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Abstract

Three new ruthenium(Il)-arene complexes with pyrido[2’,3":5,6]pyrazino[2,3-f][1, 10]phenanthroline (ppf) of general for-
mula: C1 ([(776—benzene)Ru(ppf)Cl]PF6, C2 ([(qé-toluene)Ru(ppf)Cl]PF6) and C3 ([(176—p—cymene)Ru(ppf)Cl]PF6) have been
synthesized. The structures of complexes were determined by elemental analysis, IR, ESI-MS, as well as with 'H and 13C
NMR spectroscopy. Cytotoxic activity has been evaluated in three different human neoplastic cell lines (A549, A375, LS
174T) and in one human non-tumor cell line (MRC-5), by the MTT assay. Complexes C1-C3 showed ICs values in the
micromolar range below 100 uM. Complex C3, carrying 5°-p-cymene as the arene ligand, exhibited cytoselective activity
toward human malignant melanoma A375 cells (IC5,=15.8 +2.7 uM), and has been selected for further analyses of its
biological effects. Drug-accumulation study performed in the A375 cells disclosed that C3 possess lower ability of enter-
ing the cells compared to cisplatin and distributes approximately equally in the cytosol and membrane/organelle fraction of
cells. Investigations in the 3D model of A375 cells, disclosed different effects of the complex C3 and cisplatin on growth
of multicellular tumor spheroids (MCTSs). While the size of cisplatin-treated MCTSs decreased with time, MCTSs treated
with C3 continued to growth. Differences in structural organization and biological activity of this type of ruthenium(II)-arene
complexes versus cisplatin in A375 malignant melanoma cells pointed out their different modes of action, and necessity for
further biological studies and optimizations for potential applications.
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Abbreviations

NAMI-A [ImH][trans-RuCl,(DMSO)(Im)]

KP1019 [transtetrachlorobis-(1H-indazole)
ruthenate(III)]

KP1339 Sodium [transtetrachlorobis-(1H-indazole)
ruthenate(III)]

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

PDT Photodynamic therapy

A549 Human lung adenocarcinoma cells

A375 Human malignant melanoma cells

LS 174T Human colorectal adenocarcinoma cells

MRC-5 Non-tumor human lung fibroblast cells

ICP-MS Inductively coupled plasma mass
spectrometry

RPMI 1640 Roswell Park Memorial Institute nutrient
medium (1640)

FCS Fetal calf serum

HEPES 4-(2-hydroxyethyl)piperazine- 1-ethanesul-
fonic acid

MTT 3-(4.5-dimethylthiazol-2-yl)-2.5-diphe-
nyltetrazolium bromide dye

SDS Sodium dodecyl sulfate

PI Propidium iodide

PBS Phosphate-buffered saline

RNaseA Ribonuclease A

FACS Fluorescence-activated cell sorting

AO Acridine orange
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EtBr Ethidium bromide

FITC Fluorescein isothiocyanate
MCTS Multicellular tumor spheroid
Introduction

There is a necessity for the development and screening of
potential anticancer agents, because of rapid increase in
cancer cases worldwide. More than 50% of the treatments
are based on cisplatin (cis-diamminedichloroplatinum(II))
and its derivatives [1]. Beside their effectiveness, they also
produce severe adverse effects [2, 3]. Due to the resistance
of some types of tumors to platinum, their effectiveness
decreases or even makes them ineffective, causing treat-
ment failure [4, 5]. Numerous other metal-based drugs have
been tested to find an inexpensive metal complex with less
harmful and improved curative effects. Ruthenium com-
plexes, with their ability to mimic iron by binding to some
biological molecules, reduced general toxicity, slow ligand
exchange kinetics and higher affinity to cancer tissues com-
pared to normal tissues, have desirable properties for suit-
able replacement of commercially available anticancer drugs
[6]. Plenty of ruthenium complexes have been described
in the literature, but only a few of them show remarkable
anticancer activity. NAMI-A [ImH][trans-RuCl,(DMSO)
(Im)] Im=imidazole, DMSO = dimethylsulfoxide), the first
ruthenium complex in clinical trials, has low direct cytotox-
icity towards cancer cells in vitro; but, in vivo, it inhibits
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tumor metastasis. Due to its low therapeutic efficiency, pro-
gression of the disease in the clinical studies (phase I) and
partial response (phase I/IT) limited further clinical use of
NAMI-A and resulted in the failure of the clinical develop-
ment [7]. In addition, other ruthenium complex KP1019,
[transtetrachlorobis-(1H-indazole)ruthenate(III)], designed
by the Keppler’s group entered cancer clinical trials [8].
However, its low solubility limited its further examination
and KP1019 is replaced with better soluble sodium salt,
KP1339 [9].

Another type of complexes that attracted attention in
recent years are arene ruthenium(Il) complexes. General
formula of this type of complexes is [(qé—arene)Ru(X)
(Y)(2)], and they are also called piano-stool complexes,
because arene moiety looks like a seat, and ligands X,
Y and Z are standing legs of chair. Widely known arene
complexes were designed by Sadler and Dyson groups [10,
11]. Arene moiety (benzene and its derivatives) enables
lipophilicity of complexes; type of substituents at the ring
determine the electron distribution at the ruthenium(II)
complex molecule, which affects the stability and facili-
tates the entry of compound into the cells [12]. Another
feature of these complexes is possibility of use N, N-chelat-
ing ligands as X and Y ligand. This type of ligands can be
aliphatic diamine, aromatic diamine and pyridine deriva-
tives. Arene ruthenium complexes with ethylenediamine
(en) chelating ligand have been studied by Sadler and cow-
orkers. They reported remarkable effects in chemical and
biological activity [13].

Many researches proved that ruthenium(II) polypyridyl
complexes have significant biological properties [14, 15].
Most complexes are very reactive, imaging capable, with
binding ability, and redox chemistry, which rank them as
potential diagnostic and therapeutic drugs for cancer. Most
of these ruthenium complexes are kinetically inert, because
they have N,N-chelating ligands and octahedral structures.
Complexes interact with biological molecules including
DNA, proteins and RNA, both as probes and inhibitors.
Interaction with these biological molecules often induces
damage or toxicity. Many Ru(Il) polypyridyl complexes are
photosensitizers suitable for cancer photodynamic therapy
(PDT), because of their photophysical and photothermal
properties (long luminescence lifetime, significant two-pho-
ton absorption and photostability) [16—18]. These properties
make them convenient in PDT, because of its requirement
for both a non-toxic photosensitizer and a harmless light
source. In the best case, PDT affects directly cancer cells,
inducing their cell death by distinct mechanisms.

