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Hydroxyapatite nanoparticles (nHAPs) have been recognized for potent antitumor effects in certain cancer cells, making them
good candidates as drug delivery agents and tumor therapeutics with fewer than normal side effects. This study is aimed to
correlate cell proliferation inhibition with the size and morphology of nHAPs in a human breast cancer cell line as well as in
normal tissue cells. We present our in vitro experimental evidence that nHAPs with sizes smaller than 50 nm have high inhibitory
activity against human MCF-7 breast cancer cell lines. Based on our experimental data, normal fibroblast cells (NIH 3T3) were
relatively more viable upon treatment with the nanoconstructs. The present study indicates that nHAPs can be engineered as

nontoxic specific inhibitors as efficient breast cancer therapeutics in humans.

1. Introduction

Due to the nature of traditional chemotherapy, which is the
leading method for controlling tumor growth, certain
normal tissues also get damaged while inhibiting tumor cell
growth. This leads to severe side effects in patients receiving
chemotherapeutic drugs [1-3]. Common side effects of
cancer chemotherapy can be acute or prolonged including
hypersensitivity reactions to infusion, nausea and vomiting,
mucositis,  fatigue,  diarrhea,  constipation, and
neurotoxicity [4].

Therefore, chemotherapeutic drugs that can cause
minimal side effects have attracted tremendous research
attention seeking to alleviate patient pain. Across the world,
breast cancer is still among the deadliest cancer and is re-
sponsible for countless deaths [5]. Thus, there is a pressing
demand to develop more efficient and safer agents that can
control breast cancer aggression and inhibit cancer cell
proliferation.

Hydroxyapatite [HAP, Ca;o(PO4)s(OH),], a calcium-
based biomaterial, has been employed widely in orthope-
dic and dental applications [6]. Being the principal inorganic
constituent of human bones and teeth, HAP has shown
excellent biocompatibility, bioactivity, and bone-bonding
properties. It is also used as a vehicle for drug, protein,
and gene delivery [7].

Nanodimensional HAP is the main mineral component
of natural bone. HAP in natural bone is in nanosized needle-
shaped crystal form (5-20 nm width and 60 nm length) and
present in collagen fiber matrix with poorly crystallized
nonstoichiometric apatite phase containing CO5”~, Na™, F~,
and other ions [8]. Despite HAP’s similar composition to the
mineral component of bone, major challenges have been
encountered due to lack of its mechanical and antimicrobial
properties, low degradation, targeted deficiency, and lesser
drug loading capability. One of the approaches to improve
the performance of synthetic HAP is synthesizing these
particles to nanodimensional size, which results in a larger
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surface area to volume-ratio and emergence of quantum
effects [9]. Compared with the macro size formulations,
nanosized HAP particles exhibit properties, such as grain
size, pore size, and surface area, wettability, which influence
protein interactions in the form of bioactivity, adsorption,
configuration, and improve mechanical properties, sinter-
ability, and higher drug loading and favorably release
characteristics [10-14].

Researchers have been investigating the anti-
proliferation capability of hydroxyapatite nanoparticles
(nHAPs) and their application as delivery vehicles for
growth factors [15], antibiotics [16], antiangiogenesis
drugs [17], enzymes [18], and antigens for slow-release
vaccination [19]. These nHAP particles have been found to
be capable of inhibiting proliferation and inducing apo-
ptosis in various cancer cells, including osteosarcoma cells
[20], breast cancer cells [17, 21, 22], gastric cancer cells
[23, 24], colon cancer cells [25], and liver cancer cells
[26, 27].

Remarkably, it has been shown that when the nHAP
particle diameter is less than 100 nm, it has a substantially
higher inhibitory effect on the metabolic viability of tumor
cells when compared to conventional biocompatibility
[28, 29]. In general, the nanoparticles’ morphology- and
size-dependent cytotoxicity, cellular uptake, and bioactivity
are directly related to the synthesis methods applied to
prepare these materials [20, 30].

