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Hydroxyapatite nanoparticles (HAP NPs) with distinct morphologies were synthesized by the wet precipitation
method by varying pH, and their shape was confirmed by scanning electron microscopy as spherical (pH 12),
rod-like (pH 9), and needle-like (pH 8). The particle sizes of HAP NPs were 96.86 + 1.48 nm for needle-
shaped, 118 + 4.32 nm for rod-shaped, and 94.43 + 1.02 nm for spherical-shaped particles. XRD analysis
showed clear and distinct peaks indicating crystalline nature, while FTIR confirmed the characteristic features
of hydroxyapatite. The negative zeta potential of the HAP NPs was attributed to the presence of surface phos-
phate ions. The influence of HAP NP shape and size on intracellular uptake was evaluated in the MG-63 osteo-
sarcoma cell line by Confocal Laser Scanning Microscopy (CLSM). CLSM results demonstrated that rod-shaped
HAP NPs predominantly localized within the lysosome and nucleus, while spherical HAP NPs accumulated at

Received 10th January 2025,
Accepted 1st March 2025

DOI: 10.1039/d5pm00005j

the cell membrane. The MTT, clonogenic survival, cell scratch and transwell migration assays revealed that
rod-shaped HAP NPs exhibited superior anticancer activity compared to their needle- and spherical-shaped
counterparts and completely suppressed the clonogenic survival of MG-63 cells. Our findings confirm that the
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Introduction

Hydroxyapatite is the principal inorganic building block of
bones." ™ It is suggested that nanosized hydroxyapatite (HAP)
particles self-assemble and provide mechanical strength and
flexible structures to bones.””® Interestingly, HAP NPs have
also been reported to inhibit the proliferation of various
cancer cell lines including melanoma,’ colon,'® breast,'
gastric,”> hepatoma,"®'* glioma'® and human cervical adeno-
carcinoma'® and can inhibit proliferation and trigger apopto-
sis in osteosarcoma cell lines. The anticancer activity of HAP
NPs is elicited through mechanisms such as disrupting mito-
chondrial function, arresting the cell cycle and/or altering
intracellular signaling pathways essential for cell survival.

HAP NP uptake by cancer cells is influenced by physico-
chemical properties like morphology, crystal size and surface
charge. For instance, when the crystallinity of HAP NPs
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shape of HAP NPs is a critical factor influencing their intracellular uptake and anticancer activity.

decreases, the increased solubility in body fluids can nega-
tively impact their interaction with cells. Similarly, the shape
and structure of HAP NPs can influence cell behaviour by alter-
ing the surface area available for cell contact.'” ' HAP NPs
exhibit concentration-dependent growth inhibition of osteosar-
coma cells, with higher concentrations of HAP NPs resulting
in augmented reduction in cell viability and apoptosis induc-
tion. HAP NPs also interact with the extracellular matrix,
amplifying their cytotoxic effects on cancer. Liu et al. explored
the use of nano-hydroxyapatite (HAP NPs) as a targeted deliv-
ery vehicle for doxorubicin, to treat bone cancers.'®*>™>°
Studies revealed that the anticancer effect was aided by their
direct interaction with cells, which facilitated internalization
of the HAP nanoparticles (HAP-NPs).>*** Furthermore, Han
et al. discovered that nanosized HAP was more toxic to cancer
cells than micron-sized HAP due to the higher internalization
of HAP NPs in cancer cells.*

Nanoparticle shape can be a key determinant influencing
internalization pathways and cellular uptake efficiency. For
cancer treatment, tailoring the shape of HAP NPs can poten-
tially enhance their internalization in cancer cells, enhance
localized drug concentration and thereby improve therapeutic
outcomes.*>*® The effect of nanoparticle size on cell internal-
ization and anticancer efficacy is demonstrated;*”*® however,
studies on the effect of HAP NP shape on cell uptake and anti-
cancer efficacy are limited. One study demonstrated a favored

