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Background: Even with considerable improvement in treatment of epithelial ovarian cancer
achieved in recent years, an increasing chemotherapy resistance and disease 5-year relapse is
recorded for a majority part of patients that encourages the search for better therapeutic
options. Gold nanoparticles (Au NPs) due to plethora of unique physiochemical features are
thoroughly tested as drug delivery, radiosensitizers, as well as photothermal and photody-
namic therapy agents. Importantly, due to highly controlled synthesis, it is possible to obtain
nanomaterials with directed size and shape.

Methods: In this work, we developed novel elongated-type gold nanoparticles in the shape
of nanopeanuts (AuP NPs) and investigated their cytotoxic potential against ovarian cancer
cells SKOV-3 using colorimetric and fluorimetric methods, Western blot, flow cytometry, and
fluorescence microscopy.

Results: Peanut-shaped gold nanoparticles showed high anti-cancer activity in vitro against
SKOV-3 cells at doses of 1-5 ng/mL upon 72 hours treatment. We demonstrate that AuP NPs
decrease the viability and proliferation capability of ovarian cancer cells by triggering cell
apoptosis and autophagy, as evidenced by flow cytometry and Western blot analyses. The
overproduction of reactive oxygen species (ROS) was noted to be a critical mediator of AuP
NPs-mediated cell death.

Conclusion: These data indicate that gold nanopeanuts might be developed as nanother-
apeutics against ovarian cancer.

Keywords: gold nanoparticles, ovarian cancer, gold nanopeanuts, anti-cancer therapy,
nanotechnology, apoptosis, autophagy

Introduction

Epithelial ovarian cancer (EOC) derived from malignant transformation of the
ovarian epithelium, peritoneum or fallopian tube, is recognized as one of the
deadliest malignancies of women. Due to the non-specificity of the early signs of
EOC, as well as the lack of effective screening methods, in most patients the tumor
is diagnosed at an advanced stage of development, which not only significantly
worsens the clinical outcome, but also considerably limits the therapeutic options.'
Currently, the main therapeutic procedure includes cytoreductive surgery in combi-
nation with chemotherapy.' Optimization of the carboplatin-paclitaxel scheme as
first-line combined chemotherapy followed by intraperitoneal administration of
cytostatics contributed to significant progress in the treatment of patients with

advanced ovarian cancer.” Unfortunately, despite an improvement in the clinical
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response and an increase in the average survival, 60—-80%
of patients still experienced ineffectiveness of the therapy
used and disease relapse within 5 years, which is due to
the resistance of tumors to the cytostatic treatment.*
Therefore, the search for new therapeutic methods effec-
tive in the treatment of ovarian cancers is particularly
urgent and clinically relevant.

The rapid development of nanotechnology techniques
observed in recent years has created the possibility of
using nanomaterials in modern cancer therapy.” Among
them, metallic nanoparticles, including gold nanoparticles
(Au NPs) have aroused considerable interest.® Optimized
protocols for the synthesis of varied-shaped Au NPs with
adjusted size, as well as unique physicochemical proper-
ties of nanogold, ease of surface functionalization, con-
trollable biodistribution and satisfactory biocompatibility
broadens the range of their potential biomedical applica-
tions, with particular emphasis on cancer treatment.®’ In
effect, a growing number of reports demonstrate the utility
of Au NPs as drug carriers,® components of photothermal
therapy,” contrast factors,'” and therapeutic agents with
significant cytotoxic activity,'" which highlights the clin-
ical potential of Au NPs as the basis of innovative thera-
against breast cancer,'” tract

pies gastrointestinal

cancers,” lung cancer,'® and ovarian cancer.'' With
respect to ovarian cancer the proposed mechanism of anti-
cancer action involves the formation of reactive oxygen
species in the cell, entry of the cell into uncompensated
state of oxidative stress, damage to genetic material and
biological membranes, and initiation of apoptosis.'’ Other
studies also demonstrate the ability of gold nanoparticles
to inhibit angiogenesis and metastases in a mouse model

of ovarian cancer,15

as well as the impact on secretory
cytokines profile.'® It is important, however, that the vast
majority of scientific research was conducted using sphe-
rical-shaped nanoparticles. A number of animal experi-
ments focusing on the assessment of the therapeutic
potential and pharmacokinetic parameters of metal nano-
particles in vivo have confirmed that the physicochemical
properties of nanomaterials, particularly size and shape,
significantly affect intravascular transport processes, reten-
tion in cancer tissues, and antitumor efﬁcacy.”’18 To date,
it was demonstrated that non-spherical nanoparticles show
a higher accumulation in cancerous tumors and thus higher
therapeutic efficacy compared to spherical nanomaterials
of the same structure, dose, and comparable other physi-
cochemical parameters.'” The change in the shape of
nanoparticles from spherical to stick-like (eg, to nanorods)

also improves the ability to absorb radiation, improving
the effectiveness of photothermal therapy.*°

Here we investigated the cytotoxic activity and
mechanism of action of newly-developed peanut-shaped
gold nanoparticles (AuP NPs) against epithelial ovarian
cancer cells SKOV-3. The peanut-like shape of the Au
NPs was designed with an attempt to obtain a larger active
surface and to keep and potentially to decrease their cyto-
toxicity to a level comparable with the spherical one.
Therefore, we believe that from the perspective of biome-
dical application, the properties of our nanoparticles are
the most significant advantage in comparison with the
studied Au NPs with
According to our best knowledge, it is the first study

commonly spherical shape.
demonstrating anti-cancer activity of gold nanopeanuts,
and a first study deeping the mechanism of anti-cancer
activity of these unreported to date, newly-shaped nano-
materials. In presented work we demonstrate that gold
nanoparticles induced apoptosis and autophagy through
the modulation of the ROS/INK signaling pathway in
human ovarian cancer cells SKOV-3. The presented results
may contribute to develop more effective therapies for

human ovarian cancer treatment.

