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ARTICLE INFO ABSTRACT

Keywords: Cancer and infection diseases pose severe threats to public health worldwide stressing the need for more effective
Metal bis(dithiolene) complexes and efficient treatments. Thus, the search for broad-spectrum activity drugs seems justifiable and urgent. Herein,
Electroactivity

we investigate the anticancer and antitrypanosomatid (anti-Trypanosoma cruzi) activities of eight monoanionic
metal bis(dithiolene) complexes, [Ph4P][M(R-thiazdt),] with M™" = Au®*, Pt>*, Pd?*, Ni®*, containing N-alkyl-
1,3-thiazoline-2-thione dithiolene ligands (R-thiazdt) with different alkyl groups (R = Et, tBu). Compared to
auranofin (AF) and cisplatin (CP), two reference drugs in clinical use, all complexes showed high anticancer
activities against A2780 ovarian cancer cells (ICso values of 0.6-3.8 pM) some also being able to overcome CP
resistance in A2780cisR cells. The selectivity index (SI), the ICso values on normal cells (HDF) vs. A2780 cells,
indicated good anticancer specificity (SI > 3) for most of the complexes but with clinical relevance for [Ph4P][Pd
(tBu-thiazdt),] (SI = 10). All complexes showed relevant antitrypanosomatid activities (ICso values of 2.6-5.8
pM) some even exhibiting lower ICsg values than the reference drug nifurtimox (NFX). The mechanism of cell
death seemed to be mediated mainly by the formation of reactive oxygen species (ROS), although to lesser extent
for the gold complexes but superior to AF. Although ROS play a role in the main apoptotic pathways, cell death
by apoptosis was not evident as shown by the caspase-3/7 assay and the morphological cell features studies by
electron microscopy (SEM). Results obtained evidenced that [Ph4P][Pt(tBu-thiazdt),] and [Ph4P][Pd(tBu-
thiazdt),] complexes might have potential as novel anticancer and antitrypanosomatid agents as alternatives to
current therapeutics.

Structural modification
Anticancer activity
Antitrypanosomatid agent
ROS production

1. Introduction

Coordination complexes have attracted increasing interest in the
biomedical field for both therapeutic and diagnostic applications in a
plethora of diseases offering different properties and alternative modes
of action. In fact, their properties can be tuned depending on the metal
chosen, its oxidation state and the number and type of coordinating li-
gands. The therapeutic applications of metal-based complexes have been
an exciting area of research and deserves to be further explored in the
search for novel therapeutic agents [1,2]. Within the arsenal of anti-
cancer agents, metal-based complexes have made a significant contri-
bution. Platinum-based compounds, specifically cisplatin (CP) and
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analogues are widely used in the clinic for the treatment of several
cancers [3]. Nearly 50 % of cancer patients, who undergo chemo-
therapy, receive a platinum drug either alone or in combination therapy.
Although highly efficacious, treatment with CP is still limited by lack of
selectivity, high systemic toxicity and drug resistance, which has been
partially ameliorate by the introduction of new Pt(I) drugs [4]. These
findings have prompted a great interest in the development of other
metal complexes containing ions such as copper, iron, ruthenium and
gold that have shown potent cytotoxic and antitumor effects [5]. Unlike
to platinum drugs, these complexes are often relying on DNA-
independent mechanisms such as targeting tumor-associated proteins
and induction of oxidative stress for their anticancer effects. Notably, a
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few of these drugs have already been evaluated as therapeutic candi-
dates [6-8].

In the search for metal complexes other than CP and analogues, gold
complexes have shown great promise for the treatment of several human
diseases including cancer [9]. Auranofin (AF), a gold(I) complex,
approved by FDA for the treatment of rheumatoid arthritis exhibits
antiproliferative activity against various types of cancers. The phos-
phane and thiolate ligands in AF stabilise the gold(I) centre, and in view
of that new analogues have been designed to improve the efficacy of
such compounds [10]. These findings inspired the development of next
generation of gold complexes for the treatment of cancer diseases [11].

Drug repurposing is a strategy that allows existing and approved
drugs in clinical settings to be used for other treatment options [12,13].
This constitutes a short cut way to assess drugs conventionally used in
other clinical diseases and a fresh approach with the development of
resistance to the common drugs. AF besides its anticancer properties
shows effective antimicrobial activity against a broad spectrum of bac-
teria, fungi and parasites [13-18]. Also, CP and analogues were shown
to have significant activity as antimalarial and antitrypanosomal agents
[19,20].

Based on the similarities between cancer and parasites, recent studies
have been run aiming to investigate the effectiveness of existing anti-
parasitic drugs to treat cancer and the other way round [21]. Moreover,
infections are estimated to be responsible for up to 25 % to 50 % of all
cancers that occur in humans. Similar to other pathogenic microbes,
parasites also elicit chronic inflammation that can induce cancer for-
mation [22,23].

Considering this, it is crucial to understand the mechanisms that are
involved in the dual action of anticancer and antiparasitic drugs that can
be related to similar target molecules. Among them, a considerable
attention has been paid to those involving the inhibition of vital en-
zymes (oxidoreductases), oxidative stress, and cell death by apoptosis
and cell membrane disruption. Thioredoxin reductase (TrxR) is an
important and ubiquitous enzyme critically involved in the regulation of
intracellular metabolism and in redox signalling. The inhibition of TrxR
lead to an increase of the ROS and consequently cell death via apoptosis
[24-26]. The thiol-based redox metabolism of trypanosomatids relies
exclusively on trypanothione as they lack the canonical redox systems
dependent on thioredoxin reductase and glutathione reductase found in
most living organisms. Similar to the role of glutathione in mammals,
trypanothione provides reducing power for antioxidant defense and
other relevant biochemical processes in trypanosomatids [27]. Experi-
mental evidence has shown that even partial inhibition of trypanothione
biosynthesis reduces the survival of the parasites in in vivo models and
increases their susceptibility to drugs [28-31].

NFX, the reference anti-protozoan drug is metabolized and activated
by oxidoreductases to produce free radical species. Under hypoxic
conditions, NFX inhibits the survival of cancer cells, although the
mechanisms of cytotoxicity need to be further explored [27].

The interest in gold(III) complexes has been inspired from the anti-
cancer properties of CP that shares similar chemical properties and
preferential square-planar coordination geometries. Notwithstanding
the great attention received, efforts have been focused on the stabilisa-
tion of these complexes by selecting less labile ligands, such as N-donor
and cyclometalated (C°N, C°'N"N) ligands. Sulphur-containing ligands
are often introduced to improve the stability of gold(III) complexes, with
dithiocarbamates garnered considerable attention [11].