RSC Pharm., 2025, 2,1087-1095 | 1087


http://rsc.li/RSCPharma
http://orcid.org/0009-0009-6842-5260
https://doi.org/10.1039/d5pm00005j
https://doi.org/10.1039/d5pm00005j
https://doi.org/10.1039/d5pm00005j
http://crossmark.crossref.org/dialog/?doi=10.1039/d5pm00005j&domain=pdf&date_stamp=2025-09-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00005j
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM002005

Open Access Article. Published on 24 April 2025. Downloaded on 2/6/2026 12:57:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

uptake of rod-like HAP nanoparticles®® and attributed the
same to enhanced interaction through van der Waals forces
due to their larger surface area.>®

In this study, our premise was that the naturally high
affinity of HAP for bone could localize the HAP NPs in bone,
while their anticancer activity could be tailored for maximal
efficacy by modifying the NP shape. The objectives of the
present study therefore included evaluation of the effect of the
shape of HAP NPs on intracellular uptake and anticancer
efficacy in the MG-63 osteosarcoma cell line, as well as ex vivo
assessment of the affinity of HAP NPs for bone.

Materials and methods
Materials

Calcium dinitrate tetrahydrate, di-ammonium hydrogen ortho-
phosphate, cetyltrimethyl ammonium bromide (CTAB), and
sodium hydroxide (NaOH) were procured from SD Fine Chem
Limited (SDFCL, India). Coumarin 6 was bought from Sigma-
Aldrich (USA). Other chemicals were obtained from Invitrogen
(USA), including CellMask, DAPI, LysoTracker, and Neutral
Red. Additional reagents were sourced from Himedia
(Mumbai, India), including Dulbecco’s modified Eagle
medium (DMEM), penicillin/streptomycin, fetal bovine serum
(FBS), MTT, T-25 and T-75 flasks, and 12-, 24-, and 96-well
plates, and Corning Life Sciences, Bedford, MA, supplied
24-well plate control inserts (8.0 microns). The human osteo-
sarcoma cell line (MG-63) was acquired from NCCS, Pune,
India. The rest of the chemicals and solvents utilized were of
analytical quality.

Preparation of HAP NPs

The wet chemical precipitation method described earlier*® was
used to prepare rod-shaped, needle-shaped and spherical HAP
NPs. A 10 ml aqueous solution of 0.06 M diammonium hydro-
gen phosphate was added dropwise to a 10 ml aqueous solu-
tion of calcium nitrate tetrahydrate (0.1 M) containing CTAB
(10 mg) under magnetic stirring, with the pH maintained at 8,
9, and 12 using 1 N NaOH to obtain the rod-shaped, needle-
shaped and spherical HAP NPs, respectively. The NP dis-
persion was centrifuged at 10 000 rpm and washed until the
supernatant attained a pH of 7-7.4. The pellets were sonicated
in 10 mL of distilled water for 5 minutes. The dispersion was
freeze-dried utilizing a Labconco freeze dryer to obtain HAP
nanoparticles. The freeze-drying process lasted for 12 hours
under a vacuum ranging from 10 to 50 x 10> bar, while ensur-
ing that the surface temperature of the condenser remained
below —50 °C. Particle size was monitored before and after
freeze-drying, and the size after freeze-drying (Sf) was com-
pared with the initial size (Si), and Sf/Si was calculated.

Fluorescent dye-labelled HAP NPs

Green fluorescent dye Coumarin 6-labelled HAP NPs were pre-
pared to visualize the cellular internalization of NPs. HAP NPs
of the three different shapes were incubated in an alcoholic
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solution of Coumarin 6 in ethanol (1 mg mL™") for 15 min at
27 °C. The surplus dye was removed by centrifugation at 5000
rpm for 10 min.

Characterization of HAP NPs

Particle size distribution and zeta potential. Particle size,
zeta potential and electrophoretic mobility were evaluated by
Dynamic Light Scattering (DLS), Phase Analysis Light
Scattering (PALS) and Electrophoretic Light Scattering (ELS),
respectively, on a Brookhaven instrument.

