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Effect of synthesis temperature on crystallinity, morphology and cell
wablllllt(}l of nanostructured hydroxyapatite via wet chemical precipitation
metho

Effect of temperature on hydroxyapatite properties
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Abstract: Hydroxyapatite (HA) is the main natural mineral constituent of bones and is a good alternative for biomedical applications because it is
osteoconductive, non-allergenic, and non-carcinogenic, which ensures high biocompatibility. A commonly used method for obtaining hydroxy-
apatite is the wet route, which is simple and low-cost, produces only water as a final residue, and provides HA with a crystallinity comparable
to that of bone tissue, which favors its biocompatibility. Therefore, the objective of this work is to synthesize hydroxyapatite via the wet chemical
precipitation method at different temperatures (4°C, 30°C, 50°C, or 70°C) to observe the influence of temperature on crystallinity, morphology,
and cytotoxicity. The results of X-ray diffraction show that all syntheses resulted in pure hydroxyapatite, while increasing the temperature led
to higher crystallinity (10.6% to 56.2%) and the crystal size was slightly affected. The increase in temperature changed the particle shape from
irregular to needle-like. Cell viability was tested by PicoGreen® in VERO cells for samples at concentrations of 30 and 300ug/mL, and the samples

synthesized at 4°C, with lower crystallinity, caused less DNA damage to cells compared to the negative control.

Keywords: Calcium phosphate. Bioceramics. PicoGreen®. Scherrer’s equation.

Introduction

Over the years, the need for replacement of damaged
bone tissues has been increasing, and it is in this
context that ceramic biomaterials arise, among which
hydroxyapatite (HA) stands out . The crystal structure and
chemical composition presented by hydroxyapatite are
similar to the composition of human bones and teeth. It is
a bioactive ceramic material that presents biocompatibility
and promotes the formation of bonds with bone tissue
2-4 as well as anticancer properties °. These factors have
been crucial, justifying the numerous studies developed
regarding its production and application in the biomedical
field, particularly in the replacement of bone tissues 3°.

One of the factors that has the greatest influence on the
biocompatibility of hydroxyapatite as a substitute for bone
tissue inthe human body is its crystallinity. Hydroxyapatites
with lower crystallinity have a higher rate of protein
adsorption as well as an increase in the rate of release of
bioactive calcium and phosphorus. These results in an
increase in cell adhesion, proliferation, and differentiation
compared to hydroxyapatites with high crystallinity. The
promising effect of low crystallinity hydroxyapatite is due
to the fact that in a crystal structure with this characteristic,
solubility in body fluids is facilitated, which increases its
bioactivity °.

Among HA synthesis methods, the wet precipitation
consists of preparing two solutions, one alkaline and one
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acidic, where the acidic solution is slowly dripped into the
alkaline solution, resulting in the precipitation step of HA.
After this step, the filtration, drying, and thermal treatment
of HA follow #. Some of the advantages presented by this HA
obtaining technique are low reaction temperatures, control
of chemical composition, and control of microstructural
properties®. The morphology®** and stoichiometry of the
obtained material can be altered according to parameters
suchasreactiontime, reactiontemperature, concentration?,
and “type/source” of reagents used?, as well as drying and
thermal treatment conditions®.

Wet method synthesis temperature can alter some
properties, such as crystallite size and degree of
crystallinity, which may influence the biocompatibility
of hydroxyapatite?6. So HA will be synthesized at four
different temperatures and the effect on the powder
phases, morphology, crystallite size, crystallinity and
biocompatibility will be analyzed.

Materials and Methods

In the present study, hydroxyapatite powder was
synthesized using the wet precipitation method.
Hydroxyapatite nanoparticles were prepared by using 0.5M
calcium hydroxide (Ca(OH),) in an aqueous suspension that
was temperature-controlled as required. Then, a 0.3M
phosphoric acid solution was added at an addition rate
of 2.5 mL/min to the calcium hydroxide suspension. The
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synthesis was carried out at four different temperatures,
namely 4, 30, 50, and 70°C. The resulting solution was
vigorously stirred for a period of 2 hours. The mixture
was then filtered by vacuum filtration and dried at 100°C
for 24 hours. Subsequently, the resulting white powder
was macerated with a pestle and passed through a #200
mesh sieve before being separated for the following
characterizations. In order to identify the present phases
in the material synthesized at different temperatures,
X-Ray diffractometer (D2 Phaser, Bruker) with a copper
anode (CuKo radiation,A=1.5406 A) with voltage and
current values of 30 kV e 10 mA, respectively and the scan
rate was 0,05064 degree/s. The (020) plane was used to
calculate the crystallite size by Scherrer’s equation’

Hydroxyapatite crystallinity (Xc) was calculated using
equation 18:

Xc = ]—(Vnz,. 3m.fl3m) (eq. 1)

