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Abstract. Hydroxyapatite nanoparticles (HApNPs) are inorganic materials with sizes less than 100 nanometers. Their main characteristic
is biocompatibility because their chemical composition is similar to human bone, making them suitable for use in physiological
environments. These characteristics make them a promising alternative for the delivery of sterol-derived drugs, offering better targeting
and controlled release compared to conventional drug delivery methods. In this study, HApNPs loaded with cholesterol and B-sitosterol
were synthesized using the chemical precipitation method. The nanoparticles (NPs) were characterized by Fourier Transform Infrared
(FTIR) spectroscopy to identify functional groups and confirm the presence of sterols on the HApNPs. The morphology and size of the
NPs were analyzed using transmission electron microscopy (TEM) and dynamic light scattering (DLS). The loading amount of sterol
derivatives was determined by thermogravimetric analysis, and the stability of the nanoparticles in an acidic medium was also evaluated.
The results showed that HApNPs loaded with cholesterol and P-sitosterol were successfully synthesized, exhibiting a spherical
morphology with diameters less than 100 nm. The data confirmed the incorporation of cholesterol and B-sitosterol on the surface of the
HApNPs, and their subsequent release was also observed. Moreover, the presence of sterol derivatives in the nanobiointerface enhanced
the nanoparticles' resistance to acidic conditions, suggesting their potential as drug nanocarriers for targeted release in the intestines
without undergoing alterations during transit through the stomach.
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1. Introduction

Commercial drugs consist of an active ingredient, the molecule
responsible for the pharmacological effect, and an excipient, which
are inert substances used to facilitate the dosage and administration
of the drug. However, these excipients can significantly impact the
drug's efficacy. Many commercial drugs suffer from limitations in
their pharmacological action, such as a lack of prolonged
therapeutic effect and insufficient targeting of the site of action.
These shortcomings can lead to increased medication consumption,
raising the risk of high drug concentrations in the body. This can
potentially disrupt the normal functioning of organs and lead to
serious health consequences (Zhang et al., 2016). Currently, NPs
have been developed to enhance the therapeutic efficacy of
conventional drugs. NPs improve drug delivery, minimize side
effects, and maximize treatment efficacy (Elumalai et al., 2024).
The effectiveness of NPs in clinical treatments depends heavily on
their characteristics, such as surface charge, chemical composition,
size, and morphology, among others (Kwon, et al., 2018). Various
types of NPs, including metallic, polymeric, and inorganic, have
been explored for drug delivery applications. However, their
chemical composition significantly impacts biological interactions.
For example, copper nanoparticles (Cu NPs) have been studied to
deliver doxorubicin in cancer treatment, showing a potent cytotoxic
effect (Li et al., 2017). However, recent studies have indicated that
metallic NPs, can cause genotoxic effects, limiting their suitability
for clinical applications (Barabadi et al., 2019).

Inorganic NPs composed of safe components, such as
hydroxyapatite (HAp), are notable for their biocompatibility. HAp
is the main inorganic component of teeth and bones in vertebrate
animals (Yu et al., 2014). From a biomedical perspective, HApNPs
are highly valued for their structural similarity to human bone,
ability to stimulate bone regeneration, and stability in physiological
environments. The synthesis of HApNPs has enabled the creation
of biocompatible compounds for use in constructing biological
markers or drugs. Depending on the synthesis method used, these
nanomaterials can exhibit various morphologies, allowing for
precise control of the interface between the NPs and their
surroundings (Swain et al., 2012). Several methods are available for
synthesizing HApNPs. The chemical precipitation method produces
spherical NPs by reacting diammonium phosphate with calcium
nitrate in an alkaline medium. Alternatively, the hydrothermal
method can yield rod-shaped NPs using the same precursors but
involves processing in a hydrothermal reactor at 200 °C for 24 to 72
hours (Dédourkova et al., 2012; Gopi et al., 2012).

