Downloaded viaUNIV FED DE MINAS GERAIS on January 14, 2025 at 18:51:55 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEAPPLIED
NANO MATERIALS

Www.acsanm.org

Internalized Hydroxyapatite Nanoparticles Conjugated with a
Modified Form of Curcumin Functionalized with Folic Acid Promote

Bone Tumor Cell Necrosis

Michele Angela Rodrigues, Jéssica Pauline Nunes Marinho, Luisa Arantes Fernandes Vieira,
Dawidson Assis Gomes, and Edésia Martins Barros de Sousa*

Cite This: ACS Appl. Nano Mater. 2024, 7, 21304-21318

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Osteosarcoma (OS) is a common aggressive bone
tumor that affects both young adults and children. The prognosis
for this type of cancer remains poor due to high lung metastasis
rates and radiotherapy resistance. Consequently, the development
of innovative strategies to prevent this type of cancer recurrence
and metastasis is crucial. This study explored an OS treatment
using a modified form of curcumin (CMAP) with hydroxyapatite
(CMAP-HA) functionalized with folic acid (CMAP-HAF). The
samples were characterized by Fourier transform infrared spectros-
copy (FTIR), CHN elemental analysis, {-potential, and trans-
mission electron microscopy (TEM). The results showed the

CMAP-HAF cell uptake causes necrosis

successful incorporation of folic acid (FA) into the nanostructure, resulting in cytotoxic effects on osteosarcoma cells (U20S) and
adult human dermal fibroblasts (HDFa). CMAP-HAF treatment decreased cyclin E expression by 16.8 + 2.3%. Furthermore,
CMAP-HAF was internalized by 99.6% of U20S cells, compromising plasma membrane integrity, causing necrosis, affecting cell
migration and cloning formation. These findings suggest that CMAP-HAF is a promising therapeutic agent for OS treatment and

offers an innovative approach to improve patient outcomes.
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1. INTRODUCTION

Osteosarcoma (OS) is the second most common type of
primary malignant bone tumor and is highly aggressive."” This
type of cancer has a poor prognosis because lung metastasis is
developed by about 30% of patients." Moreover, identifying a
targeted treatment for OS is challenging due to the high
frequency of gene mutations.”* Therefore, developing new
strategies to prevent cancer metastasis and recurrence is
essential for ongoing research. In this context, bionanomate-
rials have been widely used in biomedical research for
numerous applications.

Hydroxyapatite (HA), a key natural component of bone, has
been extensively used as a biomaterial owing to its potential
biomedical applications. Their superior biocompatibility makes
them a popular choice for bone repair.”® Additionally, recent
reports have suggested that nanoparticles of this substance can
suppress the proliferation of several cancer cells.” Furthermore,
HA nanoparticles have been reported to accelerate bone
fracture healing via local delivery and controlled release of
microRNAs.® Previous research has shown that treatment with
these nanoparticles can reduce cell proliferation by promoting
apoptosis in OS cell lines,” melanoma,'® gastric cancer,
glioma,'” and breast cancer."” The specific effects appear to
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vary by cell type, for example, by supporting the proliferation
of osteoblasts while triggering apoptosis of OS cells.”
Another compound explored for OS treatment is curcumin
(CM), which can be extracted from Curcuma longa. It exhibits
a range of pharmacological effects, including anti-inflamma-
tory, antioxidant, and antitumor properties, via modulation of
intracellular signaling pathways that regulate cell proliferation,
inflammation, and cell death."”'* The antitumor effects of this
compound have been explored in several types of tumors,
including prostate, colon and breast cancer.”>'®  Another
notable property of this substance is its ability to repair bone
defects caused by tumor invasion or surgical procedures.'”
Furthermore, CM has been reported to be an option for OS
therapy by suppressing OS development while repairing bone
defects."”'® The combination of CM with folic acid (FA)
(vitamin B9) has also been reported to improve bioavailability
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and efficacy in treating diseases, such as cervical cancer.

Curcumin conjugated with FA reduced the tumor volume in
Balb/c nude mice without causing body weight loss. These
results indicate that CM with FA remarkably decreases tumor
growth.”® The process of functionalizing HA nanorods with
aminated folate, without using a coat or polymeric ligand,
results in a stable material with robust interactions between
folate and nanorod surfaces.”’

The combined effect of HA, a modified form of CM, and FA
on OS cells has not been investigated. This study explored the
synthesis, characterization, and biological properties of a new
HA system with APTES-modified CM, CMAP-HA, and its
functionalization with FA (CMAP-HAF) for OS treatment.
This research opens a new avenue in nanomedicine, potentially
improving the treatment of OS by introducing a novel, highly
effective, and biocompatible system, CMAP-HAF, which could
significantly enhance the efficacy of current treatment
modalities.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals listed below were sourced from
Sigma-Aldrich unless otherwise referenced. Hexadecyltrimethylam-
monium bromide (CTAB; C,,H,,N-Br), calcium nitrate tetrahydrate,
Ca(NO;),-4H,0, dibasic potassium phosphate trihydrate, K,HPO,
3H,0, ammonium hydroxide (NH,OH), curcumin (CM), 3-amino-
propyltriethoxysilane - APTES, folic acid, and acetic acid P.A. (Neon).

