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ABSTRACT: A new series of half-sandwich ruthenium(II)
compounds [(η6-arene)Ru(L)Cl][CF3SO3] bearing 1,2,3-triazole
ligands (arene = p-cymene, L = L1 (1); arene = p-cymene, L = L2
(2); arene = benzene, L = L1 (3); arene = benzene, L2 (4); L1 =
2-[1-(p-tolyl)-1H-1,2,3-triazol-4-yl]pyridine and L2 = 1,1′-di-p-
tolyl-1H,1′H-4,4′-bi(1,2,3-triazole) have been synthesized and fully
characterized by 1H and 13C NMR and IR spectroscopy, mass
spectrometry, and elemental analysis. The molecular structures of
1, 2, and 4 have been determined by single-crystal X-ray diffraction.
The cytotoxic activity of 1−4 was evaluated using the MTS assay
against human tumor cells, namely ovarian carcinoma (A2780),
colorectal carcinoma (HCT116), and colorectal carcinoma
resistant to doxorubicin (HCT116dox), and against normal
primary fibroblasts. Whereas compounds 2 and 4 showed no cytotoxic activity toward tumor cell lines, compounds 1 and 3
were active in A2780, while showing no antiproliferative effect in human normal dermal fibroblasts at the IC50 concentrations of the
A2780 cell line. Exposure of ovarian carcinoma cells to IC50 concentrations of compound 1 or 3 led to an accumulation of reactive
oxygen species and an increase of apoptotic and autophagic cells. While compound 3 displayed low levels of angiogenesis induction,
compound 1 showed an ability to induce cell cycle delay and to interfere with cell migration. When the in vivo toxicity studies using
zebrafish and chicken embryos are considered, compounds 1 and 3, which were not lethal, are promising candidates as anticancer
agents against ovarian cancer due to their good cytotoxic activity in tumor cells and their low toxicity both in vitro and in vivo.

■ INTRODUCTION

Cancer is a group of diseases with an enormous socioeconomic
burden, being the second leading cause of death worldwide.1

In fact, the growth in oncology cost is constantly increasing.2

Chemotherapy represents the most effective and broadly used
modality in most types of cancers.3 Since the introduction of
the metallic chemotherapeutic cisplatin and other platinum
drugs, the cure rate improved in most types of cancer.4

However, the clinical use of platinum-based anticancer drugs is
limited by their severe side effects and inherent or acquired
resistance of tumors to the treatment.4,5 Currently, new metal
agents other than platinum have been investigated as
antitumor agents.6 In particular, Ru, Ir, Os, and Au complexes
have emerged as promising alternatives to platinum-based
drugs.6 The objective is to develop metallodrugs that interact
with DNA differently from classical platinum drugs or whose
mode of action involve other targets such as proteins and
enzymes, leading to efficient tumor cell death pathways.
Moreover, the application of metallodrugs that surpass the
acquired resistance mechanisms of tumor cells to cisplatin,
including metal compounds with higher drug uptake and lower

efflux, is highly valuable.7 In particular, some ruthenium
compounds have exhibited very promising antiproliferative
activity, being less toxic than platinum drugs.8 The ruthenium
compound NKP1339 (Scheme 1) has shown high in vitro and
in vivo antitumor activity, reaching clinical trials for advanced
solid tumors (NCT01415297).8−11 In addition, the arene
ruthenium based complexes RM175 and RAPTA-C are
currently in the preclinical stage (Scheme 1).12−17 Despite
the fact that RAPTA-C generally has shown low cytotoxicity in
vitro,13,14 it displays important antimetastatic and antiangio-
genic properties in vivo.15 Although the complete mechanism
of action of the RAPTA class of compounds is unknown,
unlike the case for classical platinum-based anticancer agents,
RAPTA-C binds to the core of the histone protein in
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chromatin and not to DNA,15 which can explain its intrinsic
antiangiogenic activity.15 In contrast, the arene ruthenium
RM175 has been shown to reduce the growth of primary
tumors through strong DNA interactions with guanines,15 and
its mechanism of action is based on the induction of apoptosis
through Bax and p53 pathways.17 RM175 also exerts activity by
interrupting the processes of cell invasion and migration.
Despite the promising pharmacological properties of

ruthenium(II) arene compounds, further development of Ru-
based compounds with desirable biological properties is
needed to successfully promote these compounds as promising
chemotherapeutic candidates. The rational design of the
ancillary ligands has resulted in success in the development
of anticancer complexes, including the introduction of
bidentate ligands with donor atoms of different nature in
[Ru(η6-arene)(L)X]n+ complexes (L = bidentate ligand, X =
halogen).18 The use of N∧N chelating ligands has been one of
the most widely used strategies to tune the anticancer
properties of [Ru(η6-arene)(L)X]n+ complexes.19−25 However,
among chelating N∧N ligands, the use of 1,2,3-triazoles have
received little attention. Kandioller and co-workers recently
reported the anticancer activity of a series of cyclometalated
1,2,3-triazole-derived ruthenium(II) complexes with a variety
of substituted triazoles,26 bearing different N- and S-donor
leaving groups (Scheme 2).27 Investigations on their
mechanism of action revealed that this class of Ru complexes
is an inducer of apoptosis but has no DNA intercalation.27 In
addition, Makhubela and co-workers proved that this kind of
complex binds to human albumin (Scheme 2).28 The
anticancer activity studies of these ruthenium metallacycles
have been limited to in vitro studies.

Intrigued by the activities of organometallic complexes with
triazole-derived ligands, and in a continuation of our interest in
developing Ru-based anticancer drugs,8−11 herein we report
the anticancer activity of four new chelating N∧N Ru(II) arene
compounds bearing ditriazole and mixed triazole-pyridine
ligands. The effect of the presence of triazole, pyridine rings,
and arene (p-cymene and benzene) units in the biological
activity of the ruthenium compounds has been investigated.
Biological studies include in vitro cytotoxicity studies of 1−4 in
ovarian, colon, and colon-resistant cancer cells and in
fibroblasts to evaluate the selectivity toward tumor cells and
in vivo studies using zebrafish and chicken egg models. In
addition, the mechanism of cell death in ovarian cancer cells
has been investigated.

■ EXPERIMENTAL SECTION
Materials and Methods. All syntheses were carried out under a

nitrogen atmosphere using current Schlenk techniques, and the
solvents used were dried prior to use by standard methods.29 Ligands
L1 and L2 were synthesized according to literature procedures.30,31

All other reagents were purchased from commercial suppliers and
used without further purification. 1H and 13C NMR spectra were
recorded on a Bruker Avance III 400 MHz spectrometer. IR spectra
were recorded as Nujol mulls, polyethylene-disk Nujol mulls, or KBr
disks on a Satellite FTIR instrument. The FAB mass spectra were
recorded using a FISONS Quatro mass spectrometer with a Cs ion
gun; 3-nitrobenzyl alcohol was used as the matrix. Elemental analyses
were carried out using a Leco TruSpec Micro Elemental Analyzer at
the ITQB laboratory.