The biocompatibility of HAp with the human body presents a
promising alternative for the design of drug-loaded NPs to serve as
vehicles for targeted drug delivery and controlled release. HApNPs
have been utilized for drug release, exemplified by their use in
loading antibiotics for deposition on dental implants (Geuli et al.,
2017). Another example is the use of hollow HApNPs to deliver
doxorubicin (DOX), a therapeutic anticancer drug. These NPs have
demonstrated high drug-loading efficiency (93.7 %) and
significantly reduced the viability of BT-20 cancer cells by

approximately 20 % in MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays (Yang et al, 2013).
Additionally, HApNPs are highly sensitive to pH changes, with the
NPs dissolving and releasing the drug more effectively in acidic
environments (~80 %). This is a particularly important
characteristic for cancer treatment, as cancer cells typically exhibit
lower pH levels than normal cells (Pan et al., 2018). This pH
sensitivity allows for enhanced drug release in the acidic
microenvironment of cancer cells, making HApNPs a valuable tool
for targeted cancer therapy. However, despite their promising
properties, HApNPs exhibit high instability in aqueous solutions,
resulting in an unstable colloid system (Moreno et al,
1968). HApNPs can be stabilized by adsorbing hydrophobic
molecules onto their surface to address this issue. For instance, skim
milk has been used to disperse HApNPs effectively, demonstrating
its ability to maintain dispersion and protect the NPs, thereby
reducing their dissolution in acidic conditions (Choki et al., 2021).
On the other hand, cholesterol and B-sitosterol have also been tested
to modify the interface of NPs. This strategy not only increases the
affinity of the nanomaterial for lipidic membranes but also acts as a
protective layer against the acidic environment of the stomach (de
S. L. Oliveira et al., 2020). Given these benefits, cholesterol and [3-
sitosterol are promising candidates for stabilizing the interface of
HApNPs. In studies involving mice, B-sitosterol intake has shown
improvements in fatty liver disease and a reduction in cholesterol
levels, and it has been associated with the prevention of
cardiovascular diseases. Furthermore, these molecules serve as the
basis for various drugs (Feng et al., 2018). Therefore, based on the
advantages of cholesterol and B-sitosterol in modifying the surface
of nanomaterials, this research proposes a new methodology for
synthesizing HApNPs stabilized with cholesterol (HApNPs-
Cholesterol) and pB-sitosterol (HApNPs-B-Sitosterol) via the
precipitation method. These stabilized NPs are intended to be
applied as potential drug nanocarriers. The HApNPs were analyzed
using FTIR to assess functional groups. Additionally, the size and
morphology of the NPs were determined using TEM and DLS.

2. Methodology

2.1. Materials

Calcium nitrate (Ca(NOs)2, 99 %), disodium phosphate (Na:HPOs,
99 %), and ammonia solution (NHsOH, 25 %) were purchased from
Merck. Hydroxyapatite (HAP), cholesterol (C27HasO, 92.5 %), B-
sitosterol (C20Hs00, 70 %), isopropanol (CsHsO, 99.5 %), and
chloroform (CHCls, 99.5 %) were obtained from Sigma-Aldrich.
Distilled water was used to prepare the aqueous solutions of calcium
nitrate and disodium phosphate.

2.2. Synthesis of HApNPs

The HApNPs were synthesized using the chemical precipitation
method in a mixture of water and chloroform. The procedure began
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Figure 1. FTIR spectra of: a) reagent grade hydroxyapatite, b) HApNPs without
stabilizing agent, ¢) HApNPs stabilized with cholesterol and d) HApNPs stabilized
with B-sitosterol.

