a 10 °C/min heating rate.

Characterization
Fourier transform infrared

Infrared spectra were recorded by Fourier transform infra-
red (FTIR) spectrometer (Jasco, FT/IR 4700, Jasco Inc.,
USA) equipped with Gladi attenuated total reflection
(ATR) viewing plate (Diamond ATR crystal), and liquid-
nitrogen cooled mercury cadmium telluride (MCT) detec-
tor at 500—4000 cm~! wavenumber region.

Scanning electron microscope (SEM)

The morphology of the synthesized powders was obtained
under scanning electron microscopy. Samples were coated
with gold palladium for 160 s using a sputter. The SEM
pictures were taken with EVA MA 10, ZEISS, USA, Supra
55VP SEM with RAITH E-beam lithography system and
EBSD for the secondary electron imaging (SEI). The
energy was kept at 20 kV, and working distance and mag-
nification were varied to obtain the best possible images.
The powder samples were fixed by mutual conductive
adhesive tape on aluminum substrates and coated with
gold-palladium using a sputter coater (CEA 010, Balzers
union FL-9496 Balzers, SCD 020.)

Crystallography and composition

(a) SEM was coupled with EDX for observing the chemi-
cal composition of CaP based powders EDX with appro-
priate standards, and the numerical data recorded was
used to calculate the Ca/P ratio of the powders. (b) X-ray
diffraction (XRD) analysis was performed using an X-ray
diffraction device (SHIMADZU XRD-6100, Shimadzu,
Japan) to determine the crystal structures of the nano-
powders at pH = 11 600 °C, 800 °C, and pH = 900 °C.
The diffraction pattern was recorded in the 0.02 step
size and the range of 20 = 10 °-60 with a step time of
0.5 s °. CuKa radiation (A = 0.15418 nm) was utilized.
For the phase analysis of the products, the powder sam-
ples were loaded into an aluminum holder and flattened
before analysis. The phase quantification was done using
“Xpowder 12” software on full profile quantitative analy-
sis of components using “Dirac” patterns and convolution
and PIR scale factor.

@ Springer
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Particle size analysis and zeta potential

The particle size and zeta potential of synthesized CaP-
based powders were measured using dynamic light scatter-
ing (Horiba SZ-100, Korea) and laser Doppler electropho-
resis method.

In vitro investigation with SAOS-2 cells

In vitro biocompatibility of the produced powders was
investigated by two methods: (1) MTT assay to determine
whether toxic substances were released from the powders
produced and (2) SEM investigations to show attachment
and proliferation of the SAOS-2 cells on materials. The
Saos-2 (human osteosarcoma) cell line was obtained from
the American Type Culture Collection (ATCC). Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM,
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80% of confluence, they were washed with sterile PBS and
trypsinized with 0.25% Trypsin-EDTA for passaging and
seeding each time. The cells were used in cytotoxicity tests
and SEM investigations for proliferation.

MTT cytotoxicity assay

The conditioned medium was prepared to determine any
toxic effect induced by possible ionic leach-out products
from the powders into the medium. For this purpose, 5 mL
fresh medium Dulbecco’s modified eagle medium (DMEM)
was added in tubes with 0.05 g of the nano HAp powders,
which were kept in an incubator at 37 °C with air. The pow-
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Fig.1 The FT-IR spectra of HAp nanopowders sensitized at different pH levels,apH =7,bpH=8,cpH=9,d pH =10,e pH =11.
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Fig.2 SEM images collected at
for different pH and calcination
temperatures. a pH = 9 calcined
at 600 °C, b pH = 9 calcined

at 700 °C, ¢ pH = 9 calcined at
800 °C, d pH = 11 calcined at
600 °C, e pH = 11 calcined at
700 °C, f pH = 11 calcined at
800 °C

extracted after the first, third, and seventh days and used in
cytotoxicity tests. MTT assays were performed in 96-well
plates. Saos-2 cells (about 10°cells per well) were seeded