Synthetic Procedures. Preparation of [Ru(η6-p-cymene)(L1)-
Cl][CF3SO3] (1). To a solution of [Ru(η6-p-cymene)Cl(μ-Cl)]2 (0.200
g, 0.326 mmol) in dichloromethane (20 mL) was added AgCF3SO3
(0.168 g, 0.653 mmol), and the mixture was stirred for 2 h at room
temperature. Then, L1 (0.154 g, 0.653 mmol) was added, and the
mixture was stirred overnight at room temperature. The resulting
solution was filtered twice through Celite to remove the silver
chloride that formed. The solvent was removed from the filtrate under
vacuum, and the resulting solid was recrystallized from dichloro-
methane/n-hexane to give 1 as a crystalline yellow solid. Yield: 95%
(0.203 g). Anal. Found: C, 45.60; H, 3.96; N, 8.41; S, 4.65. Calcd for
C25H26ClF3N6O3RuS: C, 45.77; H, 3.99; N, 8.54; S, 4.89. IR (νmax/
cm−1): 1249s, 1226sh, 1140s, 1027s [ν(CF3SO3)].

1H NMR (400
MHz, CD2Cl2,, δ ppm, J in Hz): δH 9.33 (s, 1H, H17), 9.22 (d, J(HH)
= 5.4, 1H, H11), 8.26 (d, J(HH) = 7.7, 1H, H14), 8.06 (t, J(HH) = 6.5,
1H, H13), 7.87 (d, J(HH) = 8.3, 2H, H19 and H24], 7.58 (t, J(HH) =
6.5, 1H, H12), 7.46 (d, J(HH) = 8.1, 2H, H20 and H23), 5.93 (m, 2H,
H4), 5.89 (d, J(HH) = 5.9, 1H, H9), 5.74 (d, J = 6.1 Hz, 1H, H10),
5.70 (d, J = 6.1 1H, H3), 2.82 (m, 1H, H6), 2.48 (s, 3H, H22), 2.24 (s,
3H, H1), 1.21 (d, J(HH) = 6.9, 3H, H7), 1.17 (d, J(HH) = 6.9, 3H,
H8).

13C NMR (400 MHz, CD2Cl2, δ ppm): δC 155.2 (C11), 148.6
(C15), 147.6 (C16), 141.8 (C21), 140.5 (C13), 134.0 (C18), 134.1
(C20,C23), 131.1 (C12), 123.7 (C14), 123.2 (C17), 121.0 (C19,C24),
105.9 (C5), 102.7 (C2), 86.7 (C4), 85.2 (C9), 84.4 (C3), 83.7 (C10),
31.5 (C6), 22.5 (C8), 21.9 (C7), 21.4 (C22), 19.9 (C1). MS-FAB: m/z
507.0, [Ru(p-cymene)(L1)Cl]+; 472, [Ru(p-cymene)(L1)]+.

Preparation of [Ru(η6-p-cymene)(L2)Cl][CF3SO3] (2). Compound
2 was obtained by following a procedure similar to that for 1. Yield:
95% (0.228 g). Anal. Found: C, 47.36; H, 4.09; N, 11.33; S, 4.15.
Calcd for C29H30ClF3N6O3RuS: C, 47.31; H, 4.11; N, 11.42; S, 4.35.
IR (νmax/cm

−1): 1256s, 1222sh, 1151s, 1027s [ν(CF3SO3)].
1H NMR

(400 MHz, CD2Cl2, δ ppm, J in Hz): δH 9.38 (s, 2H, H9), 7.79 (d,
J(HH) = 8.3, 4H, H11), 7.39 (d, J(HH) = 8.2, 4H, H12), 5.91 (d,
J(HH) = 6.0, 2H, H4), 5.68 (d, J(HH) = 6.0, 2H, H3), 3.04 (m, 1H,
H6), 2.45 (s, 6H, H14), 2.35 (s, 3H, H1), 1.33 (d, J(HH) = 6.9, 6H,
H7).

13C NMR (400 MHz, CD2Cl2, δ ppm): δC 141.0 (C13), 139.6
(C8), 133.9 (C10), 130.8 (C12), 122.4 (C9), 120.7 (C11), 105.4 (C5),
101.7 (C2), 85.8 (C4), 83.0 (C3), 31.2 (C6), 22.4 (C7), 21.4 (C14),

Scheme 1. Chemical Structures of NKP1339, RAPTA-C,
and RM175

Scheme 2. Half-Sandwich Ru(II) Complexes with
Cyclometalated 1,2,3-Triazole, N∧C Ligands Explored as
Anticancer Agents
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19.0 (C1). MS-FAB: m/z 587.0, [Ru(p-cymene)(L2)Cl]+; 551.0
[Ru(p-cymene)(L2)]+.
Preparation of [Ru(η6-benzene)(L1)Cl][CF3SO3] (3). To a solution

of [Ru(η6-benzene)(Cl)(μ-Cl)]2 (0.200 g, 0.326 mmol) in acetone
(20 mL) was added AgCF3SO3 (0.168 g, 0.654 mmol), and the
mixture was stirred for 3 h at room temperature. Then, L1 (0.206 g,
0.652 mmol) was added, and the mixture was stirred overnight at
room temperature. The resulting solution was filtered twice through
Celite to remove the silver chloride that formed, and the solvent was
removed from the filtrate under vacuum to give a solid, which was
recrystallized from dichloromethane/n-hexane, affording 3 as a green
crystalline solid. Yield: 90% (176.0 mg). Anal. Found: C, 42.08; H,
3.02; N, 9.18; S, 5.24. Calcd for C21H18ClF3N4O3RuS: C, 42.04; H,
3.02; N, 9.34; S, 5.34. IR (νmax/cm

−1): 1246s, 1224sh, 1141s, 1030s
[ν(CF3SO3)].

1H NMR (400 MHz, DMSO, δ ppm, J in Hz): δH 9.85
(s, 1H, H8), 9.62 (d, J(HH) = 5.4, 1H, H2), 8.31 (t, J(HH) = 7.8, 1H,
H5), 8.17 (d, J(HH) = 7.3, 2H, H4), 7.95 (d, J(HH) = 7.3, 2H, H10
and H15), 7.74 (t, J(HH) = 6.0, 1H, H3), 7.57 (d, J(HH) = 7.7, 2H,
H11 and H14), 6.24 (s, 6H, H1), 2.46 (s, 3H, H13).