Considering the results obtained previously by some of us [32-35],
exploring a series of gold(III) bis(dithiolene) complexes as prospective
anticancer, antibacterial and antiplasmodial drugs, herein we selected a
lead gold(III) complex and evaluate a class of analogues varying the
metal center and the bulkiness of the alkyl chain. In this study, we
investigated monoanionic metal bis(dithiolene) complexes, containing
N-alkyl-1,3-thiazoline-2-thione dithiolene ligands (R-thiazdt) with alkyl
groups exhibiting different steric hindrance (R = Et, tBu), namely [PPhy]
[M(R-thiazdt),] with M™" = Au®", Pt*", Pd*", Ni*", called [P][MR] in
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this paper for an easier reading (Chart 1). The complexes were assessed
towards A2780 and A2780cisR, CP sensitive and CP resistant ovarian
cancer cells, respectively and normal cells (HDF and VERO) to evaluate
specificity. To overcome the scarcity of compounds targeting trypano-
somatid parasites we also screened our complexes against the infective
form of Trypanosoma cruzi (T. cruzi) [36]. The effect of alterations of the
ligand skeleton and the transition metal center on the biological prop-
erties of theses complexes was evaluated and discussed.

2. Materials and methods
2.1. General methods for chemistry

All reagents and materials from commercial sources were used
without further purification. Mass spectra were recorded with a Thermo-
Fisher Q-Exactive instrument by the Center Régional de Mesures Phy-
siques de I’Ouest, Rennes. Cyclic voltammograms (CVs) were carried out
on a 103 M solution of complex in CH,Cly-[BuyN][PFg] 0.1 M solution.
CVs were recorded on a Biologic SP-50 instruments at 0.1 V.s™* on a
platinum disk electrode. Potentials were measured versus Saturated
Calomel Electrode (SCE). The solvents were purified and dried by
standard methods. The N-Et [37] and the N-tBu [38] proligands as well
as the [P][NiEt] [39], [P1[AuEt] [34], [P][NitBu] [40] and [P][AutBu]
[41] complexes were synthesized according to previously reported
procedures.

2.2. General synthetic procedures for the synthesis of monoanionic metal
bis(dithiolene) complexes from N-Et proligand

To a dry two-neck flask containing the N-Et proligand (0.47 mmol,
150 mg) a solution of sodium methanolate in MeOH (Na 43 mg, 1.87
mmol in 20 mL MeOH) was added under argon atmosphere at room
temperature. After complete dissolution, the solution was stirred for 30
min at room temperature. Then a solution of NayPdCly-3H20 (81 mg,
0.23 mmol) in MeOH (5 mL) or a solution of KoPtCl4 (97 mg, 0.23 mmol)
in water (5 mL) was added, followed 6 h later by the addition of PPh4Br
(210 mg, 0.50 mmol) in 5 mL of methanol. After stirring for 15 h, the
formed precipitate was filtered, washed with MeOH and recrystallized
from CH3CN.

[P] [PdEt] 5 C34H30N2PPng; Yield: 21 0/0; mp = 220°C (dec); HRMS
(ESI) caled for [A™] for [C1oH10N2S3%°Pd]™: 519.765 Found: 519.7650;
Anal. calcd for C34H3oNoPPdSg.CH3CN: C, 47.96; H, 3.69; N, 4.66.
Found: C, 48.41; H, 3.21; N, 4.97.

[P] [PtEt], C34H3oNyPPtSg; Yield: 35 %; mp = 190 °C (dec); HRMS
(ESD caled for [A™] (C1oH1oN2SE%°Pt): 608.82631 Found: 608.8262;
Anal. caled for Cs34H3oNoPPtSg.CH3OH: C, 42.84; H, 3.49; N, 2.86.
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Chart 1. Molecular structure of the reference drugs cisplatin, auranofin and
nifurtimox and the monoanionic bis(dithiolene) transition metal complexes [P]
[MR] investigated in this study.
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Found: C, 42.33; H, 3.55; N, 2.72.

2.3. General synthetic procedures for the synthesis of monoanionic metal
bis(dithiolene) complexes from N-tBu proligand

To a dry two-neck flask containing the N-tBu proligand (300 mg,
1.14 mmol), a solution of NaOMe (Na: 80 mg, 3.47 mmol) in MeOH (20
mL) was added under argon atmosphere. After complete dissolution, the
solution was stirred for 30 min at room temperature. Then a solution of
NayPdCls-3H20 (200 mg, 0.57 mmol) in MeOH (10 mL) or a solution of
KoPtCly (240 mg, 0.57 mmol) in water (10 mL) was added, followed 6 h
later by the addition of PPh4Br (240 mg, 0.57 mmol) in 5 mL of meth-
anol. After stirring for 15 h, the dark precipitate was filtered and
recrystallized from acetonitrile/toluene to afford the monoanionic
complexes.

[P] [PttBu], C3gH3gN,PPtSg; dark red crystals; Yield: 62 %; mp =
158 °C (dec); HRMS (ESI) caled for [A™] (C14H1sN2SE°°Pt): 664.88891
Found: 664.8891. Anal. calcd for C3gH3gNoPPtSg.0.5 toluene: C, 47.41;
H, 4.03; N, 2.66. Found: C, 47.07; H, 3.88; N, 2.59.

[P] [PdtBu], C3gH3gNoPPdSg; Yield: 26 %; mp = 180 °C (dec);
HRMS (ESI) calced for [A™] (C14H;18N2SgPd): 575.8276 Found: 575.8279.
Anal. caled for C3gH3gNoPPdSg: C, 49.79; H, 4.18; N, 3.06. Found: C,
49.77; H, 3.94; N, 2.53.

2.4. Crystallography

Data collections were performed on an APEXII Bruker-AXS diffrac-
tometer equipped with a CCD camera. The structures were solved by
direct methods using the SIR92 program [42] and then refined with full-
matrix least-square methods based on F (SHELXL-97) [43] with the aid
of the WINGX program [44]. All non-hydrogen atoms were refined with
anisotropic atomic displacement parameters. H atoms were finally
included in their calculated positions. Details of the final refinements are
summarized in Table S1 in supporting information. X-ray crystallo-
graphic file has been deposited at the Cambridge Crystallographic Data
Centre (CCDC 2359353).