Materials and Methods

Materials

Reagents for gold nanoparticles synthesis (cetrimonium bro-
mide [CTAB], gold (IIl) chloride hydrate [HAuCly], silver
nitrate [AgNO;], sodium borohydride [NaBH,4], ascorbic acid
[CsHgOg]) and all other required chemicals were ordered from
Sigma-Aldrich (Saint Louis, MO, USA). Human ovarian ade-
nocarcinoma cells SKOV-3 (ATCC® HTB-77™) were from
American Type Culture Collection (ATCC, Manassas, VA,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 4 mM L-glutamine, 4500 mg/L glucose, 1
mM sodium pyruvate, and 1,500 mg/L sodium bicarbonate
was from ATCC. Phosphate-buffered saline (PBS), Trypsin-
EDTA Solution 10%, and Antibiotic Antimycotic Solution
100x (with 10,000 units penicillin, 10 mg streptomycin, and
25 ng amphotericin B per mL) were purchased from Sigma-
Aldrich. MTT salt (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphe-
Neutral and 2.7-
dichlorofluorescin diacetate (DFCH-DA) were from Sigma-
Aldrich. The CyQUANT Cell Proliferation Assay Kit was
ordered from Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA). Reagents for intracellular GSH and mitochondrial
Solution 5 (VB-48™/PI/AO),

nyl-2H-tetrazolium bromide), red,

potential quantification:
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Solution 7 (200 pg/mL JC-1) and Solution 8 (1 pg/mL DAPI
in PBS) were from Chemometec (Allerod, Denmark). Flow
cytometry assay kits: Muse® Count & Viability Kit and
Muse® Bcl-2 Activation Dual Detection Kit were produced
by Luminex Corporation (Austin, TX, USA). Primary and
secondary anti-apoptotic and anti-autophagy antibodies were
from Cell Signaling Technology (CS, Danvers, MA, USA),
Abcam (Cambridge, UK), and Sigma-Aldrich. The following
antibodies were used in this study: rabbit anti-NADPH oxi-
dase 4 [UOTR1B493] antibody (NOX4) (Abcam, cat. no:
ab133303), rabbit anti-annexin Al (D5V2T) antibody (CS,
cat. no: 32,934), rabbit anti-cleaved-poly (ADP-ribose) poly-
merase-1 (PARP) (Asp214) antibody (CS, cat. no: 5625),
rabbit anti-cleaved-caspase-3 (Aspl75) antibody (CS, cat.
no: 9664), rabbit anti-cleaved-caspase-9 (Asp330) antibody
(CS, cat. No: 7237), rabbit anti-COX IV (3E11) antibody
(CS, cat. no: 4850), rabbit anti-LC3A/B (D3U4C) antibody
(CS, cat. no: 12,741), rabbit anti-Beclin-1 (D40C5) antibody
(CS, cat. no: 3495), rabbit anti-Atg12 (D88H11) antibody (CS,
cat. no: 4180), rabbit anti-Atg7 (D13B11) antibody (CS; cat.
no: 8558), and monoclonal anti-B-Actin antibody produced in
mouse (Sigma Aldrich, cat. no: A2228). Secondary HRP-
linked, Alexa Fluor 488-conjugated and FITC-conjugated
antibodies were from Sigma Aldrich, Abcam, and Becton,
Dickinson & Company, respectively. 5% non-fat dry milk
was from BioRad (Hercules, CA, USA). Amersham ECL
Western Blotting Detection Reagent was purchased from GE
Healthcare Life Sciences (Little Chalfont, Buckinghamshire,
UK). JNK inhibitor II (SP600125), apoptosis inhibitor
(Z-VAD-FMK) and autophagy inhibitor (3-methyladenine,
3-MA) were from Sigma-Aldrich.

Synthesis and Physicochemical
Characterization of Peanut-Shaped
Nanoparticles (AuP NPs)

The synthesis of AuP NPs consists of two reactions. First,
5 mL of 10°> M CTAB was prepared. Next, 5 mL of
5x10™* M HAuCl, and 0.6 mL of 100x10> M NaBH,
was added to this solution. The solution was permanently
under vigorous stirring. The reaction was stopped, when
the solution color changed to red. In the second step, 5 mL
of 10 M CTAB was prepared. Next, 0.2 mL of 3.97x10*
M AgNO; 5 mL of 5x10* M HAuCl, 70 pL of
7.86x1072 C4HgOg, and 30 pL of Au nanoseeds were
added to the solution. The solution was permanently
under vigorous stirring and the reaction was stopped 3
hours after change solution color for red.

The morphology of obtained AuP NPs was examined
by scanning transmission electron microscopy (STEM)
dark field detector
(HAADF), in conventional and high-resolution mode.

using the high-angle annular
All these measurements were performed on an aberration-
corrected FEI Titan electron microscope operating at 300
kV equipped with a FEG cathode. The particle size dis-
tribution was evaluated based on the HRSTEM images
taken from different areas of the TEM grids. For each
sample, the diameter of 100 nanoparticles was measured.
The zeta potential distribution of AuP NPs was deter-
mined by the microelectrophoretic method using
Zetasizer Nano Series from Malvern Instruments. The
Smoluchowski model was used in zeta potential measure-
ments. Each value was obtained as an average of three
subsequent runs of the instrument with at least 20 mea-
surements. All experiments were performed in water at
25°C. Lambda Bi020 instrument from Perkin Elmer was
used to measure the Ultraviolet-visible UV-Vis spectra of
the synthesized gold nanoparticles. The scan speed was
240 nm/min and the resolution was 1 nm. In this experi-
ment, the used spectral range was from 200 nm to

900 nm.

Cell Culture

Human ovarian adenocarcinoma cells SKOV-3 (ATCC®
HTB-77™) were cultured in high-glucose DMEM supple-
mented with 10% fetal bovine serum (FBS), glutamine (2
mM/L), penicillin (50 U/mL), and streptomycin (50 pg/
mL) and maintained at 37°C in an atmosphere containing
5% CO, with saturated humidity. For experiments, cells
were seeded at a density of 1x10* or 5x10” cells/well (for
96-well plates and 24-well plates, respectively) and cul-
tured with AuP NPs for 24, 48, or 72 hours (for cytotoxi-
city evaluation), 24 hours (for experiments involving
signaling pathways inhibitors), or 72 hours exclusively
(for mechanism determination assays).

Cytotoxicity Assessment

Anti-cancer activity of tested nanoparticles against ovarian
adenocarcinoma was explored by measurement of meta-
bolic activity of treated cancer cells, estimation of altera-
tions in DNA biosynthesis, and investigation of membrane
permeability of ovarian cancer cells.

Initially, viability of treated cancer cells was measured
using MTT assay, as described previously.”' Every 24
hours, cells were washed twice with PBS followed by
addition of MTT working solution at a final concentration
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of 0.5 mg/mL and further incubated for 4 hours. Formed
formazan precipitate was dissolved using DMSO and
absorbance was recorded using 540 nm wavelength
(Varioskan Lux, Thermo Fisher Scientific, Waltham, MA,
USA).
a percentage when compared to control (0 pug/mL of AuP
NPs, 100% survival).

To assess the impact of AuP NPs on proliferation
capability and DNA biosynthesis in treated SKOV-3
cells, CyQUANT Cell Proliferation Assay Kit was used
according to manufacturer’s guidelines. At the indicated

Cancer cells survival was calculated as

times, the culture medium from AuP NPs-treated cells was
discarded, cells were washed with PBS, and plates were
frozen. Next, cells were lysed using CyQUANT dye mix,
and total cellular nucleic acid was measured by fluorom-
eter at 480/520 nm wavelengths (VICTOR™ X4
Multilabel Plate Reader, PerkinElmer, MA, USA).