13C NMR (400
MHz, DMSO, δ ppm): δC 156.1 (C2), 147.7 (C6), 146.8 (C7), 140.6
(C4,C12), 133.4 (C9), 130.6 (C11,C14), 126.1 (C3), 123.5 (C8), 122.2
(C5), 120.7 (C10,C15), 86.2 (C1), 20.73 (C13). MS-FAB: m/z 450.9,
[Ru(η6-benzene)(L1)Cl]+; 416.0 [Ru(η6-benzene)(L1)]+.
Preparation of [Ru(η6-benzene)(L2)Cl][CF3SO3] (4). Compound 4

was obtained by following a procedure similar to that for 3. Yield:
81% (0.179 g). Anal. Found: C, 43.75; H, 3.41; N, 12.09; S, 4.67.
Calcd for C25H22ClF3N6O3RuS: C, 44.15; H, 3.26; N, 12.36; S, 4.71.
IR (νmax/cm

−1): 1259s, 1223sh, 1153s, 1028s [ν(CF3SO3)].
1H NMR

(400 MHz, CD2Cl2, δ ppm, J in Hz): δH 9.29 (s, 2H, H3), 7.83 (d,
J(HH) = 8.5, 4H, H5), 7.45 (d, J(HH) = 8.2, 4H, H6), 6.07 (s, 6H,
H1), 2.48 (s, 3H, Me8).

13C NMR (400 MHz, CD2Cl2, δ ppm) δC δ
141.8 (C7), 139.9 (C2), 134.3 (C4), 131.2 (C6), 122.5 (C3), 121.2
(C5), 86.4 (C1), 21.6 (C8). MS-FAB: m/z 531.0, [Ru(η6-benzene)-
(L2)Cl]+; 496.0, [Ru (η6-benzene)(L2)]+.
Crystallography. Crystals suitable for single-crystal X-ray analysis

of compounds 1, 2, and 4 were selected and covered with Fomblin
(polyfluoro ether oil) and mounted on a nylon loop. The data were
collected at 110 K on a Bruker D8 Venture diffractometer equipped
with a Photon II detector and an Oxford Cryosystem Cooler, using
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The data
were processed using the APEX3 suite software package, which
includes integration and scaling (SAINT), absorption corrections
(SADABS),32 and space group determination (XPREP). Structure
solution and refinement were done using direct methods with the
programs SHELXT 2014/5 and SHELXL (version 2018/3)33 inbuilt
in the APEX, SIR2019,34 and WinGX-Version 2018.335 software
packages. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were inserted in idealized positions and allowed to
refine riding on the parent carbon or oxygen atom with C−H
distances of 0.95, 0.98, 0.99, and 1.00 Å for aromatic, methyl,
methylene, and methine H atoms, respectively. The molecular
diagrams were drawn with ORTEP-3 (version 2014.1),35 included
in the software package. The data were deposited with the CCDC
under deposit numbers 2062604 for 1, 2062605 for 2, and 2062606
for 4.
Biological Assays. Compound Stability in Biological Culture

Medium. Before assessment of the biological activity of compounds in
cells, it is important to evaluate the compound stability in the cell
culture medium. With that consideration, powdered compounds 1−4
were solubilized in DMSO and immediately after diluted in DMEM
(Dulbecco’s modified Eagle’s medium) without phenol red
(Invitrogen Corp., Grand Island, NY, USA) at a final concentration
of 100 μM (assuring that the final concentration of DMSO does not
exceed 0.1% v/v). The UV−visible spectrum of each compound was
measured using a quartz cuvette with 1 cm path length in a
wavelength range from 230 to 800 nm. Spectra were measured at 0 h
and after 24 h and 48 h incubation at 37 °C in DMEM. The spectrum
of each compound in DMSO at time 0 h was also acquired.
Cell Culture. Human colorectal carcinoma (HCT116) and normal

dermal fibroblast cell lines were grown in DMEM (Invitrogen Corp.,

Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine
serum and 1% (v/v) antibiotic/antimycotic solution (Invitrogen
Corp.). A human colorectal carcinoma resistant to doxorubicin
(HCT116dox) cell line was previously developed in the group36 by
exposing HCT116 sensitive cells to increasing concentrations of
doxorubicin (Merck, Kenilworth, NJ, USA) for more than 40 passages
(Figure S25). HCT116dox cells were grown under the same
conditions as for HCT116 and fibroblasts but in the presence of
3.6 μM of doxorubicin to maintain resistance. The human ovarian
carcinoma (A2780) cell line was cultivated using RPMI (Roswell Park
Memorial Institute) medium supplemented with DMEM. Cells were
grown in an incubator with a humidified atmosphere at 5% (v/v) CO2
and 37 °C. All cell lines with the exception of HCT116dox were
purchased from the ATCC.

Cellular Viability. Cells were plated in 96-well plates at 7.5 × 104

cells/mL and incubated at 37 °C with 5% (v/v) CO2 for 24 h. After
the 24 h period, the culture medium was replaced with a fresh
medium containing 0.1−50 μM of compound 1, 2, 3, 4, L1, or L2 and
incubated for 48 h, as described previously.37 Compounds and ligands
to be used in cell-based assays were freshly prepared in DMSO and
then immediately diluted in the respective culture medium, assuring a
final percentage of 0.1% (v/v) of DMSO in the medium (no
cytotoxicity to cells). DMSO 0.1% (v/v) was used as the vehicle
control for normalization of the viability data for all cell lines.

Doxorubicin and cisplatin were used as positive controls (common
chemotherapeutic agents), using DMSO and NaCl 0.9% (w/v) as
vehicle controls, respectively. Cellular viability was evaluated using a
CellTiter 96Aqueous Non-Radioactive Cell Proliferation Assay
(Promega, Madison, WI, USA) with 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS), as previously described.37 In metabolically active cells,
enzymes present in the mitochondria catalyze a reaction in which
NADPH/NADH is produced. These enzyme compounds reduce the
MTS reagent into a brownish product called formazan, which can be
quantified by measuring the absorbance at 490 nm. The quantity of
product produced is directly proportional to the number of viable
cells in the culture. The amount of formazan product formed was
measured with a Biorad Model 680 microplate reader (Bio-Rad,
Hercules, CA, USA). The relative half-maximum inhibitory
concentration (relative IC50) was calculated using GraphPad Prism
6. (GraphPadSoftware, La Jolla, CA, USA). The selectivity index (SI)
was calculated for A2780 by dividing the IC50 value of fibroblasts by
the IC50 value of A2780 for each compound.