Scanning electron microscope (SEM) analysis. The shape of
SCT HAP nanoparticles was determined by scanning electron
microscopy (SEM). First, the nanoparticles were dispersed in
filtered double-distilled water, and a small drop of this dis-
persion was carefully placed on a piece of carbon tape, which
served as a conductive and stable support for SEM imaging.
Next, a thin layer of gold-palladium was applied using a
process called sputter coating. The prepared sample was
imaged on a JEOL JSM-6510 SEM (Tokyo, Japan).

XRD analysis. X-ray diffraction spectra of the HAP nano-
particles were recorded using an X-ray diffractometer (XRD, D/
MaxIIIA, RIGAKU, Japan), with Cu-Ka X-rays of a wavelength
(1) of 1.5406 A. Measurements were taken within the 26 range
of 10° to 80° with an increment of 0.02°.

FTIR analysis. FT-IR spectroscopy was carried out on a thin,
transparent pellet formed by mulling a sample of HAP NPs,
with KBr, and compressing it into a thin disc, using a Perkin
Elmer RX1 spectrometer.

Cell culture. MG-63 cells, originating from human osteosar-
coma, were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
a mixture of antibiotics consisting of 1000 IU of penicillin and
10 mg mL " streptomycin. The cells were maintained at 37 +
2 °C in a humidified environment with 5% CO,.

Intracellular uptake by confocal laser scanning microscopy
(CLSM). The MG-63 cells were transferred into wells of a
24-well plate at 50 000 cells per mL and cultured for 24 hours
at 37 = 2 °C in a humidified atmosphere containing 5% CO,.
Subsequently, the cells were exposed to the rod-shaped,
needle-shaped and spherical coumarin-labelled HAP NPs
(cHAP NPs) at a concentration of 100 ug mL™" and allowed to
stand for 2 hours. Following the incubation period, the cells
were washed thrice using PBS to eliminate the uninternalized
cHAP NPs. The cells were fixed using a 4% w/v paraformalde-
hyde solution for 10 minutes at ambient temperature, rinsed
twice with phosphate buffer and incubated at 37 + 2 °C
for 30 minutes. The cells were then stained with 75 pM
LysoTracker (lysosomal marker) and 0.1 pM CellMask
(plasma membrane marker) for 10 minutes and then sub-
jected to two PBS washes. DAPI, a nuclear stain, was added to
each well at a dilution of 1:10000 and incubated for
10 minutes at 37 °C. Multichannel confocal microscopy
was performed using a Leica microscope, with excitation
wavelengths for coumarin-labeled HAP NPs, LysoTracker,
CellMask, and DAPI at 457, 577, 633, and 405 nm,
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In vitro anticancer efficacy

MTT assay. MG-63 cells were seeded at a concentration of
10 000 cells per mL in a culture plate with 96 wells, which con-
tained DMEM. The plates were placed in a humidified atmo-
sphere containing 5% CO, and maintained at a temperature of
37 + 2 °C for the duration of the incubation. The cells were
then treated with the rod-shaped, needle-shaped, and spheri-
cal HAP NPs at three different concentrations of 150, 250, and
500 pug mL™' for 72 hours. Untreated cells served as the
control. Following treatment, 10 pL of a 5 mg mL ™" MTT solu-
tion was introduced into each well, and the plates were incu-
bated at 37 + 2 °C for 2 hours to promote the formation of for-
mazan crystals. The liquid was gently aspirated, followed by
addition of 100 pL DMSO to dissolve the formazan crystals.
The absorbance at 570 nm was measured using a plate reader.
The ICs, values for the HAP NPs of different morphologies
were determined from the percent inhibition and concen-
tration data.