Neutral red uptake (NRU) assay, performed according
to the protocol by Borenfreund and Puerner’ was
employed to elucidate the permeability of treated cancer
cells upon AuP NPs-mediated treatment. At indicated
time-points, the culture medium was removed, cells were
washed with PBS, and a 100 puL/well of Neutral Red
solution (50 pg/mL) was added. After 30 minutes, the
cells were washed with PBS and dye from viable cells
was released by extraction with a mixture of acetic acid,
ethanol, and water (1%/50%/49%, respectively). After 10
minutes of shaking, the absorbance of the dissolved
Neutral Red was measured at 540 nm in a microplate
reader using a blank as a reference. Cytotoxicity was
expressed as a percentage of the control (0 ug/mL, 100%
of intact membranes).

To confirm the results from cytotoxicity assessments,
cells after 72 hours incubation with gold nanopeanuts were
inspected for alterations in morphological features using
light microscopy at 40x magnification. Viability of SKOV-
3 cells upon 72 hours treatment with AuP NPs (0.5-5 ng/
mL) was also confirmed by flow cytometry using Muse®
Count & Viability Kit.

Analysis of the Level of Intracellular GSH
To examine the hypothesis that the cytotoxic effect of
developed gold nanopeanuts is determined by disruption
of oxidative balance in treated cancer cells, the amount of
free thiols in AuP NPs-treated was estimated using stain-
ing with VitaBright-48™ (VB-48™), non-fluorescent
thiols
a fluorescent product. To quantify the level of reduced

compound reacting with cellular forming

glutathione (GSH), SKOV-3 cells were treated with AuP
NPs at concentrations of 0.5, 1, and 5 ng/mL for 72 hours,
washed twice with sterile PBS, harvested, and incubated
with Solution 5 consisting of VB-48™, propidium iodide,
and acridine orange mixture for 5 minutes prior analysis
using  NucleoCounter® NC-3000™  (Chemometek,

Allerod, Denmark).

ROS Generation Assessment

Intracellular reactive oxygen species accumulation was
measured using DCFH-DA as a fluorescent probe.
Briefly, cultured SKOV-3 cells were pre-incubated with
DCFH-DA (20 pM) in culture medium for 30 minutes,
washed twice with PBS, and treated with increasing con-
centrations of AuP NPs up to 72 hours. Every 24 hours
a fluorescent intensity was measured at excitation/emission
wavelength of 488/535 nm using a Varioskan Lux micro-
plate reader and represented by a fold-increase compared
with control cells.

Detection of Mitochondrial Potential
Disruption

The AuP NPs-induced alterations in mitochondrial poten-
tial of ovarian cancer cells were measured using the
NucleoCounter® NC-3000™ fluorescence image cyt-
ometer. For this purpose, SKOV-3 cells treated with AuP
NPs were incubated with Solution 7 (at final JC-1 concen-
tration of 2.5 pg/mL) for 10 minutes at 37°C, washed
thoroughly with PBS, resuspended in Solution 8 (1 ug/
mL DAPI in PBS) and analyzed immediately by
NucleoCounter™ NC-3000™ software.

Immunofluorescence Staining

Accumulation and expression of apoptotic and autophagic-
related proteins was visualized by immunostaining
method. Briefly, SKOV-3 cells grown on coverslip were
treated with AuP NPs for 72 hours, fixed with 4% for-
maldehyde diluted in PBS, permeabilized with 0.1%
Triton X-100 (10 minutes), and blocked for 30 minutes
with blocking buffer [1% bovine serum albumin (BSA),
glycine (22.5 mg/mL) diluted in TBS-T (PBS supplemen-
ted with 0.1% Tween-20)]. After blocking cells were incu-
bated (1 hour, room temperature) with monoclonal
primary antibodies against NADPH oxidase 4 (NOX4),
annexin Al, cleaved PARP, cleaved caspase-3, cleaved
caspase-9, COX-1V, LC3A/B, Beclin-1, Atgl2, and Atg7.

Next, cells were washed three times with PBS (3 minutes)
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and incubated with Alexa Fluor 488-conjugated goat anti-
rabbit secondary antibody (for NOX4 and ANXAI stain-
ing) or FITC goat anti-mouse IgG and anti-rabbit IgG
antibodies for 1 hour in the dark. Cells were washed
with PBS (3x3 minutes), incubated with Hoechst 33,342
for 15 minutes to counterstain, if necessary, and analyzed
using a confocal laser scanning microscope.

Bcl-2 Activity Investigation

Measurement of total levels of Bcl-2 expression in ovarian
cancer cells treated with developed nanopeanuts was car-
ried out using the Muse™ Bcl-2 Activation Dual
Detection Kit as guided by the manufacturer. Briefly,
AuP NPs-treated cells after 72 hours incubation were
washed with PBS, harvested, and fixed for 5 minutes on
ice. After rinsing with PBS, cells were permeabilized with
permeabilization buffer for 5 minutes on ice followed by
washing and incubation of cells with antibody cocktail for
30 minutes at room temperature in the dark. Samples were
analyzed using a Muse™ Cell Analyzer (Luminex
Corporation, Austin, TX, USA).

Multicaspase Assay

Pan Caspase assay (Muse™ MultiCaspase Kit), detecting
the presence and activation of multiple caspases, including
caspase-1, 3, 4, 5, 6, 7, 8, and 9, was employed to inves-
tigate whether the cytotoxic effect of gold nanoparticles is
dependent on caspases activity. For this purpose, AuP
NPs-treated cells were harvested, washed, and incubated
with Multicaspase working solution for 30 minutes at 37°
C. To distinguish cells with membrane permeable, 7-acti-
nomycin D (7-AAD) solution was added, and cells were
analyzed using Muse™ Cell Analyzer.

Western Blot Analysis

To quantitively elucidate the potential signaling pathways
altered by gold nanoparticles treatment, Western blot analyses
were carried out. To perform this, SKOV-3 cells were cultured
for 72 hours with different concentrations of AuP NPs. The
used to perform SDS-PAGE
electrophoresis.> Equal amounts of cell supernatants (30 mg

Laemmli method was
of protein) were analyzed. SKOV-3 cell lysates were harvested
and subjected to SDS-PAGE in 10% polyacrylamide gel elec-
trophoresis for 1 hour, at room temperature (125 V). The
protein was transferred to 0.2 pm pore-sized nitrocellulose
(wet transfer, 1 hour, 100 mA, RT) and then blocked with 5%
non-fat dry milk in TBS-T (20 mmol/L Tris—HCI, 150 mmol/L
NacCl, 0.05% Tween 20, adjusted to pH 7.4) and incubated with

the following primary monoclonal antibodies: anti-B-actin,
anti-cleaved-PARP, anti-cleaved Caspase-3, anti-cleaved
Caspase-9, and anti-COX IV (for apoptosis evaluation) or anti-
LC3A/B, anti-Beclin-1, anti-Atg12, and anti-Atg-7 (for autop-
hagy evaluation) antibodies, diluted 1:1,000 in blocking buffer
overnight at 4°C. After incubation with primary antibodies, the
membranes were washed in TBS with 0.05% Tween (TBST)
three times for 15 minutes and incubated with anti-goat, anti-
rabbit, or anti-mouse HRP-linked secondary antibody at con-
centration 1:7,500 for 60 minutes at room temperature with
gentle agitation. After washing in TBS-T (3x5 minutes) mem-
branes were incubated with Amersham ECL Western Blotting
Detection Reagent. Pictures were taken using BioSpectrum
(Ultra-Violet Ltd,
Cambridge, UK). Densitometry of Western blot bands was

Imaging System UVP Products

analyzed using ImageJ software.