Barton et al. [19] first reported that [Ru(bpy),dppz]**
interacts with both mismatched and well-matched targets
in the oligonucleotide. These, saturated tris(bidentate)
ruthenium(II) complexes are lipophilic and cationic,
and their unique octahedral structure contributes to a

diversity of biological applications [20]. Biological activity
of ruthenium(II) polypyridyl complexes was first reported
more than 65 years ago. Dwyer and coworkers demon-
strated that different types of enantiomeric [Ru(bpy);]** and
[Ru(phen)3]2+ have different biological activities [21]. The
intercalating action of the Ru(Il) polypyridyl complexes with
DNA is a common and frequent mechanism of their antican-
cer activity [22]. In recent years, many organoruthenium(II)
complexes coordinated to the arene moiety were synthesized,
characterized and evaluated for in vitro biological activity
in cancer and non-cancer cell lines, with results pointing
out their interesting and quite distinct mode of action vastly
different from the widely used chemotherapeutic platinum-
based drugs [23, 24].

For these reasons, we investigated ruthenium(II) com-
plexes containing different arene moieties (benzene, tolu-
ene and cymene) with pyrido[2',3":5,6]pyrazino[2,3-f][1,
10]phenanthroline (ppf) with the aim to study influence of
arene moiety on the cytotoxicity of compounds, and to have
a closer look into the mechanism of action.

Experimental section
Materials and measurements

All chemicals were of reagent-grade quality or higher,
obtained from commercial suppliers and were used with-
out further purification. Solvents were used as received.
RuCl;-3H,0 was purchased from Johnson Matthey (London,
United Kingdom). [(n6-p—cymene)-RuC12]2, [(5%-toluene)-
RuCl,], and [(7°-benzene)-RuCl,], were prepared according
to a published procedure [25].

'H and '*C NMR spectra were recorded in deuterated
solvents on a Bruker Ultrashield Advance III spectrometer
500 ('H: 500 MHz) or VarianGemini-200 (‘H: 200 MHz)
MHz spectrometers at room temperature. The chemical
shifts, 9, are reported in ppm (parts per million), and cou-
pling constants (J) in Hertz. The residual solvent peaks have
been used as an internal reference. The abbreviations for the
peak multiplicities are as follows: s (singlet), d (doublet), dd
(doublet of doublets), t (triplet), q (quartet), m (multiplet),
and br (broad). Elemental analysis was carried out using
an Elemental Vario EL III microanalyzer. Infrared spectra
were recorded on a Nicolet 6700 FT-IR spectrometer using
the ATR technique. ESI mass spectra measurements of com-
plexes were carried out on a MS system LTQ Orbitrap XL
with heated ESI ionization in methanol solutions. Measure-
ment of ruthenium(II) content in cells was analyzed using
ICP-MS and a Thermo Scientific iCAP Qc ICPMS (Thermo
Scientific, Bremen, Germany) spectrometer with Qtegra
operational software.

@ Springer



300

JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

Synthesis of ligand and complexes

Synthesis of pyrido[2,3”:5,6]pyrazino[2,3-f][1, 10]
phenanthroline (ppf)

Pyridine-2,3-diamine (104 mg, 0.951 mmol, 1 equiv)
was added to the boiling solution of 1,10-phenanthroline-
5,6-dione [26] (200 mg, 0.951 mmol, 1 equiv) in methanol
(16 ml) and mixture was refluxed for 1.5 h. Formed yel-
low precipitate was filtered and washed with cold MeOH,
Et,0 and dried in vacuo. Yield: 253 mg (94%). IR (ATR):
¥ 3052, 2977, 2925, 1580, 1480, 1412, 1356, 1274, 1075,
810, 737 cm~!. 'THNMR (200 MHz, CDCl;) 8H 9.81 (H2,
dd, /=8.2, 1.8 Hz, 1H), 9.64 (H19, dd, /=8.2, 1.8 Hz, 1H),
9.40 (H10, dd, J=4.0, 1.9 Hz, 1H), 9.33 (H4 iH17, dd,
J=4.5, 1.6 Hz, 2H), 8.76 (H12, dd, /=8.5, 1.9 Hz, 1H),
7.96-7.80 (H3, H18 iH11, m, 3H).

Synthesis of [(fl6-benzene)Ru(ppf)CI]PF6 (€1)

The suspension of [(;16-benzene)RuC12]2 (40 mg, 0.08 mmol,
1 equiv) in isopropanol (4 ml) was added to a solution of ppf
(45 mg, 0.16 mmol, 2 equiv) in isopropanol/CH,Cl, mixture
(10 ml) 1/1 (V/V). The mixture was stirred at room tempera-
ture for 5 h and then filtered. NH,PF¢ (39 mg, 0.24 mmol,
3 equiv) was then added to the solution and left to stir over
night at room temperature. Formed yellow precipitate was
filtered and washed with cold Et,0, MeOH and dried in
vacuo. Yield: 82 mg (80%). Elemental analysis: Calcd. For
Cy3H,5sCIF{NsPRu C, 42.97; H, 2.35; N, 10.89. Found: C,
43.16; H, 2.44; N, 10.93. "H NMR (500 MHz, DMSO-d)
6 10.17 (H2 i H19, dd, J=11.5, 5.0 Hz, 2H), 9.70 (H4, d,
J=17.9 Hz, 1H), 9.64 (H17, d, J=8.0 Hz, 1H), 9.50 (H10,
dd, /=3.8, 1.7 Hz, 1H), 8.89 (H12, dd, /J=8.5, 1.6 Hz,
1H), 8.31 (H3 i H18, ddd, /=18.2, 8.1, 5.4 Hz, 2H), 8.15
(H11, dd, J=8.5, 3.9 Hz, 1H), 6.43 (H23-PhH, s, 6H). '°C
NMR (125 MHz, DMSO) & 158.72, 158.56, 158.23, 158.23,
156.83, 149.80, 148.97, 141.91, 140.54, 140.54, 139.06,
138.81, 136.55, 136.22, 129.85, 129.51, 128.29, 128.24,
125.39, 87.62. (+)ESI-MS(m/z): (IM-PF]*) calculated
498.00, found 498.00.