Evaluation of Apoptosis. Apoptosis in A2780 cells was evaluated
using the Dead Cell Apoptosis Kit with Annexin V-FITC/PI
(fluorescein isothiocyanate; propidium iodide) (Thermo Fisher
Scientific) as previously described.38 Cells were plated in 6-well
plates at 1 × 105 cells/mL and remained in the incubator for 24 h.
The medium was removed and a fresh medium added containing the
IC50 value of compound 1, 3, DMSO 0.1% (v/v) (vehicle control),
3.5 μM cisplatin (positive control), or NaCl 0.001% (p/v) (vehicle
control of cisplatin). After 48 h the cells were collected with trypsin,
washed with PBS 1x and incubated with Annexin V-FITC buffer 1x,
Annexin V-FITC, and 100 μg/mL of PI at 37 °C for 15 min at room
temperature. The probes used have distinct fluorescence excitation
and emission wavelengths, allowing the quantification of cells in the
various phases of apoptosis and necrosis.

Cells were then analyzed in an Attune acoustic focusing cytometer
(Thermo Fisher Scientific, Waltham, MA, USA), and data were used
as inputs to the corresponding software Attune Cytometric Software
v2.1 (Thermo Fisher Scientific).

Western Blot fox BAX and BCL-2 Quantification. A2780 cells
were seeded on 25 cm2 t-flasks with a cell density of 7.5 × 105 cells
and incubated for 24 h. The medium was replaced by fresh medium
containing the IC50 of the compound 1, 3, 0.4 μM doxorubicin
(positive control), or DMSO 0.1% (v/v) (vehicle control) and
incubated for 48 h. Cells were washed and collected using 1x PBS and
a cell scraper and resuspended in lysis buffer. The following procedure
was similar to previously reported,39 with the exception that a PVDF
membrane was used (GE Healthcare) and the signal was acquired
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using a Hyperfilm ECL apparatus (Gthat E Healthcare). The analysis
was performed using FIJI software. The percentage of BAX and BCL-
2 was calculated relative to the normalized β-actin values and to the
value of the sample containing DMSO.
Mitochondrial Membrane Potential. The mitochondrial

membrane potential was assessed using a JC-1 dye (Abnova
Corporation, Walnut, CA, USA) according to the manufacturer’s
instructions. Cells were plated in 6-well plates at 1 × 105 cells/mL and
incubated for 24 h. The medium was removed and replaced by fresh
medium containing DMSO 0.1% (v/v) (vehicle control), The IC50
concentration of compound 1, 3, 3.5 μM cisplatin (positive control),
or NaCl 0.001% (w/v) (vehicle control of cisplatin). After 48 h of
incubation cells were collected, washed with PBS 1x, and incubated
with the JC-1 probe for 20 min. Cells were then collected and
resuspended in PBS 1x. When the membrane is intact, the probe
enters mitochondria, where it accumulates emitting red fluorescence,
whereas when there is an increase in mitochondrial membrane
permeability the probe can enter but to a lesser degree, not reaching
sufficient concentration to form aggregates and therefore remaining in
its monomeric form emitting green fluorescence.40 Cell analysis was
performed with an Attune Acoustic Focusing Flow Cytometer
(ThermoFisher Scientific, Waltham, MA, USA).
Evaluation of Autophagy. Autophagy in A2780 cells was

evaluated using the Autophagy Assay Kit (Abcam, Cambridge, U.K.)
according to the manufacturer’s instructions. Cells were plated at 1 ×
105 cells/mL in 6-well plates and incubated. After 24 h the medium
was replaced with a fresh medium with 0.1% (v/v) DMSO (vehicle
control), 1.5 μM rapamycin (positive control), and the IC50
concentration of compound 1, 3, 3.5 μM cisplatin (positive control),
or NaCl 0.001% (w/v) (vehicle control of cisplatin). After 48 h cells
were detached from the wells using trypsin and washed with Assay
Buffer 1x. Afterward cells were incubated for 30 min in RPMI culture
medium with Green Stain solution and 5% FBS. Then cells were
collected and washed with Assay Buffer 1x and resuspended in Assay
Buffer 1x afterward. The detection reagent becomes brightly
fluorescent in vesicles produced during autophagy, allowing the
quantification of autophagic cells. Cell analysis was performed with an
Attune Acoustic Focusing Flow Cytometer (ThermoFisher Scientific,
Waltham, MA, USA).
Evaluation of the Production of Reactive Oxygen Species

(ROS). A2780 cells were plated at 1 × 105 cells/mL in 6-well plates
and incubated for 24 h. The medium was replaced with a fresh
medium containing 0.1% (v/v) DMSO (vehicle control), 25 μM
hydrogen peroxide (positive control), IC50 concentration of
compound 1, 3, 3.5 μM cisplatin (positive control), or NaCl
0.001% (w/v) (vehicle control of cisplatin) and incubated for 48 h.
Cells were then collected with trypsin, washed with PBS 1x, and
incubated with 10 μM of 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCF-DA) (ThermoFisher Scientific, Waltham, MA, USA) for 20
min. This method allows the relative quantification of ROS
production because after H2DCF-DA internalizes and it is in the
presence of ROS, intracellular esterases will remove the acetate groups
of H2DCF-DA, therefore increasing its fluorescence.41 Cells were
analyzed with an Attune Acoustic Focusing Flow Cytometer
(ThermoFisher Scientific, Waltham, MA, USA).
Ex Ovo CAM Assay. Fertilized eggs were incubated at 37 °C and

90% (v/v) relative humidity. After 72 h, they were gently opened into
weighing boats, ensuring that the yolk sack blood vessels were facing
upward, and then covered with a similar but punctured weighing boat.
Subsequently, the eggs were incubated for 24 h for them to stabilize.
Afterward, three silicone O-rings were placed above the blood vessels
of each embryo, and in the area delimited by each O-ring 40 μL of
either 0.1% (v/v) DMSO in PBS 1x (vehicle control) or the IC50
concentration in A2780 of compound 1 or 3 were added. Images of
the O-ring interior were captured using a digital USB Microscope
Camera (Opti-Tekscope OT-V1) immediately after exposure (0 h)
and after 24 and 48 h of incubation at 37 °C and 90% (v/v) relative
humidity. Image analysis was performed using FIJI software as
previously described.42 The percentage of newly formed vessels was

calculated relative to the 0 h time point and to the number of newly
formed vessels in the vehicle control.

Interaction with pDNA. Plasmid DNA was obtained from E. coli
transformed cells grown overnight in LB liquid medium (Applichem,
Darmstadt, Germany) with 100 μg mL−1 Ampicilin (Bioline, London,
U.K.) at 37 °C with stirring. DNA extraction was performed using an
Invisorb Spin Plasmid Mini Two Kit (Invitek, Berlin, Germany)
according to the manufacturer’s instructions. A 100 ng portion of
pUC18 was incubated with increasing concentrations of complex 1 or
3 for 24 and 48 h at 37 °C in reaction buffer (5 mM Tris-HCl, 50 mM
NaCl pH 7.02). Cells treated with 0.1% (v/v) DMSO were used as a
vehicle control. Untreated plasmid and linearized plasmid DNA (with
HindIII endonuclease) were incubated under the same conditions.
Electrophoresis was performed at 80 V constant voltage for 1 h in 1x
TAE buffer, and the gel was analyzed with a Gel Doc EZ Imager (Bio-
Rad).