Evaluation of Biological Activity of Gold
Nanopeanuts Using Signaling Pathways
Inhibitor

To examine the interrelationships between observed
effects, SKOV-3 cells were pre-treated for 2 hours with
JNK inhibitor IT (SP600125; 10 uM), apoptosis inhibitor
(Z-VAD-FMK; 20 pM), or 3-methyladenine (3-MA;
5mM), washed with PBS, exposed to AuP NPs at concen-
trations of 0.5, 1, or 5 ng/mL for 24 hours and analyzed
according to the above-described procedures.

Statistical Analysis

The provided data are results from three independent
experiments £SD. The significance of differences was
two-tailed Student’s  #-test.
Statistical analyses were performed using OriginPro 2020
(OriginLab Corporation, Northampton, USA). P<0.05 was
considered to be statistically significant.

determined using the

Results
Physicochemical Analysis of

Peanut-Shaped Gold Nanoparticles

STEM and HRSTEM images of AuP NPs showed that synthe-
sized nanoparticles are characterized by a peanut shape and
have a crystalline structure (Figure 1A). The size of obtained
NPs along the longitudinal axis is 60.00+4.24 nm, while along
it is 30£3.49 nm (Figure 1B).
Consequently, the size spread of the AuP NPs is negligible.

the transverse axis

The zeta potential values of AuP NPs dispersions as a function
of pH are presented in Figure 1C. The AuP NPs are positively
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charged in the entire range of pH and their zeta potential values
range from about 42 for pH=3.5 to 19 mV for pH=12.5.
Furthermore, (UV-Vis) spectrum
(Figure 1D) showed that the position of localized plasmon

the ultraviolet-visible

resonances of the obtained AuP NPs was observed at 775 nm.

In order to conclude on biological properties of devel-
oped gold nanopeanuts as accurately as possible, we addi-
tionally synthetized a new set of spherical gold nanoparticles
(AuSph NPs) using CTAB as one of the reagents. The
physicochemical characterization of these nanostructures is
demonstrated as Supplementary Figure 1. Although the

synthesized spherical AuNPs have a size range from 4—12
nm with an average size of 8 nm, ie, are smaller than tested
AuP NPs, both AuSph NPs and AuP NPs are characterized
by comparable chemical properties. Similarly, the AuP NPs
are characterized by crystalline structure and are positively
charged in the entire range of pH.

Peanut-Shaped Gold Nanoparticles Exert
Potent Cytotoxic Effect Against Ovarian

Cancer Cells at Nanogram Doses
To determine the inhibitory effects of gold nanopeanuts,
ovarian adenocarcinoma cells were treated with various

A

concentrations of AuP NPs for 24, 48, and 72 hours
followed by investigation of metabolic activity, the abil-
ity to proliferate, and permeability of cellular mem-
branes. As shown in Figure 2A, gold nanoparticles
inhibited cell viability in a dose- and time-dependent
manner when compared to the control group, with 50%
growth inhibition (IC50) at a concentration of 1.7540.03,
1.20+0.11, and 1.03+£0.19 ng/mL for 24, 48, and 72 hour
treatments, respectively. In effect, treatment with AuP
NPs at a dose of 1 ng/mL for 72 hours resulted in
SKOV-3 cells viability decreasing to 47.64+8.52%, and
at concentration of 5 ng/mL no detectable metabolic
activity was noted. To compare the anti-cancer activity
of peanut-shaped gold nanoparticles with conventional
cytostatics used in ovarian cancer therapy, we investi-
gated cytotoxicity of cisplatin, paclitaxel, and doxorubi-
cin using MTT assay and assessed 1C50 values for these
compounds upon 72 hours incubation as well. As pre-
sented in Supplementary Table 1, developed gold nano-

particles are far more effective than conventional
cytostatic, suggesting their great potential in develop-

ment of the new treatment methods against this

malignancy.
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Figure | Physicochemical characterization of peanut-shaped gold nanoparticles. Overview BF STEM (Al and A2) and HRSTEM (A3). AuP NPs size distribution (B), zeta

potential in different pH (C) and UV-Vis spectrum (D).
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Figure 2 Cytotoxicity of peanut-shaped gold nanoparticles (AuP NPs) against human ovarian cancer SKOV3 cells. Decrease of cancer cell metabolic activity (A), DNA
biosynthesis (B), and membrane permeability (C) upon treatment with peanut-shaped nanoparticles in doses ranging from 0.5-5 ng/mL for 24, 48, and 72 hours.
Representative plots of flow-cytometry based analysis of cellular viability after 72 hour treatment of ovarian cells with peanut-shaped nanoparticles (D). Alterations in
cellular morphology and confluence of cancer cells treated with AuP for 72 hours (E and F, respectively). *Statistical significance (P<0.05) when compared to untreated
control cells. For panels (A—C) results from four independent experiments are shown. For panels (D, E, and F) one representative result is shown.

The cytotoxic effects of gold nanoparticles were also
analyzed using DNA biosynthesis assay. Accordingly, the
proliferation capability of cells reflected by relative DNA
content was reduced to 50.14+29.58% and 10.26+12.59%
for AuP NPs at doses 1 and 5 ng/mL after 72 hours

treatment (Figure 2B). Analysis of membrane permeability
showed that gold nanoparticles significantly decreased the
number of cells with intact membranes (Figure 2C). This
observation was also confirmed using flow cytometry.
Surprisingly, in contrast to MTT and DNA biosynthesis

International Journal of Nanomedicine 2021:16

submit your manuscript

1999

Dove


http://www.dovepress.com
http://www.dovepress.com

Piktel et al

Dove

assay, demonstrating loss of metabolic activity and prolif-
eration capability of SKOV-3 upon 72 hours treatment
with 5 ng/mL of AuP NPs, approx. 25% of cells retain
the integrity of cells membranes (Figure 2D). Importantly,
comparative analysis of cytotoxic effects of developed
nanopeanuts and spherical-shaped nanoparticles revealed
that peanut-shaped gold nanoparticles are significantly
more cytotoxic than spherical ones in comparable doses
of nanomaterials. Although some effect of AuSph NPs on
the biology of ovarian cancer SKOV-3 cells might be
suggested, a majority of them do not reach statistical
significance (Supplementary Figure 2). In comparison,

AuP NPs strongly limit the metabolic activity of cancer
cells, decrease DNA biosynthesis in SKOV-3 cells, and
significantly affect membrane integrity, which strongly
confirms our hypothesis that the non-spherical shape of
gold nanopeanuts is a significant factor determining anti-
cancer activity of AuP NPs against ovarian cancer cells.