Clonogenic assay. The MG-63 cells were added to a plate con-
taining 6 wells at a concentration of 1000 cells per mL and left
to bind overnight. The cells were exposed to the HAP NPs of
rod, needle, and spherical shapes at concentrations of 250 and
500 pg mL ™", allowed to stand for 8-10 days, and observed for
colony formation. The colonies were immobilized with metha-
nol, stained with crystal violet, and observed using an inverted
microscope. The survival fraction (SF) and plating efficiency
(PE) were calculated using the following formulae:*’

SF = number of colonies x 100/number of cells plated
x plating efficiency,

and
PE = number of colonies in the control sample/
number of cells plated
Plots of survival fraction vs. concentration were
constructed.

Cell scratch assay. MG-63 cells were seeded at a concentration
of 20 000 cells per mL in 12-well plates and allowed to prolifer-
ate for 72 hours at 37 + 2 °C in a moist environment contain-
ing 5% CO,. Upon reaching full confluence, a linear scratch
was made on the cell monolayer using a sterile 200 pL pipette
tip and the cell remnants were removed to obtain a distinctly
visible scratch line. The cells were treated with rod-shaped,
needle-shaped and spherical HAP NPs at a concentration of
100 pg ml™'. The plates were monitored under an inverted
microscope for up to 48 hours for closure of the scratch.*!

Transwell migration assay. The upper donor chambers of a
24-well transwell insert (8.0 micron pore size) were seeded
with MG-63 cells at a density of 20 000 cells per mL. The cells
were allowed to proliferate at 37 + 2 °C in a humid atmosphere
with 5% CO, for 48 hours. HAP NPs (100 pg mL™") of rod,
needle and spherical shapes were carefully added on top of the
cells, in the upper chamber. Complete DMEM (600 pL) was
added to the lower receptor chambers. The transwells were
then incubated for 24 hours at 37 + 2 °C in a moist atmosphere

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with 5% CO,. At the end of 24 hours, the cells that had
migrated into the receptor chambers through the membrane
were fixed using 70% ethanol for 10 minutes. The cells were
then treated with crystal violet and visualized under a micro-
scope, and the count of cells in several fields of view was
recorded.

Hoechst/PI double staining assay. The MG-63 cells were
seeded in a plate having 24 wells, at a concentration of
1.0 million cells per mL and permitted to proliferate for
24 hours at 37 + 2 °C in a moist environment with 5% CO,.
Coumarin-labelled HAP NPs (500 pL) of the three different
shapes at a concentration of 100 pg mL™" were introduced into
the wells and the plates were incubated at 37 + 2 °C in a
humid environment with 5% CO,. Following a PBS wash, the
cells were subjected to staining with the dyes Hoechst 33258
(5 pg mL™") and propidium iodide (10 pg mL™"), both of which
were prepared in complete DMEM. The cells were allowed to
stand in the dark at a temperature of 37 + 2 °C for 15 minutes.
The medium was aspirated and the cells were rinsed with
phosphate buffer and then examined under a multichannel
confocal (Leica) microscope.

Statistical analysis. The data are stated as the mean + stan-
dard deviation of at least three independent experiments. Data
were analysed using one-way ANOVA with a post hoc test on
GraphPad Prism 8.0, wherein p < 0.05 was considered as stat-
istically significant.

Results and discussion

Hydroxyapatite nanoparticles synthesized by the wet precipi-
tation method at pH 8, 9, and 12 resulted in needle-shaped,
rod-shaped and spherical HAP NPs, respectively. Fluorescent
coumarin-labeled HAP NPs were obtained by incubating the
NPs in coumarin solution. Coumarin 6 was effectively loaded
onto the NPs irrespective of their shape.