2.2. Synthesis of Hydroxyapatite Nanorods. A surfactant-
assisted hydrothermal method was used to synthesize hydroxyapatite
nanorods, as described in detail by Marinho et al.”*

2.3. Synthesis of CMAP-HA Nanostructures. To introduce CM
into HA, a modified form of CM was created.”” This was achieved by
reacting 1 mmol of CM and 4 mmol of APTES in an acidic solution at
75 °C for 24 h with continuous stirring using a reflux system in an
inert atmosphere. Next, the solution was lyophilized for 48 h at 1.65
mbar pressure at —85 °C to obtain the material in powder form
(freeze-dryer Christ @ 2—4 LSCbasic). HA and CMAP were mixed at
a 1:1 ratio by mass in 50 mL of deionized water and stirred for 24 h at
50 °C. The resulting material was filtered, washed with water, and
dried at 60 °C for 24 h. The resulting nanostructure was called
CMAP-HA.

2.4. Functionalization Process of CMAP-HA Nanostructures
with Folic Acid. CMAP-HA and FA were mixed at a mass ratio of
1:1 in 50 mL of deionized water. The mixture was then stirred
vigorously for 24 h at 50 °C. The obtained powder was gathered by
vacuum filtration, then washed with water and dried at 60 °C for 24 h.
The final product was named as CMAP-HAF.*"*

2.5. Labeling of Synthesized Nanoparticles with Fluores-
cein (FITC). To conjugate the nanoparticles with FITC, S0 mg of the
HA sample and 50 mg of CMAP-HAF were mixed individually with
FITC (2.7 mg) in 7 mL of 15% (v/v) alcoholic solution, as previously
described by Meireles et al.*

2.6. Nanoparticles Characterization. The morphology of the
nanoparticles was assessed by images acquired by transmission
electron microscopy (TEM) using Tecnai G2—20 FEI SuperTwin
200 kV equipment (FEI Company) from Centro de Microscopia
(UFMG). The samples were dispersed in deionized water using tip
ultrasound (10 kj) and a drop of the suspension was deposited into a
Formvar/carbon film sample holder with 300 mesh copper (Electron
Microscopy Sciences). Fourier transform infrared (FTIR) was used to
examine the characteristics of the functional groups of the samples.
Infrared spectra in the wavelength range of 4000 to 400 cm™' were
obtained by the Bruker instrument model Vertex 70v (Bruker), using
a Platinum Diamond ATR in vacuum with a resolution of 4 cm™ at
128 scans min. Chemical modifications were investigated using CHN
on an EA 2400 CHNS/O analyzer (PerkinElmer). {-Potential was
executed using Nanozetasizer Zs (Malvern Instruments, UK.). The
measurements were performed as previously described.”*™>*

2.7. Cell Culture. Osteosarcoma U20S cells and adult human
dermal fibroblasts (HDFa) were purchased from ATCC and Life
Technologies (Carlsbad, CA), respectively. Cells were cultured in an
incubator at 37 °C in a 5% CO, atmosphere as previously described.”*

2.8. MTT and Nuclear Cell Counting Assays. Cell viability was
assessed using the tetrazolium salt 3-(4, S-dimethylthiazol-2-y1)-2, S-
diphenyl tetrazolium bromide (MTT) assay, and cell proliferation was
used to investigate the viability of HA and CMAP-HAF nanorods.”
For the MTT assay, HDFa and U20S cells were seeded (2.0 X 10*
cells/well) in 96-well plates. After 24 h of incubation (37 °C, 95%
humidity, and 5% CO,), the cells were treated with nanomaterials (S,
10, 50, and 100 pg mL™"). The MTT and nuclear cell counting assays
were performed as previously described.”** The images were taken at
10 random areas per group by an inverted fluorescence microscope
EVOS-FL (Thermo Scientific). Experiments were made in triplicate.
Cell counting was evaluated using the Image] software (https://
imagej.nih.gov/ij/). In brief, we used a plugin to automatically count
the cells, as described by Grishagin.*®

2.9. Reactive Oxygen Species (ROS) Assay. Intracellular ROS
levels were evaluated using carboxy-H2DCFDA [5-(6)-carboxy-2/,7'-
dichlorodihydrofluorescein]; (Thermo Scientific).”* HDFa and U20S
cells were seeded in 96-well plates at a density of 2 X 10* cells/well
and were incubated at 37 °C for 24 h. The cells were then treated
with the nanomaterials (5, 10, 50, and 100 ug mL™") for 48 h. As a
positive control, 300 #M of H,0, was used for 2 h to induce ROS.
The cells were then washed with phosphate buffered saline (PBS) and
stained with 25 yM carboxy-H2DCFDA for 30 min, followed by
another wash with PBS. The fluorescence was measured using a
Synergy 2 microplate reader (BioTek Instruments, Inc.).