Alterations of morphological features of AuP NPs-
treated SKOV-3 cells when compared to control were
noted using a light-inverted microscope at a magnification
of x20. As shown in Figure 2E and F, untreated ovarian
cancer cells grew adherently in culture plate, in >95%
confluency, and were characterized by regular size and
shape. In contrast the cells treated with gold nanopeanuts,
in dose-dependent response way, they lost the cellular shape
and decline in cellular confluency. With increasing concen-
trations of AuP NPs, cells became rounded, start to detach
from the cell culture surface, and loss in cell-cell contact
was also recorded. When summarized, these results suggest
that developed gold nanoparticles inhibit the growth of
ovarian cancer cells in a dose- and time-dependent manner
and this effect is the most prominent after 72 hours of
treatment. Based on these preliminary results, 72 hours
was selected as the appropriate incubation time in the
following experiments.

Gold Nanopeanuts Disrupt Oxidative

Balance in Ovarian Cancer Cells

To investigate whether gold nanoparticles induce reactive
oxygen species formation and disrupt redox balance in
treated cancer cells, oxidative stress-associated parameters
were investigated. Initially, a level of free thiols, including
reduced glutathione (GSH) was estimated. GSH being
ROS-scavenger maintains intracellular redox stability in
cells and is recognized as a key endogenous molecule in
In effect,

the antioxidant pathways. decline of its

intracellular level introduces cells into excessive oxidative
stress resulting in cell death.”* As demonstrated in Figure
3A and B, treatment of ovarian cancer cells with gold
nanopeanuts interfered with GSSG-GSH balance leading
to significant depletion of GSH and shifting of cellular
cytosol from a reducing to an oxidizing environment.
More quantitively, the number of cells with decreased
GSH levels increased 3.7-fold when compared to untreated
cells from 24.75+2.17% to 91.75+7.84% (for cells treated
with AuP NPs at 5 ng/mL) (Figure 3B).

In another set of experiments, AuP NPs-mediated up-
expression of NADPH subunit 4 (NOX4) was confirmed
30).
A compelling number of studies confirm the crucial role

using immunofluorescence  staining  (Figure
of NOX4 in oxidative stress and present upregulation of its
expression in cancer cells treated with ROS
modulators.>*® As a result of AuP NPs-mediated treat-
ment, we recorded a significant increase of NADPH levels
(Figure 3C), which encourage our hypothesis on disruption
of redox balance in treated cancer cells. As expected,
a significant overproduction of reactive oxygen species in
AuR NPs-treated cells was recorded. When compared to
control cells, ROS-derived fluorescence signal was
increased 2.26+0.13, 3.04+0.21, and 7.11+0.62-fold times
after 24, 48, and 72 hours, respectively (Figure 3D), being
in agreement with dose- and time-dependent effects of
NPs-mediated treatment observed in cytotoxicity assays.
Finally, considering the reports indicating loss of mito-
chondrial potential in cells where GSH intracellular level
drops below a threshold level,”” and some studies high-
lighting crosstalk between mitochondria and NADPH
activity,”® we investigated whether AuP NPs-mediated
treatment affect mitochondrial functioning. Loss of the
mitochondrial membrane potential was detected using the
lipophilic cationic dye JC-1 that displays potential-
dependent accumulation in the mitochondria, thus analysis
of JC-1-derived fluorescence signal allows for distinguish-
ing between healthy and apoptotic cells. Our results indi-
cate that the percentages of mitochondrial membrane
depolarized cells was significantly increased upon exposi-
tion to AuP NPs at doses of 0.5, 1, and 5 ng/mL and were
31.67+6.93, 76.33+£13.01, and 98.33%1.52%, respectively,
while the values recorded for the control was 24.00+6.93%
(Figure 3E). The above results indicate that treatment of
ovarian cancer cells is accompanied by disruption of the
oxidative balance in cancer cells and impairment of pro-
tective anti-oxidative molecules, which subject cells into
excessive oxidative stress and mitochondrial disfunction.
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Figure 3 Disruption of oxidative balance in AuP NPs-treated ovarian cancer cells. Representative plots of flow-cytometry based analysis of GSH levels (A) and decrease of
intracellular glutathione (GSH) concentration in treated cancer cells (B). Immunostaining of NADPH expression in AuP NPs-treated ovarian cancer cells (C). Induction of
reactive oxygen species generation (D) and increase of number of cells with depolarized mitochondria (E) upon treatment with AuP NPs for 72 hours. For panels (A and C)
one representative experiment is shown. For panels (B, D, and E) results are presented as mean+SD from three independent experiments. *Indicate statistical significance

(P<0.05) when compared to untreated control cells. Scale bar ~10 pm.

Developed Gold Nanopeanuts Activate
JNK Signaling Pathway

To more accurately investigate the molecular mechanism
involved in observed killing activity, we investigated
whether the JNK signaling pathway might be involved in
this process. C-Jun N-terminal kinase (JNK) is recognized
as an important member of the mitogen-activated protein
kinase superfamily, activated by a number of environmen-
tal stimuli. Particularly, depletion of intracellular glu-
tathione followed by generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) is
required to activate this signaling pathway.”* ROS/JNK
signaling is also reported to be implicated in the anti-
cancer effect of a broad spectrum of antineoplastics.*®>*
To confirm this assumption, we preincubated SKOV-3

cells for 2 hours with JNK inhibitor II (SP600125) before

gold nanopeanuts addition. As demonstrated in Figure 4,
some partial reverse of toxic effect of developed nanopar-
ticles is observed upon addition of JNK inhibitor. By pre-
incubation of SKOV-3 cells with JNK inhibitor II, statis-
tically significant alterations in cell population distribution
were noted when compared to samples treated with gold
nanoparticles alone for 24 hours. When assessed using
VB-48™/propidium

staining, we observed a rise of percentage of healthy

iodide/orange acridine combined

cells with high viability (Figure 4A and B). Accordingly,
a number of caspase-positive cells was also significantly
diminished (Figure 4C and D), which confirms that the
JNK signaling pathway is involved in AuP NPs-mediated
biological activity. Importantly, activation of this pathway
was also recorded to be important for further caspase

activation and proceeding in the apoptosis process.
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Gold Nanoparticles Regulate

