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This research presents an evaluation of a hybrid material based on gold nanoparticles (AuNPs), stabilized
with the thiol 3-mercapto-propanesulfonate (3MPS) and loaded with the methotrexate drug (MTX). The
AuNPs-3MPS-MTX nanosystem was tested for the treatment of cervical cancer and melanoma, using the
B16-F10 melanoma and Hela cell lines. The tests performed on cell cultures assessed the efficiency of

rsc.li/nanoscale-advances

1. Introduction

Currently, the use of nanotechnology in the biomedical field has
generated significant interest in diagnosing and treating certain
important diseases, such as cancer. This interest arises due to
the reported toxic effects of drugs for cancer treatment. In this
context, the selection of an appropriate transport system for
releasing the active substance plays a crucial role. Nanotech-
nology not only improves the solubility, stability, and bio-
distribution® of the drug but also allows for minimally invasive
drug release. The ability to manufacture nanoscale devices
facilitates their passage through pores and cell membranes.
Moreover, controlling the drug release enhances its effective-
ness, making it essential to consider the required dose, size,
morphology and surface properties of the compound. When
nanoparticles are able to associate with specific organs, tissues,
or damaged cells and release the active ingredient in situ, the
drug's toxicity can be reduced. On the other hand, the gradual
release of the drug based on the patient's needs helps mitigate
possible adverse events that may arise from uncontrolled direct
drug delivery.>?

The use of nanoparticulate drugs enables achieving levels of
supersaturation that were previously attainable only when
switching from a crystalline to an amorphous drug. Particle size
plays a crucial role in the dissolution rate of drugs. Reducing the
particle size can significantly increase the dissolution rate and,
consequently, enhance bioavailability.* This effect may lead to
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the studied nanosystem on tumor cells, as well as its toxicology.

a better bioavailability of the drug. If the nanoparticle is coated
with a polymer, the release is controlled by the diffusion of the
drug through the polymeric membrane, making the membrane
coating act as a release barrier.

Gold nanoparticles (AuNPs) have demonstrated their utility as
both drug delivery carriers and diagnosis platforms due to their
size, lack of toxicity, easy functionalization, and high surface area
to volume ratio.” The usage of AuNPs has enhanced the effec-
tiveness of anticancer therapies by augmenting the drug delivery
to the tumor, owing to their distinctive physicochemical proper-
ties. Other studies have highlighted the potential of AuNPs, either
as biocompatible drug carriers or as enhancers to boost thera-
peutic effectiveness. For instance, platinum-linked AuNPs
exhibited cytotoxicity in A549 lung cancer cell line.” Furthermore,
a doxorubicin-AuNPs complex induced apoptosis and upregulated
tumor-suppressing genes in A549 cells.® Moreover, AuNPs loaded
with paclitaxel have shown their effectiveness compared to free
drug to induce cytotoxicity in MCF-7 and MDA-MB-231 breast
cancer cells and the noncancerous HEK293 cell line. These AuNPs
demonstrated lower toxicity in normal cells than breast cancer
cells.” Retinoic acid-PEG-thiol-conjugated AuNPs exhibited sixfold
greater potency than retinoic acid polyethylene glycol-thiol alone
when administered at the same dose on cervical cancer cells.®
Additionally, Paino et al., conducted a comparative analysis of the
cytotoxic effects of AuNPs coated with either sodium citrate or
polyamidoamine (PAMAM) dendrimers on HepG2 hepatoma cells
and normal peripheral blood mononuclear cells (PBMCs).> The
utilization of 15 nm AuNPs carrying cisplatin led to a significant
reduction in the density of colorectal-cancer-associate fibroblasts
(CAFs)." In summary, the stability and biocompatibility demon-
strated by the AuNPs complex imply that it could hold great
promise as a therapeutic approach for addressing different types
of cancer.