2.10. Western Blot. Western blotting was performed as described
by De Miranda et al.*’” In brief, U20S cells were plated in a 60 mm
culture dish and treated for 48 h with HA or CMAP-HAF (100 ug
mL™"). Next, the cells were washed with PBS (Thermo Scientific),
harvested by scraping, and lysed in NETN buffer (150 mM NacCl, 1
mM EDTA, 20 mM Tris-HCl, pH 8.0, and 0.5% Nonidet P-40).
Protease inhibitors (Sigma-Aldrich) were added to the buffer. The
total cell lysates were incubated on ice for 10 min. The homogenate
was centrifuged at 16,100g for 20 min at 4 °C. Proteins were
quantified using the Bradford assay (Sigma-Aldrich). The primary
antibodies used were mouse monoclonal anticyclin E clone HE12
(1:1000; Invitrogen, cat. 321600), rabbit monoclonal anticyclin D1
clone SP4 (1:1000; Invitrogen, cat. MAS—14512), and rabbit
polyclonal anti-CDK1 (1:1000; Invitrogen, cat. no. PAS—82086).
The membranes were developed using the SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Scientific). Subse-
quently, the films were scanned and analyzed using the Image]
software.

2.11. Flow Cytometry. HDFa and U20S cells were seeded in 6-
well culture plates at a density of 2 X 10° cells/well and incubated for
24 h. Next, the cells were incubated with HA or CMAP-HAF at the
calculated ICg, or 100 ug mL™" for 24 h. As a positive control for
apoptosis, U20S and HDFa cells were incubated with 10 4uM or 500
nM staurosporine for 24 h, respectively. The cells were then removed,
centrifuged, and stained using an Annexin V-Alexa Fluor 488
Apoptosis Kit and 7-aminoactinomycin D (7-AAD; Thermo
Scientific) for 1S min. The cells were analyzed using a Guava
easyCyte 6—2 L Flow Cytometer (Millipore). Annexin V-Alexa Fluor
488 was excited with a 488 laser and the emission was acquired with a
525:30 filter. The 7-AAD signal was collected using a 633 laser and
690:50 emission filter. Fluorescence was compensated before data
collection and FlowJo was used for data analysis (Tree Star). Flow
cytometry was also used for the internalization assay in cells treated
with HA and FITC-conjugated CMAP-HAF.*>*’

2.12. Cellular Uptake by Immunofluorescence. HDFa and
U20S cells were seeded at 2 X 10° cells per 35 mm dish 24 h before
the assay. FITC-labeled nanoparticles diluted in DMEM at 100 ug
mL™" were added to each dish for 24 h at 37 °C. After washing twice
with PBS, 1 mL of ice-cold methanol was added for 10 min to fix the
cells on the coverslip. The cells were then washed once with PBS, and
1 mL of 0.5% Triton X-100 solution in PBS was added to
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Figure 1. Representative TEM photomicrographs and nanoparticle chemical reaction scheme. (A) The left image represents a low-magnification
image of the HA nanoparticles (scale bar = 0.5 ym). (B) The image on the right shows high magnification of the HA nanoparticles (scale bar = 100
nm). (C, D) Nanoparticle size distribution. (E) Chemical modification of CM with APTES. (F) Representative interactions between HA, CMAP,
and FA.
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Figure 2. FTIR spectra and schematic of folate-amination interactions. (A) FTIR spectra comparison of HA, CMAP-HA, and CMAP-HAF

samples; (B) Schematic illustration of the folate amination interaction.

permeabilize the cells for 10 min. Next, the cells were incubated
overnight at 4 °C with a mouse monoclonal anti-a-tubulin antibody
(clone DM1A, 1:200) and then incubated with Alexa Fluor 546
(1:1000, Thermo Scientific). Hoechst 33342 (2 ug mL™', Thermo
Scientific) was used as the nuclear marker. A negative control was
included in all reactions, including untreated cells, and the primary
antibody was omitted. Images were collected using a Leica GSD/
TIRF HP microscope with a 63X, 1.43 NA oil objective lens. The
images were deconvoluted using LAS X software using 10
interactions.>**”*

2.13. Scratch Assay. Cellular migration was assessed using a
wound healing assay as previously described®’ In brief, cells were
plated at 2 X 10° cells/well in a 24-well dish for 24 h and then a
scratch was made by displacing cells using a 200 uL tip (Sarstedt).
After scratching, the cells were washed with PBS, incubated with
DMEM, and treated with HA or CMAP-HAF nanomaterials (100 ug
mL™"). The scratched area was imaged using a 4X objective and a
QIClick camera (QImaging) installed on an IX70 Olympus inverted
microscope (Olympus) using Image-Pro Plus software (Media
Cybernetics) after wounding for 0, 24, or 48 h. Cell migration was
measured using ImageJ software, as previously described.”>*®

2.14. Clonogenic Assay. One thousand U20S cells were plated
in each well of a 6-well plate for 18 h. Cells were then treated with HA
or CMAP-HAF (10.4 or 100 ug mL™") for 48 h, washed with PBS,
and left to recover in fresh media for 8 days. The cells were then fixed
in 100% ice-cold methanol for 20 min and stained with 0.5% Crystal
Violet (Sigma-Aldrich) for 20 min. Colonies were counted using
Imagej.34