Where Xc is the crystallinity of the HA, V. ./, is the
intensity of the valley between the diffraction peaks cor-
responding to the (112) and (300) planes, and I, is the
intensity of the peak corresponding to the (300) plane.
The specific surface area was determined by nitrogen
adsorption—desorption of Nitrogen (Quantachrome In-
struments, NOVA 2200e) at 200 °C for 12 /h. To identi-
fy the functional groups present in the samples, Fourier
transform infrared spectroscopy-attenuated total reflec-
tance (FTIR-ATR) spectra were recorded (Perking Elmer,
Spectrum Two). Powder morphology was verified by SEM
(JOEL, JSM-6510LV). The thermal behavior of the materi-
als was investigated using the technique of thermograv-
imetric analysis, using a Shimadzu TGA-51H equipment.
A prospective in vitro study was conducted, in which a
commercial cell line, adult monkey renal epithelial cells
(VERO cell line), was used as an experimental model to
investigate potential cytotoxic effects. After thawing,
this cell line was maintained in polystyrene bottles (TPP)
in culture medium containing 10% fetal bovine serum
(Invitrogen), inactivated at 56°C for 1 hour, 100 u/mL of
penicillin (Invitrogen), and 100 p/mL of streptomycin (In-
vitrogen), at 37°C in a humid atmosphere containing 5%
CO,. Weekly passages were performed in a laminar flow
hood, so that each bottle received 5 mL of medium with
a fixed number of cells at the time of passage (2.0 x 10°
cells/mL). The volume, along with the above number of
cells, was transferred to a new bottle with fresh medium.
After obtaining satisfactory confluence for the experi-
mental assays, the cells were seeded in 24-well plates.
After the treatments, the plates were incubated in a CO,
incubator at 37°C for 24 hours. The experiments were
performed in triplicate. The evaluation of the cytotoxic
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effect of the structures was tested through the DNA Pi-
coGreen® assay. To complement the determination of cell
viability, a fluorimetric assay was conducted to quantify
free DNA in the medium using the PicoGreen® reagent
from Invitrogen (Life Technologies), which is a fluorescent
dye that binds to double-stranded DNA. This procedure
was performed in the culture medium where the cells are
treated to determine the presence of double-stranded
DNA in this medium due to possible cell rupture and cell
death. The dye was added to the sample in a 96-well
dark Elisa plate, with incubation for 5 minutes and flu-
orescence reading in the spectrofluorometer at 480 nm
excitation and 520 nm emission®.

Results and discussion
The X-ray diffraction (XRD) patterns of synthesized HA
powders are displayed in Figure 1.

Figure 1- X-ray diffraction patterns of samples synthe-
sized at different temperatures.
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The X-ray diffraction peaks at 20 = 25.8, 31.9, 32.2
and 32.9 correspond to the standard crystallographic file
of pure hydroxyapatite (PDF — 009-00432). There were no
undesirable phases such as p-TCP and CaO detected in
any of the synthesized powders. The crystalline planes
shown in the samples are (002), (211), (112) and (300) >&.
It can be observed that the increase of synthesis tempe-
rature, lead to an increase in peaks intensity. This growth
occurred especially on the (002) peak, which indicates
the growth of HA crystals along C-axis’. Table 1. shows
crystallite size obtained by Scherer’s equation, crystalli-
nity degree calculated using equation 1 and specific sur-
face area obtained by BET.

The crystallinity percentage of hydroxyapatite
samples increased with synthesis temperature from
10.6 to 56.2, while the crystallite size increased from
27.4 t0 42.2 nm. On the other hand, the specific surface
area decreased from 90.9 to 50.1 m?/g. Gyorgy et al'°,
relate the peak broadening effect of XRD patterns from
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hydroxyapatite synthesized at low temperatures to either
smaller crystallinity and crystallite size. The crystal size
of hydroxyapatite (HA) changes with temperature during
synthesis. During the early stages of particle formation,
nucleation occurs, where small HA particles are formed.
As the reaction progresses, these small particles begin
to grow in size with the incorporation of additional
calcium and phosphate ions from the solution'e,
Conversely, there was a decrease of the specific surface
area measured by BET as a function of the increase in
precipitation temperature, the same tendency was found
by Lazic et al.”" that synthesized HA in the temperature
range of 22 — 95°C and obtained a specific surface area
in the range of 58-23 m?/g. The specific surface area of
hydroxyapatite is an important factor since it can affect
protein adsorption™. Figure 2 shows the FTIR spectra for
the four synthesized samples.

