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1. Introduction

Iron nitroprusside as a chemodynamic agent
and inducer of ferroptosis for ovarian
cancer therapyf
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Isabella Caligiuri,® Tiziana Perin,® Maja Cemazar,® Vincenzo Canzonieri
Flavio Rizzolio () *a°

b€ and

ChemoDynamic Therapy (CDT) is a powerful therapeutic modality using Fenton/Fenton-like reactions to
produce oxidative stress for cancer treatment. However, the insufficient amount of catalyst ions and
ROS scavenging activity of glutathione peroxidase (GPX4) limit the application of this approach.
Therefore, a tailored strategy to regulate the Fenton reaction more efficiently (utilizing dual metal cations)
and inhibit the GPX4 activity, is in great demand. Herein, a CDT system is based on dual (Fe?* metals) iron
pentacyanonitrosylferrate or iron nitroprusside (FeNP) having efficient ability to catalyze the reaction of
endogenous H,O, to form highly toxic *OH species in cells. Additionally, FeNP is involved in ferroptosis
via GPX4 inhibition. In particular, FeNP was structurally characterized, and it is noted that a minimum dose
of FeNP is required to kill cancer cells while a comparable dose shows negligible toxicity on normal cells.
Detailed in vitro studies confirmed that FeNP participates in sustaining apoptosis, as determined using the
annexin V marker. Cellular uptake results showed that in a short time period, FeNP enters lysosomes and,
due to the acidic lysosomal pH, releases Fe* ions, which are involved in ROS generation (*OH species).
Western blot analyses confirmed the suppression of GPX4 activity over time. Importantly, FeNP has a
therapeutic effect on ovarian cancer organoids derived from High-Grade Serous Ovarian Cancer (HGSOC).
Furthermore, FeNP showed biocompatible nature towards normal mouse liver organoids and in vivo. This
work presents the effective therapeutic application of FeNP as an efficient Fenton agent along with
ferroptosis inducer activity to improve CDT, through disturbing redox homeostasis.

via the catalysed conversion of hydrogen peroxide (H,O,)
into a lethal hydroxyl radical (*OH), resulting in an increased

To cope with the continuing threat of cancer, ChemoDynamic
Therapy (CDT) is considered one of the most promising cancer
therapeutic approaches with minimal toxicity through a Fenton
reaction.' In particular, besides iron, other metals including
Cu, Mn, Co, Ti, V, Pd, and Ag act as CDT agents via Fenton/
Fenton-like reactions.>™° CDT induces severe oxidative damage
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intracellular oxidative stress and lipid oxidation, which
lead to cell death.>*'* It has been reported that CDT
has low toxicity towards normal cells compared to the cancer-
ous cells, because metals have poor catalytic activity above
pH 4" while they are more effective towards tumor cells
due to their low acidic tumor microenvironment compared
to traditional chemotherapeutics.*®™® However, there is no
external stimulation required to initiate the Fenton reaction
via CDT,"""*?*® compared to other cancer therapeutic
approaches.>® Other than the Fenton reaction to produce
reactive oxygen species (ROS),>*>* iron-based materials pro-
mote ferroptosis-mediated cell death. Ferroptosis is an iron-
dependent form of cell death, which is related to the intracellular
iron concentration®*® and plays an important role in tumor
growth suppression.”” Ferroptosis requires the inactivation of
glutathione peroxidase (GPX4) or glutathione (GSH) depletion
in order to produce an abundant amount of ROS**~*° to induce
cell death.

This journal is © The Royal Society of Chemistry 2023
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To date, several types of iron-based nanomaterials have been
explored for the Fenton reaction as anticancer agents.*'°
However, there are not enough ions to catalyse the Fenton
reaction and the remaining ROS are readily scavenged by the
antioxidant glutathione peroxidase (GPX4), allowing the survival
of tumoral cells.>” Therefore, the regulation of a Fenton reaction
by increasing nanocatalysts and the induction of ferroptosis by
inhibiting the GPX4 enzyme is an effective strategy in cancer
treatment. For example, Chen et al. reported the use of ultra-
small poly(ethylene glycol)-modified polydopamine (UPDA-PEG-
Fe) nanoparticles to induce ferroptosis through the inactivation
of GPX4 activity to induce cell death. This system improves the
metal-ion-loading strategy in a pH-controllable manner for the
Fenton reaction.® Li et al. designed tannic acid (TA) and Fe**
coated zeolite imidazole ester skeleton-8 (ZIF-8) self-assembly, as a
carrier of artemisinin (ART) to catalyze the degradation of ferritin
and increase the amounts of Fe*" in cells. This system induced ROS
with decreasing GSH and GPX4 activity to promote ferroptosis.®® In
another study, Dong et al. developed a liposomal-based BSO/GA-
Fe(u) nanoformulation to deliver GSH inhibitor vr-buthionine
sulfoximine (BSO) to amplify the tumor oxidative stress by targeting
H,0, and GSH within the tumor microenvironment to generate
ROS species.”’ Liu et al. developed Fe-metal-organic framework
nanoparticles conjugated with an iRGD peptide multifunctional
nanocomposite, MIL-101(Fe)@sor, as a carrier for sorafenib to
inhibit GSH. This proposed nanocomposite increases the concen-
tration of iron and reduces GSH simultaneously to effectively
induce tumor ferroptosis."’ However, a previously developed
system is based on the delivery of a GSH inhibitor with other
therapeutic approaches (e.g., peptide, surface modification) but is
far from a satisfactory clinical outcome.*>** Therefore, it is neces-
sary to design such a system that has efficient catalytic activity (dual
metal ions) for ROS production and the capability to inactivate the
GPX4 function without any external drug and loading system for a
better therapeutic approach.