The correlation between the size and morphology of
nHAP particles and their antiproliferative effect on breast
cancer cells has not been studied previously. In this study, we
have synthesized nHAPs of various sizes and morphologies
using different synthetic methods and have explored their
inhibitory effect on the growth of MCF-7 human breast
cancer cells and normal cells (NIH 3T3). The nHAPs were
synthesized by chemical precipitation, hydrolysis, and hy-
drothermal methods and characterized by transmission
electron microscopy (TEM), X-ray diffraction (XRD), and
Fourier-transform infrared (FT-IR) spectroscopy. Cell via-
bility was detected with an MTT colorimetric assay on the
human breast cancer cell line (MCF-7) and mouse fibroblast
cell line (NIH 3T3).

2. Materials and Methods

2.1. Materials. Calcium nitrate, ammonium solution (30%),
ethyl alcohol (pure), sodium hydroxide (purity 95%), cal-
cium hydrogen phosphate dehydrate (DCPD) (purity >
98%), potassium phosphate dibasic trihydrate (99.0%),
potassium hydroxide, calcium chloride, oleic acid (>99%),
calcium stearate, and trisodium phosphate were purchased
from Sigma-Aldrich. Hexadecyltrimethylammonium bro-
mide (CTAB) (purity 96.6%) and ethylenediamine (85 wt%)
were purchased from Merck. Phosphoric acid (85%) and
toluene were purchased from Fisher Scientific. Sodium
citrate dihydrate was purchased from Spectrum. Ultrapure
water (Millipore, 18.2 MQ-cm) was used to prepare all so-
lutions. RPMI1640 media was purchased from ATCC
(30-2001). Fetal bovine serum was purchased from Sigma
(F0926). Stock suspensions were (bath) sonicated for 60 sec
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before preparing dilutions in serum-containing media. The
CellTiter 96® Nonradioactive Cell Proliferation Assay was
purchased from Promega (G4000).

2.2. Instrumentation. The nHAPs were analyzed by Fourier-
transform infrared spectroscopy (FT-IR, Perkin-Elmer
Spectrum Two ATR, 400-4000cm™'). X-ray diffraction
(XRD) experiments were performed at room temperature on
a Rigaku SmartLab diffractometer equipped with a high-
accuracy/resolution four-circle theta-theta goniometer, us-
ing Cu Ka radiation and a Dtex Ultra detector with a scan
range of 260 =20°-80", a scanning rate of 1°/min, a voltage of
40kV, and a current of 44 mA. Zeta potential of the nHAP
particles was determined in phosphate buffered solution
(PBS) with pH 7.4 using a Zetasizer Nano S90 (Malvern
Instruments Ltd. USA) in folded capillary cells. Trans-
mission electron microscope (TEM) images were obtained
on a JEOL JEM-1400 120kV transmission electron micro-
scope (Japan). The samples were prepared by placing 5 uL of
0.1 mg/ml nanoparticle solution on the CF300-Cu carbon
film-based copper grid, and the solution was allowed to settle
for 5min. The grid was then air-dried for an additional
5min. The average size and the size distribution of the
nanoparticles were determined by processing the TEM
images with image processing software (Adobe Photoshop
with Fovea plug-ins). The core size of the nanoparticles was
also measured on a DC 24000, CPS Instruments Inc. (USA).

2.3. Synthesis of nHAPs. The nHAP particles were synthe-
sized using three reported wet methods with slight modi-
fications: hydrolysis method (nHAP-1) [31], hydrothermal
method (nHAP-2, nHAP-4) [32, 33], and chemical pre-
cipitation (nHAP-3) [34].

2.3.1. Synthesis of nHAP-1. First, 20 g (500 mmol) of NaOH
was dissolved in a mixture of 60 mL of deionized water and
140mL of ethanol and heated to 75°C. Then, 0.0364g
(0.1 mmol) of CTAB was added and stirred until the solution
was clear. Subsequently, 1.3 g (10 mmol) of DCPD was added
to the solution and mixed at 75°C for 1h. After homoge-
nization, the solution was cooled in an ice bath for 20 min to
allow precipitation to occur. The precipitates were filtered by
vacuum filtration and rinsed with deionized water three
times. The resulting powder was oven-dried at 60°C
overnight.