Developing a nanoformulation based on ultrafine AuNPs
conjugated with MTX, led to improved drug effectiveness and
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minimal toxicity in breast cancer treatment. The ultra-small size
of AuNPs (5 nm) facilitated enhanced uptake.’ Compared to
other nanoplatforms, the AuNPs-3MPS-MTX hybrid system
exploits its ability in cancer treatment due to the presence of
loaded MTX (an anticancer drug), whereas other nanomaterial-
based cancer therapies such as ferroptosis-related oxidation
effect,” oxidative stress amplification,™ and heat-induced light
irradiation (photothermal and photodynamic therapies)** do
not rely on the presence of a specific drug on the nano-
structures, thus being less specific. The high surface-to-volume
ratio opens to multiple functionalization both in situ and ex situ
with different bioactive and targeting agents.”® Furthermore,
nanostructured gold is not prone to oxidation compared to
other free metal ions (e.g., Fe**, Cu®" etc.) and showed'® signif-
icant penetration ability in cancerous cells up to 70%. Addi-
tionally, the ability to control their size and functionalization
has been studied by Bessar et al. who examined the efficiency of
MTX-AuNPs for treating psoriasis.'”” As physicochemical attri-
butes play an important role in the diffusion of NPs, there is
a concern about finding synthesis methodologies that influence
these attributes and are efficient for subsequent applications.
Therefore, this research project focuses on studying the
formulation and evaluation of a hybrid material based on gold
nanoparticles (AuNPs), stabilized with the hydrophilic thiol 3-
mercapto-propanesulfonate (3MPS) and loaded with the meth-
otrexate drug (MTX). As reported, short and negatively charged
functionalizing agents showed better intracellular uptake levels
on human skin keratinocyte (HaCaT) keratinocytes and human
epithelial colorectal adenocarcinoma (Caco-2) cells, compared
with long PEG-COOH and PEG-NH, capped AuNPs."® Thus, the
3MPS thiol was chosen as stabilizing/functionalizing agent of
AuNPs since it shows several advantages compared to other
surface ligands: (i) the -SH ending group ensures a covalent
functionalization via Au-S bond preventing the release of the
surface agent during applicative studies, (ii) bearing a nega-
tively charged -SO;~ group it confer an hydrophilic behavior to
final AuNPs colloid, essential in biomedical applications, and
(iii) the sulfonate moiety has been identified as the primary
counterpart for MTX interaction via electrostatic forces.*
Moreover, AuNPs-3MPS and AuNPs-3MPS-MTX tested in vitro
on skin model and in vivo studies on imiquimod-induced
psoriasis-like mice, did not show cytotoxicity inducing
a decrease in the severity of erythema and scaling of skin lesions
in treated mice.'”*® The as-synthesized AuNPs with size approx.
5 nm, contain approximatively 720 thiol molecules on a single
nanoparticle and the drug loaded sample, AuNPs-3MPS-MTX
showed a loading percentage of 80 £ 5%, with a release of
80% in an hour and up to 95% in 24 hours."” To the best of our
knowledge, there are no references in the literature regarding
the use of this AuNPs-3MPS-MTX nanosystem for the treatment
of cervical cancer and melanoma.

2. Experimental

The AuNPs-3MPS-MTX hybrid nanosystem used in this project
was synthesized and characterized previously* by S. Cerra, et al.
(2020), and surface morphology before and after MTX
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interaction was verified with field-emission scanning electron
microscopy (FESEM) AURIGA Zeiss, sampling suspensions by
drop-casting on Al stub. In this work, the biomedical in vitro
application for the treatment of cervical cancer and melanoma
was studied.

Cell culture

Mouse melanoma cell line B16-F10 (ATCC CRL-6475) and HeLa
cells are cultured in DMEM (Dulbecco's Modified Eagle's
Medium) supplemented with 10% v/v fetal bovine serum (FBS),
1% v/v streptomycin/penicillin, 1% v/v L-glutamine and sodium
bicarbonate (2 g L"), adjusted to a pH of 7.4, and sterilized by
filtration through a filter with a pore size of 0.22 um. Cells were
maintained in Petri dishes for cell culture at 37 °C in an
atmosphere of 5% CO, until confluency.