2.15. Statistical Analysis. All experiments were performed in
triplicate, and the data are presented as the mean + SD. Data were

21307

analyzed using GraphPad Prism 9, Microsoft Excel and Minitab.
Differences between experimental groups were assessed for
significance using One-way analysis of variance (ANOVA) analysis
of variance. Statistical significance was set at least p < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Transmission Electron Microscopy. The morpho-
logical characterization of the nanoparticles was performed
using TEM. The resulting images are shown in Figure 1A,B.
The synthesized hydroxyapatite exhibited a porous structure
with a nanorod-like morphology. These nanorods exhibited a
nonuniform size distribution, as shown in the graphs (Figure
1C,D). A total of 65 particles were measured for statistical
analysis, which indicated an average length of 96.1 + 24.7 nm
and an average diameter of 25.4 + 3.8% nm. Figure 1E,F shows
a representative scheme of the CM and APTES chemical
modifications and HA interaction with CMAP and FA
molecules. The size distribution of the nanorods was similar
to that reported in our previous study.”” Chen et al. examined
HA nanoparticles that were 100 nm in length and 20 nm in
diameter.®> Furthermore, Wu et al. showed that the nano-HA
size range, from 100 to 200 nm, is desirable for candidate
nanomaterials to act as cancer treatment agents since they
accumulate spontaneously in solid tumors by the increased
retention effect (EPR) and permeability.*®

3.2. Fourier Transform Infrared Spectroscopy. The
FTIR spectra of pure HA, functionalized CMAP-HA, and
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CMAP-HAF nanoparticles showed vibrational modes of the
functional groups characteristic of hydroxyapatite (Figure 2A).
The bands recorded at 1091, 1031, 962, 630, 601, 565, and
474 cm™ were attributed to the fingerprint regions of the
stretchin; and bending vibrations of the phosphate
group.””’™> The bands at 1091 and 1031 cm™ were
attributed to the asymmetric axial strain vibration, whereas the
band at 962 cm™ was due to the symmetric axial strain.”’ The
vibrational modes at 565 and 474 cm™! are attributed to the
symmetric and asymmetric angular deformation of the P—O—
P bond.*" The bands recorded at 3571 and 630 cm™ were
attriL)zuted to the stretching and bending vibrations of hydroxyl
HA.

In the CMAP-HA sample spectrum, in addition to the bands
associated with phosphate, it was possible to observe the
presence of bands characteristic of CM. The band detected at
1508 cm™' corresponds to the exclusive axial deformation of
the carbonyl, while the band at 1628 cm™ corresponds to the
superposition of the vibrational modes of the axial deformation
of the carbonyl C=O0 bond, the C=C bond, and aromatic
ring bonds. The band at 1280 cm™ is due to the vibration of
the C—O bond of the enol group.*”** The in-plane angular
deformation vibrations of the aromatic C—C—C ring, C—C—
H, and C—O—H bonds were attributed to the band at 1429
cm™'* The bands at 856 and 808 cm™" are related to the out-
of-plane angular deformation vibrations of the aromatic ring
(C—C—H). The band at 3503 cm™" is associated with the axial
deformation of the phenolic hydroxyl.*

In the spectral analysis of the CMAP-HAF nanostructure, it
was not feasible to discern bands indicative of the presence of
CM, which was likely attributable to the superimposition of the
vibrational modes of the functional groups of FA. The bands
observed at 1697, 1645, 1605, and 1481 cm™" were associated
with the amide group, axial distortion of the benzene ring,
angular deformation of the NH bond, and axial deformation of
the heteroring.”” A schematic illustration of the folate-
amination interaction is shown in Figure 2B.

3.3. CHN Elemental Analysis. Chemical modifications by
the addition of an organic phase were investigated using
CHN.”* The results of the elemental analysis (Table 1)

Table 1. Elemental Analysis Results for HA, CMAP-HA, and
CMAP-HAF Samples

samples %C %H %N
HA 0.6 0.1 0.4
CMAP-HA 19.8 1.5 0.9
CMAP-HAF 32.6 2.7 9.9

showed an increase in the percentage of carbon in the CMAP-
HA and CMAP-HAF samples compared to that in HA. This
gradual increase was associated with the presence of this
element in the chemical composition of CM and FA. A similar
increase was observed in the nitrogen content of the sample. In
the CMAP-HA sample, nitrogen was associated with the
APTES used to modify the CM, as it has amine groups in its
structure. After incorporating FA, an even greater increase in
nitrogen content was observed because of the large amount of
the element present in the pterin ring and the p-amino benzoic
acid portions of the FA structure.”” The increasing amount of
carbon from HA to CMAP-HA and CMAP-HAF (0.6 to 19.8
and 32.6%, respectively) and nitrogen (0.4 to 0.9 and 9.9%,
respectively) suggests the presence of FA on the surface of the

sample, indicating the incorporation efficiency. Previous work
has demonstrated the direct functionalization of HA with FA
using aminated FA.”' Moreover, a higher FA deposition on the
HA nanoparticles was observed, indicating increased group
functionalization. Therefore, FA conjugation to nanostructures
has been shown to improve the delivery of therapeutic
agents.48