2.3.2. Synthesis of nHAP-2. First, 250 mL of 0.1 M CaCl,
solution was added to 250 mL of 0.06 M KH,PO, solution
using a syringe pump (Chemyx Fusion 200) with a flow rate
of 125 mL/hr and stirred. The pH of the reaction mixture was
increased from 4.00 to 8.00 by the dropwise addition of
ethylenediamine using a pH meter (VWR Symphony
B40PCID). The resultant suspension was transferred to
a Teflon™-lined autoclave and kept in the oven at 180°C for
12 h. The precipitates were centrifuged at 3500 rpm (Thermo
Sorvall ST 8R) and washed with anhydrous ethanol and
deionized water prior to oven-drying at 80°C for 12h.
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2.3.3. Synthesis of nHAP-3. First, 100mL of 0.6 M phos-
phoric acid and 100 mL of 1 M calcium nitrate tetrahydrate
aqueous solutions (ratio Ca/P 1.67, characteristic of calcium
hydroxyapatite) were mixed at 40°C in a water bath, followed
by the addition of 5mL of (0.34 M) sodium citrate dihydrate
aqueous solution. The pH of the reaction mixture was in-
creased from 0.9 to 10 by adding ammonia solution (30%)
dropwise. The resultant solution was allowed to react for an
additional 8h at 40°C in the water bath and was then
transferred into a Teflon™-lined autoclave and heated at
100°C for 8h. Finally, the resultant cloudy solution was
centrifuged at 4500 rpm, and precipitates were washed with
deionized water until they reached a pH of 7, after which
they were oven-dried at 100°C overnight.

2.3.4. Synthesis of nHAP-4. First, 0.548g (2.4 mmol)
K,HPO, 3H,0 and 1.64 g (4.5mmol) of CTAB were added
to 100 mL degasified water prepared using a vacuum pump
and a filtering flask. After incubation of the solution at 50°C
for 2 h, the pH was increased from 9 to 12 by adding 4 mL of
KOH using a pH meter. Using the syringe pump, 60 mL of
0.33M CaCl, solution was added under gentle magnetic
stirring with a flow rate of 20mL/h. The solution was
covered with aluminum foil and heated in the oven at 120°C
for 12h. The produced precipitate was washed with
degasified water and ethanol by centrifugation at 4500 rpm
and again at 2500 rpm. The precipitate was isolated and
oven-dried at 90°C for 24 h.

2.4. Cell Viability Assay (MTT). The nanoconstructs (nHAPs
1-4) were ground using a mortar and pestle, and stock
suspensions at 1mg/mL were prepared using RPMI1640
media containing 10% fetal bovine serum (FBS). Stock
suspensions were (bath) sonicated (Fisherbrand CPX2800
bath sonicator, 40 KHz, 110 Watts, 2.5L) and vortexed,
comprising of 4 rounds of 15seconds sonication and
5seconds vortex, to form a homogenous solution before
preparing dilutions in serum-containing media. Human
breast cancer cells (MCF-7) and mouse fibroblast cells (NTH
3T3) were seeded in 96 well plates (MCF-7: 3000 cells per
well and NIH 3T3: 4500 cells per well) using the Integra
Assist Plus automated pipettor. Following overnight in-
cubation at 37°, 5% CO,, the cells were washed and in-
cubated with seven concentrations of each construct in the
range of 200 ug/mL to 20 ug/mL dry weight for 72 h at 37°C;
5% CO,. A CellTiter 96® Nonradioactive Cell Proliferation
Assay was used to analyze the cell viability per the manu-
facturer’s instructions. A nonlinear regression curve (Ab-
solute IC50 equation; GraphPad Prism 8.4.2) was used to
calculate the dry weight IC50 for each construct.