Cell Migration Assay. Fibroblasts were seeded in 35 mm2 tissue
plates and grown at 37 °C, 5% (v/v) CO2, and 99% (v/v) relative
humidity until a confluent monolayer was obtained. Using a sterile
200 μL micropipette tip, a scratch was made on the surface of the
tissue culture plate. The cells were then exposed to 0.1% (v/v)
DMSO (vehicle control) or the IC50 concentration of compound 1 or
3. Cells were photographed using a digital USB Microscope Camera
(Opti-Tekscope OT-V1) immediately after exposure (0 h) and after
24 h of incubation at 37 °C, 5% (v/v) CO2, and 99% (v/v) relative
humidity. Afterward the scratches were measured using ImageJ
software and the regeneration percentage was calculated.43

Cell Cycle. A2780 cells were plated at 3 × 105 cells/mL in 6-well
plates and incubated for 8 h. To achieve cell synchronization, a double
thymidine block was performed as described previously.8 Cells were
incubated with fresh medium containing 2 mM thymidine for 16 h
(first block) followed by an incubation for 8 h with fresh medium
without thymidine. For the second block, cells were incubated with
fresh medium containing 2 mM thymidine for 16 h. After this, cells
were exposed to 0.1% (v/v) DMSO (vehicle control), 0.4 μM
doxorubicin (positive control), or the IC50 concentration of
compound 1 or 3 and incubated. Cells were collected with trypsin
after 0, 5, 24, and 32 h of incubation and washed with PBS 1x. Cells
were resuspended in PBS, and 1 mL of cold 80% (v/v) ethanol
solution was added carefully. Samples were incubated for a minimum
of 16 h at 4 °C, and ethanol was removed after centrifugation
followed by an incubation with RNase (50 μg/mL) for 30 min.
Propidium iodide was then added to a final concentration of 25 μg/
mL. Cells were analyzed with an Attune Acoustic Focusing Flow
Cytometer (ThermoFisher Scientific, Waltham, MA, USA).

Statistical Analysis. All data are expressed as mean ± SEM from
two independent experiments. The statistical significance was
evaluated using Student’s t test. When p < 0.05, the results were
considered statistically significant.

In Vivo Toxicity Assessment Using Zebrafish Embryos.
Zebrafish embryo experiments were carried out in less than 5 days. At
this early stage of development (0−5 days post fertilization (dpf)),
zebrafish embryos are not defined as protected and, therefore, do not
fall within the regulatory frameworks related to animal experimenta-
tion defined by the European directive Directive 2010/63/EU on the
protection of animals used for scientific purposes.44

The wild type zebrafish were housed in a water recirculation system
under controlled physicochemical conditions of temperature, pH, and
conductivity of 26 ± 2 °C, 7−7.5, and 400−600 μS/cm,
respectively.45 Adult fish were fed brine shrimp once a day and
twice with Gemma Micro 300 (skretting). The fertilized eggs were
collected after natural spawning and housed in Petri dishes until their
use. The embryos were exposed to ruthenium complexes as soon as
possible after fertilization was confirmed by visual inspection. Then,
toxicological analyzes were carried out on the basis of the approved
standard OECD TG 236: Fish Embryo Toxicity Test (FET),46 with
modifications. For the study, 4 replicates of 12 embryos were
distributed for each of the five concentrations tested for compounds
1−4. The compounds were dissolved in water containing 1% DMSO.
When the results of some preliminary tests were taken into account,
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the concentrations analyzed for 1 were 1, 10, 20, 30, and 40 μM, those
for 2 were 1, 5, 10, 15, and 20 μM), those for 3 were 0.5, 1, 5, 10, and
15 μM, and those for 4 were 0.1, 1, 10, 30, and 50 μM. All

experiments and protocols were approved by the animal care and use
committee of the University of Santiago de Compostela and the
standard protocols of Spain (CEEA-LU-003 and Directive 2012-63-

Scheme 3. Synthesis of Ru(II) Compounds 1−4

Figure 1. ORTEP-3 diagram of compound 1, using 50% probability level ellipsoids. All hydrogen atoms are omitted for clarity. Selected bond
lengths (Å): Ru1−N1 2.054(3), Ru1−N4 2.131(2), Ru1−Cl1 2.3844(8), Ru1−C15 2.208(3), Ru1−C16 2.176(3), Ru1−C17 2.195(3), Ru1−C18
2.187(3), Ru1−C19 2.199(3), Ru1−C20 2.203(3). Selected bond angles (deg): N1−Ru1−N4 76.15(10), N1−Ru1−Cl1 83.21(7), N4−Ru1−Cl1
83.54(7).
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EU). The toxicity evaluation data were analyzed by probit analysis
using ToxRat software (ToxRat Solutions, 2003, ToxRat Software for
statistical analysis of bioassays, Alsdorf, Germany).

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of 1,2,3-

triazoles L1 and L2 used in this work was performed by

following the procedures reported in the literature.30,31

Compounds 1−4 were synthesized by the reaction of the
appropriate ruthenium arene dimer [(η6-arene)Ru(μ-Cl)Cl]2

7

(arene = benzene or p-cymene) with 1 equiv of AgCF3SO3 in
the presence of the corresponding 1,2,3-triazole ligand L1 or
L2 (Scheme 3).
All of the synthesized compounds were characterized by

means of IR and 1H and 13C NMR spectroscopy, mass
spectrometry, and elemental analysis. The NMR spectra were
consistent with the proposed structures. The 1H NMR
spectrum of 1 suggests a loss of the 2-fold symmetry of the
p-cymene arene ligand upon coordination, displaying four
doublets at 5.70, 5.74, 5.90, and 5.94 ppm. In contrast, the 1H
NMR spectrum of 2 shows two doublets at 5.67 and 5.92 ppm,
reflecting the symmetry of compound 2. 3 and 4 both display a
singlet resonance at 6.64 and 6.07 ppm, respectively, for the
protons of the benzene ring in their 1H NMR spectra. Apart
from the arene resonances, the 1H NMR spectra of 1−4 show
the characteristic signal of the triazole ligands L1 and L2
shifted downfield in comparison to the free ligand. In addition,
the mass spectra of complexes 1−4 showed the expected
[Ru(p-cymene)(L)Cl]+ and [Ru(benzene)(L)Cl]+ peaks as
the most abundant ions.