2.5. Biological studies

The biological studies were performed by first solubilizing the
complexes in DMSO, so in order to evaluate the stability of these com-
plexes in solution of this polar aprotic solvent, we performed ‘H NMR
studies for the monoanionic gold complexes (Fig. S1 [45] and a series of
UV-vis spectra up to 72 h for the monoanionic radical complexes
(Figs. S2, S3 and S4). Analysis of the H NMR and UV-vis spectra shows
that over time, these complexes are stable in DMSO solution as no
evolution of the spectra is observed.

2.5.1. Cytotoxic activity against ovarian cancer and normal cells

The cytotoxic activity of the complexes was evaluated in A2780 (CP
sensitive) and A2780cisR (CP resistant) ovarian cancer cells (Sigma-
Aldrich), and in HDF human dermal fibroblasts (Sigma Aldrich) and
VERO cells (ATCC CCL81) as normal cell models to test unspecific
cytotoxicity. Cancer cells and VERO cells were grown in RPMI-1640
medium (Gibco, Thermo Fisher) supplemented with 10 % fetal bovine
serum (FBS) and the normal fibroblasts were grown in Fibroblast
Growth Medium (Sigma-Aldrich). All cell lines were maintained at
37 °C, 5 % CO3 in a humidified atmosphere. For the assays, cells were
seeded in 96-well plates at a density of 2 x 10* cells (cancer cells), 1 x
10* cells (HDF) and 1 x 10° cells (VERO) in 200 pL medium and allowed
to attach for 24 h. The bis(dithiolene) complexes were initially dissolved
in DMSO and then in culture medium to prepare serial dilutions in the
range 0.01-50 pM. The reference compounds were first diluted in saline
(CP) or DMSO (AF, NFX) and then in medium in the same concentration
range of the dithiolene complexes for CP and AF. For the normal cells,
the serial dilutions of NFX were prepared in the range 0.01-100 pM
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(HDF) or 0.01-2000 pM (VERO). After 24 h incubation, the cellular
viability was measured by the colorimetric MTT assay, as previously
described [32-35]. The percentage of cellular viability was assessed
measuring the absorbance at 570 nm using a Power Wave Xs, Bio-Tek
plate spectrophotometer for the ovarian cells assays and a Thermo Sci-
entific Varioskan® Flash Multimode spectrophotometer for VERO cells
assays. The ICsg values were calculated using the GraphPad Prism
software.

For comparison, the CellTiter-Glo assay (Promega) was also used to
analyze the number of viable A2780 cells based on the cellular ATP
level, which is also a marker for the presence of metabolically active
cells. For these assays, A2780 cells were plated in 96-well white opaque
plates and then followed the same procedure as above. At the end of 24 h
incubation, 100 pL of medium was removed and 40 pL of CellTiter-Glo
solution was added in each well. The contents were mixed for 10 min
on a shaker and the luminescence recorded using a Varioskan LUX
scanning multimode reader (Thermo Fisher Scientific). The percentages
of cellular viability in the presence of serial dilution of the complexes
were calculated and the ICsy values were determined by the same pro-
cedure as the MTT assay.

2.5.2. Invitro activity against trypomastigotes of Trypanosoma cruzi

To establish T. cruzi’s infections, epimastigotes were stand until a
high proportion of metacyclic trypomastigote parasites were observed
(~ 7-8 days). Trypomastigote-rich cultures were incubated overnight
with a monolayer of VERO cells in a 10:1 parasite: cell ratio in RPMI
medium at 37 °C in a humidified 5 % CO5 incubator. Extracellular
parasites were removed the following day by aspirating cell culture
media, washing the VERO cell monolayer three times with PBS, followed
by addition of fresh complete RPMI. Trypomastigotes emerged from
VERO cells (4-5 days) were used to set up new VERO cell infections
[46-50]. Cell-derived trypomastigotes to use in testing experiments
were obtained from the supernatant of infected VERO cells collected 72
h post established infection with cell-emerged trypomastigotes [46-50].

For the assays, the compounds were initially dissolved in DMSO at
11.25 puM (stock concentration). The solution was diluted in the culture
medium to obtain the different concentrations tested. Throughout the
experimental procedures, the concentration of DMSO never exceeded 1
%, which is non-toxic for the protozoa [51].

Parasites were seeded in black 96 well plates in RPMI at a density of
1x 107 parasites/mL with increasing concentration of the compound for
24 h. Viability was tested using the Alamar Blue (resazurin) assay, which
is based on the reduction of resazurin to highly fluorescent resorufin in
the presence of metabolically active cells. For the assays, 50 pL of
resazurin solution (2 mg/mL in RPMI) were added to each well and
incubated for 4 h at 28 °C or 37 °C. Fluorescence (Aexy = 530 nm/ Ay, =
590 nm) was measured in a Thermo Scientific Varioskan® Flash
Multimode plate spectrofluorimeter instrument [46-51]. NFX was used
as the reference anti-T. cruzi drug. Dose-response curves were built and
the ICsg values were determined using GraphPad Prism version 8.00.
The results are presented as mean + SD of three independent biological
replicates.

2.6. Apoptosis (caspase 3/7)

Caspase-3 and -7 activities were assessed using a Caspase-Glo®3/7
luminescent assay (Promega). The assay provides a proluminescent
caspase-3/7 substrate, with proluciferin DEVD substrate. This substract
is cleaved in the presence of caspase 3/7 to release the aminoluciferin
used in the production of light. The luminescent signal is proportional to
the caspase activity present in the cells. The assays were carried out with
the A2780 cells in white-walled 96 well plates, treated with the com-
plexes at concentrations below the ICsq values for 24 h. After incubation,
100 pL of medium was removed from each well. Caspase 3/7® reagent
was added in a 1:1 ratio and the plate was shaken in an orbital shaker for
30s at 300 rpm. The plate was incubated at room temperature for 1.5 h,
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protected from light. The luminescence intensity was measured using a
Varioskan LUX scanning multimode reader (Thermo Fisher Scientific).
Results (mean + SD) were expressed as the fold change in luminescence
compared with controls (non-treated cells).