Synthesis of [(n°-toluene)Ru(ppf)CIIPF, (C2)

The suspension of [(17(’—t01uene)RuC12]2 (28 mg, 0.053 mmol,
1 equiv) in methanol (5 ml) was added to a solution of ppf
(30 mg, 0.106 mmol, 2 equiv) in methanol/CH,Cl, mix-
ture (10 ml) 1/1 (V/V). The mixture was stirred at room
temperature for 5 h and then filtered. NH,PF, (26 mg,
0.159 mmol, 3 equiv) was then added to the solution and
left to stir overnight. Formed yellow precipitate was fil-
tered and washed with cold Et,0, MeOH and dried in
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vacuo. Yield: 54 mg (78%). Elemental analysis: Calcd. For
Cy,H,yCIFNsPRueH,0 C, 42.71; H, 2.84; N, 10.38. Found:
C, 42.60; H, 2.67; N, 10.09. '"H NMR (500 MHz, DMSO-dy)
6 H 10.07 (H2 i H19, d, /J=4.2 Hz, 2H), 9.74 (H4 i H17,
dd, J=9.7, 8.4 Hz, 2H), 9.52 (H10, dd, /=4.0, 1.9 Hz, 1H),
8.94 (H12, dd, J=8.5, 1.8 Hz, 1H), 8.34 (H3 i H18, ddd,
J=8.3,54,3.0Hz, 2H), 8.18 (H11, dd, /=8.6, 4.1 Hz, 1H),
6.52 (H26 1 H26', t, J=6.0 Hz, 2H), 6.14 (H25 i H25/, d,
J=6.1 Hz, 2H), 5.94 (H27, t, J=5.7 Hz, 1H), 2.32 (H24,
s, 3H). '3C NMR (125 MHz, DMSO) & 158.60, 158.44,
158.25, 149.86, 149.15, 148.95, 142.07, 140.71, 139.14,
138.84, 136.51, 136.18, 129.87, 129.53, 128.37, 128.31,
106.50, 90.82, 83.68, 81.03, 19.55. (+)ESI-MS(m/z): ([M-
PF(]") calculated 512.02, found 512.02.

Synthesis of [(rf—p-cymene)Ru(ppf)CI]PF6 (C3)

The solution of [RuC12(;76-p-<:ymene)]2 (50 mg, 0.082 mmol,
1 equiv) in CH,Cl, (4 ml) was added dropwise to a solu-
tion of ppf (46 mg, 0.164 mmol, 2 equiv) in methanol/
CH,Cl, mixture (10 ml) 1/1 (V/V). The mixture was stirred
at room temperature for 5 h and then filtered. NH,PF
(40 mg, 0.246 mmol, 3 equiv) was then added to the solu-
tion and left to stir overnight. Formed yellow precipitate
was filtered and washed with cold Et,0, MeOH and dried in
vacuo. Yield: 91 mg (83%). Elemental analysis: Calcd. For
C,7H,;CIF(NsPRu C, 46.39; H, 3.32; N, 10.02. Found: C,
47.10; H, 2.77; N, 10.38. '"H NMR (500 MHz, DMSO-d)
6 H 10.05 (H21H19, m, 2H), 9.75 (H4, dd, /=8.2, 1.0 Hz,
1H), 9.70 (H17, dd, J=8.1, 1.0 Hz, 1H), 9.49 (H10, dd,
J=3.9,1.9Hz, 1H), 8.90 (H12, dd, J=8.5, 1.8 Hz, 1H), 8.34
(H3 i H18, dt, J=8.2, 5.6 Hz, 2H), 8.15 (H11, dd, /=8.5,
4.0 Hz, 1H), 6.41 (H25 1 H25', d, J=6.5 Hz, 2H), 6.18 (H26
iH26'd,/J=6.4 Hz, 2H), 2.71 (H28, m, J=13.7, 6.8 Hz, 1H),
2.23 (H24, s, 3H), 1.01 (H29 i H29, d, J=6.9 Hz, 6H). 1*C
NMR (126 MHz, DMSO) & 158.41, 158.25, 158.20, 149.86,
149.06, 148.86, 142.26, 140.89, 139.10, 138.78, 136.57,
136.24, 130.05, 129.72, 128.46, 128.29, 105.56, 103.50,
86.61, 84.89, 31.12, 22.43, 18.91. (+)ESI-MS(m/z): ([M-
PF]*) calculated 554.06, found 554.06.

Cell lines and culture conditions

Three human cancer cell lines: human lung adenocarci-
noma (A549), human malignant melanoma (A375), human
colorectal adenocarcinoma (LS 174T) and one human non-
cancer lung fibroblast cell line (MRC-5) were maintained in
nutrient medium (Roswell Park Memorial Institute) RPMI
1640 (Sigma-Aldrich). RPMI 1640 medium was supple-
mented with 10% fetal calf serum (FCS) (pH 7.2) (Sigma-
Aldrich), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) (25 mM), L-glutamine (3 mM), penicillin (100
U/mL) and streptomycin (200 pg/mL). Cells were grown
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as flat monolayer culture in tissue culture flasks (Thermo
Scientific Nunc™), at 37 °C in a humidified incubator with
5% CO,.

MTT assay

Cells were seeded into 96-well culture plates (Thermo Sci-
entific Nunc™) at cell densities of 6000 c¢/w (A375, LS
174T) and 5000 c/w (A549, MRC-5) in 100 uL of cell cul-
ture medium. After 24 h, the cells were treated with serial
dilutions of the investigated ruthenium(II)-arene complexes
C1-C3 and ligand ppf. Tested compounds were dissolved
in DMSO at a concentration of 10 mM as stock solution
(the final concentration of DMSO did not exceed 1% (v/v)
per well) immediately prior to use. Cisplatin was used in
this study as a reference compound. After 72 h of continu-
ous drug incubation, MTT solution (3-(4.5-dimethylthiazol-
2-yl)-2.5-diphenyltetrazolium bromide, Sigma-Aldrich),
was added to each well (5 mg/mL) [27]. The culture plates
were incubated for the next 4 h at 37 °C, and finally 10%
sodium dodecyl sulfate (SDS) was added to dissolve formed
formazan crystals. Absorbances were read on a microplate
reader (ThermoLabsystemsMultiscan EX 200-240 V)
after 24 h at a wavelength of 570 nm. Results are eventu-
ally expressed as ICs, values (concentration of investigated
compound that cause 50% decrease in the number of viable
cells in a treated cell population compared to a non-treated
control).