Apoptosis-Related Proteins

Both decline in cellular glutathione concentration and
dysregulation of the mitochondrial transmembrane poten-
tial are events occurring early on in apoptosis.’* Since
both of these effects were observed in AuP NPs-treated
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samples, we concluded that anti-cancer activity of devel-
oped nanoparticles is related to apoptosis. To better
explore how gold nanopeanuts affect this process, we
characterized the alterations in selected apoptosis-related
proteins expression upon AuP NPs exposure. Using immu-

nofluorescence staining we elucidated whether some

ol 309 [ Dead cells
E [ ]PI-negative cells with low viability
-ac)- ) > - [ Healthy cells
e 25 * *
o £ 2
Q 'g 5
528 1
S o T
i)
o O =
® o £ *
S8
£
Q= -10-
8 € s 0 I
288
[\ c =) 1
5¢ -2 = : :
2
& &
® ®
\2) N
& &
Q™ S
® Aa
301 *

[ Total caspase-positive cells

I Live cells

upon JNK inhibitor Il addition (%)

Changes in cell population percentage
when compared to corresponding controls

-30 * .
A N
& &
9;) N
& &
S Q
S ©

Figure 4 Involvement of JNK signaling pathway in AuP NPs-mediated killing. Distribution of cell viability; dead, Pl-negative with low viability, and healthy cells (A) or dead,
caspase-positive/dead, caspase-positive, and live cells (C) in samples of SKOV-3 cells treated with AuP NPs at doses of 0.5 and | ng/mL for 24 hours exclusively or pre-
incubated with JNK inhibitor Il prior to the addition of gold nanopeanuts. Relative alterations in cell population percentage upon JNK inhibitor Il addition evaluated using
Vitality assay (B) or MultiCaspase Assay (D). *Statistical significance (P<0.05) when compared to samples treated with AuP NPs without pre-incubation with inhibitor.
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alterations in functioning of phospholipid-binding proteins
from annexins group, specifically annexin Al (ANXALl),
occur in AuP NPs-treated cells. Although ANXA1 was
reported to be involved primarily in inflammation pro-
cesses, it also has pro-apoptotic functions, which include
activation of p38 and JNK signaling pathways,* co-
localization with phosphatidylserine on the outer plasma
membrane leaflet,*® and activation of caspase-3.*7 As
demonstrated in Figure 5A, the signal from immunos-
tained annexin Al is highly increased in nanoparticles-
treated cells, which confirm that treated ovarian cancer
cells enter the apoptotic signaling pathway.

The apoptotic course of cell death, originating from the
mitochondrial disbalance under oxidative stress, is regu-
lated by apoptosis-related proteins, including Bcl-2.
Specifically, Bcl-2 prevents apoptosis by either sequester-
ing of caspases or by preventing the release into the
cytoplasm of mitochondria-derived apoptogenic factors
such as apoptosis-inducing factor (AIF) and cytochrome
c. Thus, a decrease in Blc-2 activity promotes the apopto-
sis process and accelerates the cellular death.>® In our
study, measurement of Bcl-2 activity after treatment was
performed by flow cytometry. As shown in Figure 5B,
activity of Bcl-2 protein when related to control cells
was decreased by 75.65% when 5 ng/mL of AuP NPs
was applied. Consequently, we observed a significant
increase of caspases activity in treated cancer cells
(Figure 5C). Combining the fluorescent-labeled inhibitor
of caspases (FLICA) with 7-actinomycin D (membrane
integrity indicator) allowed us to simultaneously measure
caspase activation and cells death. Quantitively, the
increase in number of live cells with activated caspases
was not exceptional (rise from 5.15+0.91% for control
cells to 18.77+4.77% for cells treated with 5 ng/mL of
AuP NPs for 72 hours), but the percentage of dead, cas-
pase-positive was 73.93+5.81% for AuP NPs (5 ng/mL)-
treated cells, which is nearly a 12-fold increase when
compared to control (Figure 5C). Since some caspases to
not initiated in the apoptosis signal, but are rather involved
in inflammatory cytokine signaling and other type of cell
death,* we decided additionally to verify the mechanisms
of apoptosis of ovarian cancer cells induced by gold nano-
peanuts using Western blot analysis of effectors caspases
(caspase-3 and caspase-9), and PARP expression. As
shown in Figure 5D and E, gold nanopeanuts induced
cleavage of caspase-3, caspase-9, and PARP in a dose-
dependent manner. Conversely, a significant depletion

(73.52%) in cytochrome ¢ oxidase expression was noted.
The immunostaining analysis further corroborated these
results. The above observations indicate that AuP NPs
induced cell death in SKOV-3 cells by regulation of Bcl-
2 protein, depletion of COX IV and induction of caspase-
dependent apoptotic signaling.

AuP NPs Promote Autophagy in SKOV-3
Cells

To examine whether autophagy is induced in gold nanoparti-
cles-treated ovarian cancer cells, we analyzed the expression
of LC3A/B, beclin-1, Atgl2, and Atg7, which are important
autophagy-related proteins, using Western blot. As demon-
strated in Figure 6, upon exposition to AuP NPs, expression
of these protein increased dose-dependently. When compared
to control cells, expression of LC3A/B and beclin-1 in AuP
NPs-treated cells (5 ng/mL) increased 2.17- and 2.68-fold,
while activity of Atgl2 and Atg7 was higher by 2.86- and
4.25-times. This quantitative data were also reflected in immu-
nofluorescence staining. Microphotographs demonstrated in
Figure 6C confirm the upregulation of autophagic-related
proteins by developed gold nanoparticles.

Apoptosis and Autophagy Act
Synergistically to Diminish Viability of
Ovarian Cancer Cells

To investigate the relationships between apoptosis and
autophagy, we performed Western blot analysis using apop-
tosis (Z-VAD-FMK) and autophagy (3-methyladenine
[3-MA]) inhibitors. As demonstrated in Figure 7 and in
accordance with the above-presented data, developed gold
nanoparticles induce cell growth suppression by triggering
both autophagy and apoptosis in treated ovarian cancer cells.
Consequently, the expression of several apoptosis marker
(cleaved caspase-3, cleaved caspase-9, and cleaved-PARP),
and autophagy (Atg7 and Beclin-1) is limited upon exposure
to their respective inhibitors. These results confirm that AuP
NPs induce these processes acting as an anti-cancer agent in
SKOV-3 cells. In further analyses, aiming to explore either
AuP NPs-induced autophagy promote cell survival or con-
tribute to cell death, we concluded that both autophagy and
apoptosis processes promote cell killing by synergistic
mechanism. As demonstrated, autophagy inhibitor 3-methy-
ladenine inhibits caspase activation and reduces apoptosis
(panel B), and in similar manner — Pan-Caspase inhibitor
Z-VAD-FMK reduces the expression of autophagic proteins
(panel D) suggesting that they are induced in an independent
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manner and might work together in triggering cell death. In
summary, the above data showed that gold nanopeanuts
induced cell apoptosis and autophagy through the JNK
signaling pathway, which is activated by reactive oxygen
species and excessive oxidative stress resulting directly from
a decrease of intracellular ROS scavengers.