onto the 4-h UV sterilized HAp, and 96-well plates incu-
bated for 72 h. Cell viability was measured by determining
mitochondrial NADH/NADHP-dependent dehydrogenase
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Fig.3 SEM-EDX spectra of the CaP-based powders produced at pH = 11 and calcined at a temperature of 600 °C by chemical precipitation

method
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Table 1 EDX values from different points: (1) pH = 9 calcined at 600
°C, (2) pH = 9 calcined at 700 °C, (3) pH = 9 calcined at 800°C, (4)
pH = 11 calcined at 600°C, (5) pH = 11 calcined at 700 °C, (6) pH =
11 calcined at 800 °C

Sample name Spot one Spot two  Average (Ca/P)
(Ca/P) (Ca/P)
Exp. pH 9 - 600 °C 3.58 2.10 2.84 (+0.23)
Exp. pH 9 - 700 °C 1.52 1.59 1.55 (£ 0.27)
Exp. pH 9 - 800 °C 1.53 1.57 1.55 (£ 0.21)
Exp. pH 11 - 600 °C 2.58 1.76 1.67 (£ 0.22)
Exp. pH 11 - 700 °C 1.60 1.64 1.62 (+ 0.21)
Exp. pH 11 - 800 °C 1.58 1.60 1.59 (£ 0.28)

activity, which resulted in the cellular conversion of the 3-(4,
5-dimethylthiazol-2-gl)-5-(3-carboxymethyl phenyl)-2-(4-
sulfophenyl-2H) tetrazolium salt into a soluble formazan
dye. After 72 h, supernatants were removed, and 10 pL 3-{4,
5-dimethylthiazol-2yl}-2, 5-diphenyl-2H-tetrazolium-bro-
mide (MTT, 5 mg/mL, Sigma) solution was added to each
well. Following incubation at 37 °C for 3.5 h and kept dark
in a humidified atmosphere at 5% CO, in the air, MTT was
taken up by active cells and reduced in the mitochondria to
insoluble purple formazan granules, according to Mossman
study [23]. Subsequently, the supernatant was discarded, the
precipitated formazan was dissolved in dimethyl sulfoxide
(100 pL per well), and the optical density of the solution
was evaluated using a microplate spectrophotometer (Kayto
RT-2100 °C) at a wavelength of 570 nm. For the SEM cell
culture investigations, the CaP-based powders were placed
in the wells of 6-well cell culture plates and sterilized (By
UV) for 4 h. Saos-2 cells (about 3 x 10°cells per well) were
seeded in these plastic dishes and incubated for 24 h in a
humidified incubator at 37 °C with 95% air and 5% CO,.
At the end of 24 h, the media were removed, and specimens

Fig.4 Zeta potential graph 1.0~
analysis of the synthesized
powder at pH = 11 and calcined {

at 600 °C
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Table 2 Particle size analysis and zeta potential values of the pow-
ders synthesize

Sample name Mean size (nm)* Zeta potential (Mv)

Exp. pH 9 - 600 °C 179.9 (+ 0.49) —48.5 (= 0.81)
Exp. pH 9 - 700 °C 239.8 (= 0.51) —58.3(+0.83)
Exp. pH 9 - 800 °C 133.1 (£ 0.53) - 62.6 (= 0.86)
Exp. pH 11 — 600 °C 87.6 (£ 0.49) —47.8 (= 0.82)
Exp. pH 11 - 700 °C 113.5 (£ 0.52) —72.0 (= 0.86)
Exp. pH 11 — 800 °C 55.6 (+ 0.54) —46.3 (= 0.81)
Exp. pH 11 — green (not  142.6 (= 0.57) —30.0 (= 0.84)

calcined)

*These are the values for the possibly agglomerated particles

were fixed with a 3% volume fraction of glutaraldehyde,
subjected to graded (30-100%) alcohol dehydration and kept
at —20 °C.