3. Results and Discussion

Previous reports have clearly demonstrated that the anti-
tumor effect of nHAPs might be related to their inherent
physicochemical characteristics, including their morphol-
ogy and crystal size. In this study, to synthesize nHAPs with
different morphology and size, hydrolysis, hydrothermal,

and chemical precipitation methods were applied. Most
nHAP products have long rod- or needle-like morphology
because of their hexagonal crystalline structures. However,
by aiming toward the synthesis of smaller crystallite size
particles, the shape of the nanoconstructs can be shorter
and rounder with a larger surface area [31]. Hydrothermal
synthesis is the easiest and most effective method to obtain
crystalline and well dispersed nHAPs. Proceeding with the
hydrothermal method under high temperature and pres-
sure improved the reactivity because the reaction process
and the mechanism were relatively different from what is
typically employed. The product had high purity, good
dispersibility, and a rod-shaped morphology (nHAP-2,
32% yield, and 100nm in length). To modify the mor-
phology and obtain smaller-sized nanocrystals using the
hydrothermal method, a calcium source was added using
a controlled dripping flow rate in the presence of organic
additives (nHAP-4, 2.56% yield, and 40-50 nm hexagonal).
The chemical precipitation method from an aqueous so-
lution containing an organic modifier yielded well-defined
hexagonal nanorods (nHAP-3, 43% yield, and 100-300 nm
in length) at low temperature. To obtain a small-sized,
sphere-like nanostructure rather than a rod-like shape, the
hydrolysis method in the presence of alcohol was used
(nHAP-1, 80% yield, 10 nm in diameter).

X-ray diffraction (XRD) analysis was performed to de-
termine the crystalline structure of the synthesized hy-
droxyapatite nanoparticles (Figure 1). HAP’s crystal
structure is characterized by the space group P6;/m, which
has a c-plane with negative charge due to its rich content of
PO,’” ions and a positively charged a-plane due to its high
content of Ca*" ions [35]. In the case of the crystal orien-
tations, the a, b-plane and c-plane have different functions,
as they are seen in response in different parts of the body. For
example, the a, b-plane is bioactive for human saliva and
bioinert for the surface of human teeth. For this reason, an
HAP surface with a, b-plane would be suitable in a bone
filler [36].

All samples showed the characteristic peaks of the hy-
droxyapatite structure by comparing the obtained experi-
mental XRD patterns to the standards complied by the
International Centre for Diffraction Data (ICDD) for hex-
agonal crystal structures (JCPDS, No: 09-0432). The hex-
agonal form of HAP is more stable than its monoclinic
structure and is found in most biological apatite but in
nonstoichiometric composition [37]. Needle- or rod-shaped
morphology is preferred oriented growth of HAP since its
unit cells are structured along the c-axis. The characteristic
peak of the highest intensity for nHAPs 1-4 was obtained at
20 values of 31.92°, 31.78°, 31.56°, and 31.56°, corresponding
to the (2 1 1) plane, respectively. A broadening line and
a decrease in intensity were observed in the XRD pattern of
nHAP-1, indicating that the crystallinity of nHAP-1 was
lower than that of the other three nanoparticle samples, and
it exhibited sharp characteristic peaks at corresponding
planes for hydroxyapatite. The broad reflection peaks on the
XRD patterns in the region between 20° and 50° 26 are
usually characteristic of either partially amorphous or
nanoparticulate material [38].
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Ficure 1: XRD diffractograms of hydroxyapatite nanoparticles (nHAPs 1-4).

As depicted in Figure 2, the TEM morphology of the
nHAP-1 nanoparticles showed a spherical shape with a di-
ameter of about 10 nm. The nHAP-2 nanoparticles were in
the form of rods and uniformly distributed, with an average
size of 100nm (length) x30nm (width). The nHAP-3
nanoparticles were observed as rod-like shapes with a size
range of 100-300nm (length) x 20 nm (width), while the
nHAP-4 particles were found to be 40-50nm with
hexagonal shape.