Discussion

Owing to the plethora of unique physicochemical proper-
ties, including optical characteristic, high absorption effi-
ciency, localized surface plasmon resonance (LSPR)
effect, or extensive surface-to-volume ratio gold nanopar-
ticles have been extensively explored for bioimaging and
treatment of cancer.** Importantly, highly optimized synth-
esis methods of gold nanoparticles allow specifically
designed Au NPs with controllable surface chemistry,
size and shape, thus morphological features that have
a fundamental impact on their cellular uptake and
cytotoxicity."!  Although some of the reports are

. 41,42
contradictory,”

in general, non-spherical nanogolds are
recognized as more cytotoxic than nanospheres with com-
parable size and dose. Most recently, Lee et al** measured
cytotoxicity of gold nanorods, gold nanostars, and gold
nanospheres against four cancer cells types: stomach gas-
tric cancer cells AGS, cervix adenocarcinoma cells HeLa,
liver cancer cells HepG2, and colon cancer cells HT-29,
and concluded that anti-cancer activity of such nanoparti-
cles followed the order nanorods > nanostars > nano-
spheres. In another study, spherical and rod-shaped
nanoparticles were reported to be more cytotoxic than
nanoflowers or nanostars, which was determined
primarily by their size and aggregation processes.** With
the intention to their application as improved anti-cancer
agents, we developed elongated-type gold nanoparticles in
the shape of nanopeanuts (Figure 1) and investigated their
anti-cancer activity and mechanism of biological activity
against ovarian cancer cells. According to our best knowl-

edge, this is the first study describing the therapeutic
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Figure 7 Western blot evaluation of apoptotic (A and B) and autophagic (C and D) proteins expression in human ovarian adenocarcinoma SKOV-3 cells upon treatment
with peanut-shaped gold nanoparticles (AuP NPs) of 5 ng/mL for 24 hours. In this experiment, cells were pre-treated for 2 hours with signaling pathways inhibitors:
apoptosis inhibitor (Z-VAD-FMK, 20 upM), or autophagy inhibitor (3-MA, 5 mM). Results are presented as meanSD from three independent experiments. *Statistical
significance (P<0.05) when compared to samples treated with AuP NPs without pre-incubation with inhibitor.

potential of peanut-shaped gold nanoparticles in the treat-
ment of cancers. As demonstrated, synthesis modification
and elongating the synthesis time up to 3 hours resulted in

the generation of peanut-shaped gold nanoparticles with

size ~60+4.24 nm along the longitudinal axis, ~30+3.49
nm along the transverse axis and ~25+3 nm in the narrow-
est place. Since a considerable drawback limiting clinical
utility of gold nanoparticles is their low effectiveness in
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reaching a target diseased tissue (it is estimated that only
0.7% of initial nanoparticle dose is actually delivered to
the tumors), it is crucial to design nanoparticles with
improved cellular uptake ability. Peanut-shaped gold nano-
particles developed for the purpose of this study have
a width-to-height ratio of 1:2 (Figure 1). Most recently,
Tarantola et al*® revealed that rod-shaped gold nanoparti-
cles with a lower width:height ratio are uptaken by mam-
malian cells with a higher degree than those with more
elongated characteristics,which suggest that nanoparticles
developed by us should be effectively internalized into
cancer cells. In addition, trouble-free modification of the
chemical structure of the obtained gold nanoparticles and
the possibility of their conjugation with other anti-cancer
agents also suggests the possibility of their use as drug
transporters, in analogy to Au NPs-drug conjugates, as
demonstrated previously.*® Nevertheless, this aspect
needs confirmation in more complex in vivo models.
Cytotoxicity measurements indicated that peanut-
shaped gold nanoparticles are effective in doses as low
as nanograms per milliliter. Accordingly, at concentration
of 5 ng/mL only residual cancer cells survival is detected
(Figure 2), which suggest their considerable anti-cancer
potential. Importantly, developed gold nanopeanuts are far
more effective than spherical-shaped gold nanoparticles
(Supplementary Figure 2) and conventional cytostatics

(Supplementary Table 1). Although peanut-shaped nano-

particles were not reported to date, an extensive research
on other elongated-type gold nanoparticles, particularly
gold nanorods, allow for some statements and hypothesis
to be made. According to the results demonstrated in
Figure 3, we state that gold nanopeanuts exert potent
inhibitory activity by induction of excessive reactive oxy-
gen species in treated cancer cells, which ultimately leads
to disturbance of redox balance and introduction of ovar-
ian cancer cells into oxidative stress. Reactive oxygen
species, as highly reactive molecules derived from oxida-
tive metabolism of cells, act as a second messenger in
signaling pathways, thus have a pivotal role in regulating
cell growth and differentiation, survival, or
inflammation.*’ At the same time, however, excessive
ROS production results in irreversible oxidative damage,
DNA destruction, and cell death via apoptosis, autophagy,
or necroptosis pathways.*® To omit these cell-killing pro-
cesses, a variety of anti-ROS protective mechanisms,
including high levels of reduced GSH, was established in

cells.** We demonstrate that developed gold nanopeanuts

effectively disturb these mechanisms by significant deple-
tion of intracellular reduced glutathione level (Figure 3A
and B). In agreement, previous studies confirmed that
cytotoxicity of gold nanoparticles against lung cancer,
breast cancer,” and liver cancer cells® is determined by
loss of GSH and enrichment of cells with GSSH, resulting
ability of ROS.
The mechanism of this AuP NPs-mediated reduction of

in impaired cells to detoxify
GSH content upon exposure to tested nanoparticles might
be explained by strong Au-S bonding interactions between
Au NPs and GSH.”" Gold nanoparticles exert also consid-
erably higher cytotoxicity in cells with artificially
decreased GSH concentration,” which additionally reaf-
firms our observations on ROS-mediated killing activity of
gold nanopeanuts. To investigate the source of AuP NPs-
induced reactive oxygen species, we investigated the
expression of NOX4 in treated ovarian cancer cells
(Figure 3C) and level of mitochondria depolarization in
AuP NPs-treated cancer cells (Figure 3E). As demon-
strated, a considerable upregulation of NOX4 expression
and significant depolarization of mitochondria upon gold
nanopeanuts treatment was noted. NADPH oxidase family
members are recognized as one of intracellular ROS
sources and their upregulation was reported to stimulate
apoptosis and mitochondrial dysfunction in varied types of
3354 which might suggest that AuP NPs-mediated
cytotoxicity is NOX4-dependent. Nevertheless, available

cells,

literature suggests that a more likely mechanism of anti-
cancer activity of AuP NPs is through perturbations of the
mitochondria than direct NOX4 activation. Compelling
evidence indicates that mitochondria are a major target
for NPs-induced oxidative stress and once nanoparticles
gain access to mitochondria they initiate a pathway invol-
ving impairment of electron transport chain, structural
damage, NADPH enzymes activation, and depolarization
of mitochondrial membranes.’>® Importantly, Sun et al*®
demonstrated that physicochemical properties of gold
nanoparticles, particularly surface charge, strongly deter-
mine the mechanism of oxidative stress induction.
Accordingly, hydrophobic nanoparticles were reported to
generate oxidative stress mainly via NOX activation while
positively-charged NPs exerted their effect through pertur-
bations of the mitochondria and modulation of intracellu-
lar calcium concentration. Consistently, cationic
polystyrene nanospheres were noted to induce apoptosis
by mitochondrial-targeting, as presented by Xia et al.>
Considering that gold nanopeanuts developed by our

team were prepared using CTAB-assisted synthesis
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method and thus are positively-charged, we lean towards
a theory that ROS-induction mechanism of AuP NPs
involves disturbance in mitochondrial functioning, rather
than direct NOX4 activation. Experiments SP600125 inhi-
bitor confirmed also that AuP NPs act via JNK signaling
pathway, ie, pathway activated mostly by ROS and RNS.*’