2.7. Apoptosis (SEM)

For the SEM studies, A2780 cells were seeded over glass lamellae in
6-well plates at a density of 2 x 10° cells in 2 mL medium and allowed to
attach for 24 h. After, the complexes [P][PttBu] and [P][PdtBu] were
added to the cells in culture medium at a concentration corresponding to
their ICs values, 4 pM and 1 pM, respectively. After 24 h incubation, the
medium was discarded and the cell-covered glass lamellae were fixed in
2 mL of 3 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3
for 4 h at 4 °C and rinsed three times in the same buffer. The lamellae
were then dehydrated in ascending ethanol concentrations and treated
three times with tert-butanol. After cooling at 4 °C in a refrigerator, the
solid samples were transferred to a vacuum desiccator containing a
cooled metal block to prevent the liquefaction of the cold tert-butanol.
The desiccator was evacuated using a rotary vacuum pump for two
hours to allow complete sublimation of the solid tert-butanol. The
freeze-dried samples were coated with gold in a JEE-4x vacuum evap-
orator and observed and photographed using a JEOL 5400 scanning
electron microscope.

2.8. Intracellular ROS

2.8.1. Detection of ROS by H,DCF-DA

Detection of ROS, mainly peroxides were measured using the 2,7'-
dichlorodihydrofluorescein diacetate (HoDCF-DA) fluorescent probe as
previously described [32]. H,DCF-DA enters into the cells, where it is
oxidized to fluorescent DCF by the action of intracellular stearases. It is
generally assumed that DCF-based probes are relatively specific de-
tectors of HyOo. For the assays, A2780 cells (~10* cells/well) were
seeded in black-walled 96 well plates and left to adhere overnight. Then,
the medium was replaced with 200 pL solution of the probe at 10 pM in
colorless DMEM medium (FluoroBrite™ DMEM, Gibco) and incubated
with the cells for 20 min. at 37 °C. After, the probe was removed and
replaced by fresh medium with the bis(ditholate) complexes and the
reference drugs CP and AF at 10, 20, 50 and 100 pM for 1 h. DCF
fluorescence (Aex = 485 nm; Aep, = 530 nm) was measured using a
Varioskan LUX scanning multimode reader (Thermo Fisher Scientific).
Results (mean + SD) were expressed as the fold change in fluorescence
levels compared with controls (non- treated cells).

2.8.2. Detection of superoxide radicals (NBT assay)

The nitro blue tetrazolium (NBT) assay was carried out adapting
previously described methods [32,52,53]. This assay is based on the
reduction of NBT by superoxide anion upon treatment with the com-
plexes, resulting in the formation of dark-blue formazan particles.
Briefly, after incubation of A2780 cells with the complexes in medium at
selected concentrations for 1 h at 37 °C, 20 pL of a 10 mg/mL NBT so-
lution in water was added to the cell’s medium, and incubation was
subsequently prolonged for 1 h at 37 °C. Then, the medium was dis-
carded, and the dark-blue formazan particles formed upon NBT reduc-
tion were dissolved with 200 pL of a solution containing 90 % DMSO:10
% NaOH 0.1 N with 0.1 % SDS. The resulting NBT formazan was
measured at 560 nm using a plate spectrophotometer.

2.9. Detection of lipid droplets

The Nile Red (phenoxazine dye) (Sigma-Aldrich) is a lipophilic
fluorescent dye that has the ability to stain and visualize lipid droplets in
cells and tissues [54]. First, a stock solution of 3 mM in DMSO was
prepare and then 1:300 dilution in colorless medium (FluoroBrite™
DMEM, Gibco) was made for the cells. For the assays, A2780 cells (2 x
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10* cells/well) were seeded in black-walled 96 well plates and left to
adhere overnight. After 1 h treatment with the complexes, the cell media
was aspirated and an equal volume (200 pL) of Nile Red staining solu-
tion in FluoroBrite™ DMEM was added, followed by incubation at 37 °C,
5 % CO-, for 30 min. The Nile Red was removed and fluorescence was
measured at Ax/Ay = 550/640 nm using a plate spectrofluorimeter
instrument.

3. Results and discussion
3.1. Synthesis and redox properties of the metal bis(dithiolene) complexes

The monoanionic palladium and platinum bis(dithiolene) complexes
were prepared from the N-Et and the N-tBu proligands, according to the
synthetic strategy previously used for the synthesis of the analogous
monoanionic gold and nickel complexes [38-41], (Scheme 1). Even if
the dithiolene proligands are different, as for the N-Et proligand the
dithiolene is protected by two cyanoethyl groups while for the N-tBu the
dithiolene ligand is inserted in a dithiol-2-one heterocycle, the depro-
tection step is the same. The chemical approach consists of, first the
deprotection of the dithiolene ligand, by adding a solution of sodium
methanolate, NaOMe, followed by the subsequent addition of the
appropriate metallic salt (NiClp-6H20, KyPtCly, NagPdCly or KAuCly)
and Ph4PBr to afford the monoanionic metal complexes. The eight metal
bis(dithiolene) complexes prepared and investigated in this study are
collected in Chart 1.

Crystals of [P][PttBu] were obtained, and the molecular structure is
presented in Fig. 1. The [P][NitBu] and [P][PttBu] complexes crystallize
as a toluene solvate when recrystallized from an acetonitrile/toluene
solution, and [P][NitBu] as a non-solvate when recrystallized from
CH,Cly/MeOH. The three crystal structures are solved in the monoclinic
system, space group C2/c. The non-solvated [P][NitBu] [40] crystal is
isostructural with the [P][AutBu] [41], while the [P][NitBu] [40]
toluene solvate is isostructural with the [P][PttBu].

For both [P][NitBu] complexes (in non-solvated and solvated forms)
and the [P][PttBu] complex, the metallic atom is on an inversion center,
and phosphorous atom is on a two-fold axis. For the solvated complexes
the toluene molecule is disordered on two positions related by an
inversion center. The complexes are almost completely planar, with a
dihedral angle ©s...s of 4.1° within the metallacycle for the non-
solvated and 0.8° (Ni) 0.5° (Pt) for the solvated ones. The ligands
adopt the trans configuration around the metal atom in all the cases,
which is similar to what is seen for the gold analogue, [P][AutBu] [41].
The comparison of the bond distances collected in Table 1 shows that the
tBu group or the Et one on the nitrogen atoms, does not have a signifi-
cant effect on the bond lengths of the metallacycle, or those of the
thiazole ring. On the other hand, the change of the metal atom from gold
to nickel or platinum decreases the C—S bonds of the metallacycle as
expected.