Trypan blue exclusion assay

Trypan blue exclusion assay was applied to investigate
whether the result of metabolic MTT assay represents a real
viability status of the C3-treated A375 cells. Basic principle
of the test is that viable cells possess intact cell membranes
which exclude trypan blue dye, whereas non-viable cells
do not. A375 cells were treated with ICs, concentration of
C3 for 24 h, 48 h and 72 h. After the incubation period,
cells were harvested and cell suspension stained by trypan
blue solution (0.4%), according to the previously described
protocol [28]. Cells were visually examined by light micros-
copy and cell number determined using a hemocytometer
chamber. Viable cells appear with clear cytoplasm, while
non-viable appear with blue cytoplasm.

Flow cytometric analysis of cell cycle phase
distribution (Pl staining)

Flow-cytometric analysis of the cell cycle phase distribu-
tion was performed in fixed A375 cells after staining with
PI [29]. 2x 10° A375 cells were seeded into 6-well plates

(Thermo Scientific Nunc™) in the nutrient medium. After
24 h of growth, cells were continually exposed to C3 or
cisplatin at concentrations corresponding to 0.5 XICs, ICs,
and 2 X ICs for additional 24 h, 48 h, and 72 h. The cells
were collected and fixed overnight in 1 mL of 70% ice-cold
ethanol. After fixation, cells were washed with cold phos-
phate-buffered saline (PBS), and incubated with 100 pg/mL
of RNaseA (1 mg/mL in PBS) for 30 min, at 37 °C. Imme-
diately before flow-cytometric analysis, cells were stained in
the dark with 50 pg/mL of PI (400 pg/mL in PBS). 10.000
cells were analyzed for each sample by a fluorescence-acti-
vated cell sorting (FACS) BD Calibur flow cytometer (Bec-
ton—Dickinson, Heidelberg Germany), at 488 nm excitation
line. Collected data were analyzed by Cell Quest computer
software.

Morphological analysis of cell death by fluorescent
microscopy

A375 cells (5000 c/w) were seeded into 96-well plate
(Thermo Scientific Nunc™) in 100 pL of cell culture
medium. After 24 h of growth, cells were treated with
IC5, and 2 X ICs, concentrations of C3 or cisplatin and left
for another 72 h to incubate with the investigated drugs.
Further, cells were stained with the acridine orange (AO,
5 pg/mL) and ethidium bromide (EtBr, 3 ug/mL) [30], and
immediately after observed under the Bio-Rad™ ZOE™
Fluorescent Cell Imager, using 20x/0.4 objective.

Flow cytometric analysis of apoptotic potential
(Annexin V-FITC/PI staining)

A375 cells were seeded into 6-well plates (2 x 10 [5] c/w)
and after 24 h of growth treated with 0.5 X1Cs,, IC5, and
2 X ICs, concentrations of C3 or cisplatin. Following
the 24-h and 48-h incubation time, cells were harvested
and resuspended in 200 pL 1 X Binding Buffer (10 mM
HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl,).
100 uL of cell suspension (~ 1 x 10° cells) was transferred
to a 5 mL round-bottom polystyrene tube (Falcon, Corn-
ing) and mixed with 5 uL. of both FITC Annexin V (BD
Pharmingen) and PI (50 pg/mL in PBS) [31]. After incuba-
tion of 15 min in the dark, at 37 °C, 400 pL of 1 X Binding
Buffer was added to each tube and samples were analyzed
using a FACS BD Calibur flow cytometer and Cell Quest
computer software.

Cellular uptake and subcellular distribution studies

For cellular uptake and subcellular distribution studies,
2x10° A375 cells were grown in 75 cm? culture flasks
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Scheme 1 Synthesis of complexes C1-C3

(Thermo Scientific Nunc™). After 24 h, cells were treated
with equimolar concentrations (10 pM) of C3 or cisplatin,
and incubated for 24 h. Cells were harvested by trypsini-
zation, and cell pellet was collected by centrifugation at
1500 rpm for 10 min. Cell viability was determined by
the Trypan blue exclusion assay. For subcellular distribu-
tion studies, cell pellet was further lysed with Subcellular
Protein Fractionation Kit for Cultured Cells, according to
the manufacturer’s instructions (Thermo Scientific, cat.no.
78840). Total intracellular accumulation and accumulation
in subcellular compartments of C3 and cisplatin in A375
cells were analyzed using the inductively coupled plasma
mass spectrometry (ICP-MS) and a Thermo Scientific iCAP
Qc ICP-MS (Thermo Scientific, Bremen, Germany) spec-
trometer with operational software Qtegra [32]. The levels
of C3 and cisplatin, found in cells after the treatment, were
expressed as the amount of metal (ruthenium or platinum)
(ng) taken up per 10° cells.

Generation and analysis of MCTSs

A375 cells were seeded at cell density of 1000 c/w in 200
pL of RPMI containing 10% FCS in a low attachment Nun-
clonSphera 96-well ultra-low attachment plate (Thermo
Scientific Nunc™) to form multicellular tumor spheroids
(MCTSs) [33]. MCTS aggregates of approximately 400 um
in diameter were formed after one day incubation with
5% CO, and 20% O, at 37 °C. The formation and growth

R
B CP - p

Ru

1

1. DCM/i-PrOH, r.t. (C1)
Lot et 0 NN
2. NH,PFg C
) )
1. DCM/MeOH, r.t. (C2 and C3) / S
—N
2. NH4PFg =N

C1L,R=H
C2,R=Me
C3, R = Me, iso-Pr (p-cymene)

of MCTSs were examined and imaged with a Bio-Rad™
ZOE™ Fluorescent Cell Imager, using 20x objective.