Single crystals of 1, 2, and 4 suitable for X-ray diffraction
studies were obtained by slow diffusion of hexane into
saturated solutions of dichloromethane. Single crystals of 3
could not be obtained. The crystal structures of 1, 2, and 4 are
depicted in Figures 1−3, respectively, with their respective
ORTEP diagrams and the most relevant bond distances and
angles reported in the corresponding caption.
All three complexes show a half-sandwich three-legged

piano-stool geometry around the Ru(II) metal center, with a p-
cymene or benzene ligand in a η6 coordination mode, an N,N′-
triazole-pyridine or N,N′-bis-triazole chelating ligand, and a
chlorine atom bound to the metal center. In these complexes,
the Ru1−Cl1 and the Ru−C(η6-arene) bond distances have
comparable values. In 1, the Ru1−N1(triazole) bond distance
is slightly shorter than those reported for analogous
compounds by Sarkar et al.47 and Elliot et al. and shorter
than those observed in complexes 2 and 4.48,49 An analysis of
the supramolecular arrangement in 1 shows the existence of
weak intermolecular π−π stacking interactions between the
rings of the p-cymene ligand and the p-tolyl substituent of the
N,N′-chelating ligand, as well as other intra- and intermo-
lecular nonclassical C−H···N, C−H···O and C−H. . .Cl
hydrogen bonds. In 2 and 4, the solid-state arrangement
involving the cation and anion is defined by nonclassical
hydrogen bonds between the triazole C−H and the oxygen
atoms of the triflate anion and shows evidence of favorable
intermolecular π−π stacking interactions between a triazole
ring and a p-tolyl ring of a symmetry-related adjacent molecule
and also nonclassical C−H···Cl hydrogen bonds.

Stability of Compounds 1−4 in Culture Medium. The
stability of the compounds in DMEM culture medium was
evaluated to gain insights into their possible application in the
biological assays. For this analysis, powdered compounds 1−4

Figure 2. ORTEP-3 diagram of compound 2, using 50% probability
level ellipsoids. All hydrogen atoms and a molecule of cocrystallized
dichloromethane are omitted for clarity. Selected bond lengths (Å):
Ru1−N1 2.0907(15), Ru1−N1′ 2.0986(15), Ru1−Cl1 2.3921(5),
Ru1−C10 2.1912(18), Ru1−C11 2.1659(18), Ru1−C12 2.1861(19),
Ru1−C13 2.1921(18), Ru1−C14 2.1897(19), Ru1−C15 2.1736(19).
Selected bond angles (deg): N1−Ru1−N1′ 75.50(6), N1−Ru1−Cl1
86.30(4), N4−Ru1−Cl1 84.06(5).

Figure 3. ORTEP-3 diagram of compound 4, using 50% probability
level ellipsoids. All hydrogen atoms are omitted for clarity. Selected
bond lengths (Å): Ru1−N1 2.0821(17), Ru1−N1′ 2.0744(17), Ru1−
Cl1 2.3922(5), Ru1−C10 2.159(2), Ru1−C11 2.186(2), Ru1−C12
2.165(2), Ru1−C13 2.184(2), Ru1−C14 2.175(2), Ru1−C15
2.186(2). Selected bond angles: N1−Ru1−N1′ 74.80(6), N1−
Ru1−Cl1 85.86(5), N4−Ru1−Cl1 86.61(5).
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were first solubilized in DMSO and then in DMEM, assuring
that no more than 0.1% (v/v) of the solvent was present in the
cell culture solution. An analysis of Figure S26 shows the
existence of two absorption peaks located at 240−260 and
280−310 nm in all compounds that prevail throughout te time
after incubation at 37 °C in DMEM, suggesting that
compounds 1−4 preserve their structure in this media.
Nevertheless, for compounds 2 and 4 a decrease in the
absorbance values is observed with time, indicating a decreased
solubility (Figure S26). No significant solubility issues were
observed for compounds 1 and 3 (Figure S26). The spectra of
compounds in DMSO seems to resemble the spectra of the
compounds in DMEM (Figure S26). However, due to the high
absorption of DMSO at 230−250 nm, it was not possible to
detect the peak of the compounds at 240−260 nm. Overall,
despite the loss of solubility of compounds 2 and 4 with time,

the absence of changes in compound peaks suggests that we
can further evaluate their biological activity in DMEM.
Complexes were first dissolved in DMSO prior to dilution in
DMEM (assuring that no more than 0.1% (v/v) DMSO was
present in the media) and freshly used in all biological
analyses.

Cytotoxic Potential. The effect of Ru(II) compounds 1−4
and the respective ligands L1 and L2 on the viability of two
tumor cell lines (A2780 and HCT116) and in normal primary
dermal fibroblasts was evaluated using the MTS assay (Figure
4 and Figures S27 and S28). The cytotoxicity was evaluated
through concentration response graphics obtained by treating
the cancer and normal cell lines with different concentrations
of compounds for 48 h at 37 °C (Figure 4 and Figures S27 and
S28), and expressed as the relative half-maximum inhibitory
concentration, IC50 (concentration where 50% of the cell

Figure 4. Antiproliferative effect in A2780 colorectal carcinoma cell line (white bars) and in normal dermal fibroblasts (black bars) after 48 h
exposure to increasing concentrations of compounds (A) 1, (B) 2, (C) 3, and (D) 4. The cell viability percentage was determined by the MTS
method. Data were normalized to DMSO 0.1% (v/v) vehicle control and expressed as mean ± SEM of three independent assays. The symbols *
and **** indicate that the Student’s t test p values are <0.01 and <0.005, respectively, in comparison to control conditions.

Table 1. Relative IC50 Values (μM) Obtained for Compounds 1−4 and for Ligands L1 and L2 in Human Cancer Cell Lines and
in Normal Human Fibroblasts

IC50 (μM)

A2780 HCT116 HCT116dox fibroblast SI

1 7.6 ± 0.03 12.1 ± 0.01 >50 44.2 ± 0.01 5.8
2 47.6 ± 0.01 >50 >50 0.50 ± 0.03 0.01
3 7.26 ± 0.05 >50 >50 >50 6.9
4 >50 >50 >50 >50
L1 35.1 ± 0.5 40.8 ± 0.6 17.6 ± 0.3 >50 nd
L2 >50 >50 >50 >50 nd
cisplatina 1.9 ± 0.2 nd nd nd nd
Doxa nd 0.5 ± 0.1 >6 nd nd

aRelative IC50 values for cisplatin and doxorubicin (Dox) are calculated using the same experimental conditions as those used for 1−4. nd denotes
not determined.
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growth is inhibited) (Table 1). In addition, to get insights into
the efficacy of these compounds against colorectal cancer cells
resistant to chemotherapeutic agents commonly used in the
clinics, we have also examined the antiproliferative effect of the
compounds in a doxorubicin-resistant HCT116 cell line
previously described by our group36 and obtained by exposing
sensitive HCT116 cells to increasing concentrations of
doxorubicin until a stable phenotype was obtained (more
than 40 passages; Figure S25). This cell line is resistant for
concentrations up to 6 μM (Table 1). Interestingly, this cell
line reproduces a patient’s acquired resistance in the way that
the underlying mechanism of resistance is the overexpression
of P-glycoprotein (P-gp).36