Characterization of HAP NPs

The SEM photomicrographs (Fig. 1) revealed HAP NPs with
smooth surface morphology, which were needle-shaped, rod-
shaped, and spherical at pH 8, 9 and 12 respectively. These
data corroborated earlier reports on pH and HAP NP
shape.*>*® The concentration of hydroxide (OH") ions played a
significant role in the growth as well as the shape of the nano-
particles. A high concentration of OH™ ions (pH 12) resulted
in greater adsorption of OH™ onto the complete surface of the
HAP nucleus, thereby promoting unconfined isotropic and
multi-dimensional growth, resulting in spherical HAP NPs.
Conversely, at a medium concentration of OH™ ions (pH 9), a
minimal quantity of OH™ is anticipated to be released and
adsorbed at specific locations on the HAP nucleus, leading to
weak, isotropic growth resulting in nano-rods. Such a decrease
in OH™ concentration was advantageous for the confined and
directional growth of HAP nanoparticles. However, further low-
ering the pH (pH 8) restricted the adsorption of OH™ ions
onto the HAP nuclei, resulting in anisotropic growth and crys-

RSC Pharm., 2025, 2,1087-1095 | 1089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00005j

Open Access Article. Published on 24 April 2025. Downloaded on 2/6/2026 12:57:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A. Needle pHS B. Rod_pH9

View Article Online

RSC Pharmaceutics

b
4

o ¥

100 nm

N —

C. Spherical pHI12

Fig. 1 Scanning electron microscopy (SEM) images of hydroxyapatite nanoparticles (HAP NPs): (A) Needle_pH 8, (B) Rod_pH 9, and (C)

Spherical_pH 12 (n = 3, mean + SE).

tallization, which favoured the formation of needle-shaped
particles.**

The size of the needle-shaped HAP NPs was 96.86 + 1.48 nm
(PDI - 0.148 + 0.04), rod-shaped HAP NPs was 118 + 4.32 nm
(PDI - 0.168 + 0.08) and spherical HAP NPs was 94.43 + 1.02 nm

Needle

with a PDI of 0.144 + 0.02. Fig. S1A{ represents the multimodal
size distribution curve of the spherical HAP NP dispersion. A
maximum dimension of ~100 nm of the HAP NPs could provide
the dual advantage of prolonged circulation and the ability to
traverse into the bone trabecular architecture.

pherical

Fig. 2 Confocal laser scanning microscopy: green fluorescent rod-shaped HAP NP uptake by MG-63 osteosarcoma cells. DAPI (blue) and
LysoTracker (red). The internalized rod-shaped HAP NPs inside the MG-63 cells are localized at the lysosome and nucleus. Scale bar = 50 pm (n = 3,

mean + SE).
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The Phase Analysis Light Scattering (PALS) for surface
charge evaluation of nanoparticles and other nanomaterials
determines the zeta potential of colloidal suspension. Zeta
potential is the electric charge located a short distance from
the particle’s surface. The negative zeta potential values of
—15.50, —20.38, and —39.17 mV for the needle-shaped, rod-
shaped and spherical HAP NPs, respectively, are attributed to
the presence of phosphate ions on the surface of the NPs.
Fig. S1Bf represents the PALS report for spherical HAP NPs.
The zeta potential values also suggest the stability of the HAP
NP dispersions.

Another component of nanoparticle physicochemical
characterization is electrophoretic mobility, which can be deter-
mined by Electrophoretic Light Scattering (ELS). ELS measures
the movement of particles through a fluid under an electric
field, expressed as electrophoretic mobility (¢g). This movement
is driven by the charges present on the particle’s surface. The pg
values of the spherical, rod-shaped and needle-shaped HAP NPs
were —3.60, —1.60, and —-1.21 (p s )/(V ecm™), respectively.
Fig. S1CT shows the ELS data for spherical HAP NPs.

XRD analysis revealed diffractograms with a clear baseline
and well-defined peaks. The diffraction pattern of HAP-NPs
shown in Fig. S2f exhibited peaks in the range of 10-90° 26
values: (i) 43.89°, 64.25° and 77.35° for spherical-shaped HAP
NPs, (ii) 43.89°, 64.25° and 77.36° for rod-shaped HAP NPs
and (iii) 31.62°, 32.44° and 77.35° for needle-shaped HAP NPs,
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Fig. 3 MTT assay for HAP NPs of different shapes at different intervals:
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indicating the crystalline nature of the HAP NPs. The analysis
using X-ray diffraction revealed that the HAP nanoparticles
consisted of highly crystalline and single-phase HAP, with no
detectable impurity phase. The configuration of the diffraction
peaks indicated that the sample may be thoroughly crystal-
lized. The widened appearance of these diffraction peaks
suggests that the sample dimensions are at the nanometer
scale.”