As expected, mitochondrial disruption followed by
ROS overproduction led to induction of cell killing pro-
cesses (Figures 5-7). Apoptosis and autophagy, being
type-1 and type-II programmed cell death (PCD) pro-
cesses, are recognized as a major cellular molecular
mechanisms regulating cancer development and progres-
sion, and thus are utilized as potential targets for novel
oncostatics.’”>® Apoptosis is characterized by specific
morphological alterations and caspases activation, which
leads ultimately to initiation of proteolytic processing cas-
cades and elimination of damaged and unserviceable
cells.”® Autophagy is an evolutionarily conserved major
intracellular degradation mechanism by which aberrant
proteins, damaged organelles, and other structures are
digested in lysosomes and further recycled. In general,
autophagy seems to play a protective role in the physiolo-
gical and pathological cell processes and promote cell
survival during various stress conditions.”® Nevertheless,
accumulating findings evidenced that over-stimulation of
autophagy above a certain level results in autophagic cell
death coming from cellular self-consumption.>® In this
work, we present that exposure to gold nanopeanuts results
in induction of both apoptosis and autophagy processes, as
evidenced by analysis of most crucial and best-recognized
apoptotic and autophagic proteins (Figures 5-7). Co-
induction of apoptosis and autophagy occurs often when
cancer cells are treated with agents interfering with ROS
balance.®'*®® Notably, in this aspect the surface chemistry
of developed nanoparticles was reported to be more impor-
tant than shape.’’®? In agreement with our study, gold
nanorods prepared using CTAB-assisted method were
noted to in breast

induce apoptosis and gastric

adenocarcinoma®"®3

and promote autophagy in a variety
of cancer and non-cancerous tissues.®” These results were
further confirmed in another study, demonstrating potent
autophagy-induced abilities of CTAB-capped Au NPs in
lung carcinoma cells.”* The above reports suggest that
suitable decoration of gold nanoparticles may potentially
be used in malignancies therapies. A question is left
whether apoptosis and autophagy processes upon gold
nanoparticles exposure inhibit or induce each other.

Previous studies demonstrate that even when developed

oncotherapeutics induce both of these processes, the ulti-
mate cell fate is determined by the balance between anti-

cancer 31,60

apoptosis and pro-survival autophagy.
Considerable cytotoxicity recorded for developed gold
nanopeanuts strongly indicate that cell life balance is
directed towards the eradication of onco-transformed
cells. Indeed, based on results of Western blot analysis
we concluded that both autophagy and apoptosis processes
promote cell killing by synergistic mechanism (Figure 7).

Although results demonstrated here encourage the use-
fulness of gold nanopeanuts in the treatment of ovarian
carcinoma it should be noted that they are only prelimin-
ary and require further confirmation in much complex
in vivo models. A considerable limitation hampering the
clinical introduction of these nanomaterials is their toxicity
resulting from CTAB bilayer present on the surface of
developed nanopeanuts.®® Since the amount of CTAB
that left in AuP NPs solution after rinsing do not exceed
6% (data not shown) and effective doses of AuP NPs
against SKOV-3 are in range from 1-5 ng/mL, we calcu-
late that the amount of bound CTAB corresponds to 0.-
164-0.82 nM. Some studies indicate that such CTAB
concentration might considerably affect cytotoxicity of
gold nanoparticles,®> which is why we cannot exclude
such possibility in our experimental settings. However, it
should be noted that spherical-shaped gold nanoparticles
also prepared using CTAB reagent are non-toxic for ovar-

ian cancer cells (Supplementary Figure 2). In addition,

according to our data, hemolytic activity of AuP NPs at
doses of 1-5 ng/mL ranges from 1.37+£0.03% to 12.58
+0.37% (data not shown).

Considering the sum of these data, it is justified to
further explore the best administration route of these nano-
materials in animal models. Based on available literature,
some assumptions can be made that the best route of
administration of AuP NPs would be administrated
directly into the tumor. Localized delivery of gold nano-
particles via intratumoral injection was proposed as an
effective and safe approach to obtain the sufficient con-
centration of nanoparticles in targeted tumor without sys-
temic side-effects on healthy tissues and to limit non-
specific biodistribution.’® To date, such drug delivery
was used particularly for the purpose of nanoparticle-
based radiosensitization,”” photothermal therapy,*® and
NPs-mediated with
cytostatics,’® and for this reason the utility of this route

co-treatment conventional

of administration for AuP NPs application should also be
considered. Nevertheless, no conclusion can be made
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without detailed in vivo studies. Interestingly, intratumoral
injection provides also the possibility to utilize gold nano-
peanuts as photothermal therapy agents, as demonstrated
for other gold elongated-type nanoparticles.®® Our preli-
minary data confirm the potential of peanut-shaped gold
nanoparticles as photosensitizers (Supplementary Figure

3). Moreover, the positions of UV-Vis peak, which is
visible in revised Figure 1D clearly showed that AuP
NPs are characterized by appropriate physicochemical
properties to enable such application. As it is known, the
strong interaction between the Au NPs and light locally
generate heat in the nanoparticles,’” which caused the
increase of temperature to over 43°C. The high Au NPs
solution temperature can be used in photothermal antic-
ancer therapy, to damage and kill cancerous cells.”"”? In
biomedical applications of Au NPs their Surface Plasmon
Resonance (SPR) peak should be around 600-900 nm,
because these wavelengths have small energy, which is
safe for healthy cells. However, those aspectsneeds to be
elucidated using an animal models setting.

Conclusions

In summary, the results of in vitro studies demonstrate
that gold nanopeanuts can induce apoptosis and autop-
hagy in SKOV-3 cells through ROS-mediated pathways
and indicate that gold nanopeanuts, as newly-shaped
gold nanomaterials, possess the great potential as
nanotherapeutics. Further research aimed to elucidate
the safety and detailed therapeutic potential of such
nanoparticles in in vivo settings are justified and clini-
cally relevant.
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