The redox properties of the different complexes were studied by
cyclic voltammetry. Indeed, dithiolene ligands are non-innocent ligands
and thanks to electron delocalization over the metallacycle, generated
by the mixing of the metal and ligand orbitals, these complexes present
several redox states [55]. This study was performed in a dichloro-
methane solution with [BusN][PFg] 0.1 M as a supporting electrolyte, at
a scan rate of 100 mV.s ! using a platinum working electrode. The redox
potentials were measured in V vs. SCE (saturated calomel electrode) and
the data are collected in Table 2. The nickel, palladium, and platinum bis
(dithiolene) complexes can exist under four redox states (Scheme 2), and
on the cyclic voltammograms, three redox processes can be observed
(Fig. 2).

The first two correspond to the successive oxidation of the dianion
into the monoanion radical at E;(—2/—1) and of the monoanion into the
neutral species at Eo(—1/0). These two redox waves were already re-
ported by Arca et al. when they analyzed the redox activity of the cor-
responding neutral complexes [MEt] (M = Ni%*, Pd**, Pt>") [56,57].
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Scheme 1. Synthetic path to the monoanionic metal bis(dithiolene) complexes.

Fig. 1. Molecular view of the monoanionic complex [PttBu]  with thermal
ellipsoids at the 80 % probability level.

The last oxidation process, unlike the other two, is quasi reversible and
corresponds to the oxidation of the neutral species to the monocation
E3(0/+1).

As expected, changing the alkyl substituent on the nitrogen atom of
the thiazoline ring, Et for tBu, does not significantly modify the redox
potentials of the different complexes studied (Table 2). However, for a
given metal all the N-tBu complexes are easier to oxidize than their
corresponding N-Et ones. Regarding the gold complexes, they also can
exist under four redox states but this time the radical state is the neutral
one while for the Ni, Pt and Pd complexes the radical state is the mon-
oanionic one. The monoanionic gold complexes are more difficult to
oxidize to the neutral state than all the other reported complexes.

The UV-vis-NIR spectroscopic investigations were carried out for all
the synthetized complexes on freshly prepared dichloromethane solu-
tions (107> M) of the monoanion. The absorption maxima (Apyay) of the
NIR absorption bands are collected in Table 2. All the Ni, Pt and Pd
complexes exhibit absorption band in the NIR region while the Au

Table 1
Bond distances (17\) of the ligands in the [P][MR] complexes.

Table 2

Wavelength of the lowest energy absorption band Ap,.x (nm) and redox poten-
tials of the complexes [P]1[MR] in CH,Cl, with [BugN1[PFs] 0.1 M, E in V vs. SCE,
scan rate of 100 mV-s'.

[P][MR] Amax(m)  Epa/Ep(—2/-1)  Epa/Ep(~1/0)  Epa/Epc(0/+1)
[P]1[NiEt] 1280 —0.30/-0.36 0.23/0.17 1.08/0.99
[P][PdEt] 1560 —-0.15/-0.20 0.26/0.20 1.08/1.02
[P][PtEt] 1260 —0.28/-0.35 0.24/0.16 1.07/0.93
[P1[AuEt] 364 —/—0.90 0.55/0.49 0.71/0.61
[P][NitBu] 1228 —0.40/-0.46 0.16/0.10 0.93/0.82
[P][PdtBu] 1532 -0.23/-0.29 0.20/0.13 091/—
[P][PttBu] 1232 —0.37/-0.43 0.17/0.09 -

[P1[AutBu] 374 —/—1.08 0.48/0.44 0.57/—

complexes exhibit the lowest energy absorption band in the UV-vis re-
gion only.

Similar trends are observed for all studied metal bis(dithiolene)
complexes as illustrated in Fig. 3, showing the absorption spectra of [P]
[MEt] with M2+ = Ni?*, Pd?* and Pd?". These monoanionic species
exhibit a strong absorption band in the NIR region. The NIR region
1680-1720 nm of the [P][PdEt] spectrum has been omitted due to ab-
sorption bands of dichloromethane associated with overtones and
combination peaks involving C—H stretch vibrations. The nature of the
metal ion induces some differences on the absorption spectra, especially
on the wavelength of the lowest energy absorption band. For instance, if
we consider the monoanionic complexes with the same ligand, the Apax
of the NIR absorption band for the Pd complex is significantly redshifted
(~300 nm) compared to that of its Ni and Pt analogues. The Ni and Pt
present relatively close Apyax for the lowest energy band. This is in line
with what was observed upon electrochemical investigations.

3.2. Invitro activity against ovarian cancer cells

Ovarian cancer is the third most common female cancer in the world.
High-grade serous is the most prevalent type of ovarian cancer, ac-
counting for 70 % of deaths. Although significant advances have been

Lol Bsa [PI[NiEt] [39] [P][NitBu] [40] Toluene Toluene [P][AutBu] [41]
5%9;2];) [P][NitBu] [40] [P]1[PttBu]

a 2.156(1) 2.149(1) 2.153(1) 2.2728(9) 2.327(1)
a 2.178(2) 2.172(3) 2.162(1) 2.2776(7) 2.310(1)
b 1.712(3) 1.717(6) 1.715(4) 1.708(3) 1.767(5)
b 1.722(2) 1.733(5) 1.732(4) 1.728(3) 1.740(5)
c 1.356(3) 1.362(7) 1.357(5) 1.367(5) 1.349(6)
d 1.739(2) 1.735(4) 1.725(4) 1.738(4) 1.724(5)
e 1.735(3) 1.731(14) 1.732(4) 1.733(4) 1.735(6)
f 1.664(3) - 1.671(4) 1.677(3) 1.679(7)
g 1.362(4) 1.398(8) 1.367(5) 1.373(5) 1.374(8)
h 1.398(3) 1.440(8) 1.422(4) 1.427(4) 1.430(7)
OSeees 10.91 4.12 0.87 0.50 7.75
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Fig. 3. NIR absorption spectra of [P][MEt]. M>* = Ni*t, Pd®*, Pt>*. The ab-
sorption between 1650 and 1750 nm was removed due to the presence of
an artifact.

made in the treatment of this type of cancer, recurrence is observed up to
80 % at advanced stages [58,59]. Currently, the basic treatment of
ovarian cancer is surgery combined with chemotherapy and/or radio-
therapy. CP and analogues are the standard treatment, despite their

severe side effects and development of resistance [60]. Several drugs are
currently undergoing repurposing against ovarian cancer, including AF.
The mechanism of action shared for both CP and AF include induction of
oxidative stress characterized by ROS accumulation, cell cycle arrest and
activation of apoptosis [3,60,61]. AF has been studied exploring the
cytotoxic effect in ovarian cancer. However, few studies have been done
with the AF-sensitive A2780 ovarian cancer cells that represent the high-
grade serous histotype [62].