nHAPs 1-4 all showed negative zeta potentials,
-2.31+£0.65mV, -3.9+0.83mV, -10.72+0.74mV, and
5.30 £ 0.86 mV, respectively, in PBS solution at pH 7.4. The
recorded values are consistent with previous studies by other
researchers [39-41]. Tang et al. reported that the zeta po-
tential of HAP nanoparticles become more negative as the
size increases; and the zeta potential of HAP nanoparticles
with size of 20nm, 40 nm, and 80 nm are —4.1+0.6mV,
-4.8+02mV, and -6.0+£1.0mV, respectively [42]. As
depicted in TEM images, the length of the nHAP-3 nano-
particle is larger than 100 nm, which is probably the reason
for its more negative zeta potential value. Correspondingly,
Chen et al. reported —11.7+0.7mV as the zeta potential
value of nanoparticles with the length of 150nm [43].
Surfactants are often used to overcome the issue of aggre-
gation when synthesizing nanomaterials. Surface modifi-
cation by the cationic surfactant, cetyltrimethyl ammonium
bromide (CTAB) that contains quaternary ammonium salt,
provides more positive sites on the surface of the nHAP-1
and nHAP-4 and results in more positive zeta potential [44].
The concentration of CTAB used for preparation of nHAP-4
was higher compared to the amount used in nHAP-1
synthesis; hence, the positive increase in zeta potential
value is more reflected in the nHAP-4 particle.

Fourier-transform infrared (FT-IR) characterization was
recorded for each sample to verify the spectral characteristics
indicative of chemical bonding. The bending mode of the
O\\P\\O chemical bonds was observed at 467, 472, 473, and

472 cm™" for nHAPs 1-4, respectively. The peak at 633 cm ™"

due to the apatite hydroxyl symmetric mode was identified
in the spectra of nHAPs 1-3, whereas for nHAP-1, this band
was combined with the phosphate fundamental modes
around 600 cm™'. Phosphate fundamental modes with two
sharp intense peaks in the 560 to 602 cm™" region and one
small band in the 600 to 635 cm ™' region were present for all
of the nano-apatites. The phosphate symmetric stretching
mode (vl) from 959 to 962cm™' and the sharp intense
phosphate asymmetric stretching modes (v3) between 1022
and 1091 cm™' were identified in all samples. The small
bands around 3570cm™' were associated with-OH
stretching vibrations in the HAP nanomaterials.

The in vitro cytotoxicity of the four nanoconstructs was
investigated in breast cancer cells (MCF-7) and normal fi-
broblast cells (NIH 3T3) in a concentration range from 20 to
200 pug/mL. The nanoconstructs exhibited cytotoxicity on the
breast cancer cells, while the normal cells were relatively less
affected (absolute IC50>> 200 yg/mL). Both nHAP-1 and
nHAP-4 were significantly more cytotoxic compared to
nHAP-2 and nHAP-3. The absolute IC50 values of nHAP-4
and nHAP-1 were ~16 ug/mL and ~29.7 ug/mL, respectively
(Figure 3). NIH 3T3 cells were relatively more viable upon
treatment with the nanoconstructs (Figure 4). The long rod-
like nanoconstructs (nHAP-2 and nHAP-3) had less in-
hibitory effect on the cell proliferation of the MCF-7 cells
compared to the small spherical and hexagonal nano-
particles (nHAP-1 and nHAP-4). By varying the conven-
tional rod- or needle-like growth habit of the nHAPs and
developing sphere-like particles, Zhao et al. also presented
evidence that spherical nHAPs have high inhibitory activity
against mouse 4T1 cell lines [45].

Different concentrations of nHAP-1, having the smallest
size among the four synthesized nanoparticles and with
a spheric shape, had different toxicities on the MCF-7 cells.
The higher the nHAP-1 concentration, between 20 and
200 ug/mL, the stronger the toxicity. However, the dose-
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F1GURrE 2: TEM images of nHAP nanoparticles.
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FIGURE 3: In vitro cytotoxicity of nHAP constructs in MCF-7 breast cancer cells.

dependency of the toxicity of the nHAP-4 to the MCF-7 cells
was not significant.