Fourier Transform Infrared Spectroscopy (FTIR) is com-
monly used to analyze hydroxyapatite (HAP), particularly for
identifying its characteristic functional groups and assessing
its purity, crystallinity, and structural properties. In this study,
FTIR analysis confirmed the presence of hydroxyapatite with
its characteristic features. The characteristic overlay bands are
shown in Fig. S3.f Two bands observed at 2920 cm " and
599 cm™" are attributed to the stretching mode and librational
mode of hydrogen-bonded OH™ ions, respectively, which are
crucial components of the hydroxyapatite crystal structure. The
band at 1020 cm™" arises from the v3 asymmetric stretching
mode of the PO,*~ bond, one of the most prominent regions
in the HAP spectra. The bands at 833 cm™" and 559 cm™" arise
from the v4 bending mode of the PO,*>~ bond.

Intracellular uptake using confocal laser scanning
microscopy (CLSM). Cellular uptake is critical to ensure the
efficacy of NPs. Representative images of coumarin labelled
HAP NPs are depicted in Fig. S4.F
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D

(A) ICs graph, (B) 24 hours, (C) 48 hours, and (D) 72 hours of incubation

with MG-63 cell lines at three different concentrations: 150, 250, and 500 ug ml™ (n = 3, mean + SE).
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HAP NPs revealed good uptake in the MG63 osteosarcoma
cell line, as shown in Fig. 2. The green fluorescent rod- and
needle-shaped HAP NPs were detected primarily near the lyso-
somes (red) and nucleus (blue). This suggested their ability to
escape the endosomal compartments and migrate deeper into
the cytoplasm, attributed to their elongated shape facilitating
interactions with the cytoskeleton and active transport
along microtubules. In contrast, the spherical HAP NPs accu-
mulated more at the cell periphery, possibly due to their
entrapment in early endosomal compartments, restricting
further intracellular movement.** Amini et al. further proposed
that altering nanoparticle morphology could enhance drug
delivery effectiveness and boost anticancer activity,** reiterat-
ing that shape-induced differences in intracellular trafficking
could influence the anticancer efficacy.

Anticancer efficacy

The anticancer efficacy studies confirmed that HAP NP shape
played an important role in anticancer efficacy.

MTT assay. The time-dependent cytotoxic effect of HAP NPs
was observed (Fig. 3B-D). Overall, rod-shaped HAP NPs exhibi-
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ted a significantly lower ICs, value compared to needle-shaped
and spherical HAP NPs, suggesting enhanced anticancer
efficacy (Fig. 3A). At high concentrations (500 pg mL™%),
maximum inhibition occurred at 48 hours, whereas at lower
concentrations, peak inhibition was delayed and was observed
at 72 hours. At concentrations of 250 and 500 pg mL ™"
(Fig. 3D), the cytotoxicity of rod- and needle-shaped particles
was comparable at 72 hours. Statistical analysis revealed sig-
nificant differences in cytotoxicity between rod- and needle-
shaped NPs (p < 0.05) and between rod- and spherical-shaped
NPs (p < 0.05). However, the anticancer efficacy of needle-
shaped and spherical NPs was comparable (p > 0.05). Across
all concentrations, rod-shaped NPs exhibited the highest anti-
cancer efficacy, followed by needle-shaped NPs, while spherical
NPs showed the lowest efficacy. Our findings highlight the
critical role of nanoparticle shape in influencing the efficacy
and suggest that the differences may be ascribed to shape-
mediated differences in intracellular trafficking and thereby
the intracellular fate of the HAP NPs.