In this study, for the first time, we reported such a system
that shows (dual Fe metal) efficient catalytic activity on H,O, for
*OH generation as well as simultaneous involvement in the
depletion of GPX4 activity to induce ferroptosis without any
delivery system or external stimuli. In our design, a biocompatible
Fenton catalyst iron pentacyanonitrosylferrate or iron nitro-
prusside (FeNP) was prepared using a simple solution mixture-
based procedure using FDA-approved sodium nitroprusside as
a precursor. Iron nitroprusside compound has naturally NO
species together with dual iron metal cations (Fe*") in its
structure to improve CDT together with GPX4 depletion-based
therapeutic systems. Additionally, this system presents a novel
strategy to amplify tumor oxidative stress with GPX4 depletion
at the same time without the requirement of any extra stimuli
or delivery system to improve CDT for therapeutic effects. The
results were validated using a number of different in vitro,
ex vivo and in vivo experiments, showing the biocompatible
nature of FeNP towards normal liver organoids and in vivo
while being toxic towards tumoral cells and Patient derived
tumor organoids (PDTO). Additionally, FeNP decomposed
more endogenous H,0, than its precursors (iron chloride and
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sodium nitroprusside) and inactivated GPX4 over time to
induce ferroptosis.

2. Experimental section
2.1 Materials and methods

Iron(u) chloride (FeCl,), sodium nitroprusside dihydrate (Na,[Fe-
(CN);NOJ-2H,0, SNP, >99%), and anhydrous methanol (99.8%)
were purchased from Sigma-Aldrich St. Louis, MO, USA. A Millipore
Milli-Q Biocell A10 water purifying system was employed to
prepare ultrahigh purity water to use throughout the experiments.
A2780, A2780cis, U-87 MG (Sigma-Aldrich, St. Louis, MO, USA),
MDA-MB-231 (Cell Biolabs, CA, USA), SK-OV-3, MCF-7, and MRC-5
(ATCC, Manassas, VA, USA) cells were cultured according to the
manufacturers’ instructions. LysoTracker Green DND-26, Hoechst
33342, and rhodamine B were acquired from ThermoFisher
Scientific, Waltham, MA, USA. CellTiter-Glo® from Promega,
Madison, WI, USA and PE-Annexin V Apoptosis Detection Kit
from Becton-Dickinson, Franklin Lakes, NJ, USA were used. An
ROS-Glo™ H,0, luminescence assay kit bought from Promega,
Madison, WI, USA and FluorSave™ reagent (Catalog no: 345789;
Millipore: Burlington, MA, USA) were used.

2.2 Instrumentation

The morphologies of the FeNP samples were observed under a
field-emission scanning electron microscope (FE-SEM, Carl
Zeiss Sigma VP, Jena, Germany) and a transmission electron
microscope (TEM, JEM-2100, JEOL, Tokyo, Japan). An energy-
dispersive X-ray spectroscopy (EDS) analyzer (INCAx-sight7421,
Oxford Instruments, UK) equipped with a FE-SEM instrument
was employed to obtain the atomic percentage of the elements
present in FeNP. The as-prepared FeNP crystal structure was
characterized with an X-ray powder diffractometer (XRD, Phi-
lips, X’pert, Netherland) with Cu Ko radiation (4 = 1.5406 A). A
Fourier transform infrared (FTIR) spectrophotometer (MIDAC,
M4000, Westfield, MA, USA) was utilized to obtain the chemical
functional groups in FeNP. The Raman shift was observed using a
Raman spectrophotometer (Horiba Scientific, Xplora Plus, France)
operated at 532 nm. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific™ K-Alpha, ThermoFisher Scientific, Waltham,
MA, USA) was utilized to observe the chemical composition,
nature of bonding, and oxidation states of FeNP. A UV-Visible
spectrophotometer (UV-VIS-31 Scan, ONDA, Modena, Italy) was
used to obtain the optical absorption spectra of the samples.
To evaluate IC50 values, a Tecan infinite M1000 (Tecan, Manne-
dorf, Switzerland) luminescence measurement system was used.
AnnexinV was evaluated with a BD FACS Cantoll instrument
(BD Biosciences, San Jose, CA, USA). Fluorescence images were
captured on a Leica DM5500B with an X-Cite 120 PC Q lamp. The
chemiluminescent signal was obtained with a chemiluminescent
gel imaging system (ChemiDoc™ Touch Imaging System, Bio-
Rad, Hercules, CA, USA) and analysed with Image Lab Software
(Bio-Rad).
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2.3 Synthesis of FeNP