A375 MCTSs (diameters approximately 500 um) were
treated by carefully replacing 50% of the medium with fresh
nutrient medium for control MCTSs or with C3-supple-
mented medium for treated MCTSs. MCTSs were incubated
with freshly made serial dilution of C3 (up to 120 uM) for
another 72 h. The cytotoxicity of C3 toward the A375 tumor
spheroids was investigated by MTT assay, after transferring
MCTSs into flat-bottomed 96-well plate (Thermo Scientific
Nunc™),

For the live/dead analysis of A375 MCTSs, dual fluo-
rescent staining with Calcein-AM (Sigma-Aldrich) and
propidium iodide (PI, Sigma-Aldrich) was performed. The
intracellular esterases convert non-fluorescent cell perme-
able Calcein dye to intensely fluorescent Calcein in live
cells, allowing the assessment of cell viability (green fluo-
rescence). Propidium iodide is able to enter dead cells with
a porous membrane and to intercalate with nucleic acid to
give a fluorescence signal (red fluorescence), allowing the
assessment of cell death [34]. After the formation, A375
spheroids were treated with C3 or cisplatin (concentrations
corresponding to 3 X ICs). Briefly, after the 96 h treatment,
the MCTSs were incubated with Calcein-AM (3 uM) and
PI (5 uM) solutions for 30 min, in the dark, at 37 °C, and
imaged directly using a Bio-Rad™ ZOE™ Fluorescent Cell
Imager (20x/0.4 objective).

Table 1 In vitro activity of

testod ruthonium(D complexss Compound ~ A549 A375 LS 174T  MRC-5 Shisso*  Slagss*  Skigizar®
C1-C3, ligand ppf and Cl 458437  89.1+25  >100 847+1.1 1.85 0.95 <0.84
:;?/’Il)at;%:;;zg‘fft‘ggczS% f:}l“es c2 406+28 959434  685+18 815443 2 0.85 1.19
continuous drug action, by c3 36.1+£3.5 158+27  658+56  688+29 1.9 4.35 1.05
MTT assay ppf 6.1+09  6.6+09  59+09  6.6+03 108 1 1.12
cisplatin 6.1+26  75+09 156+07  95+23  1.56 1.27 0.6
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Fig.1 Cell survival curves after 72 h of treatment of a A549, b A375, ¢ LS 174T and d MRC-5 cell lines with complexes C1-C3, ppf ligand

and cisplatin

Results and discussion
Synthesis and characterization of the complexes

All complexes were synthesized following the synthetic
routes described in Scheme 1. The resulting complexes were
found to be soluble in DMSO, methanol and acetonitrile.

All complexes were characterized by 'H NMR, IR, ele-
mental analysis and mass spectrometry. In the 'H NMR
spectra of the complexes, all protons and carbons appear
at chemical shifts expected for such types of compounds.
Importantly, as determined by the integrals of the 'H
NMR spectra, the arene to ppf ratio was found to be 1:1.

In complexes spectra there is a deviation of chemical
shifts in relation to the free ligand. Chemical shifts of
ppf in C1 are closest to ones of free ligand, due to pres-
ence of benzene arene moiety. Changes of ligand pro-
ton shifts are more noticeable in complexes with toluene
(C2) and cymene (C3) moiety. Peak positions are at the
chemical shifts expected for such type of complexes. This
suggested a piano-stool geometry for the complexes with
a coordinated chloride ligand. The composition of the
inner sphere is also confirmed by analysis of the ESI-MS
spectra, where a single peak was found at m/z 498.00,
512.02, and 554.06 for the complexes C1, C2 and C3,
respectively, without a counter ion PF, .

Since all complexes were found to be well soluble in
DMSO, stock solutions for IC5, were prepared in this sol-
vent. In these experimental conditions, the arene ligand
and chlorido anion from the complex can undergo a ligand
exchange with the DMSO molecule, leading potentially to
problems during the ICs, value examination [35]. For this
reason, we first investigated the stability of all complexes
in DMSO-d, solutions using 'H NMR spectroscopy. We
followed the changes in the spectra of the complexes for
24 h. The signals of the ligands did not change over time
in all complexes, indicating that the complexes are stable
in DMSO solution.

MTT assay

The cytotoxicity of three new ruthenium(II)-arene com-
plexes C1-C3, as well as their corresponding ligand, ppf,
were investigated by the colorimetric MTT assay in a panel
of three human neoplastic cell lines (A549, A375, LS 174T)
and one human non-tumor cell line (MRC-5), in compari-
son to cisplatin as a referent compound. Results obtained
after 72 h of continuous drug treatment, are presented as
ICs, values (uM) (Table 1), provided from cell survival
diagrams (Fig. 1). Complexes C1-C3 showed ICs, values
in the micromolar range of 15.8-95.9 uM, except of C1
which was found to be non-active in LS 174T cells, in the
tested range of concentrations up to 100 uM. Investigated
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potent. C3 exhibited the highest activity and cytoselectivity  cells, as seen from the SI values (Table 1). Obtained results
toward malignant melanoma A375 cells. With ICs, value  showed that cytotoxic activity of these ruthenium(II)-arene

A i @G2-M os  mel msub-G1 B .- mG2M Os  ®m6l  mswal
100% - — —I— —I— 100% e
90% - 90%

80% 80% -
2 70% - » 70% A
° ]
S S
T 60% - T 60%
£ £
B8 50% - By 50%
S k-]
R 40% R 40%
30% - 30%
20% 20%
10% - 10%
0% -1 0%
Control c ca c3 cisplatin cisplatin cisplatin Control ca ca ca p isplati isplati
(0.5xICs0) (ICsp)  (2xICsp) (0.5xICs0) (ICs0)  (2xICsg) (0.5xICs0) (ICs0)  (2xICs0) (0.5xICs0)  (ICsp)  (2xICs0)

C 110% - 0G2-M os BG1 WSub-G1

100% - — I

90%

80%
2 70% o
3
T 60% - {
@
t‘b 50% -
: -
R 40%

30%

20% -

10% -

0%
Control [ c [ cisplatin cisplatin cisplatin

(0.5xICs0)  (ICsp)  (2xICs0) (0.5XICs0) (ICso)  (2xICsp)

Fig. 3 Diagrams of cell cycle phase distributions of treated A375 cells after a 24 h, b 48 h and ¢ 72-h treatment with C3 or cisplatin at concen-
trations corresponding to 0.5 XICs, ICs, and 2 X ICs,. Bar graphs represent mean + standard deviations of three independent experiments

@ Springer



JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

305

complexes obviously depends on the coordinated 7%-arene
ligand [36]. This observation is in agreement with a previ-
ous report describing the more potent activity of ruthenium
complexes containing arene ligands such as p-cymene (as in
C3) [37]. Ligand exhibited consistent activity in all tested
cell lines, with ICs, value of approximately 6 uM, which
is in line with cisplatin. Results show that ligand was at
least 2.4 times more active than its corresponding complexes
C1-C3. It is previously demonstrated that some intercalative
ligands can display higher activity toward cancer cell lines
in comparison to their corresponding ruthenium(II)-arene
complexes [38]. According to the results of MTT assay, C3
was chosen for further biological studies of its effects in
A375 malignant melanoma cells.