As observed in Figure 4, Figure S27, and Table 1, no
antiproliferative effect was observed after the incubation of all
cell lines with compound 4. Compound 2 showed a high
antiproliferative effect in normal fibroblasts but no effect in the
viability of tumor cells (SI value of 0.01 with respect to
A2780). Interestingly, compounds 1 and 3, both bearing the
mixed triazole-pyridine L1, exhibited considerable antiprolifer-
ative effects in the A2780 cell line (IC50 values of 7.6 and 7.26
μM, respectively) with almost no effects on normal fibroblasts
(IC50 values of 44.2 and >50 μM, respectively). Indeed, the SI
values are 5.8 and 6.9 for 1 and 3, respectively. On
consideration of A2780 cells, the antiproliferative effect is in
the order 3 ≈ 1 > 2 > 4. Compound 1 also demonstrated a
good antiproliferative activity in the colorectal carcinoma cell

Figure 5. Apoptosis induction in A2780 cells after 48 h exposure to
the IC50 concentration of 1 or 3 evaluated by flow cytometry. DMSO
0.1% (v/v) was the vehicle control, and cisplatin (IC50 of 3.5 μM) was
used as a positive control. Data are expressed as mean ± SEM of three
independent assays. *, p value <0.05 relative to the vehicle control
sample. Data from flow cytometry are presented in Figure S30.

Figure 6. Expression of BAX and BCL-2 proteins in in A2780 cells after 48 h exposure to the IC50 concentration of 1 or 3, 0.12 μM Doxorubicin
(Dox), or DMSO 0.1% (v/v). (A) Western blot images for quantification of (A1) BAX and (A2) BCl-2. (B) BAX (dark gray) and BCL-2 (light
gray) relative protein expression after normalization against β-actin and the respective control (0.1% (v/v) DMSO). The control value of 1 is
represented as a dotted line in the graphic. (C) BAX/BCL-2 ratio of A2780 cells. (*, p value <0.05 relative to the control sample).

Figure 7. JC-1 monomer/aggregate fluorescence ratio in A2780 cells
after 48 h exposure to the IC50 concentration of 1 or 3, 3.5 μM
cisplatin (positive control), or DMSO 0.1% (v/v) evaluated by flow
cytometry. Data were normalized to the DMSO 0.1% (v/v) control.
(**, p value <0.05).
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line (HCT116) with an IC50 value of 12.1 μM but had no
effect on HCT116dox, suggesting that this complex is not a
suitable antiproliferative agent toward multidrug-resistant cells
(Figure S27 and Table 1). Indeed, when we observe Figure
S27, it is possible to see that none of the compounds are
effective toward the HCT116dox resistant cell line (Table 1).
Interestingly, ligand L1 presented a higher cytotoxic effect in
the HCT116dox resistant cell line in comparison to the dox-
sensitive cell line (Table 1 and Figures S27 and S28). This
effect was reversed when L1 was complexed with Ru to form
compound 1, with a higher IC50 value in HCT116dox in
comparison to that for the HCT116 cell line (Table 1 and
Figure S27).
Notwithstanding that the relative IC50 values for 1 and 3 are

higher than those exhibited by cisplatin (1.9 ± 0.2 μM in
A2780) and doxorubicin (0.5 ± 0.1 μM in HCT116) (Figure
S29), they both display IC50 values in a low micromolar range
(<10 μM) in the A2780 cell line. This values are lower than
those displayed by the related ruthenium compound [Ru(η6-
benzene)(bpy)Cl][PF6], bearing bipyridine as an N∧N

chelating ligand, which was inactive against A2780 cell line,50

and comparable to the values of other Ru(II) N∧N chelating
pyridine derivatives.8,19,51

Despite the moderate to low antiproliferative effect of ligand
L1 and the absence of effect of ligand L2 (Figure S28 and
Table 1), our results demonstrate that the N∧N chelating
ligand (L1 or L2) in arene Ru complexes plays a significant
role in the cytotoxic activity of these compounds, while the
presence of a different arene fragment (benzene or p-cymene)
does not affect their anticancer activity. Indeed, the presence of
L1, a N∧N mixed triazole-pyridine ligand, in 1 and 3 leads to
higher antiproliferative effects in comparison to 2 and 4 (with
L2, a N∧N ditriazole ligand), which correlates with the
cytotoxicity order L1 > L2 (Figure S28 and Table 1). In fact,
L2 substitution results in no cytotoxic activity, as shown by the
IC50 values of compounds 2 and 4 (Table 1) in tumor cell
lines. Despite the fact that we cannot exclude that the low
cytotoxicity in tumor cell lines of compounds 2 and 4 might be
correlated to their loss of solubility in DMEM (Figure S26), it
is of note the compound 2 has a very high cytotoxicity in
normal dermal fibroblasts at 48 h (Figure S28 and Table 1),
removing it from further analysis. The reduction of cell
viability promoted by 1 and 3 in A2780 cells and the absence
of cytotoxicity toward human dermal cells encouraged us to
further explore the mechanisms involved in their antiprolifer-
ative effects. Since both 1 and 3 showed higher activity against
A2780, all subsequent experiments were carried out with this
cell line.

Cell Death Mechanism. Apoptosis Assay. In order to
gain insight into whether the reduction in cell viability is
arising from apoptosis, induction of apoptosis was analyzed by
Annexin V-FITC/PI double staining of the A2780 cell line
which was exposed to the IC50 concentration of compound 1
or 3. PI dye binds to cells with a compromised membrane, thus
staining cells in necrosis and in late apoptosis. On the other
hand, Annexin V-FITC binds to a phospholipid component
(phosphatidylserine) of the cell membrane that in early
apoptosis becomes exposed on the cell surface.52 Cells were
analyzed by flow cytometry (Figure S30), and the results are
shown in Figure 5.
The results depicted in Figure 5 show that both compounds

can induce apoptosis. Indeed, compounds 1 and 3 induced
apoptosis in approximately 17% and 37% of A2780 cells. No
necrosis seems to be induced by these compounds (Figure 5).
To further confirm the induction of apoptosis by both
compounds, BAX and BCL2 protein levels, a proapoptotic
and an antiapoptotic protein, respectively, were analyzed by
Western blot. An increased expression of antiapoptotic protein
BCL2 determines cell survival (ratio BAX/BCL2 < 1), and
intrinsic apoptosis is triggered by the increased expression of
proapoptotic proteins, such as BAX (ratio BAX/BCL2 > 1).53