3.4. {-Potential Analysis. {-Potential measurements are
important in determining particle surface properties.”’ It
determines the particle stability to study the surface charges
anchored in the nanomaterials and defines the potential
interactions of the nanomaterials with the cellular plasma
membrane.*” Most particles dispersed in an aqueous medium
have a surface charge that results from the dissociation of
functional groups on their surfaces. By observing the (-
potential of the synthesized samples, presented in Table 2, it is

Table 2. {-Potential Measurements of HA, CMAP-HA, and
CMAP-HAF Samples

samples {-potential (mv) + SD
HA —18.5 + 24
CMAP-HA +153 + 0.8
CMAP-HAF 9.9 + 04

possible to verify a significant change in the values attributed to
the functionalization process. The {-potential of HA changed
from —18.5 to +15.3 mV after CMAP incorporation. This
change can be attributed to the protonation of the amine
groups in the APTES molecule used to modify CM, as
illustrated in Figure 2B. After the addition of FA, the (-
potential value undergoes a further change to —9.9 mV,
possibly due to the presence of the carboxylate anion formed
by the deprotonation of the carboxyl groups. The changes in {-
potential values allowed us to infer that the functionalization
process promoted significant changes on the surface of the
nanoparticles. Other studies have reported that the nano-
particles cellular uptake is significantly influenced by their
morphology, size, and surface charge.20 For instance, Yin et al.
reported that hepatoma cells can effectively uptake negatively
charged HA nanoparticles.” Electronegative nanoparticles can
be internalized by cells through endocytosis after nonspecific
adsorption to the positively charged regions of the cell
membrane.*’

3.5. Cell Counting and Viability. The antitumor
properties of CM and FA have been investigated in various
cancer types.””' In this study, a unique blend of CMAP and
FA (CMAP-HAF) was used as a potential candidate for OS
treatment. MTT assay was performed to evaluate nanomaterial
cytotoxicity. Furthermore, cell counting was employed to
ascertain the potential of CMAP-HAF as a viable candidate for
OS therapy.

First, HDFa cells treated with S0 and 100 ug mL™' of
CMAP-HAF showed a decrease in cell number of 104.9 +
19.11 and 124.6 + 19.11 cells/mm?, respectively (p < 0.0001,
Figure 3A). Furthermore, cells treated with S0 and 100 ug
mL™" of CMAP-HAF reduced cell viability by 39.86 + 3.7 and
53.44 + 3.7%, respectively (p < 0.0001, Figure 3C). HA
treatment did not affect HDFa cell count or viability
(Supporting Figure SIA—C).

In addition, U20S cells treated with CMAP-HAF showed a
reduction in the number of cells to 10 (114.8 + 42.29 cells/
mm?), 50 (201.8 + 42.29 cells/mm?), and 100 (249.7 + 42.29
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Figure 3. A high dose of CMAP-HAF caused cytotoxicity in HDFa and U20S cells. The cells were treated with CMAP-HAF at concentrations of
5, 10, 50, or 100 ug mL™". (A, B) HDFa and U20S nuclear cell counting in each group was performed using Hoechst staining (see Supporting
Figures S2 and $3). The graph illustrates cell density (cells/mm?) across 10 images per group. (C, D) Bar graphs represent MTT data expressed as
a percentage relative to the control group (CT) of HDFa and U20S cells treated with CMAP-HAF. Cells incubated with Triton-X 100 served as
the positive controls. ns = not significant. * p < 0.05, ** p < 0.01, **** p < 0.0001.

cells/mm?) ug mL™" (p < 0.0001, Figure 3B). The viability of
U20S cells was significantly decreased by S0 (31.05 + 9.5%)
and 100 (38.56 + 9.5%) ug mL™' CMAP-HAF (p < 0.0001,
Figure 3D). This reduction was dose-dependent and the
calculated ICy, was 10.4 g mL™" (Supporting Figure S4). Our
previous work using CMAP-HA without FA functionalization
demonstrated reduced cell viability and number of cells only at
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higher concentrations (50 or 100 ug mL™!).** Next, we tested
whether the nanomaterials could induce cellular ROS
production. However, no difference was observed under HA
or CMAP-HAF treatment in HDFa and U20S cells
(Supporting Figure SSA—D).

In conclusion, HDFa and U20S cells showed significantly
reduced cell count and viability when treated with high doses
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(ns = not significant).

of CMAP-HAF, indicating their potential cytotoxic effects. The
reduction in cell viability was dose-dependent in the U20S
cells. Cell counting using 10 pg mL™' of CMAP-HAF
decreased only in U20S cells (Figure 3B). This finding
emphasizes the possibility of potent effects of CMAP-HAF on
this OS cell line. These findings suggest that FA functionaliza-
tion of CMAP-HAF plays a crucial role in its cytotoxic effects.