A simple solution mixing procedure was employed to synthesize
FeNP. Briefly, 40 mL of 0.2 M FeCl, solution in methanol was
mixed with 40 mL of 0.4 M SNP solution in methanol and stirred
for 12 h at 70 °C. After the completion of the reaction, the
reaction mixture was cooled to RT. Subsequently, the precipi-
tates of FeNP were collected by centrifugation at 12 000 RPM for
30 min, washed several times with methanol, and dried at 40 °C
overnight in a vacuum oven at 40 °C. The chemical reaction for
the synthesis of FeNP can be written as follows:

Fe®" + [Fe(CN)sNOJ*~ — Fe[Fe(CN);NO]

2.4 Cell viability

For cell viability measurements, SK-OV-3, MDA-MB-231, A2780,
A2780 cis, U-87 MG and MCF-7 cells were seeded in 96-well
plates at densities of 1 x 10° and, for MRC-5, 8 x 10> per well
and treated with six concentrations (0.001, 0.01, 0.1, 1, 10 and
100 pg) of iron nitroprusside (FeNP) and its precursors iron
chloride (FeCl,) and sodium nitroprusside (SNP). As a positive
control, we treated cells with six concentrations of CisPt start-
ing from 30 pg ml™" (100 uM) to 0.001 ug ml~* (0.03 uM). After
96 hours, cell viability was measured using the CellTiter-Glo®
assay system according to the manufacturer’s instructions
(Promega, Madison, WI, USA). Luminescence was recorded
using a Tecan M1000 instrument. Experiments were performed
in triplicate and ICs, values were analysed using a non-linear
regression method using GraphPad Prism software.

2.5 Stability of FeNP

The stability of FeNP was measured by developing an artificial
in vivo system through mixing FeNP in physiological solutions
with two different pH values (pH 5.5 and pH 7.4). Next, the
solutions were kept in an incubator at 37 °C. Then samples were
taken at different day intervals (0-7; DO, D1, D2, D3, D5, and D7),
centrifuged, and collected. After that, samples were measured by
UV-vis absorption spectroscopy by mixing them in DI water.

2.6 Intracellular localization

SK-OV-3 cells were plated at a density of 2 x 10° cells per mL in
6 well plates containing a glass coverslip for 24 h to allow cell
attachment. Afterward, 50 ug ml~" of FeNP labelled with 30 pg m1™"
of rhodamine B was added for 6, 24 and 48 h. Cells were washed
twice with PBS and then incubated with 200 nM Lysotracker™Green
DND-26 (ThermoFisher Scientific, Waltham, MA, USA) for lyso-
somes and 200 ng ml~" Hoechst 33342 for nuclear staining,
respectively. Next, to fix cells, 4% paraformaldehyde was used for
20 minutes and then the coverslip was mounted using FluorSave
mounting media (Merck Millipore, Burlington, MA, USA) for cellu-
lar imaging. The cellular uptake of FeNP was observed under a
fluorescence microscope with appropriate filters. Images were
analysed using Image] and JacoP plugins.

2.7 Flow cytometry analysis

SK-OV-3 cells were cultured at a density of 2 x 10° in 6 multi-well
plates as suggested by the supplier for indicated time points.
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Following treatment, cells were washed with PBS, then harvested
and labelled with a PE-Annexin V Apoptosis Detection Kit from
Becton-Dickinson, Franklin Lakes, NJ, USA for 15 min in dark-
ness. After, samples were examined using a BD Canto II flow
cytometer and BD FACS DIVA software.

2.8 H,0, level measurement

To quantify the H,0, level, SK-OV-3 and MRC-5 were plated in
96 multi-well plates at a density of 1 x 10" per well and
incubated at 37°C for 24 h. Then, cells were treated with
50 ug ml~" of FeNP, FeCl,, SNP and cisplatin (CisPt) (3 pg ml™":
10 pM) for different time points (6, 24 and 48 h). The intracellular
ROS H,0, level was measured by ROS-Glo™ H,0, luminescence
assay (Promega, Madison, WI, USA) corresponding to the manu-
facturer’s guidelines on a Tecan M1000 instrument.