ICs, values (uM) are presented as an average (+ SEM)
of three independent experiments. ~SI-selectivity index for
tested complexes, ligand and cisplatin, in tumor cell lines
(A549, A375 and LS 174T), related to non-tumor MRC-5
cell line: SI,s49 (IC5y MRC-5/IC5, A549), Sl 375 (ICs
MRC-5/ICy, A375), SI; g 1747 (IC50 MRC-5/IC5, LS 174T).

Trypan blue exclusion assay

The cell death assays can be divided in two major groups:
assays that measure bona fide cell death (direct measuring
of cell death), and assays that quantify biochemical pro-
cesses that are viewed as viability markers (indirect meas-
uring of cell death) [39]. The MTT assay determines cell
viability by measuring mitochondrial dehydrogenase activ-
ity. Therefore, as metabolic type of assays it cannot distin-
guish between cytotoxic and antiproliferative effects. The
investigation of morphological changes induced by inves-
tigated complexes (see Fig. 4, bright field) showed that
A375 cells exposed for 72 h to C3, at concentrations cor-
responding to ICs, and 2 X ICy, still have preserved mor-
phology and number of cells is not dramatically changed
as expected based on the ICs, values obtained from MTT
assay. To investigate viability status of the A375 cells,
considering the cellular membrane integrity, under the
C3-treatment and to compare it to the result of metabolic
MTT assay, the cells were submitted to the Trypan blue
exclusion assay after the 24 h, 48 h and 72 h of continu-
ous drug incubation. Number of live and dead cells in
treated cell population in comparison to non-treated cells
is evaluated visually by light microscopy, and cell growth
curves were plotted according to the viable cell numbers
(Fig. 2). Results showed that A375 cells treated with ICy,
concentration (15.8 uM, see Table 1) of C3 (obtained
from the MTT assay) were not only capable of dividing
and growing during the 3 days continuous drug incuba-
tion time, but also 98% of the cells appeared as viable
after the 72 h treatment, since they excluded Trypan blue
dye. C3-treated A375 cells showed doubling time of 34 h,

comparing to 22 h doubling time in control cell popula-
tion. These results differ from the result of MTT assay
[40], and indicate that C3 displays specific effects on the
proliferation and metabolism of A375 cells.

Flow cytometric analysis of cell cycle phase
distribution (Pl staining)

To investigate whether the C3 interferes with cell cycle
progression, flow cytometry analysis of the DNA content
was performed in A375 cells using PI staining. A375 cells
were treated with 0.5 XICs, IC;, and 2 X ICs,, concentra-
tions of C3 or cisplatin for 24 h, 48 h and 72 h. As shown
in Fig. 3, upon exposure of the A375 cells to C3, cells dis-
tribution over the cell cycle phases has not changed in con-
siderable amount through 3 days continuous C3-treatment,
when compared to the non-treated cell population (Fig. 3a).
After 72 h incubation with C3, approximately 6% of the
cells were detected in hypodiploid sub-G1 region, represent-
ing a cell population undergoing programmed cell death or
necrosis (Fig. 3c). It seems from these results, that neither
increased C3 concentration nor prolonged drug incubation
time, triggered substantial alterations in the cell cycle phase
distribution of cells, and C3 does not seems to interfere with
A375 cells replication. On the contrary, cisplatin showed
prominent effects on A375 cell cycle phase distributions,
comparing to control cells. After the 24-h treatment, cispl-
atin-induced strong S phase arrest, up to 48.02% (0.5 x1Cs),
61.18% (ICs,) and 59.38% (2 X ICs), versus 20.97% in con-
trol cells (Fig. 3a). Cisplatin-induced S phase arrest in the
A375 cells, suggest block of the DNA replication and is
in agreement with the literature regarding the effect of cis-
platin on cell cycle progression [41]. Prolonged treatment
(48 h) with cisplatin, induced further changes characterized
by decrease in percentage of cells in S phase, compensated
with the accompanying increase in the percentage of the
cells arrested in the G2-M phase of the cell cycle (Fig. 3b).
The 72 h incubation of A375 cells with cisplatin triggered
cell death, since cells rapidly and dosage-dependently accu-
mulated in the sub-G1 fraction.

Fluorescence microscopy analysis of cell death (AO/
EtBr staining)

Acridine orange/ethidium bromide (AO/EtBr) dual staining
of A375 cells treated with ICy, and 2 X ICs, concentrations
of C3 or cisplatin was performed to analyze morphologi-
cal characteristics of cell death by fluorescence microscopy.
Morphological appearance of cells is often used as criteria
for distinguishing among the different types of cell death,
without clear remarks about underlying biochemical mecha-
nisms [42]. Photomicrographs of A375 cells stained by AO/
EtBr dyes, following 72 h treatment were captured under

@ Springer



306 JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

Bright field Acridine orange/Ethidium bromide

Control

cisplatin
(ICs0)

cisplatin
(2xICs0)

Cc3
(ICs0)

c3
(2xIC 50)

@ Springer



JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

307

«Fig. 4 Photomicrographs of A375 control cells and cells exposed
for 72 h to C3 or cisplatin, at concentrations corresponding to ICy,
and 2xICy,. Left—A375 cells investigated under the bright field,
and right—acridine orange/ethidium bromide-stained A375 cells
observed under the Bio-Rad™ ZOE™ Fluorescent Cell Imager, using
20x%/0.4 objective. Arrows indicate characteristic changes in cell mor-
phology after the treatment with the tested compounds. Scale bar:
100 um

the bright field and green channel, and presented in Fig. 4.
Control cells are dense, polygonal in shape and light green
colored. The A375 cells treated with lower concentration
(ICs) of cisplatin, started to lose their normal morphology,
reduced in number and majority of cells became rounded,
with appearance of enlarged individual cells with long pseu-
dopods, implying cell senescence [43]. Mixed cell popula-
tion was present, with predominantly early apoptotic cells,
with intact membranes and condensed green fluorescent
chromatin, and individual cells resembling late apoptotic
morphology (orange to red fluorescing nuclei with frag-
mented chromatin). With the cisplatin dosage increase,
necrotic, swollen cells with red fluorescing nucleus are
present in noticeable extent. Under the 72 h continual drug
treatment, C3 caused less obvious cytological changes in
A375 cells, when compared to cisplatin. Concentration-
dependent reduction in A375 cell number is observed; cells
became more rounded with green fluorescent nuclei. Disrup-
tion of intercellular connections and increase in percentage
of cells with orange/red fluorescent nucleus, with or without
low chromatin condensation, is noticeable. However, other
characteristic hallmarks of apoptosis, such as membrane
blebbing and apoptotic bodies, have not been noticed.