Cell viability tests by MTT reduction

The cell viability assay by MTT reduction was performed on a 96-
well plate, in which 10 000 cells were seeded in each well, in
a final volume of 100 puL of DMEM, and then incubated for 24
hours at 37 °C in an atmosphere of 5% CO,. Subsequently, the
culture medium was discarded and different concentrations of
AuNPs-3MPS, AUNPs-3MPS-MTX and MTX (0, 1, 2, 4, 8, 16, 32,
and 64 ug mL ™~ *) were added to each well in triplicate in a final
volume of 100 pL of cell culture medium, and then incubated
for 48 hours at 37 °C in an atmosphere of 5% CO,. Cells culti-
vated with cell media was used as positive control, while cells
exposed to TritonX-100 at 0.5% (v/v) were used as negative
controls. Afterward, the culture medium was decanted from the
plate and the cells were washed three times with 200 pL of
phosphate buffer (PBS 1x), then 10 uL of MTT (5 mg mL ™) and
90 uL of culture medium were added to each well, the plate was
incubated for 4 hours at 37 °C in an atmosphere of 5% CO,.
After this, 100 pL of pure isopropanol was added to each well,
and the sample was re-suspended several times with the aid to
dissolve the formazan crystals, then the plate was incubated for
30 minutes at room temperature and in the dark. Finally, the
absorbance of formazan was measured at a wavelength of 570
and 690 nm on a Thermo Scientific Multiskan GO ELISA plate
reader. To calculate the cell viability, the absorbance of samples
at 690 nm was subtracted from the absorbance at 570 nm. The
absorbance value of the positive control was taken as 100% of
cell viability; from there, the corresponding percentage was
calculated for each well.

Detection of reactive oxygen species (ROS)

Through the evaluation of the production of reactive oxygen
species (ROS) it is possible to determine whether nanoparticles
are capable of inducing significant oxidative stress in cell lines
exposed to different concentrations of the AuNPs-3MPS, and
AuNPs-3MPS-MTX and MTX free-drug. Therefore, using the
Image-IT Live Green Reactive Oxygen Species Detection Kit
(136007, Invitrogen), it was possible to measure by flow cytom-
etry the fluorescence of CFDA, a reagent that is reduced by the
ROS generated in the cytoplasm of the cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cell culture for the detection of ROS

For this assay, each cell line was seeded in a 12-well plate at
a density of 150 000 cells per well and incubated for 48 h at 37 °C
in an atmosphere of 5% CO, with different concentrations of
AUNPs-3MPS, AuUNPs-3MPS-MTX and MTX (0, 1, 2, 4, 8, 16, 32,
and 64 ug mL™"). After this, cells were harvested, and the cell
pellet was resuspended in 250 pL of DMEM with the reagent
carboxyH,-DCFDA (25 pM) and incubated at 37 °C in an atmo-
sphere of 5% CO, for 1 hour. To measure the intrinsic
production of ROS, cells were solely cultivated in DMEM, while
to induce oxidative stress; cells were exposed to 50 uM of tert-
butyl hydroperoxide (TBHP) for 24 hours. After incubation, cells
were centrifuged at 1200 rpm for 5 minutes, the supernatant
was removed, and the pellet was resuspended in 1 mL of PBS.
Finally, the cells were analyzed by flow cytometry with an Attune
NxT cytometer using the BL1 fluorescence channel (Excitation
488 nm/Emission 525 nm). The data recorded were of at least
30000 events for each sample with their respective triplicates.
Data were analyzed using the Attune NXT software version 3.2.1
(Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA).

Cell membrane permeability

After exposing the cells to various concentrations of MTX,
AuNPs-3MPS and AuNPs-3MPS-MTX, the cells were collected
and suspended in 200 pL of PBS. Subsequently, the cells were
incubated at 25 °C for 30 min with propidium iodide (PI) to
assess cell membrane permeability. Following this incubation,
the cells were rinsed thrice with PBS and subjected to further
analysis using flow cytometry. The data were acquired from the
examination of at least 10 000 events, with PI detection per-
formed at BL3 channel using the Attune NxT flow cytometer
(Life Technologies, Carlsbad, CA, USA) and analyzed using the
Attune NxT acquisition software version 3.2.1 (ThermoFisher).

Apoptosis and necrosis cell death assay

Cell death, either through apoptosis or necrosis induced by the
incubation of HeLa and B16-F10 cells with different concen-
trations of MTX, AuNPs-3MPS and AuNPs-3MPS-MTX, was
measured by flow cytometry with fluorescein isothiocyanate
(FITC)-annexin V and propidium iodide (PI) staining, using the
Annexin V-FITC apoptosis detection kit (Thermo Fisher Scien-
tific, Waltham, MA, USA).