2.9 Cytochrome c release

SK-OV-3 cells were grown on coverslips at a density of 2 X
10° cells per mL followed by the treatment of FeNP (50 pg ml )
and CisPt (3 pg ml~*: 10 uM) for 6, 24 and 48 h. After each time
point, 4% paraformaldehyde was used to fix the cells (20 min,
RT). Furthermore, cells were permeabilized with 0.3% Triton
X-100/PBS (15 min, RT) and blocked with 8% BSA/PBS (1 h, RT).
Next, cells were stained with a mouse monoclonal anti-cytochrome
¢ (6H2-B4) antibody (1:100 dilution in 1% BSA/PBS, at 4 °C,
overnight) purchased from Cell Signaling Technology, Catalog no:
12963; Danvers, MA, USA, followed by secondary antibody staining
(1:1000 dilution, Alexa Fluor®™ 488 dye) for 2 h at room tempera-
ture. For nuclear visualization, cells were stained with 1 mg mL ™"
of DAPI (1:10000 dilution in PBS, RT, 1 min). The cells were
washed three times with PBS after all incubation steps. The cover-
slips were mounted on glass slides with the FluorSave™ reagent
(Catalog no: 345789; Millipore: Burlington, MA, USA) and images
were acquired using a Leica DM5500B fluorescence microscope
with an X-Cite 120 PC Q lamp and analysed with Image J software.

2.10 Western blot analysis

SK-OV-3 cells were treated with FeNP, FeCl,, SNP (10 ug ml™")
and CisPt (3 ug ml~": 10 uM) for 6, 24, and 48 h, then harvested
and lysed using a radioimmunoprecipitation assay buffer con-
taining protease and phosphatase (sodium fluoride (NaF)
and sodium orthovanadate (Naz;VO,)) inhibitors via vigorous
sonication on an ice bath and the protein concentration was
determined using the Bradford protein assay. 20 pg of proteins
was used for SDS-PAGE and transferred to a nitrocellulose
membrane. After protein transfer, the membranes were
blocked in 5% (wt/v) non-fat milk and incubated with primary
antibodies overnight: GPX4 (Catalog no: ab125066, dilution
1:500, Abcam, Cambridge, UK) and Vinculin (Catalog no:
sc7649, dilution 1:5000, Santacruz Biotechnology, Dallas,
TX, USA), followed by incubation with secondary antibodies con-
jugated with horseradish peroxidase (goat anti-rabbit immunoglo-
bulin G, Catalog no: 31462, ThermoFisher Scientific, Waltham,
MA, USA, and mouse anti-goat immunoglobulin G, Catalog no:
31400, ThermoFisher Scientific, Waltham, MA, USA) with dilution
1:10000. The immunoblot signals were generated using a Liteablot

This journal is © The Royal Society of Chemistry 2023
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Chemiluminescent Substrate Kit (Catalog no: EMP013001,
Euroclone, Milan, Italy). The chemiluminescent signal was cap-
tured in a chemiluminescent gel imaging system (ChemiDoc™
Touch Imaging System, Bio-Rad, Hercules, CA, USA) and analyzed
with Image Lab Software (Bio-Rad).

2.11 Organoid isolation and culture

Mouse liver organoids were produced from 8-week-old C57/BL6
mice following the protocol described by Stappenbeck.**
Organoids were generated from mouse liver post-mortem (Ita-
lian Ministry of Health, 148/2016-PR). Briefly, liver tissue was
digested for 30’ with 2 mg m1 ™" collagenase, the tissue suspen-
sion was centrifuged at 1500 rpm for 5 min, and then the pellet
was resuspended in a Cultrex growth factor-reduced Basement
Membrane Extract (BME), Type2 (R&D Systems Catalog no:
3533-001-02, Milan, Italy) and cultured in 24 well plates.
After hydrogel solidification, 450 ul of the organoid medium
was added.

Patient-derived tumour organoids (PDTO) were obtained
from ovarian cancer patients. Tissues were handled and
cultured using the protocol described by Scattolin et al.*> For
research purposes, biobank informed consent was available to
collect the samples at the National Cancer Institute (CRO) of
Aviano.

2.12 Toxicity assay on mouse liver organoids and PDTO

To determine the toxicity, organoids were cultured in 96 multi-
well plates and treated with FeNP, FeCl,, and SNP ranging from
100 pg ml ™" to 0.034 pg ml~" for 96 hours. As a positive control,
we used CisPt starting from 30 pg ml~* (100 uM) to 0.001 pg ml™*
(0.03 uM). After 96 hours, organoid viability was quantified using
the CellTiter-Glo® 3D Luminescence assay (Promega, Madison,
WI, USA) with a Tecan M1000 instrument (Tecan, Mannedorf,
Switzerland).

2.13 Histopathological analysis of HGSOC PDTO

For the histopathological study, formalin-fixed paraffin-embedded
sections of tumour organoids were used. After culturing, orga-
noids were harvested and fixed in phosphate-buffered 10%
formalin and embedded in paraffin using a Micro NextGen
Cell Blocking™ Kit (Cat no: M20; AV Bioinnovation) following
the manufacturer’s instructions. Using a Leica ST5020 multi-
stainer, 5 pm sections were stained with haematoxylin and
eosin (H&E) and 2 pm sections were cut for immunohistochem-
istry (IHC) staining. A heat-induced antigen retrieval method
and an UltraVision LP Detection System HRP DAB kit (Thermo-
Fisher Scientific, Waltham, MA, USA) were utilized to perform
IHC. The following antibodies were used to characterize PDTO
and parental tumour: PAX8 (Catalog no: 10336-1-AP, dilution
1:400, ProteinTech Group, Planegg-Martinsried, Germany),
Ca125 (Catalog no: sc-52095, dilution 1:100, Santa Cruz Bio-
technology, Dallas, TX, USA) and WT1 (Catalog no: ab89901,
dilution 1:300, Abcam, Cambridge, UK). Immunohisto-
chemistry images were captured using a light microscope with
different magnifications.