Flow cytometric analysis of apoptotic potential
(Annexin V-FITC/PI staining)

Investigation of apoptosis/necrosis induction potential of
complex C3 and cisplatin in A375 cells is assessed by flow
cytometry following Annexin V-FITC/PI staining of treated
A375 cells. The obtained experimental data revealed that
C3 after 24 h and 48 h of A375 cells treatment does not
seems to initiate neither apoptotic nor necrotic cell death,
since approximately same percent of C3-treated and non-
treated, control A375 cells stained as FITC(+)/PI(—) (early
apoptotic cells), FITC(+)/PI(+) (late apoptotic or necrotic
cells) and FITC(-)/PI(+) (dead cells) (Figure S10). Addi-
tionally, 24-h treatment with cisplatin did not induce apop-
tosis, only percent of cells already dead increased to 13.11%
(with ICs; concentration treatment) compared to 8.95% in
control, which is in accordance with the literature data [44].
Further incubation with cisplatin (48 h) promoted very small
increase in percent of early apoptotic cells (up to 5.21%
(2x1Csy), versus 0.45% in control cells). Approximately
similar percent of cells stained as double positive for both

FITC and PI markers, and appeared as late apoptotic. The
48-h treatment with cisplatin introduced 22.06% (ICs) and
31.61% (2Xx1Cs) of A375 cells in cell death (stained as
FITC(-)/PI(+)), supporting high cytotoxic activity of cis-
platin toward A375 cells, without clear externalization of
phosphatidylserine (Annexin V-FITC-staining) as one of the
markers of apoptosis. Gained results are in accordance with
the findings from AO/EtBr analyses. It seems that C3 exerts
its activity in A375 cells in a programmed cell death inde-
pendent way, and precise mechanism remains to be further
investigated.

Cellular uptake and localization

The total cellular uptake and subcellular distribution of Ru
(from C3) and Pt (from cisplatin) in the A375 cells was
determined by ICP-MS, to reveal a possible relationship
between the cellular uptake and in vitro cytotoxicity. After
24 h of treatment with equimolar concentrations (10 uM),
both C3 and cisplatin entered the cells, but in a different
amounts. Complex C3 entered the A375 cells less effi-
ciently compared to cisplatin, as there were 1.55+0.04 ng
of Ru in 10° treated cells and 28.58 +0.8 ng of Pt in 10°
treated cells (Fig. 5a). Lower C3-intracellular content may
be consequence of continued proliferation of A375 cells
under the C3-treatment, having as a result reduced uptake
and enhanced efflux of the drug. The ICP-MS analysis of
subcellular localization of the tested compounds revealed
different distribution of C3 (39.1% localized in the cyto-
sol, 44.6% membrane/organelle, 8.2% nucleus, 3.9% chro-
matin proteins, 4.2% cytoskeletal fraction) and cisplatin
(18.2% in the cytosol, 67.5% membrane/organelle, 7.7%
nucleus, 3.6% chromatin proteins, 3.0% cytoskeletal frac-
tion) (Fig. 5b). Cisplatin accumulated in the highest amount
in the membrane fraction of cells, while C3 accumulated in
approximately equal amount in the membrane and cytoplas-
mic fraction of cells. This could be related to the different
reactivity of C3 and cisplatin with proteins and other subcel-
lular components. Accumulation of cisplatin in membrane/
organelle fraction of A375 cells is expected [45], but sus-
ceptibility to cisplatin damage depends on specific cellular/
tissue characteristics and cisplatin interactions with mac-
romolecules, while trafficking through diverse subcellular
structures. Mitochondria are the key intracellular organelles
responsible for the generation of energy and regulation of
cellular metabolism. Therefore, tumor cells need to repro-
gram mitochondrial metabolism to meet increased demands
for energy and building blocks required for uncontrolled pro-
liferation. Growing evidences indicate the significance of
mitochondrial reprogramming for proliferation of BRAF-
mutated melanomas (such as A375 cells) [46], rationalizing
mitochondria as a key therapeutic target for these tumors

@ Springer



308 JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

LY 28.58 B us-
o
2 90 - 4488983898884
3 066669696564
25 = 2333383323233
8
—_ a 80
= a
@
9 £ 70 - B cytoskeletal
© 20 %) 3
2 'g fraction
o 3 X 60 - mchromatin-b(.:und
= Q nuclear fraction
9154 g 5 50 4 fsoluble nuclear
N s fraction
=3 &8 mmembrane
= @ %= 40 !
w® E fraction
@ 10 4 o Ncytoplasmic
E S 305 fraction
= 2
g, -
i = N
[a] 10
0 ! 0 &
c3 cisplatin c3 cisplatin
Compound Compound

Fig. 5 Bar graphs representing quantitative determination of the a total intracellular accumulation and b subcellular distribution of C3 and cispl-
atin (ng/10° cells) after 24-h treatment of A375 cells with equimolar concentrations (10 uM) of compounds, measured by ICP-MS

Fig.6 Cell survival curve 100 -
obtained after 72 h continuous

treatment of A375 multicellular 30 4 —C3
tumor spheroids with C3 80 -

70 -
60 -
50
40
30

Cell survival [%]

20 -
10 +

0 T T T 1
0 30 60 90 120

Concentration [pM]

Control cisplatin

Fig.7 Growth inhibition of A375 multicellular tumor spheroids 96-h treatment with C3 or cisplatin (3 XICsg). Red signal indicates
treated with 3 XICs, concentrations of C3 or cisplatin. a A375 mul- dead cells; green signal, viable cells. Images obtained using a Bio-
ticellular tumor spheroids observed under the bright field, and b Rad™ ZOE™ Fluorescent Cell Imager (20x/0.4 objective). Scale bar:
Calcein-AM/PI dual stained A375 multicellular tumor spheroids after 100 pM

@ Springer



JBIC Journal of Biological Inorganic Chemistry (2019) 24:297-310

309

[47]. This may explain remarkably accumulation of cisplatin
and also C3 in mitochondrial fraction of A375 cells.