Clonogenic assay. The clonogenic assay, or colony formation
assay, evaluates a cell’s ability to propagate a colony from a

Rod_pHS

Needle pH9

Spherical_ pH12

Clonogenic assay

0.20

S
(]
h

Survival fraction
o
e
=

B Rod
' Needle
B Spherical

-

T I | l
250 500

Concentration (ng/mL)

Fig. 4 Clonogenic assay for HAP NPs of different shapes after 14 days of incubation with MG-63 cell lines at two different concentrations: 250 and
500 pug ml™t (n = 2). (A) Representative images of the dishes containing colonies. (B) The graph shows the survival fraction (n = 3, mean + SE).
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solitary cell in vitro, where a colony consists of fifty or more
cells. The assay determines each cell’s capacity for infinite divi-
sion. The rod-shaped HAP NPs exhibited significantly higher
inhibition of clonogenic survival, nearly completely suppres-
sing colony formation, followed by the needle- and spherical-
shaped HAP NPs in MG-63 osteosarcoma cells (Fig. 4A and B).
Statistical analysis revealed significant differences in the survi-
val fraction between rod- and needle-shaped NPs (p < 0.05)
and between rod-shaped and spherical NPs (p < 0.05).
However, no significant difference was observed between
needle-shaped and spherical NPs (p > 0.05), corroborating the
MTT assay results.

Cell scratch and transwell migration assay. The cell scratch
and transwell migration assays were used to evaluate the

0 Hours
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efficacy of HAP NPs in inhibiting the invasive and metastatic
potential of the MG-63 osteosarcoma cell line. Among the
three, rod-shaped HAP NPs showed complete inhibition of the
directional movement of MG-63 cells. In contrast, needle- and
spherical-shaped HAP NP MG-63 cells showed some direc-
tional movement after 48 hours, which was comparable to the
control (Fig. 5).

In the transwell migration assay, extensive migration was
seen in the control. All the HAP NPs revealed lower migration
in the order rod < needle <« spherical (Fig. 6). This suggests
maximum efficacy with the rod-shaped NPs.

Hoechst/PI double staining assay. The compacted state of
chromatin in apoptotic cells can be quickly and conveniently
assessed using the double staining apoptosis assay. The

3 Hours

5 Hours

24 Hours

Fig. 5 Cell scratch assay: representative images indicate that at 100 ug ml™, rod-shaped HAP NPs show complete inhibition of the directional
movement of MG-63 cells after 48 hours. At 100 ug ml™, needle- and spherical-shaped HAP NPs allowed MG-63 cells to show a slight directional

movement after 48 hours compared to the control (n = 3, mean + SE).
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Needle

Fig. 6 Transwell migration assay: representative images indicate that at 100 pg ml™2, rod-shaped HAP NPs are able to intervene in the migration of

MG-63 cells towards the chemoattractant (n = 3, mean + SE).

Hoechst dye can pass through cell membranes easily and can
be used to stain the DNA of both living and dead cells and has
been utilized to measure the total cell count. In contrast, the
entry of PI is limited to cells with damaged plasma mem-
branes, allowing it to mark deceased cells specifically. The
MG-63 cells of the control group showed low-intensity blue
fluorescence with Hoechst 33342 dye, and the cell boundaries
appeared normal (Fig. S51). There were no signs of nuclear
breakdown or loss of integrity, and further there was no
expression of apoptosis or necrosis. However, cells treated with
rod-shaped, needle-shaped and spherical HAP NPs exhibited
blue fluorescence of high intensity attributed to apoptosis,
while the necrotic cells revealed red nuclear staining (PI). The
rod-shaped HAP NP treated cells showed significant morpho-
logical changes and suppressed the growth of MG-63 osteosar-
coma cells.

Conclusion

Our study demonstrates the anticancer efficacy of HAP NPs,
while highlighting the role of HAP NP shape as an important
parameter, which may be tailored to optimize the anticancer
efficacy of HAP NPs.
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