This journal is © The Royal Society of Chemistry 2023
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2.14 Animal studies

Animal experiments (EU directive (2010/63/EU)) were performed
under the authorization of the National Ethical Committee and
the Administration of the Republic of Slovenia for Food Safety,
Veterinary and Plant Protection.

Tumor-bearing mice were randomly distributed in 3 groups
(n = 6 tumors per group). Mice per group were treated intraper-
itoneally (i.p.) with a vehicle, 8 mg kg™" of FeNP and 2 mg kg ™"
of CisPt. In subsequent treatments, mice were examined every
day for toxicity signs for 30 days. Data are reported as the mean
and standard error. The dosages of CisPt and FeNP were
derived from literature analysis.>®*%*

2.15 Statistical analysis

The data represented the means of at least two independent
experiments performed in triplicate. Statistical analysis was
performed with a two-tailed ¢ test using GraphPad Prism 8.0
and Origin 9.0 software. For all data, p < 0.05 (*p), p < 0.01 (**p)
and p < 0.001 (***p) were considered statistically significant.

3. Results and discussion

3.1 Structural and morphological analyses

Fig. 1(a) shows the powder XRD pattern of FeNP. To elucidate the
exact pattern, the XRD spectra of FeNP are simulated using the
pattern of nickel(n) nitroprusside (NiNP).** This is because
the preparation of a single-crystal of FeNP and the corres-
ponding XRD analysis are beyond the scope of this research.
The simulated XRD pattern is well-matched with the experi-
mental pattern, and it is isostructural to NiNP.*® The sharp and
intense XRD peaks of FeNP are well-matched with the computed
XRD pattern. The high intensity and sharp major peaks at 20 =
17.25°, 24.40°, 34.70°, 39.0°, 50.0°, 53.40°, and 56.40° can be
ascribed to the &kl reflections of the (002), (022), (004), (024),
(044), (244) and (026) planes, respectively, of the cubic crystal
system with the space group Fm3m, as shown in Fig. 1(b).*®*
The absence of additional peaks and the high intensity of the
peaks suggest the high crystallinity of the as-prepared FeNP. The
crystal structure and the composition of FeNP were examined
further by Raman spectroscopy. The high-intensity Raman peaks
of FeNP (Fig. 1(c)) at 220, 280, and 383 cm™ " can be assigned to
the Fe-C-N-Fe bands, while the peak at 590 cm™ " can be ascribed
to the Fe-NO band.**”° The isolated bands of CN appear in the
range of 2050-2250 cm ™" and the intense band at 2150 em ™' is
possibly due to the stretching of the CN group in FeNP.>!

The nature of the chemical species and the functional
groups present in FeNP was analyzed by FTIR spectroscopy.
Fig. 1(d) shows the FTIR spectrum of the as-prepared FeNP,
which revealed the presence of high-intensity bands of NO and
CN at 1940 cm ™" and 2170 cm ™, respectively.*® The additional
high-intensity absorption bands at 3402 cm ' and 1609 cm ™"
can be assigned to the O-H absorption band originating from
the adsorbed or crystalline water and the deformational scissor
vibrations of water, respectively.*®>*> The elements, functional
groups, and elemental oxidation states in FeNP were analyzed

J. Mater. Chem. B, 2023, 11, 3124-3135 | 3127
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(a) Powder XRD pattern of the as-prepared FeNP together with the simulated XRD pattern. (b) The crystal structure of FeNP. (c) Raman and (d)

FTIR spectra of FeNP. (e) XPS survey spectra and high-resolution XPS spectra of (f) Fe 2p, (g) C 1s, (h) N 1s, and (i) O 1s. The line with the circle symbol and

the shaded region represents the experimental and fitted data, respectively.

with XPS measurements. Fig. 1(e) displays the survey XPS
spectra of FeNP, which exhibited the existence of C 1s, N 1s,
0 1s, and Fe 2p peaks in their reported binding energy values.’?
The experimental high-resolution XPS spectra of Fe 2p, C 1s, N
1s, and O 1s are presented in Fig. 1(f)-(i), respectively, along
with the fitted results. The high-resolution Fe 2p spectrum of
FeNP showed spin-orbit doublet peaks of Fe 2p;,, and Fe 2p;,.
Both the peaks exhibited Fe** low spin states at 710.0 and
726.0 eV, respectively, and Fe®" high spin states at 708.0 and
723.0 eV, respectively, originated from the Fe>" species.*®* The
additional peak at 712.0 can be ascribed to the presence of
[Fe(CN)sNO] in FeNP.*° The appearance of these high-spin Fe**
peaks in FeNP can be attributed to the partial decomposition of
FeNP induced by the high energy XPS beam that can be further
confirmed by the presence of a satellite peak at 716.25 eV. The
decomposition of FeNP induced by high energy XPS beam
during measurement possibly altering of the Fe-CN bonds to
Fe-NC bonds or breaking of the Fe-CN bond.*®** The decon-
voluted core-level C 1s spectrum of FeNP showed only a CN