Calcium phosphate-based materials such as HA can be used
as nanocarriers for CM delivery to offer a platform for the
controlled release of CM-based nanostructures to the targeted
tumor site.”” In this study, HA alone did not cause cytotoxicity.
However, it has been reported that HA nanoparticles exert
cytotoxic effects on tumor cells, such as human hepatoma,
colon, and gastric cancer.”” Lee et al. showed that HA modified
with carboxylic acid groups exhibited higher antiproliferative
activity and time-dependent cellular uptake of CM nano-
composites in breast cancer cells (MCF-7) than unmodified
HA.”® Radha et al. demonstrated that free CM treatment
increased cytotoxicity in HCC 1954 cells and reduced cell
proliferation with increasing curcumin concentration.”* Fur-
thermore, FA conjugation has been reported to improve the
nanoparticle bioavailability.'” In the present study, CMAP-
HAF exhibited a dose—response effect only in the U20S cells.
This observation underlines the potential cell line specificity of
CMAP-HAF in this OS cell line. Further studies are necessary
to investigate the mechanisms underlying this difference in the
action of CMAP-HAF in U20S cells. Such insights will
enhance our understanding of the mode of action of CMAP-
HAF and pave the way for its optimized use in various cellular
contexts.

3.6. Cell Cycle Analysis. To examine the progression
through the cell cycle, as preliminary data from nuclear cell
counting indicated a decrease in the number of cells, the
protein expression of cell cycle checkpoint proteins such as
cyclins and cyclin-dependent kinases was investigated.”> These
proteins ensure that each phase of the cell cycle is completed
before the next phase begun.*® To determine whether HA or
CMAP-HAF treatment specifically affected the G1/S and G2/
M transition, the expression of checkpoint proteins cyclin D1,
cyclin E, and cyclin-dependent kinase CDK1 was studied by
Western blot analysis. The expression levels of cyclin D1 and
CDK1 (Figure 4A—D) were unchanged upon HA or CMAP-
HAF treatment compared with the untreated control group.
However, the expression of cyclin E decreased by 16.8 + 2.3%
(Figure 4A,B). Together, these observations suggest that
CMAP-HAF reduced the expression of the cell cycle
checkpoint protein cyclin E, which is a regulator of the G1/
S phase during cell proliferation. Cyclin E is a regulatory
protein involved in cell cycle progression. It forms complexes
with cyclin-dependent kinase 2 (CDK2) and promotes the
transition from G1 to S phase of the cell cycle. Zhou et al.
showed that CM treatment promoted cell cycle arrest in acute
myeloid leukemia (AML)*” In our study, its downregulation
may be a potential therapeutic target for cancer treatment by
inhibiting cancer cell growth. However, cyclin E inhibition
remains unclear, and further investigation is necessary.

3.7. Annexin V and 7-AAD Analysis by Flow
Cytometry. The possible apoptotic or necrotic effects of
CMAP-HAF treatment were investigated in U20S and HDFa
cells using flow cytometry.”**’ Apoptosis and necrosis were
measured using Annexin V Alexa-488 and 7-AAD, respectively.
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Figure 5. CMAP-HAF causes necrosis in U20S cells. U20S cells were incubated with 7-AAD and annexin V and analyzed using flow cytometry.
(A—F) Cells stained with 7-AAD but not with Annexin-V dye are necrotic cells, and they are presented in quadrant Q1 (top left). Cells positive for
Annexin-V and 7-AAD were necrotic and apoptotic and quadrant Q2 (top right). Cells stained with Annexin V and not with 7-AAD were apoptotic
cells (quadrant Q3, bottom right). Cells that did not stain for either 7-AAD or Annexin-V dye were nonapoptotic and non-necrotic (live cells),
quadrant Q4 (bottom left). Each experiment was performed in triplicate. (G—]) Graphs quantifying the percentage of events in each quadrant. The
graphs are representative of three independent experiments (**** p < 0.0001).

Disruption of cell membrane phospholipid asymmetry, leading
to the exposure of phosphatidylserine on the cell surface, is an
early indicator of apoptosis. Fluorescently labeled annexin-V
specifically binds to these externalized phosphatidylserine
molecules, enabling the detection of apoptotic cells. 7-AAD
is a fluorescent membrane-impermeant dye that binds to
double-stranded DNA in membrane-compromised cells,
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whereas DNA in healthy cells remains unstained.’® First,
cells were exposed to HA or CMAP-HAF using 10.4 yg mL™
(ECs) or 100 ug mL™" of the nanoparticles.