by preparing the first solution: 354.2 + 0.1 mg of Ca(NOs): was
dissolved in 10.0 mL of distilled water, and 1.0 mL of ammonia at
a concentration of 25 % (v/v) was added. This solution was then
transferred to a test tube and vigorously mixed with the respective
sterol derivative solution at room temperature. Specifically, 376.0 £
0.1 mg of cholesterol was dissolved in 10.0 mL of chloroform, and
533.1 £ 0.1 mg of B-sitosterol was dissolved in 10.0 mL of
chloroform. Next, another solution was prepared by dissolving
127.8 £ 0.1 mg of NaHPOa in 10.0 mL of distilled water, followed
by the addition of 1.0 mL of ammonia (25 %). This second solution
was added dropwise to the first solution to form HApNPs-
Cholesterol and HApNPs-B-Sitosterol. The mixture was then heated
at 90 °C while stirring for 1 hour and 30 minutes. After cooling, the
solution was centrifuged at 5000 rpm for 10 minutes using a
Universal 320R-Hettich centrifuge. This washing procedure was
repeated three times with 30.0 mL of distilled water each time.
Finally, the precipitate was collected and dried at 90 °C for 3 hours,
after which it was ready for further characterization and testing.

2.3. HApNPs characterization

The characterization of the HApNPs was performed using several
techniques:

Fourier Transform Infrared Spectroscopy (FTIR): This was used to
identify the functional groups of the stabilizing agents and HAp,
with measurements taken in the range of 4000 cm™ to 500 cm™

using an ATR-IR Affinity-1S spectrophotometer (Shimadzu). FTIR
was also employed to verify the presence and release of sterols.
Dynamic Light Scattering (DLS): The hydrodynamic diameter of
the NPs was measured using a Zetasizer Lab (Malvern) at 25 °C in
isopropanol.

Transmission Electron Microscopy (TEM): The size and
morphology of the NPs were analyzed using a JEM-1011
microscope (JEOL) with an accelerating voltage of 80 kV.

2.4. Determination of Cholesterol and B-Sitosterol
Content in the HApNPs and Release Assay

The content of cholesterol and p-sitosterol in the NPs was
determined using Thermogravimetric Analysis (TGA) on a TA
Instruments Q-50. The analysis was conducted over a temperature
range of 30 °C to 900 °C with a heating ramp of 10 °C/min under a
nitrogen atmosphere.

For the sterol release assay, the NPs were subjected to chloroform
at room temperature, with agitation at 1200 rpm for 30 minutes.
After this, the particles were allowed to settle, filtered, and dried at
90 °C. The amount of sterol lost was calculated by measuring the
mass difference. Additionally, to simulate gastric conditions, the
nanoparticles were exposed to 0.1 N HCI at 37 °C to assess the
concentration of calcium released from the hydroxyapatite (Gray et
al., 2014).

3. Results and discussion

To evaluate the success of the HApNPs surface modification, FTIR
spectra were obtained for HApNPs, HApNPs-Cholesterol, and
HApNPs-B-Sitosterol (see Figure 1) and compared to the HAp
reagent. In the spectra of HAp and HApNPs (see Figure 1a and 1b),
an intense band associated with the stretching vibrations of the P-O
and Ca-O bonds was observed at 1026 cm™ and 1020 cm™,
respectively. Additionally, signals at 563 cm™ and 599 cm™ for
HAp and 561 cm™ and 599 cm™ for HApNPs correspond to
the bending vibrations of the O-P-O bond (Castro et al., 2022).
These bands, related to P-O and Ca-O bonds, also appeared in
HApNPs-Cholesterol (see Figure 1¢) at 1027 cm™ and HApNPs-f-
Sitosterol (see Figure 1d) at 1031 cm™. The O-P-O vibration band
was observed at 565 cm™ and 599 cm™ for HApNPs-Cholesterol,
and at 565 cm™ and 601 cm™ for HApNPs-B-Sitosterol, indicating
that cholesterol and p-sitosterol did not affect the HApNPs
composition. These findings are consistent with those reported by
(Venkatesan et al., 2015) for HApNPs derived from salmon fish
bone.