3128 | J Mater. Chem. B, 2023, 11, 3124-3135

peak at 284.85 eV, while the high-resolution N 1s spectrum
showed the CN and NO peaks at the binding energies of 397.58
and 400.80 eV, respectively. These binding energy values of
chemical species of C 1s and N 1s spectra of FeNP are close to
the reported results of other metal-nitroprussides.*®*>>* The
fitted O 1s spectra exhibited two-component peaks at 530.80
and 532.30 eV. The former peak can be assigned to the NO peak
in FeNP, while the latter peak can be ascribed to the oxygen
peak, originating from the adsorbed or crystalline water in
FeNP.*® The stability of FeNP was observed by establishing the
artificial in vivo conditions in two different pHs (7.4 and 5.5) at
37 °C. After the treatment samples were taken at different time
intervals and investigated by UV-vis absorption measurements
(Fig. S1, ESIT). The results showed the presence of the FeNP
absorption band at 270 nm without any visible shifting in the
absorbance maxima at both pHs for up to 1 week, indicating
the high stability of FeNP.

Fig. 2(a) and (b) show the FE-SEM images of FeNP under
two-different magnifications. The surface morphology of the as-

This journal is © The Royal Society of Chemistry 2023
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synthesized FeNP exhibited the formation of mixed morpholo-
gies with a wide size distribution range. This was further
confirmed with the HR-TEM images of the samples, which
are presented in Fig. 2(c) and (d). The appearance of the smaller
and larger particles in the sample can be further evidenced by
the varying transparency of the electron beam in the HR-TEM
images. To further confirm the characteristics of elements,
present in FeNP, the EDS spectrum was measured, as shown
in Fig. 2(e). The spectrum clearly revealed the presence of Fe, C,
N, and O elemental peaks without the presence of other
impurity peaks in the sample, and the corresponding elemental
weight (%) was 32.51, 24.94, 31.45, and 11.10%, respectively.

3.2 FeNP induces cytotoxicity in cancer cells

To evaluate the cytotoxicity of FeNP, different cancerous cell lines
(SK-OV-3, A2780, A2780cis, U87 MG, MDA-MB-231 and MCF-7)
and a normal human fibroblast cell line (MRC-5) were treated
with FeNP for 96 h. The potency of FeNP was shown mainly on
ovarian cancer cell lines (SK-OV-3, A2780, and A2780cis) as well as
other types of cancers including glioblastoma (U-87MG) and
breast cancer (MDA-MB-231 and MCF-7). The cytotoxicity of the
proposed FeNP is also significantly higher in the CisPt resistant
ovarian cancer cell line (A2780cis) compared to the other treated
groups (Fig. 3(c)).

Briefly, the ICs, values of FeNP and its precursor (FeCl,)
against cancer cell lines are in the range of 0.05-3.16 pg ml ™"
and 0.09-76.3 pg ml ', respectively. In comparison with CisPt
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Fig. 3 Cytotoxic evaluation. (a)—(f) ICso values of FeNP toward normal and cancer cells. Values are expressed in pg ml~*. Data represent mean + SD (n =
3). (g) Apoptosis analysis. The SK-OV-3 cells were analyzed by FACS using Annexin V/7AAD double staining after treatment of FeNP (50 ug ml™2) and CisPt
(3 ug ml™%; 10 pM) for 6, 24 and 48 h (Q3: viable cells, Q4: early apoptosis, Q2: late apoptosis, and Q1: necrosis).
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Fig. 4 Immunofluorescence analysis of cytochrome c release of SK-OV-
3 cells incubated with FeNP (50 ug ml~%) and CisPt (3 ug ml™; 10 uM) for 6,
24 and 48 h. Bar, 10 pm.

on cancer cells, FeNP is more effective up to 54 fold. However,
as depicted in Fig. 3(a)-(f), FeNP caused low or negligible
toxicity to normal cells (0.07-fold). These data demonstrate that
FeNP could release Fe* ions inside the cells, which induce ROS
species production and exert their toxicity. Complete data of
IC5, values are listed in Table S1, ESI.{ Hence, our results
suggest that FeNP exhibits considerable toxicity towards all
cancer cell lines while having less toxicity towards normal cells.