AuNPs uptake assessments

To assess the cellular uptake of AuNPs-3MPS, AuNPs-3MPS-
MTX and MTX, we conducted a comparison of cell granularity
using flow cytometry. The internalization of nanoparticles was
evaluated by comparing the side scatter values of cell samples,
as previously documented.”* We seeded a density of 4 x 10°
cells in a 12-well plate and cultured them for 24 hours at 37 °C
with 5% CO,. Subsequently, the cells were washed with PBS and
incubated with AuNPs-3MPS, AuNPs-3MPS-MTX and MTX at
a concentration of 1 to 64 pg m~* for 48 hours under the same
conditions. Afterward, the cells underwent three PBS washes,
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were harvested using Trypsin/EDTA (Sigma Aldrich, MO, USA),
and resuspended in 1 mL of PBS. The samples were then
analyzed using flow cytometry with an Attune NxT flow cytom-
eter (Life Technologies, Carlsbad, CA). Flow cytometry data were
collected from at least 10 000 events (cells) and analyzed based
on forward scatter (FSC) and side scatter (SSC) signals using the
Attune NxT software (Life Technologies).

Statistical analysis

All the experiments were performed in threefold independent
manner with internal triplicates. The data were statistically
analyzed using GraphPad Prism software version 10.0 (San
Diego, CA, USA) through an analysis of variance ANOVA, fol-
lowed by Tukey's multiple comparison test. The results were
plotted as the mean + standard deviation of three independent
experiments and were considered statistically significant when
p <0.05.

3. Results and discussion
Cell viability of HeLa cells and B16-F10 melanoma cells

The percentage of cell viability for B16-F10 and HelLa cancer
cells in the presence of AuNPs (AuNPs-3MPS), AuNPs-3MPS-
MTX and MTX at different concentrations (1, 2, 4, 8, 16, 32,
64 ug mL ") is presented in Fig. 1. It can be observed that the
exposure of both cell lines to all concentrations of AuNPs does
not induce significant cytotoxicity. However, the AuNPs-3MPS-
MTX hybrid nanosystem caused a significant decrease in cell
viability in both cell lines in a concentration-dependent
manner. Indeed, at higher system concentrations, cell viability
diminished by almost 70% for both B16-F10 and HeLa cells.
Additionally, it was observed that the drug methotrexate (MTX)
induced less cytotoxicity than the bioconjugate AuNPs-3MPS-
MTX, indicating that nanosystem do not affect the vectoriza-
tion of the drug.

Cell membrane permeability of B16-F10 and HeLa cells

Fig. 2 depicts the percentage of permeabilized cells for both cell
lines concerning the concentrations used for each treatment.
Using AuNPs with the active substance resulted in significantly
higher cell permeabilization at a concentration of 32 pg mL ™"
compared to its counterpart without MTX and MTX drug alone.
As previously mentioned"® by S. Cerra, et al. (2020), the synthesis
of AuNPs-3MPS-MTX provides a nanosystem that improves the
penetration of the MTX drug inside cells during cells' perme-
ability studies. On the other hand, when studying HeLa cells, it
was observed that MTX induces a higher cells’ permeabilization
then the effect elicited by AuNPs-3MPS-MTX.

ROS generation from HeLa cells and B16-F10 melanoma cells

Fig. 3 illustrates the intracellular percentage of ROS produced in
HeLa cells and B16-F10 melanoma cells when incubated with
AuNPs (AuNPs-3MPS), AuNPs-3MPS-MTX, and MTX. This anal-
ysis was conducted indirectly by quantifying the fluorescence of
the carboxy H,-DCFDA reagent, which is reduced by the ROS
generated in the cell cytoplasm and results in DCEF,
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Fig. 1 Cell viability of (a) melanoma B16-F10 and (b) cervix Hela cells exposed to different concentrations of AuNPs, AuNPs-MTX, and MTX.
Results are expressed as the mean + SD (n = 3), **p < 0.01; ***p < 0.001 using two-way ANOVA with Tukey's comparison test.
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Fig.2 Cell permeability of (a) melanoma B16-F10 and (b) cervix Hela cells exposed to different concentrations of AUNPs, AUNPs-MTX, and MTX.
Results are expressed as the mean + SD (n = 3), **p < 0.01; ***p < 0.001 using two-way ANOVA with Tukey's comparison test.