In the stabilized HApNPs, signals associated with the functional
groups of cholesterol and B-sitosterol were observed: around 3400
cm ! for -O-H vibrations, in the range of 2950 cm™ to 2800 cm™! for
symmetric and asymmetric stretching of CH. and CHs groups, and
in the range of 1460 cm™ to 1350 cm™ for deformation vibrations
of C-H bonds in methyl and methylene groups. Additionally,
vibrations around 800 cm™ were attributed to the deformation of C-
H bonds. These results confirm the presence of cholesterol and (-
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Figure 2. TEM images, diameters and circularity of: a) HApNPs without stabilizing
agent, b) HApNPs stabilized with cholesterol and ¢) HApNPs stabilized with B-
sitosterol.

sitosterol in the synthesized nanoparticles. The size of the HApNPs,
HApNPs-Cholesterol, and HApNPs-B-Sitosterol was analyzed
using TEM. Figure 2 shows the TEM images, diameter distribution,
and circularity distribution for the nanoparticles. The diameters of
the HApNPs particles without a stabilizing agent ranged from 6 nm
to 34 nm, with an average diameter of 16.5 + 1.8 nm and a circularity
of 0.91 (see Figure 2a).

For the HApNPs-Cholesterol, particle sizes ranged from 12 nm to
30 nm, with a mean diameter of 19.5 + 1.0 nm and a mean circularity
of 0.92 (see Figure 2b). The HApNPs-B-Sitosterol exhibited
diameters between 8 nm and 30 nm, with a mean diameter of 17.3
+ 1.4 nm and a mean circularity of 0.93 (see Figure 2c). Thus, the
classified as nanomaterials. The average circularity was above 0.90,
obtained particles had diameters of less than 50 nm and can be
indicating that the NPs are roughly spherical (Muscas et al., 2015).
The TEM results were compared with those obtained from DLS.
The hydrodynamic diameters measured by DLS were 257.2 + 61.2
nm for HApNPs without a stabilizing agent, 152.5 £ 9.0 nm for
HApNPs-Cholesterol, and 251.8 + 12.1 nm for HApNPs-3-
Sitosterol. The differences compared to TEM measurements are
likely due to the agglomeration of the nanoparticles, as evidenced in
the microscopy images. Additionally, DLS measures the
hydrodynamic diameter, which includes agglomeration effects,
leading to larger apparent sizes (Mulenos et al., 2020).

TGA determined the thermal stability of the HApNPs. According to
the TGA results (see Table 1), the weight losses for HApNPs-
Cholesterol were as follows: 1.97 % (30-144 °C), 37.96 % (144-340
°C), 13.57 % (340-610 °C), and 1.99 % (610-855 °C). These losses
are attributed to sample moisture, cholesterol, impurities, and
carbonate decomposition. Similar losses were observed for
HApNPs-B-Sitosterol with degradation values of 2.19 % (30-144
°C), 55.67 % (144-355 °C), 10.50 % (355-610 °C), and 5.14 % (610-
855 °C). To determine the content of sterol derivatives, the released
or discharged sterols from the synthesized NPs were analyzed by
TGA (see Table 1). This analysis helps correct the weight loss
attributed to the HAp core, as demonstrated in the thermal analysis
of HApNPs without a stabilizing agent. For HApNPs-Cholesterol,
the first observed loss of 5.94 % (30-144 °C) corresponds to the
sample's moisture content. The second loss of 2.61 % (144-340 °C)
and the third loss of 1.90 % (340-610 °C) are associated with
impurities, while the fourth loss of 1.90 % (610-855 °C)
corresponds to carbonate decomposition. For HApNPs-B-Sitosterol,
the losses were 3.24 % (30-144 °C), 2.88 % (144-355 °C), 2.84 %
(355-610 °C), and 2.41 % (610-855 °C).

From the results obtained, it can be concluded that there is no
significant presence of sterol derivatives in the NPs after the release
or discharge assays, as no considerable weight loss was observed in
the temperature range associated with sterol derivatives.
Additionally, the percentages differ significantly when comparing
the third loss between the thermograms of charged and uncharged
NPs. This suggests that the third loss observed in the TGA of the
charged NPs is not solely due to impurities such as nitrates and
ammonium but also indicates the presence of sterols. These sterols
are likely more integrated within the HAp cores, as reported with
other materials (Maheen et al., 2022).