Results and discussion

The powders produced were calcined at different tempera-
tures and were analyzed using FT-IR spectroscopy (Fig. 1).
Dotted lines represent functional groups associated with
HAp [19, 20]. The bands for PO43_ and OH™ groups in the
HAp can be identified at 560-597 cm™" and 9601011 cm™
and were due to (PO,) 3>, Depending on the literature [24],
asymmetric stretching of (PO,) > at around 1041 cm™! is
specific peaks of HA. But 1000-1250 cm™! bands did not
indicate the specificity of HA. For the OH™ group, the bands
positions are 629 cm~! and 3578 cm™!. The bands seen in
1464 cm™! represent (CO,)*". The results confirm the pres-
ence of calcium phosphate in the products by characteristic
vibrations of the PO, tetrahedral (v1 occurs at 962 cm™" and

"|':-""'"l""""'l""""'l""""'l

-5|0 0 50 100 150 200
Zeta Potential (mV)
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Fig.5 XRD pattern of the X0
synthesized powders at pH = 11
and calcined at 600 °C.
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v2 occurs at 470 cm™!; v3 occurs at 1047 cm™! and 1087

em™'; 14 occurs at 601 cm ™ and 571 cm™"). These IR bands
observed were matching very well with those reported in
previous literature [17, 25, 26].

The substances synthesized under different conditions
contain the characteristic bands corresponding to the groups
(PO4)'3 and OH". Most of the bands observed match well
with the pure HAp, specifically at pH 9 and pH 11 fired
at 600 °C. However, the pH 7, 8, and 10 results had extra
bands. Produced HA had the same properties with commer-
cial HA. But, the pH 7, 8, and 10 results showed peak struc-
tures different from commercial HA. Some mentioned as
impurities in the present FTIR spectrum have been observed
and are irrelevant with the commercial HA FTIR peaks. The

Fig.6 SEM images collected
at two magnifications of the
HAp powders of pH = 11, 600
°C at 7th day of the cytotoxic-
ity (MTT) tests showed no
cytotoxicity

peaks that are compatible and overlapping with commercial
HAp peaks were observed at lower temperatures of 600 °C,
700 °C, and 800 °C. TCP is formed when the temperature
rises and the Ca/P ratio changes. The scanning electron
microscope (SEM) was used for morphological analysis of
the HAp powders at the same magnification (Fig. 2). Images
show high agglomeration within each group. These agglom-
erates consist of very fine nanoparticles of hydroxyapatite at
approximately 50 nm to 0.5 pm fine particles and agglomer-
ates of up to 30 pm in size.

The standard EDX analysis was carried out on the CaP
nanopowders (Fig. 3). The analysis revealed that calcium
(Ca), phosphorus (P), and oxygen were the main constituents
of these CaP-based powders. Besides all those, the Ca/P molar

@ Springer
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ratio of the elemental composition of different samples was
also determined by using EDX. The calculated Ca/P molar
ratio of the CaP-based powders, as shown in Table 1, ranges
between 1.55 and 2.84. Among all these results, the Ca- based
powders at pH = 11, which was calcined at 600 °C and 800
°C, have a Ca/P molar ratio of 1.67. This value is close to the
Ca/P molar ratio of as carbonate hydroxyapatite [19].

HORIBA SZ-100Z nanoparticle analyzer, Korea, system
has the dynamic light scattering (DLS) method to meas-
ure the size and the laser Doppler electrophoresis method
for zeta potential measurement. This system can measure
the size from 0.3 nm to 10 pm and the zeta potential value
between — 500 and + 500 MV. There are three photomulti-
plier tube (PMT) detectors on this device. Laser diode light
source is used at 532 nm and 10 mw power.