To validate the cell death mechanism caused by FeNP,
annexin V/7AAD staining was performed following the treatment
with FeNP, FeCl, (10 pg ml~") and CisPt (6 g ml~"; 20 uM) of the
SK-OV-3 cell line for 6, 24, and 48 h. Our data showed that the
FeNP treatment leads to apoptosis, which increased over time as
shown in Fig. 3(g) and Fig. S2¢ (ESIt). We observed a percentage
of viable cells similar to control cells (92%) after 6 h of treatment
which reduced to 71.3% and 29.0% after 24 h and 48 h of FeNP
treatment. Additionally, there is an increase in early apoptosis
from 1.2% in the control cells to 2.7%, 4.2% and 13.3% after 6,
24 and 48 h of FeNP treatment. A significant increase in the
proportion of late apoptosis was observed, from 2.2% in control
samples to 2.7%, 15.7% and 44.0% after 6, 24 and 48 h of FeNP
treatment, respectively. Comparatively, apoptosis in precursors
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and the CisPt group is lower than that due to FeNP (Fig. S2(a)
and (b), ESIT). These results suggested that FeNP induces cell
death via the apoptotic pathway.

3.3 Cytochrome c release

The release of cytochrome c¢ is the major event during
apoptosis.®>>® For this reason, next we examine the release of
cytochrome c into the cytosol from mitochondria. Based on the
IC;5, data, we incubated SK-OV-3 cells with FeNP, FeCl,, SNP
(50 ug ml™") and CisPt (3 pg ml™*; 10 uM) for 6, 24, and 48 h
and then compared them with untreated cells. As illustrated in
Fig. 4 and Fig. S3 (ESIT) there is an obvious release of cyt ¢ after
24 h of FeNP treatment compared to cisplatin and FeCl,-treated
cells. Our data suggest that there is a cyt ¢ release in the cytosol

leading to cell death.

3.4 Cellular uptake analysis

One of the challenges in cancer therapy is the lysosomal
degradation of chemotherapeutic agents.”” Colocalization
experiments were performed to investigate the amount of FeNP
internalized in lysosomes. To evaluate the FeNP accumulation,
we incubated the SK-OV-3 cells for 6, 24 and 48 h at 37 °C with
FeNP labelled with rhodamine (red), the nucleus with Hoechst
33342 (blue) and lysosomes with Lysotracker™Green DND-26
(green). Fig. 5 shows the internalization of FeNP at each time
point. The colocalization of FeNP and lysosomes was evaluated
with Pearson’s correlation coefficient (R) after each time point.
Interestingly, “R” values after 6 and 24 h of treatment were 0.64
and 0.709 but after 48 h the values decreased to 0.59 for FeNP.
These results suggest that FeNP initially goes partially inside
the lysosomes in agreement with previous studies for iron
nanoparticles®®®° demonstrating the endocytotic uptake
mechanism of FeNP, but with time, FeNP escapes lysosomal
degradation and relocalized to the cytoplasm.

We next examined the cell death mechanism through oxi-
dative stress via ROS production. SK-OV-3 and MRC-5 cell lines
were incubated with FeNP (50 ug ml~") and CisPt (3 pg ml™",
10 uM) for 6, 24 and 48 h. As shown in Fig. 6(a), in SK-OV-3 cells
the H,O, levels increase after 48 h. This effect could be due to
the reduction of the glutathione peroxidase 4 (GPX4) activity.
Comparatively, in fibroblasts, the overall H,0, levels are higher
than in SK-OV-3 as shown in Fig. 6(b) but are reduced with time
due to the antioxidant activity. In comparison, between cancerous
and normal cells, the overall H,O, levels are lower in cancerous
cells because of the FeNP catalytic activity for efficient *OH
generation as a Fenton agent for subsequent damage of cancer
cells.®"®* Our results are in accordance with previous reports,
which demonstrate that *OH radical production depends on H,0,
and the catalytic activity of iron nanoparticles for efficient *OH
generation to destroy cancer cells.”!

Recently, it has been reported that iron nanoparticles induce
cell death via a lysosomal degradation pathway due to an acidic
lysosomal environment, which releases iron ions involved in
the production of ROS leading to ferroptosis cell death.®*®*
There are a number of studies that demonstrated the role of
ROS species in the ferroptotic cell death mechanism.®®

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Lysotracker analysis of an FeNP for the cell internalization study. Fluorescence microscopy images of a rhodamine-labeled FeNP of SK-OV-3
ovarian cancer cell line after 6, 24 and 48 h, from the left to the right, respectively. Negative control (only nuclei and lysosome staining, rhodamine) was
used to set up the fluorescence intensity and avoid the background signal. Bar, 10 pm. Cells were incubated with FeNP (50 ug ml™?) for 6, 24 and 48 h.