a fluorogenic compound. The results demonstrate the capa-
bility of AuNPs to induce significant oxidative stress. As shown
in Fig. 3a, the B16-F10 melanoma cell line incubated with

AuNPs-3MPS-MTX exhibited an increase in ROS production
compared to AuNPs-MPS counterpart. ROS production signifi-
cantly increased at concentrations ranging from 8, to 64 g

o))
O

§ 3q § 2.0-

'-*3 -®- AuNPs-3MPS . *3 -®- AuNPs-3MPS *

o 3 A

'8 -® AuNPs-3MPS-MTX . 4 '8 1.5- - AuNPs-3MPS-MTX

(‘Dl 24 & MTX E o 5;' - MTX

% 2 1.0

£ £

g 1 8

2 B16-F10 cells o Hela cells

- o 1 ] 1 1 1 1 1 1 - 00 1 1 1 1 1 1 ] 1
0 1 2 4 8 16 32 64 0 1 2 4 8 16 32 64

Concentration (ug/ml) Concentration (ug/ml)

Fig. 3 ROS production of (a) melanoma B16-F10 and (b) cervix Hela cells exposed to different concentrations of AUNPs, AuNPs-MTX, and MTX.
Results are expressed as the mean + SD (n = 3), **p < 0.01; ***p < 0.001 using two-way ANOVA with Tukey's comparison test.
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mL ™" of AuNPs-3MPS-MTX. In contrast, the percentage of ROS
produced by HeLa cell line exposed to the same concentrations
of AuNPs-3MPS-MTX displayed an increase in ROS production
within the concentration range of 2 to 64 pg mL~' AuNPs-MPS.
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Determination of cell death by apoptosis and necrosis for
B16F10 and HeLa cells

Cell death was assessed for both cell lines, using AuNPs-3MPS,
MTX and the proposed system AuNPs-3MPS-MTX. Fig. 4a shows
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Fig. 4 Cell death of (a) melanoma B16-F10 and (b) cervix Hela cells exposed to different concentrations of AuNPs, AuNPs-MTX, and MTX.
Results are expressed as the mean + SD (n = 3).
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the results for the B16-F10 melanoma cell line, indicating no
significant differences in cell death values when different
concentrations of AuNPs-3MPs and MTX were used. The cell
death remained below 10%. However, when B16-F10 cells were
treated with various concentrations of AuNPs-3MPS-MTX
ranging from 4 to 64 pug mL ™', it triggered apoptosis in more
than 50% of the cells.

In Fig. 4b, the effect of AuNPs-3MPS and MTX on HeLa cells
was observed. In this case, HeLa cells were more susceptible to
MTX compared to B16-F10 cells. MTX at higher concentrations
from 16 to 64 ng mL™ ' induced early apoptosis in more than
25% of the cells. However, when HeLa cells were exposed to
different concentrations of AuNPs-3MPS-MTX, late apoptosis
was the primary mode of cell death. The results indicate that
HeLa cells are more susceptible to the effects of the proposed
nanosystem AuNPs-3MPS-MTX than melanoma B16-F10 cells.

Determination of internalization of AuNPs into B16F10 and
HelLa cells

We conducted flow cytometry analysis to determine the capa-
bility of AuNPs-3MPS-MTX to be taken up by cancer cells. The
uptake of nanoparticles by cells has been previously investi-
gated using flow cytometry, a technique that allows us to
compare the intracellular complexity, often referred to as
granularity, among different cell populations®** Flow cytometry
measurements, specifically the side scattering (SSC), are directly
linked to intracellular complexity. Consequently, we could
compare the vesicle content of control cells with the intracel-
lular complexity of cells exposed to AuNPs-3MPS-MTX. Fig. 5
compares the percentage of cells that have internalized AuNPs-
3MPS-MTX, AuNPs-3MPS, and free MTX. As depicted, AuNPs-
3MPS-MTX were internalized by melanoma B16-F10 and HeLa
cancer cells. In contrast, no evidence suggests that MTX
changes the cytoplasmic content of both cell lines.