First, it was observed that untreated and HA-treated U20S
cells with HA do not exhibit Annexin-V Alexa-488 or 7-AAD
labeling (Figure SA—C,5G—I). However, U20S treated with
10.4 ug mL™" (ECy,) or 100 ug mL™" of CMAP-HAF were

https://doi.org/10.1021/acsanm.4c02467
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Figure 6. Only high doses of CMAP-HAF induce cytotoxicity in HDFa cells. HDFa cells were incubated with 7-AAD and annexin V and analyzed
using flow cytometry. (A—F) Cells stained with 7-AAD but not with Annexin-V dye are necrotic cells, and they are presented in quadrant Q1 (top
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and non-necrotic (live cells) in quadrant Q4 (bottom left). (G—]) Graphs quantifying the percentage of events in each quadrant. Each experiment
was performed in triplicate. The graphs represent three independent experiments (**** p < 0.0001).

mainly labeled with 7-AAD (Figure SE—G). In Figure SE—G,
it is possible to observe an increase in 7-AAD positive cells of
20.46 + 0.39% treated with 10.4 ug mL™" of CMAP-HAF and
an increase of 76.06 + 0.39% with 100 ug mL™" of CMAP-
HAF (p < 0.0001). Staurosporine (10 pM) was used as a
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positive control to induce apoptosis and showed an increase of
1.65 + 0.34% compared with the untreated control group (p <

0.0001) (Figure SD,I).
The same treatments were performed on HDFa cells. First,

cells untreated with HA did not exhibit Annexin-V Alexa-488

https://doi.org/10.1021/acsanm.4c02467
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or 7-AAD labeling (Figure 6A). Next, we observed an increase
in 7-AAD of 42.05 + 0.14% using 100 ug mL™" of CMAP-HAF
(p < 0.0001) (Figure 6E,G). The double-labeled data showed
an increase of 21.63 + 0.28% only with 100 ug mL™" CMAP-
HAF (p < 0.0001), demonstrating early apoptosis followed by
a late necrosis event (Figure 6F,H). HDFa cells treated with
HA were not labeled with Annexin-V Alexa-488 or 7-AAD
(Figure 6B,C,6G—I). Staurosporine (500 nM) was used as a
positive control to induce apoptosis and showed an increase of
40.94 + 0.43% (p < 0.0001) (Figure 6D,I).

Together, these results suggest that 100 ug mL™" of CMAP-
HAF could compromise plasma membrane integrity in both
cell types, causing necrosis. However, more double-labeled
cells were observed in HDFa cells treated with 100 pg mL™"
CMAP-HAF. This result suggests that this concentration of
CMAP-HAF triggers an early apoptotic event only in HDFa
cells. Necrosis was observed only in U20S cells upon exposure
to 10 or 100 ug mL™' of CMAP-HAF. This result confirms the
observations of cell counting and MTT assay, showing a potent
effect of CMAP-HAF on this cell line (Figure 3).

Curcumin induces apoptosis and necrosis in colorectal
cancer organoids by inhibiting ERK phosphorylation®
Furthermore, the combination of CM and FA has been
shown to improve bioavailability and efficacy in the treatment
of some diseases.”’ Apoptosis is a natural defense mechanism
against cancer.”” However, the ability of cancer cells to evade
and resist apoptosis is a defining characteristic of the disease,
often leading to tumor formation and drug resistance, resulting
in chemotherapy failure.”’ Therefore, it is not only crucial to
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find ways to overcome this resistance to apoptosis but also to
develop methods to trigger other forms of programmed cell
death as alternative treatments for cancer. This study presents
a new system featuring CMAP-HA functionalized with folic
acid (CMAP-HAF). Thus, CMAP-HAF may be a promising
candidate for OS treatment.

3.8. Cellular Uptake of Nanomaterials by Microscopy.
Flow cytometry and immunofluorescence were used to
investigate the internalization of the nanocomposites in
U20S and HDFa cells. The cells were incubated with HA or
CMAP-HAF conjugated to FITC (100 pg/mL™") overnight.
Next, cells were analyzed using flow cytometry. Representative
histograms showing the percentage of fluorescent U20S cells
in green (Figure 7A,B). Figure 7C shows the percentage of
labeled cells, 60.9 + 0.9% for HA and 99.6 + 0.1% for CMAP-
HAF, respectively. HA has a stable chemical structure, which
means that it does not easily react with other substances. In
addition, HA has a few reactive functional groups that can
interact with other organic groups. These characteristics may
limit the ability of HA to bind to other molecules, such as
FITC, which could explain the lower conjugation observed in
our experiment.é2

Immunofluorescence was performed to detect a-tubulin
(red) to confirm nanomaterial localization and internalization
into the intracellular compartment. Next, serial z-section
images were obtained to test the internalization of nano-
particles labeled with FITC (green). To confirm the
nanocomposite cellular uptake, three-dimensional (3D)
orthogonal projections were used (Figure 8A—E). The xy
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Figure 8. HA-FITC and CMAP-HAF-FITC nanoparticles were internalized by U20S cells. Representative immunofluorescence images: (A, B)
HA-FITC labeling is green, a-tubulin labeling is red, and nuclei are stained blue with Hoechst. (C, D) CMAP-HAF-FITC is in green, a-tubulin
labeling is in red, and nuclei are stained in blue with Hoechst. (E) Control group (untreated). The cells were exposed to nanomaterials for 0, 12,
and 24 h. Orthogonal three-dimensional (3D) reconstruction sections were used to demonstrate nanomaterial internalization. The red, green and
blue lines indicate the x-, y-, and z-axes, respectively. Scale bars = 20 pm. Each experiment was performed in triplicate.

and xz projections showed that HA-FITC and CMAP-HAF-
FITC accumulated in the intracellular and perinuclear regions
of U20S cells (Figure 8A—E).