Analyses of the efficacy of C3 in a 3D MCTS cancer
model

Primary investigations of the efficacy of potential anticancer
drugs are usually performed in two-dimensional (2D) mon-
olayer cell cultures, which fail to truly represent the in vivo
environment and complex interactions between cells and
extracellular matrix components. Cells grown as 2D culture
differ morphologically, physiologically and metabolically
from the cells grown in 3D culture environment [48]. While
cells in 2D model systems are uniformly exposed to oxygen,
nutrients and other biochemical signals, cells in 3D models
are exposed to gradients of these conditions and subsequent
cellular layers of different proliferative capability appoint
different drug response. Multicellular tumor spheroids
(MCTSs) are heterogeneous cellular aggregates that can be
introduced as 3D models that resemble properties of solid
tumors in vitro. 3D model of A375 cells was introduced to
investigate the efficacy of C3 on the viability and growth
kinetics of MCTSs over a period of time, in comparison to
cisplatin. 72 h of continuous drug incubation of MCTSs with
C3 revealed sevenfold lower sensitivity of A375 MCTSs to
C3 (IC5,=110 uM) than in 2D cell culture (see Table 1),
which is in accordance with the stated observation of differ-
ent organization and physiology of tumor spheroids (Fig. 6).

Investigations in the 3D model of A375 cells further dis-
closed different effects of 4-day treatment with C3 (3 XICs)
and cisplatin, on growth of MCTSs. The sizes of the MCTSs
that were untreated (control) and treated with tested C3,
continued to growth over time (Fig. 7a), indicating that C3
was not able to stop the proliferation of A375 cells in tumor
spheroid with investigated concentrations. This result can
be compared to the results of Trypan blue exclusion assay
that showed sustained proliferation of A375 cells under the
C3-treatment, with prolonged doubling time, compared to
control A375 cell population. On the contrary, cisplatin-
treated MCTSs decreased in size over time. Their growth
was stopped already 24 h after the treatment. Bright field
images show distinct cell shrinkage and time-dependent
increase of dark dead cells in the center of cisplatin-treated
MCTSs. These observations are far less present in C3-
treated MCTSs.

The live/dead analysis of A375 MCTSs is performed
after the 96 h treatment with 3 X ICy, concentrations of
C3 or cisplatin, by dual fluorescence staining using the
Calcein-AM and PI dyes. Calcein-AM/PI dual staining
displayed sustained compactness of control spheroids
with predominantly live, green fluorescent cells, and
appearance of small proportion of red fluorescing cells
in the sphere’s core, presumably due to the overgrowing

of sphere and deprivation of cells in oxygen and other
nutrients, which consequently led to cell death (Fig. 7b).
The compactness of cisplatin-treated MCTSs was dis-
turbed and spheroids dispersed, mostly from the sphere’s
periphery, to individual cells. Fluorescent staining con-
firmed that in the disintegrated sphere, majority of dis-
seminated cells were dead, with small population of live
core cells. It seems that the structure of cisplatin-treated
spheroids was highly sensitive to the slightest mechani-
cal disturbances caused by addition of dyes, and hence
resulted in decomposed spheroid (Fig. 7b), which suggests
that cisplatin possess capability to induce disruption of
intercellular connections in spheroids. On the other hand,
compactness of C3-treated MCTSs after the Calcein-AM/
PI staining was preserved, with appearance of red fluores-
cent necrotic core with predominantly live peripheral edge
of cells. These results, once again suggest that investigated
compound C3 has a different mode of action in compari-
son to cisplatin in A375 cells.

Conclusions

In this work, three new half-sandwich Ru(Il)-arene com-
plexes: C1 ([(176—benzene)Ru(ppf)Cl]PF6, C2 ([(}76—toluene)
Ru(ppf)CI]PFy) and C3 ([(176—p—cymene)Ru(ppf)Cl]PF6);
ppf=pyrido[2’,3":5,6]pyrazino[2,3-f][1, 10]phenanthroline
were synthesized and characterized. According to spectral
and elemental analysis, all complexes possess “piano-stool”
geometry with arene ligand as stool seat. The continuous
drug treatment for 72 h showed cytotoxicity in micromo-
lar range in three human neoplastic cell lines (A549, A375,
LS 174T). In addition, the demonstrated activity of the
investigated ruthenium(Il)-arenes clearly depended on the
structure of coordinated 7°-arene ligand, as complex con-
taining p-cymene moiety, C3, showed the highest activity
and cytoselectivity toward malignant melanoma A375 cells,
with ICs, value being 15.8 uM. Biological studies to unveil
the mechanism of action of C3 in A375 cells, revealed that
C3 displayed specific effect on the proliferation and metabo-
lism of A375 cells, although did not notably interfere with
cell cycle progression. The investigation of the total cellular
uptake and subcellular distribution of Ru and Pt in the A375
cells, determined by ICP-MS, showed that C3 entered cells
less efficiently comparing to cisplatin. Detailed analysis of
subcellular localization revealed different distribution of C3
and cisplatin. Cisplatin accumulated in the highest amount
in the membrane (organelle) fraction of cells, while C3
accumulated in approximately equal amount in the mem-
brane and cytoplasmic fraction. Tested ruthenium(II)-arene
complexes possess positive charge, but carry ppf ligands
with intercalating and lipophilic characteristics, which may
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explain the intracellular distribution of C3. Negative charges
of double-stranded DNA and single-stranded RNA (which
is present both in nucleus and cytoplasm), as well as lipid
membrane bilayers of organelles (such as mitochondria),
allow C3 to target these biomolecules or organelles. Still in
the 3D model of melanoma cells, C3 was not able to stop the
growth of spheroids, neither to compromise their compact-
ness, while cisplatin evidently did so. Based on the results
presented in this work, we can conclude that investigated
ruthenium complex C3 exhibited lower toxicity in vitro and
displayed different mechanism of action comparing to cis-
platin. Therefore, these types of complexes could give an
appropriate guideline for further structural modifications
of ruthenium-based compounds that could combat cispl-
atin resistance in aggressive and metastatic tumors, such as
melanoma.
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