The device was scattered at 90 °C for the normal concentra-
tion samples and 173 °C for the high concentration samples.
All samples were tested at 25 °C room temperature conditions.
This specific size analyzer uses the reflected and refracted light
from the falling powder particles within the solution to deter-
mine the particle size and their distribution according to their
settlement rates (the DLS technique). The measured result
indicates that at the pH = 11 treated at 800 °C, samples had the
finest particle size powders at 55.6 nm, and their zeta potential
was — 46.3 Mv. On the other hand, the pH = 11 at 600 °C had
a particle size of 87.6 nm which is still finer than other groups
investigated (Fig. 4). These results are in good agreement on
our previous work on other calcium phosphate powders.

Laser Doppler electrophoresis [27] is used to determine
the electrophoretic mobility of particles in suspensions in
the solution. Zeta potential is the measurement of push or
pull value between the particles [28]. The zeta potential is
essential to understand the nanoparticle surface interactions
and to estimate the stability of the nanoparticle in a solution
[29]. Generally, nanoparticles greater than +30 mV or less
than — 30mV have a high degree of stability [30, 31]. The
zeta potential analysis of pH = 11 at 800 °C which exhibits
approximately — 46.3 Mv shows the powder has relatively
good stability. Similarly, the pH = 11 at 600 °C showed
— 47.8, which also allows good stability (Table 2).

Characterization of the powders by XRD showed a straight
baseline and sharp peaks of the diffractogram (Fig. 5). This
confirmed that the product was well crystallized. XRD pat-
tern showed that HAp was formed in pH = 11 treated at 600
°C, and no other traces of other calcium phosphates were
detected. XRD template in Fig. 5 indicates that the structure
of the CaP-based powders identified at that pH +11 level at
600 °C was similar to pure HAp JSPDS standard (9-0432)
and showed a high match and consistency. In the XRD, no
other impurities were detected, indicating that the main inor-
ganic phase of the sample was the HAp crystal [31, 32].

The cytotoxicity (MTT) tests indicated that the synthesized
powders (pH = 11 calcined at 600 °C) had no cytotoxicity

@ Springer
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Fig.7 MTT assay results of control and pH 11 — 600 °C HAp

compared to the control. On the first day of study, no changes
in cell proliferation were observed on the third and seventh-
day study, and a slight decrease in cell viability was detected
(Fig. 7). Even if there is a decrease in MTT tests from day to
day, vitality continues as seen in the 7th day SEM test. As it
can be seen from the SEM images, the cells are viable and
spread very easily (Fig. 6). The proliferation and growth are
normal. The cell-scaffold interaction is indicated in Fig. 6.
Statistically significant results are revealed by (*), and the p
value was calculated by ANOVA analysis as p < 0.005.

Conclusions

CaP-based synthetic nanopowders of pure hydroxyapatite
were successfully produced by the chemical precipitation
method. However a high agglomeration after the drying and
calcination was detected. During the process, nanopowders
were synthesized at 5 different pH and 6 different calcina-
tion temperatures. During the tests, nanohydroxyapatite
powders were successfully produced at pH 11 and calcina-
tion temperatures of 600 °C and at 800 °C. During FTIR
analysis, PO,>~, OH", (CO,)* functional groups specific
to HAp were identified. Biological apatites are carbonate
apatites. In this current work, the observance of (CO3)2 in
FTIR studies indicates a bone-like carbonate hydroxyapatite
structure. SEM investigation showed that powders produced
were microparticles that were highly agglomerated. The
particle sizes were measured by the DLS method using the
HORIBA particle size analyzer, and particle sizes as small
as ~ 55 nm were achieved successfully. Therefore, it can be
understood that desired particle sizes can be obtained. XRD
analysis showed that the main inorganic phase was HAp with
no other impurities for pH = 11 treated at 600 and 800 °C. It
can be said that pure HAp can be produced without any other
impurities. According to the EDX, the stoichiometric ratio of
1.67, the Ca/P ratio of commercially pure HAp, was success-
fully achieved. The in vitro studies exhibited that produced
HAp can be used in medical and biomedical applications.
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Cytotoxicity tests demonstrated that HAp has suitable cyto-
compatibility. Also the method used was simple and highly
economical compared with other methods.
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