Previous work has reported that the CM nanoformulation
penetrated breast cancer cells (4T1) and showed the
antiproliferative potential of CM. Additionally, nanocurcumin
inhibits tumor growth in Balb/c mice by regulating genes
involved in apoptosis and metastasis.”> Curcumin is reported
to have low bioavailability due to its poor solubility,
permeability and absorption.’*®* Furthermore, nanoencapsu-
lation of CM significantly improves drug solubility, stability,
cellular uptake, circulation time, and bioavailability in cancer
cells.>> Another group demonstrated that cellulose nanocryst-
als (CNCs) used as nanocarriers loaded with CM and FA
improved the solubility and stability of CM.®* Reported rod-
like HA nanoparticles have a considerable advantage over
spherical nanoparticles in cellular uptake.” The process of
nanoparticle endocytosis begins with their interaction with the
cell membrane. Given the abundance of receptors on the cell
membrane, some of which exhibit high calcium affinity,
nanoparticle uptake onto the cellular membrane can trigger
cellular modifications.”® Some authors have observed a strong
correlation between cellular toxicity and the cellular uptake of
nanomaterials.'"** Our findings demonstrated that CMAP-
HAF was highly internalized by U20S and HDFa cells.

Therefore, the use of nanomaterials with improved cellular
uptake is a promising option for enhancing the efficacy of
cancer treatments, improving drug delivery, and potentially
reducing side effects. However, further research is needed to
fully understand the mechanisms of nanomaterial cellular
uptake and to optimize their use in clinical applications.

3.9. Effects of HA and CMAP-HAF on U20S Cell
Migration. The migration of cells treated with HA or CMAP-
HAF was compared using a wound healing assay. U20S cells
were cultured in DMEM for 24 h and treated with
nanoparticles (100 ug/mL™") for another 24 h. Representative
images were obtained at time points of 0, 24, and 48 h at
identical locations; the quantification results are shown in
Figure 9A. A significant decrease in wound closure was
detected in cells exposed to CMAP-HAF compared to the
untreated control group (Figure 9B, p < 0.0001). There was no
difference between the untreated control and HA groups. In
addition to inhibiting cell viability, our study showed that
nano-CMAP-HAF treatment could prevent U20S cell
migration. The clonogenic survival assay was performed in
U208 cells after HA or CMAP-HAF treatment (10.4 or 100
ug mL™") then allowed to recover in fresh media for 10 days.
Compared with the control group, there was a decrease in
U20S colony formation after ECg, treatment (p < 0,05) and
no colony formation was observed at higher concentrations,
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Figure 9. A higher dose of CMAP-HAF inhibited cell migration. Cells were wounded and stimulated with HA or CMAP-HAF (100 ug/mL™"). (A)
Representative bright-field images of the cell monolayer captured using a 4X objective lens. (B) Quantification of the wound closure %. Cyan areas
represent spaces without cells. Scale bar = 500 um. (C) Cells were exposed to HA or CMAP-HAF and cell viability was assessed using a clonogenic

assay. (n = 3, ¥* p < 0.01, **** p < 0.0001).

which corroborates the migration assay findings (Figure 9C; p
< 0.0001).

In recent decades, significant advancements in OS therapy
have been limited by local recurrence and development of
distant metastasis.” Cell migration is a key factor in the
progression of metastatic tumors. Moreover, nanomaterials,
including CM, have been reported to inhibit the growth of OS
cell lines by inhibiting their migration.®” Folic acid
functionalization delays cell migration by promoting higher
cellular internalization and target specificity in triple-negative
breast cancer cells (TNBC).°® The results showed that CMAP-
HAF inhibited the migration of the U20S cells. This study
found that treating U20S cells with nano-CMAP-HAF
significantly inhibited cell migration and cloning formation.
This finding is significant since cell migration plays a crucial
role in the metastatic progression of tumors.'* Despite no
marked improvements in OS therapy in recent decades due to
local recurrence or distant metastasis, the results suggest that
nanomaterials such as CMAP-HAF could potentially be used
to inhibit the growth and migration of OS cell lines, thereby
offering a new option for OS therapy. However, further

21315

research is necessary to confirm these findings and investigate
their clinical implications.

4. CONCLUSIONS

Osteosarcoma treatment remains challenging, and there has
been limited improvement in patient survival rates for this
aggressive type of bone cancer. Various chemotherapeutic
agents have been employed to treat OS. However, these drugs
often lead to toxicity and side effects and frequently result in
chemoresistance. Given these challenges, this study introduces
a novel approach for OS treatment using CMAP-HA
functionalized with folic acid (CMAP-HAF). The successful
incorporation of FA into the nanostructure presented
characteristics that allowed its use as a drug carrier, as
demonstrated by greater internalization in cell uptake assays.
These results indicate that CMAP-HAF decreased cyclin E
expression, compromised plasma membrane integrity, leading
to late necrosis and impacting cell migration. These results
highlight the potential of CMAP-HAF as a promising
therapeutic agent in cancer treatment. This innovative
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approach may enhance future patient management strategies
for OS.
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