Biocompatibility

The bioinert characteristic of gold offers nanoparticle formu-
lations that are essentially non-toxic and non-immunogenic
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making gold nanoparticles suitable for exploratory in vitro
and in vivo studies.>*** In this context, the effect on cell viability
was studied for B16-F10 melanoma and HeLa cells. Since one of
the most common applications of AuNPs is in the vectorization
and targeting of drugs, this study used methotrexate (MTX) as
the active substance for cancer treatment. The MTT test,
a colorimetric technique measuring the reduction of MTT to
determine mitochondrial activity, was used for this assay.
Compared to free-MTX, AuNPs are biocompatible as established
previously in the literature.’® However, when the effect of the
nanosystem AuNPs-3MPS-MTX was evaluated for B16-F10
melanoma cell lines, a diminishment in cell viability was
observed in a concentration-dependent manner, with lower cell
viability presented at higher concentrations of the nanosystem.
This indicated that AuNPs-3MPS-MTX was toxic to B16-F10
melanoma cell line which is considered one of the most
aggressive cancers® as described by Miooc, M., et al. (2018). In
that study, the authors reported that concentrations higher
than 100 pg mL~" of surface-modified betulin-conjugated gold
nanoparticles, induced a notably decrease in cell viability. In
contrast, when the nanosystem AuNPs-3MPS-MTX was used,
a significant reduction of cell viability was observed at 8 pg
mL ™!, which was even higher than the effect caused by free
MTX.

On the other hand, when compared to free MTX, HeLa cells
exhibited a higher susceptibility to the nanosystem AuNPs-
3MPS-MTX at 4 ug mL ™. This decrease in cell viability indi-
cates that the drug is being targeted to the HeLa cells and also
exerting its effects on them. This effect could be associated with
the shape of the AuNPs, as demonstrated by Zhao, X. F, et al.
(2019). In their study, the authors observed a decrease in cell
viability in HeLa cells when MTX was used in conjunction with
AuNPs, as opposed to using MTX alone.”” A correlation between
the morphology and functionalization of AuNPs with their
cytotoxic effect was described® by Siddique, S., et al. (2020). In
that review, the authors stated that the size, shape, and func-
tionalization of the NPs modify their effectiveness.”* In this
work, spherical 5 nm AuNPs-3MPS were loaded with MTX
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Internalization of nanoparticles into (a) melanoma B16-F10 and (b) cervix Hela cells exposed to different concentrations of AuNPs,

AuNPs-MTX, and MTX. Results are expressed as the mean 4 SD (n = 3). **p < 0.01; ***p < 0.001 using two-way ANOVA with Tukey's comparison

test.
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Fig. 6 FE-SEM images of pristine and MTX loaded AuNPs-3MPS.

lipophilic drug thereby increasing its bioavailability (Fig. 6: SEM
images of pristine and MTX loaded AuNPs-3MPS). The choice of
direct functionalization with highly hydrophilic thiols signifi-
cantly reduces the possible cytotoxicity of the gold
nanoparticles.®

In addition, the 3MPS functionalizing agent act as a platform
for post-synthesis conjugation of MTX via electrostatic binding
(between protonated aromatic -NH, groups in the ring struc-
ture of MTX and negatively charged -SO; ™~ moieties), leading to
the formation of large clusters with densely packed arrange-
ment of AuNPs-3MPS-MTX, in agreement with literature
results.”

The size of the system was an important factor for its
permeability in the studied cells, leading to an adequate release
of the active substance used for programmed cell death and
countering the proliferation of malignant cells at lower
concentrations of MTX in HeLa cells.

Furthermore, this study investigated membrane perme-
ability due to the crucial role of nanomaterial-cell and lipid
bilayer interactions in various applications, such as photo-
therapy, imaging, and drug/gene delivery. These applications
require precise control over nanoparticle-cell interactions,
which primarily depend on the surface properties of nano-
particles.** Moreover, the decrease in cell viability could be
attributed to oxidative stress induced by reactive oxygen species,
as reported previously in the literature.*>** It has been suggested
that the ability of NPs to induce toxicity is linked to their higher
surface reactivity, where smaller particles with larger surface
areas per unit mass produce more reactive oxygen species in the
cellular environment, leading to greater cell death. As
mentioned earlier, the proposed nanosystem has a hydrody-
namic diameter of approximately 5 nm, contributing to
reducing malignant cell proliferation. The interactions of the
nanomaterial with cell membranes are determined not only by
its shape and size but also by the chemical functionalities of its
surface. The proposed nanosystem demonstrated a slight
increase in the percentage of permeabilized cells, indicating its
effectiveness in penetrating the cell membrane in both cell
lines. This beneficial effect on cell permeability can be attrib-
uted to the size and shape of the nanomaterial during its

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interaction with cells as confirmed by Kimura, N. et al., 2018, in
their study.*® They used liposomes with a diameter of 25 nm for
delivering the active substance in tumor treatment, resulting in
a lower penetration percentage.