It is possible to visualize hydroxyapatite characteristic
band peaks for all samples. The broad band around 3400
cm', can be attributed to hydroxyl group™-"* With the

Effect of synthesis temperature on...

increase in synthesis temperature, there was an increment
in the observed band at 1642 cm~! which corresponds
to the bending mode of H-0-H in water, indicating the
presence of trace amounts of water in the synthesized
powders? The increase can also be observed in the peaks
between 1400-1500 cm™', which correspond to the
CO,? vibrational peaks. These peaks replace some of the
phosphate groups in the hydroxyapatite from natural’+¢:
According to Dey et al.2 those CO,> bands can appear
in hydroxyapatites obtained by wet synthesis, due to the
dissolution of atmospheric CO, in the reaction. Higher
synthesis temperatures can facilitate CO, diffusion. A
pronounced band at approximately 1024 cm™ and a
smaller peak at 965 cm' correspond to asymmetric
(P-0) stretching vibration PO, while the presence of
HPO,* in these powders is indicated by the 876 cm™
transmission band™. Figure 3 shows the thermal analysis
of HA investigated by thermal gravimetric analysis (TGA).

Table 1 - Crystallinity, crystallite size and specific surface area of hydroxyapatite synthesized at different

temperatures.
Sample | % Crystallinity | Crystallite size (nm) | Specific Surface Area (m?/g)
HAO4 10.6 27.4 90.9
HA30 16.4 33.5 78.2
HA50 41.5 34.4 59.9
HAT0 56.2 42.2 50.1

Fienire 2 = FTIR enectriim nf hudrayvanatite eunthecized at diffarant temnergtures.
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It is possible to notice a sharp drop from 30°C to
around 200°C related to the elimination of adsorbed wa-
ter'®'7, The small mass decrease in the region between
200 and 650°C can be attributed to the removal of inter-
stitial water'”. For the hydroxyapatite synthesized at 4°C
there was a small drop in the mass related to the con-
version of the hydroxyapatite into p—tricalcium phosphate
(B-TCP)™. Precipitation temperature has shown a signifi-
cant effect on HA morphology, as can be seen in figure 4.

The effectiveness of nucleus growth and development
plays a vital role in determining the crystalline structure
of materials produced through the wet precipitation pro-
cess, which functions via the nucleation-growth mech-
anism?, this can be attributed to the size-dependent
solubility of nanoparticles (NPs), where smaller particles
exhibit higher solubility and surface energy, facilitating
the dissolution and growth of larger particles .

Further research has indicated that the synthesis of
hydroxyapatite at low temperatures results in crystals
with irregular morphology, a lower specific surface area,
and a greater tendency to agglomerate* At a tempera-
ture of 4°C, the particles tend to aggregate, making it

challenging to discern their morphology, indicating that
there is insufficient driving force for crystal growth at low
temperatures'. As the reaction temperature is raised,
crystal growth is observed, consistent with the typical
needle-like morphology of hydroxyapatite observed in
X-ray Diffraction data'®'. To evaluate cell viability, a flu-
orometric test for quantifying free DNA was conducted.
The DNA-PicoGreen® assay involves using a fluorescent
dye that binds to double-stranded DNA in the medium,
allowing for the detection of possible cell disruption and
cell death?. To verify cell damage, two different concen-
trations of hydroxyapatite (30 and 300 ug/mL) for each
synthesis temperature. Figure 5. shows the results ob-
tained from the DNA-PicoGreen® assay.

Theresultsshowed nosignificantdamagetothedouble
strain DNA in HAO4 sample for both concentrations.
However, for other temperatures of synthesis the damage
to the DNA was close to the positive control. According
to Zhao®, hydroxyapatite cytotoxicity depends on
nanoparticle shape and that needle-like particles are
more toxic than other shapes.

Figure 3 - TGA analysis of hydroxyapatite synthesized at different temperatures.
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Figure 4 - SEM micrographs of hydroxyapatite
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Figure 5 - Evaluation of the presence of double-stranded DNA using the PicoGreen® assay. NC (control negative); PC
(control positive); HA04, HA30, HA50 and HA70 (30 and 300 ug/mL). Data are expressed as mean + standard deviation
(SD). Analyses were followed by one-way ANOVA, followed by Dunnett’s post hoc test. Values with p <0.05 were
considered statistically significant, where * p <0.05, ** p <0.01 and *** p <0.001.
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Conclusions

The wet synthesis of hydroxyapatite was carried
out at temperatures of 4, 30, 50, and 70°C. X-ray
diffraction revealed that HA was the only phase present
in the synthesized powders. There was an increase
in crystallinity and crystallite size with increasing
temperature, resulting in a hexagonal crystalline phase.
Additionally, an increase in particle size and a decrease in
surface area were observed by BET analysis. The irregular
shape of nanoparticles synthesized at low temperatures
was confirmed by SEM analysis also, there was a transition
to needle-like structures with increasing temperature,
which is characteristic of HA with elongation along the
c-axis. The FTIR bands were characteristic of pure HA,
and the mass losses observed by thermogravimetry were
consistent with those of HA samples. In the cell viability
test using PicoGreen®, lower toxicity was observed at
4°C compared to higher temperatures.
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