Drug discovery and development often include cytotoxicity testing.
These assays are useful to evaluate enzymatic activity or general meta-
bolism, with methods often utilising absorbance or luminescence
detection. The cytotoxic activity (ICso values) of the complexes was
evaluated using the MTT and ATP assays. MTT is reduced by mito-
chondrial dehydrogenases in living cells to a purple formazan product.
The absorption of formazan in the visible region correlates with the
number of intact alive cells. ATP is formed exclusively in the mito-
chondria that represents the most important chemical energy reservoir
in cells necessary for biological processes. When cells lose membrane
integrity, they lose the ability to synthesize ATP and endogenous
ATPases rapidly deplete any remaining ATP from the cytoplasm. The
best method to measure intracellular ATP is using the firefly luciferase
which catalyses the oxidation of D-luciferin to oxyluciferin [63].

In our study, the anticancer activity of the eight-metal based bis
(dithiolene) complexes by the MTT assay was evaluated in the A2780
and A2780cisR ovarian cancer cells after exposure to increasing con-
centrations of the complexes (0.01-50 pM) for 24 h, at 37 °C, 5 % CO,
(Table 3, Fig. S5). The A2780cisR cells were included to evaluate the
ability of the complexes to overcome CP resistance.

Results showed that all the complexes displayed high cytotoxic ac-
tivities even at short incubation times (24 h) similar to AF with ICsq
values ranging from 0.6 to 4 pM (A2780) and 1-7 pM (A2780cisR). All
the complexes presented higher activities compared to CP, and most
importantly, were active against the A2780cisR cells. Interestingly, the
nature of the alkyl substituent on the thiazole ring modifies their ac-
tivity, since the N-Et substituted complexes with the same metal are
more cytotoxic than the N-tBu ones on both ovarian cancer cells. The
reference antiparasitic agent NFX (0.01-100 pM) was also included in
the study and showed no cytotoxic activity against both cell lines (ICso
> 100 pM).

The selectivity index (SI) was calculated from the ICsy values of
normal cells (HDF) vs. A2780 cells and indicated for the majority of the
complexes good anticancer specificity (SI > 3) with clinical relevance
for [P][PdtBu] (SI = 10). [64]

The cellular viability based on detection of ATP release was also
evaluated by a luminescence assay in the A2780 ovarian cancer cells
(Table 4, Fig. S7). Cells were exposed to increasing concentrations of the
complexes and the reference drugs AF (0.01-50 pM) and CP (0.1-100
pM) for 24 h, at 37 °C. Results show that all complexes displayed lower
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Table 3
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ICs values (M) calculated for the Au, Pt, Pd and Ni bis(dithiolene) complexes and the reference drugs CP, AF and NFX with the ovarian cancer cells and the human
dermal fibroblasts (HDF) after 24 h treatment using the MTT assay. Results are the mean + SD of three independent experiments done with six replicates.

Complex HDF A2780 A2780cisR SI
ICso (1M), 24 h ICso (M), 24 h ICso (uM), 24 h HDF/A2780 cells

[P]1[AuEt] 3.98 + 0.66 0.70 + 0.24 1.09 + 0.36 5.68
[P][PtEt] 5.62 + 1.50 1.76 + 0.62 3.64 £ 0.95 3.19
[P]1[PdEt] 2.63 +0.73 1.27 £ 0.39 0.81 £ 0.39 2.07
[P][NiEt] 2.29 + 0.62 1.21 + 0.45 2.04 £ 0.56 1.89
[P1[AutBu] 6.93 + 1.27 1.47 + 0.42 7.32 +£1.48 4.71
[P]1[PttBu] 15.4 + 4.22 4.20 + 0.87 9.23 +1.22 3.67
[P]1[PdtBu] 9.68 + 2.80 0.97 £+ 0.36 6.70 + 1.51 9.97
[P][NitBu] 7.78 £ 1.55 2.10 + 0.70 5.51 + 0.64 3.70
Ccp 13.8 &+ 5.66 18.9 + 2.07 31.6 £7.10 0.73
AF 0.16 + 0.04 2.50 + 1.06 1.96 + 0.67 0.06
NFX 82.5 + 21.8 > 100 (159 + 13.5) >100 < 0.83

SI refers to Selectivity Index, SI value >3 indicating good selectivity.

cytotoxicity compared to the MTT assay with ICso values ranging from
3.5 to 9.5 pM (A2780) but following the same trend that indicated [P]
[PttBu] to be the less active complex in the ovarian cancer cells.

3.3. Invitro activity against T. cruzi and selectivity towards the parasites

The main problems with current drugs for the treatment of protozoan
infections caused by trypanosomatid parasites are their severe side ef-
fects due to the prolonged treatment regimens and the emergence of
resistance. New improved treatment options and new drugs are urgently
needed [65]. To circumvent the difficulties associated with the devel-
opment of novel antiparasitic drugs that are, among others, poor in-
vestment on tropical diseases research by pharmaceutical companies,
one alternative is to focus on existing drugs being used to treat other
human diseases and test them for their antiparasitic properties. The
diversity of prospective drugs as anticancer agents and the available
data relative to their pharmacology and toxicity are essential factors that
ultimately influence the overall costs in the development of drugs for
parasitic diseases. As there are a number of crucial links between cancer
cells and parasites, it has been observed that a number of antitumor
agents have shown antitrypanosomal effects and conversely, several
antitrypanosomal compounds demonstrated activity against cancer
diseases [66].

Chemotherapy is still the most cost-effective treatment of tripano-
somatid diseases. NFX, a nitrofurane derivative has been used against
Trypanosoma cruzi, the agent of Chagas’ disease, commonly known as
American Trypanosomiasis. Therapy with NFX is prolonged and severe
side effects are common, including gastrointestinal, neurological and
hematological effects. One of the modes of action of NFX proposed, in-
volves the reduction by parasite enzymes of the nitro-group to a nitro-

Table 4

ICsp values (uM) calculated for the Au, Pt, Pd and Ni bis
(dithiolene) complexes with the ovarian cancer cells
(A2780) after 24 h treatment using the ATP assay.
Results are the mean + SD of three independent ex-
periments done with four replicates.