SK-OV-3 )
d C & K& (&
- I
5 T| cexa - e e S
2 S G e WP
et Vinculin
2 Q
» &L M R
E & F & O
= N
Vinculin ﬁ
R4
& F& &
== L. ~) .
b = GPXa S - am -
Vinculin |- WD e o

Relative H,0, level

Fig. 6 (a) and (b) Relative H,O; level. (a) SK-OV-3 and (b) MRC-5 incubated with FeNP, FeCl,, SNP (50 ug ml™) and CisPt (3 ug ml™%; 10 uM) for 6, 24 and
48 h. (c) Effect of FeNP on the GPX4 activity on the SK-OV-3 cell line, assessed by western blot after 6, 24 and 48 h of treatment. Cells were incubated
with FeNP (50 ug ml™) and CisPt (3 ug ml™%; 10 uM). Error bars indicate the SEM, and data shown are for two independent experiments of three replicates.
Groups were considered statistically significant if p < 0.05 (*), p < 0.01 (**) and non-significant (ns).
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Fig. 8 Body weight change of tumor-bearing mice after treatment with
FeNP and CisPt. Error bars indicate the SEM.

Ferroptosis is an iron-dependent programmed cell death, which
is characterized by higher intracellular iron ions and ROS
production.®” Ferroptosis is activated by the depletion of the
GPX4 activity. GPX4 is an antioxidant enzyme involved in repairing
oxidative damage to lipids and acts as an inhibitor of ferroptosis.
Thus, GPX4 is an important regulator of ferroptosis.®*”® Therefore,
next we determined the GPX4-mediated ferroptosis after FeNP
treatment. As shown in Fig. 6(c), the GpX4 activity is similar
after 6 and 24 h of treatment, but eventually, after 48 h the
GPX4 activity is downregulated in SK-OV-3, which demonstrates
the involvement of FeNP in the ferroptosis-mediated cell death
pathway with apoptosis. Previously, it has been reported that

3132 | J Mater. Chem. B, 2023, 11, 3124-3135

the reduced glutathione peroxidase activity leads to increased
H,0, levels ultimately leading to *OH production.”" CisPt
treatment showed upregulation of the GPX4 activity, which
indicates a CisPt resistance mechanism via ferroptosis inhibition.”
These data suggest that FeNP is involved in ROS production via
a ferroptosis cell death mediated pathway.

3.5 Anticancer activity of FeNP on human ovarian cancer
organoids

Normal mouse liver organoids were used to evaluate the toxicity
effect of FeNP.”* The ICs, value of FeNP (>200 pg ml ") was 21-
fold higher than that of CisPt (9.2 & 1.9 ug ml™"). This suggests
the biocompatibility of FeNP towards liver organoids compared
to its precursors and CisPt (Fig. 7(a) and Table S2, ESI).

Afterward, we examined the toxicity of FeNP on HGSOC
patient-derived tumor organoids (PDTO), the most common
type of ovarian cancer with the worst survival rate.”*’> Patient-
derived tumor organoids represent a useful ex vivo model to
evaluate the therapeutic drug efficacy*>’®’” as they mimic the
patients’ response in the clinic’® compared to xenografts.”® To
better mimic the treatment option, we generated organoids from
HGSOC patients to determine the efficacy of FeNP. In ovarian
cancer, organoids could predict drug response in human
patients.”®”® As shown in Fig. 7(b)~(d) the ICs, values are in
the range of 0.3-2.7 ug ml~" (Table S2, ESI¥).

To investigate the molecular similarity of organoids with the
parental tumor, immunohistochemistry analysis was performed.
We observed immunopositivity for CA125 (cancer antigen 125),

This journal is © The Royal Society of Chemistry 2023
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WT1 (Wilms Tumor 1) and PAXS8 (paired box gene 8) which are
markers of ovarian carcinoma (Fig, S4, ESIT).

3.6 In vivo biocompatibility of FeNP

Since FeNP was less toxic towards normal liver organoids, the
biocompatibility of FeNP was investigated in mice. The mice
were treated intraperitoneally twice per week with 2 mg kg™ of
CisPt and up to 8 mg kg~ of FeNP. After treatment, mice were
examined on a daily basis for signs of toxicity (physical dis-
tresses). As shown in Fig. 8, after FeNP treatment (8 mg kg™ ")
no obvious body weight changes are observed. These results
demonstrate the biocompatible nature of FeNP.

4. Conclusion

In summary, we demonstrated a iron-based self-therapeutic
nanosystem with dual ROS generation through the Fenton
reaction for cancer therapy. Our results showed that FeNP
decomposed H,0, via the Fenton reaction to produce more
hydroxyl radical species in cancer cells due to the lysosomal
acidic environment, thereby inducing more cancer cell destruction
than in normal cells as demonstrated by flow cytometric analysis
and the cytochrome c release test, which showed an increase in
apoptosis over time. Furthermore, cell internalization analysis
indicated that FeNP escapes the lysosomal degradation pathway
and is localized in the cytoplasm. While at 6 and 24 h, FeNP
decomposed more intracellular H,O, for hydroxyl radical species
production, after 48 h there is an increase in the H,0, level due to
the downregulation of the glutathione peroxidase gene (GPX4)
demonstrating a ferroptosis mediated cell death mechanism.
Furthermore, a low toxicity towards normal liver organoids and a
high therapeutic efficacy towards cancer organoids indicate the
potential of FeNP for future therapeutic applications.
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