On the other hand, FTIR spectroscopy results of the released NPs
showed only P-O, Ca-0, and O-P-O vibrations, along with signals
between 1500 cm™ and 1300 cm™ corresponding to carbonate
impurities, all associated with HAp (Castro et al., 2022). These
findings indicate that no sterols are present and that they were su-
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Table 1. TGA results for sterol reactants and HApNPs loaded and released from sterol derivatives.

Sample Lost number Temperature (°C)  Weight loss (%) Observation
Cholesterol 1 144-339 100.00 Thermal degradation of cholesterol
B-Sitosterol 1 30-144 215 Water in sample

2 144-354 97.85 Thermal degradation of 8-Sitosterol
1 30-300 10.18 Water in sample
HApNPs without stabilizing agent 2 300-655 6.31 Nitrate and ammonium waste
3 655-855 0.95 Decomposition of carbonate in CO2
1 30-144 1.97 Water in sample
2 144-340 37.96 Thermal degradation of cholesterol
HApNPs-Cholesterol 3 340-610 13.57 Nitrate and ammonium waste
4 610-855 1.99 Decomposition of carbonate in CO2
1 30-144 5.94 Water in sample
2 144-340 2.61 Nitrate and ammonium waste
HApNPs-Cholesterol released 3 340-610 1.90 Nitrate and ammonium waste
4 610-855 1.90 Decomposition of carbonate in CO2
1 30-144 2.19 Water in sample
. 2 144-355 55.67 Thermal degradation of B-sitosterol
HAPNPs-g-Sitosterol 3 355-610 10.50 Nitrate and ammonium waste
4 610-855 5.14 Decomposition of carbonate in CO2
1 30-144 3.24 Water in sample
2 144-355 2.88 Nitrate and ammonium waste
HApNPs-3-Sitosterol released 3 355-610 2.84 Nitrate and ammonium waste
4 610-855 241 Decomposition of carbonate in CO2

ccessfully released from the NPs. This behavior is likely due to the
solubilization of cholesterol and B-sitosterol in chloroform, which
favors interactions between the molecules and the solvent over
adsorption to the HApNPs (Soltys et al., 2019). Regarding
dissociation in an acidic medium, the HApNPs without a stabilizing
agent showed 88.9 % dissociation in 5 minutes and 100.0 % in 15
minutes. In comparison, the HAP reagent dissociated 82.3 % in 5
minutes and 100.0 % in 25 minutes. These results suggest that the
NPs degrade more quickly, likely due to their smaller size, which
provides a larger surface area for interaction with the acid
environment, making them more susceptible to degradation. In
contrast, at 30 minutes, the HAP reagent and HApNPs without a
stabilizing agent dissociated completely, while the HApNPs
stabilized with cholesterol and B-sitosterol dissociated 29.7 % and
25.3 %. These results demonstrate that stabilizing agents, such as
sterol derivatives, significantly reduce the dissociation of HApNPs
in an acidic medium.

4. Conclusions

The HApNPs, HApNPs-Cholesterol, and HApNPs-B-Sitosterol,
were successfully synthesized using a chemical precipitation
method. FTIR analysis confirmed the presence of molecules of
cholesterol and B-sitosterol on the nanoparticle’s surfaces, with
surface modification not affecting the HApNPs composition. TEM
characterization revealed that the particles had diameters of less
than 100 nm and exhibited a spherical morphology. The results
showed that the inclusion of sterol derivatives, cholesterol and B-
Sitosterol, did not alter the particle morphology. The
thermogravimetric analysis demonstrated that the synthesized
HAPpPNPs could be loaded with sterol derivatives and subsequently
released. The incorporation of these biomolecules enhanced the
resistance of the inorganic cores to acidic environments. Thus,
HApNPs with sterol derivatives hold promise as nanocarriers for
oral delivery of sterol-derived drugs.
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