Complex A2780
ICs (UM), 24 h

[P1[AuELt] 5.65 + 1.02
[P][PtEt] 7.62 + 1.00
[P]1[PdEt] 5.03 + 0.66
[P][NiEt] 4.99 + 0.41
[P1[AutBu] 4.18 + 0.54
[P][PttBu] 9.86 + 1.52
[P][PdtBu] 3.42 £ 0.59
[P]1[NitBu] 3.65 + 0.60
CP 14.5 £ 2.7
AF 1.20 +0.19

anion radical, which undergoes redox-cycling with molecular oxygen,
leading to the production of ROS and inhibition of trypanothione
reductase a parasite-specific antioxidant [67,68]. In some cases, the
concentration of ROS correlated with the antiparasitic activity of the
compounds [65].

Medicinal Inorganic Chemistry currently offers an attractive option
for the rational design of new antiparasitic drugs. In this direction, a
strategy for the design of metal-based antiparasitic compounds has been
the coordination of an organic ligand with known biological profile to a
metal centre or an organometallic core [69,70]. Moreover, these metal
coordination complexes could display multifunctional properties in a
single molecule and offer dual action for cancer and microbial infection
[32-34].

In our study, the eight metal bis(dithiolene) complexes were evalu-
ated in vitro for their anti-T. cruzi activities against the infective trypo-
mastigote form of the Dm28c clone. The activities expressed by the ICsq
values were determined by viability assays after parasite incubation
with increasing concentrations of the complexes. In parallel, cytotox-
icity on VERO cells as a normal mammalian cell model was assessed to
evaluate the selectivity towards the parasites. The results were
compared to the reference drug NFX (Table 5, Figs. S8 and S9).

All the complexes showed activity against T. cruzi in the micromolar
range, in the same order of magnitude compared to NFX when they were
exposed for 24 h. Except for [P][PdEt], it was observed that complexes
containing the ethyl group exhibited toxicity towards VERO cells, with
ICso values even lower than those determined for parasites. This
observation led to the characterization of these complexes as non-
selective (SI < 1). In fact, [P][PdEt] also displayed limited selectivity,
with an SI value of 2.6. Complexes containing tBu exhibited an enhanced
selectivity index (SI > 10), with [P][PttBu] and [P][PdtBu] appearing to
be the most selective complexes. Notably, the ICsg values (> 50 pM) for
these compounds in the VERO cells could not be determined accurately
due to absorption interference at 570 nm caused by a slight precipitation
of the complexes at high concentrations. The selectivity observed for
these two complexes, [P][PttBu] and [P][PdtBu] could be ascribed to the
presence of bulkier substituent on the metal bisdithiolene complexes
backbone.

3.4. ROS studies

Reactive oxygen species (ROS) are chemically reactive molecules
produced by cellular metabolism. At moderate levels they play essential
role in the regulation of cell proliferation and cell survival [72]. How-
ever, high ROS levels can cause damage to cellular components such as
proteins, DNA and lipids. In particular, ROS can disrupt the lipid
membrane increasing membrane fluidity and permeability. Several
anticancer drugs act by inhibiting and suppressing cancer progression
through ROS-mediated cell death [53,73].

ROS are highly reactive and extremely unstable molecules.
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Table 5

In vitro activity (ICso) against T. cruzi (Dm28c clone) and VERO mammalian cells (VERO cells) calculated for the Au, Pt, Pd and Ni bis(dithiolene) complexes and the
reference drug NFX after 24 h treatment using the Alamar Blue assay. Results are the mean + SD of three independent biological replicates.

Complex VERO cells ICs (M) T. cruzi Trypomastigotes ICso (M) SI VERO cells/Trypomastigotes
[P]1[AuEt] 1.10 + 0.04 3.34 £ 0.37 0.33

[P][PtEt] 2.77 + 0.60 5.18 £ 0.96 0.53

[P1[PdEt] 12.3 +1.8 4.63 £ 0.55 2.65

[P][NiEt] 3.2+17 5.56 £+ 0.67 0.58

[P1[AutBu] 24.0 + 2.2 5.79 + 0.49 4.14

[P]1[PttBu] > 50 4.67 £ 0.61 >11

[P]1[PdtBu] > 50 291 £ 0.85 > 17

[P][NitBu] 9.99 + 0.66 2.60 £ 0.11 3.84

NFX 998 + 917 3.35 + 0.87" 298

SI = Selectivity index calculated for each complex using the formula: SI = (ICs, for normal cells VERO)/(ICs for T. cruzi trypomastigotes).
? Data obtained under identical assay conditions as Ref. 71.
b Data obtained under identical assay conditions as Ref 49.
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Fig. 4. ROS production (namely H,0,, OH® or ONOO™) by the A2780 cells using the H,DCF-DA method based on the detection of DCF fluorescence. Cells were
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Fig. 5. ROS production (superoxide, O3~) by the A2780 cells using the NBT absorbance method based on the detection of the blue precipitates of formazan particles.
Cells were treated with the complexes at 20, 50 and 100 pM for 1 h. The reference drugs CP and AF were also included for comparison. Results in absorbance (fold to
control) are mean =+ SD of at least 2 experiments with 4 replicates per condition. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Therefore, their detection relies on the measurement of the end products
that are formed when these molecules react with particular agents. The
main ROS species include hydrogen peroxide (Hy0s), peroxynitrite
(ONOO™), hydroxyl radical (OH®) and superoxide (O37). The induction
of intracellular ROS namely Hy0,, OH® or ONOO™ by the complexes in
A2780 cells was analyzed using the H,DCF-DA fluorescent probe, one of
the most widely used methods for directly measuring the redox state of a
cell. Therefore, HoDCF-DA oxidation should be interpreted as an indi-
cation of the general cellular oxidative stress due to action of the
complexes.

The effect of the bis(dithiolene) complexes on ROS production by
A2780 cells are shown in Fig. 4. Despite most of the complexes exhibited
similar cytotoxicity towards the cancer cell under study, their ROS
production profiles were distinct. Among these complexes, if we
compare, for a given metal, the influence of the alkyl group on the
production of ROS, for the tBu substituted complexes at the concentra-
tions 10, 20 and 50 pM, less reactive oxygen species are generated than
with the N-Et substituted complexes. However, this trend is less pro-
nounced for the highest concentration, 100 pM, although it was shown
that a slight precipitation occurred for some complexes, namely ([P]
[PttBu] and [P][PdtBu]) at high concentrations (> 50 pM). Another
interesting feature is that the ROS evolution is also metal dependent in
both series. Besides the gold complexes, a clear increase of the ROS
production is observed which was dependent on the concentration of the
added complex. Despite a similar geometry with these bis(dithiolene)
complexes, the main difference relies on their redox properties. All these
monoanionic complexes are redox active species, which can be easily
oxidized to the neutral species only for the Ni, Pt and Pd complexes
compared to the Au complexes. The other difference is that Ni, Pt and Pd
complexes have an odd number of total electron and are therefore
radical monoanionic species. The reference drugs CP and AF were tested
at the same concentrations and showed lower ROS production than the
complexes under study.