On the other hand, Jain, A. K. et al., 2019 investigated the
effectiveness of drug carrier vehicles such as silica nano-
particles and calcium phosphate nanoparticles (CaP) obtaining
NPs sizes ranging from 8 to 20 nm.** They achieved an effective
percentage of permeabilized cells at smaller size. The authors
concluded that the size and shape of the NPs were critical in
enhancing the effectiveness of the delivered active substance.

After determining the decrease in cell viability, the increase
in reactive oxygen species, and the effective penetration of the
proposed nanosystem into the cell membrane. Identifying the
type of cell death caused by the proposed nanosystem becomes
essential. Cell death is a fundamental part of the cell life cycle,
crucial for maintaining homeostasis. Necrosis represents an
accidental or non-programmed type of cell death, occurring
when external factors surpass the physiological conditions of
the tissue, subjecting the cell to excessive and uncontrollable
stress. On the other hand, apoptosis is the most extensively
studied form of programmed cell death, as it maintains the

physiological balance between cell proliferation and
elimination.
Various substances, including death-inducing ligands,

nucleic acids, ROS, inflammatory mediators, toxins, and drugs,
among other substances, activate mechanisms leading the cell
to its destruction. Based on the results obtained in this study
late apoptosis was observed at concentrations ranging from 4 to
64 ng mL~' for HeLa cells, indicating higher susceptibility
compared to B16-F10 melanoma cells. The presence of late
apoptosis at higher concentrations suggests that the AuNPs-
3MPS-MTX nanosystem is effective in reducing live cells and
effectively programming cell death. This characteristic prevents
an imbalance in the cellular environment. Therefore, the use of
the proposed nanosystem shows promise in promoting pro-
grammed cell death effectively.

In this regard, Liu C. M., et al. 2019, developed a single core/
shell-structured nanoparticle for prostate cancer treatment.*
Their approach involved using a mesoporous silica nanoparticle

Nanoscale Adv., 2023, 5, 7077-7085 | 7083
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core as a container to encapsulate drugs, including doxorubicin
(DOX), along with highly efficient CaCOj;. Their study demon-
strated remarkable antitumor efficacy through live/dead cell
detection, and their apoptosis experiment revealed that the
proposed material effectively induced apoptosis-related death
in prostate cancer cells.

Apoptosis is a process wherein the DNA of cells in the nucleus
is cleaved into smaller fragments, and certain cell organelles, such
as the endoplasmic reticulum, break down into fragments as well.
Eventually, the entire cell divides into small pieces, each meticu-
lously wrapped in a membrane bundle. The present work indi-
cates that the proposed nanosytem AuNPs-3MPS-MTX likely
achieves a similar arrangement, mitigating the risk of cellular
imbalance.

4. Conclusions

Highly hydrophilic, small, stable, and non-cytotoxic AuNPs-
3MPS as drug carriers hold promising potential for treating
cervical cancer and melanoma. While free AuNPs-3MPS showed
no cytotoxicity whereas the AuNPs-3MPS-MTX nanoconjugate
exhibited a more potent effect than free MTX. The active role of
AuNPs-3MPS in drug delivery was evidenced by permeation
studies, which demonstrated improved drug penetration inside
cells. As previously reported,'® the functionalized AuNPs-3MPS
had an average hydrodynamic size of 5 nm. These nanosystem
characteristics and properties induced cytotoxicity, likely
attributed to the increased reactive oxygen species for both cell
lines studied. Moreover, the size of the nanosystem played
a crucial role in its permeability into the cells, leading to pro-
grammed cell death and countering the proliferation of malig-
nant cells. In HeLa cells the proposed nanosystem
demonstrated a more significant decrease in cell viability by late
apoptosis than the B16F10 cell line. This observation suggests
that the proposed system effectively targets and releases MTX,
enhancing the therapeutic effect for both B16-F10 and HelLa
cells. This supports its potential as a valuable approach for
targeted drug delivery and cancer treatment.
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