Unlike inducing cell multiplication and differentiation of
nHAP when used for bone construction, apoptosis stimu-
lation and decrease in cell proliferation are observed once
applied in tumor therapies [46]. Our results are consistent

with previously reported results by Yuan et al. in which they
have demonstrated the size dependency apoptosis of nHAP
[30]. The antitumor activity and nHAP-induced apoptosis
on human hepatoma HepG2 cells strongly depended on the
size of the nanoparticles, and the cytotoxic effects decreased
upon increasing the size from 20 to 175 nm.
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nHAP functionalities to a great extent depend on the
adhesion process and cellular internalization, which are
reported to be greatly influenced by nanoparticle size
[47, 48]. Two distinct routes to get into the cells are pro-
posed for nHAP internalization: endocytosis and phago-
cytosis [49]. In the first method, they cross the cell
membrane and spread freely through the cytosol and get
into organelles and nucleus. Phagocytosis is the second
rout, in which cells’ pseudopods engulf nHAP, which are
retained in endosomes, followed by transportation to ly-
sosomes, and finally dissolved within the vesicle [49].
Recurrent reported result has mentioned that the extent of
internalization is inversely proportional to the size of the
nanoparticle [47-49].

The pathways for programmed death mechanisms ac-
tivation rely on the adsorption and internalization of the
nanoparticles in cancer cells [47, 50]. Apoptosis was also
observed when umbilical cord endothelial cells and renal
epithelial cells were treated with nHAP [51-53]. nHAPs in
lysosomes generated reactive oxygen species that activated
a programmed cell death as an apoptosis mechanism in the
studied cancer cells [52-54]. In another study, Gua et al.
reported that nHAPs blocked the signaling pathway of
nuclear factors (NF-kb) by generation of free radicals in
Glioma cells, resulted in apoptosis or cell cycle arrest in G2/
M phases and therefore reduced the proliferative capacity
of the tumor [46]. In a systematic assessment of nHAPs
used in the treatment of Melanoma, it was concluded that
cancerous cells capture high concentrations of nHAPs due
to the enhanced permeability and retention (EPR) effect,
which increases free radical synthesis by cell organelles and
leads to the cell death [55, 56]. Zhao et al. evaluated the
antitumor properties of hydroxyapatite nanospheres both
in vitro on the 4T1 murine mammary carcinoma cell line
and in vivo on the 4T1 xenograft model. The hydroxyapatite
nanospheres were found to be highly compatible with
normal tissues but also had excellent antitumor activities.
Systematic investigation on the mechanism of apoptosis
induced by hydroxyapatite nanospheres on tumor cells
confirmed the ingrained mitochondria-dependent apo-
ptosis pathway accompanied by negative regulation of the
PIK3/AKT pathway [45].

Similar to the present study, Tang et al. observed selective
toxicity of nHAP with lower toxicity on liver cell line (L-02)
compared to gastric cancer cells (MGC80-3), cervical ade-
nocarcinoma (HeLa) cells, and hepatocarcinoma (HepG2)
cells. Neoplastic cells when compared to normal cells present
electrolyte and metabolic imbalance that result in different
intracellular localization. The unregulated intracellular ionic
variation makes the cancer cells to internalize large con-
centrations of nanoparticles and subsequently disposes them
to more damage when treated with nanoparticles [57].

4., Conclusion

The well-researched application for nHAP has been in the
reconstruction of bone tissues; however, the present work is
focused on studying the aspect of the antiproliferative ca-
pability of these nanoparticles when evaluated for cancer
treatment. The existing data relates the antiproliferative ac-
tivity of nHAPs to their ability of inducing cellular apoptosis
as a consequence of their higher internalized concentration.
Particles with smaller sizes and more compact structures are
more easily internalized in the cells. Our study validates that
reshaping the inherent growth habit of nHAPs by applying
modified synthetic procedures can lead to the formation of
sphere-like nHAPs with sizes of approximately 50 nm and
under. Most notably, nHAPs displayed unique size-
dependent cytotoxicity on breast cancer cells making them
a highly promising choice for tumor therapy to avoid the
agonizing effects associated with the administration of tra-
ditional chemotherapy drugs. Further studies are necessary to
examine the cell proliferation inhibition mechanism induced
by nHAPs in breast cancer cells correlated with modulating
the inhibitory effect of the particle size and morphology.
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