The ROS species superoxide (037) was detected with the nitro blue
tetrazolium (NBT), a cell-permeant nitro-substituted aromatic tetrazo-
lium salt, with the ability to interact with superoxide in the cytoplasm to
form dark-blue precipitates of formazan particles [74]. As shown in
Fig. 4 and Fig. 5, complexes and the reference drugs, although to a lesser
extent, increased the ROS levels in a dose-dependent manner, with ROS
production being considerably higher when compared with the controls
(untreated cells).

Journal of Inorganic Biochemistry 264 (2025) 112788
3.5. Caspase studies

3.5.1. Caspase 3/7 activity

Apoptosis is the main mechanism of cancer cell death by chemo-
therapeutic drugs. The intracellular process is mediated, at least
partially, by a series of cysteine proteases, namely caspases. ROS gen-
eration often lead to induction of apoptosis through caspase activation
[75]. The caspase cascade following cytochrome c release is initiated by
caspases-8 and -9 that activate the executioner’s caspases-3, —6 and — 7,
enabling cell death [76]. We explored the use of the active form of
caspase-3 and -7 for the detection of apoptotic events induced by the
complexes. Complexes were tested at concentrations below their ICsg
values at 24 h (Fig. 6). Their ability to activate caspase-3/7 is dose-
dependent and similar to that of the gold reference AF, but much
lower than CP that showed high caspase activation ability, which
seemed to be in agreement with other studies that support a model for
the CP-sensitive A2780 cells in which cisplatin-induced cell death pro-
ceeds via caspase-3-independent pathways, such as by binding to DNA
and promoting apoptosis [77-79].

3.5.2. Detection by SEM

The morphological features of cells undergoing apoptosis can be
detected through the analysis of scanning electron microscopy (SEM).
The cell-surface changes, including membrane blebbing and loss of
features, such as microvilli, can be observed by SEM [80]. Fig. 7 shows
cells under division (white cells) and cells with surface changes that
could indicate membrane blebbing. Nevertheless, cells that probably are
undergoing apoptosis are also present in control cells (no treatment).
Results seemed to be in agreement with those of caspase 3/7 assays
(Fig. 6) that show complexes’s low ability to activate caspase.

3.6. Lipid droplets (LDs) study

The increase of intracellular ROS levels can affect the homeostasis of
intracellular lipid metabolism, promoting the accumulation of intra-
cellular lipid droplets (LDs), now emerging as major regulators of
cellular metabolism. Although this specific regulatory mechanism is not
yet clear, previous studies observed enhanced LDs accumulation in cells
exposed to oxidative stress. Thus, LDs emerged as dynamic organelles
that are essential for the cellular response to metabolic stress. In addi-
tion, after induction of apoptosis, accumulation of cytoplasmic LDs can
lead to cell death [81,82].

The effect of the dithiolene complexes on LDs formation A2780 cells
are shown in Fig. 8. Although preliminary, these studies indicated the
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Fig. 6. Caspase 3/7 activity in the A2780 cells after 24 h exposure to the complexes at concentrations below their ICso values. The reference drugs CP and AF were
also included for comparison. Results in luminescence (fold to control) are mean + SD of at least 2 experiments with 4 replicates per condition.
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Fig. 7. Scanning electron microscopy (SEM) of A2780 cells: non-treated cells (control) and treated cells with [P][PttBu] and [P][Pd¢Bu] at their ICsq values at 24 h, 4

pM and 1 pM respectively. Bars = 20 pm.
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Fig. 8. Lipid droplets fluorescence detection in A2780 cells after treatment with the complexes and the reference drugs. Cells were treated with the complexes at 20,
50 and 100 pM for 1 h. The reference drugs CP and AF were also included for comparison. Results in fluorescence (fold to control) are mean + SD of at least 2

experiments with 4 replicates per condition.

formation of LDs upon treatment with the compounds at 20, 50 and 100
pM and that this effect is dose-dependent. However, the relationship
between ROS generation and the formation of LDs was not evident,
except for the [P][PttBu] complex.

4. Conclusions
In this study we report the synthesis of four new monoanionic metal

bis(dithiolene) complexes with Pt and Pd metal centers, coordinated to
two 2-thioxo-1,3-thiazoline-4,5-dithiolene ligands substituted by alkyl

10

groups of different bulkiness such as Et and tBu. The electrochemical,
structural and optical properties of these complexes were compared with
those of their previously reported Au and Ni analogues and no signifi-
cant effect of the alkyl group was demonstrated. Among these mono-
anionic complexes, the redox as well as the optical properties of the Ni,
Pd and Pt series are very different from those of the Au complexes. The
first series exhibit a strong absorption band in the NIR region while the
gold complexes absorb only in the UV-vis range. The monoanionic gold
complexes are more difficult to oxidize into the neutral complexes, by
about 300 mV when compared to the Ni, Pd and Pt complexes. Although
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this class of complexes was originally explored as molecular conductors,
they have recently attracted attention, in particular gold(IIl) bis
(dithiolenes), as anticancer and antimicrobial agents. Herein we have
assessed the potential biological activities of these eight metal bis
(dithiolene) complexes as anticancer and antitrypanosomatid agents.
The nature of the alkyl groups does not influence the cytotoxic or anti-
trypanosomatid properties of this class of transition metal complexes.
However, those with the bulkiest substituent on the dithiolene backbone
show improved selectivity for T. cruzi trypomastigotes and these com-
plexes present indeed high antiparasitic activity comparable to NFX. As
anticancer agents, they present the ability to combat ovarian cancer as
well as to overcome resistance in cisplatin-resistant cells. The mecha-
nism of cell death seemed to be mediated mainly by ROS, but further
studies are needed to better understand their biological activity. So far,
the [P][PttBu] and [P][PdtBu] complexes showed biological profiles
that encourage their further exploitation as drug leads for the develop-
ment of novel molecules with antitumor, and antiparasitic activities as
alternatives to the current pharmacological interventions.
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