Expression levels of BAX and BCL-2 were evaluated in A2780
cells exposed to the IC50 concentration of compound 1 or 3 or
to 0.12 μM doxorubicin (positive control) for 48 h (Figure 6).
β-Actin levels were used as a control for protein loading, and
0.1% (v/v) DMSO was used as a vehicle control. The BAX/
BCL-2 ratios are shown in Figure 6.
Figure 6 shows that A2780 cells exposed to 3 present a

BAX/BCL-2 ratio 1.8× higher than that of control cells, while
cells exposed to 1 have a ratio 7.7× lower than that of DMSO-
treated cells. These results indicate that, in fact, BAX-mediated
mitochondrial apoptosis might be triggered when A2780 cells
are exposed to 3. The permeabilization of the mitochondrial

Figure 8. Induction of autophagy after exposure of A2780 cells to the
IC50 concentration of compound 1 or 3 for 48 h. A 0.1% (v/v)
DMSO solution was used as the vehicle control and 3.5 μM cisplatin
and 1.5 μM rapamycin were used as positive controls. (**, p value
<0.05; ***, p value <0.001).

Figure 9. Reactive oxygen species (ROS) induced in A2780 cells after
48 h of exposure to the IC50 concentration of compound 1 or 3. A
0.1% (v/v) DMSO solution was used as the vehicle control, and 3.5
μM cisplatin and 25 μM H2O2 were used as positive controls. Values
were normalized to the control, represented as a dotted line (*, p
value <0.05; **, p value <0.001; ***, p value <0.0005).
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membrane that is achieved by pore formation due to the entry
of proapoptotic proteins (such as BAX) in the mitochondrial
membrane leads to the release of cytochrome c from the
mitochondria to the cytoplasm, a crucial step for the activation
of the intrinsic apoptotic pathway.54 On consideration of this,
the mitochondrial membrane potential was analyzed to
confirm that compound 3 induces an intrinsic apoptosis.
A2780 cells were exposed to an IC50 concentration of

compound 1 or 3 for 48 h and stained with JC-1 dye, which

stays in its monomer form when the mitochondrial membrane
permeability is compromised and aggregates when there is no
variation of membrane potential.48 A 0.1% (v/v) DMSO
solution was used as the vehicle control. Cells were analyzed by
flow cytometry, and the results are shown in Figure 7.
Figure 7 shows that exposure of A2780 cells to compound 3

increased mitochondrial membrane permeability, while ex-
posure to compound 1 did not. These findings confirm the
results from Figure 6 indicating that compound 3 triggers an
intrinsic apoptosis pathway and suggesting that compound 1
may trigger apoptosis through an extrinsic pathway. However,
the results from Figures 5 and 6 agree that apoptosis do not
seem to be the main cell death mechanism underlying
compound 1 loss of cell viability in A2780 cells. on

Figure 10. Cell cycle progression analysis on the A2780 cell line after exposure to the IC50 concentration of compound 1 or 3 for 5 h (A), 9 h (B),
24 h (C), or 32 h (D). A 0.1% (v/v) DMSO was used as a vehicle control, and 0.4 μM doxorubicin was used as a positive control (*, p value <0.05
relative to control).

Figure 11. Representative images of the wound-healing assay of
normal fibroblasts at 0 and 24 h.

Figure 12. Examples of CAM area 0 and 48 h after exposure to (A)
phosphate buffer saline (PBS, control), (B) compound 1, and (C)
compound 3.
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consideration of these results, autophagic cell death was
assessed.
Autophagy Assay. A2780 cells were exposed to an IC50

concentration of compound 1 or 3 for 48 h, and the induction
of autophagy was analyzed by staining cells with a dye that
labels autophagosomes and autophagolysosomes. A 0.1% (v/v)
DMSO solution, 3.5 μM cisplatin, and 1.5 μM rapamycin were
used as a vehicle control and positive controls, respectively.
Cells were analyzed by flow cytometry, and the results are
shown in Figure 8.
As observed in Figure 8, compound 1 can induce autophagic

death in 80% of A2780 cells, which is 2.7× higher in
comparison to control and higher in comparison to the
rapamycin positive control. On the other hand, exposure to
compound 3 led to an induction of autophagy in only 40% of

the cells, which represents a 1.3× increase in comparison to the
control (Figure 8). These results indicate that autophagy may
be the main cell death mechanism resulting from exposure to
1, while in the case of compound 3, the reduction of cell
viability may be due to the triggering of both autophagy and
apoptosis (Figures 8 and 5, respectively).
There is some evidence that Ru(II) compounds including

RuII(p-cymene) are able to induce apoptosis and/or autophagy
of cancer cells.9,55,56 Reactive oxygen species (ROS) are critical
for regulating the balance between autophagy and apoptosis in
cancer cells upon different drug treatments.57 Considering this,
we have analyzed the induction of ROS by both compounds.

Reactive Oxygen Species (ROS). The exposure of A2780
cancer cells to the IC50 concentrations of both compounds 1
and 3 for 48 h led to an increase in intracellular ROS (Figure
9). To measure ROS, a 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCF-DA) dye was used, which in the presence
of peroxides is rapidly oxidized to 2′,7′-dichlorofluorescein
(DCF), becoming highly fluorescent. The fluorescence is
proportional to the amount of ROS inside cells.A 0.1% (v/v)
DMSO solution and 3.5 μM cisplatin and 25 μM hydrogen
peroxide (H2O2) were used as vehicle and positive controls,
respectively. Cells were analyzed by flow cytometry, and the
results are shown in Figure 9.
Figure 9 shows an increased fluorescence of A2780 cells

treated with both compounds. Indeed, cells treated with
compound 1 or 3 showed 1.7× or 2.8× more intracellular ROS
in comparison to control cells (Figure 9). These results suggest
that the exposure of A2780 cells to both compounds leads to
an increase in oxidative stress (ROS generation) that triggers
autophagic cell death in the case of compound 1 (Figure 8)
and both autophagy and apoptosis to cope with the high levels
of ROS in the case of compound 3 (Figures 5 and 8). There is
unequivocal preclinical and clinical evidence that ROS
influence the genotoxic stress caused by chemotherapeutic

Figure 13. Newly formed arterioles obtained 24 and 48 h after
exposure to 1 or 3. Values were normalized to the number of tertiary
veins obtained after exposure to control (PBS) and to the number of
tertiary veins obtained in the corresponding CAM area at 0 h
incubation in the same embryo. The dotted line at 100% refers to the
PBS sample. The concentration of compounds used was equal to the
IC50 value. Error bars represent the standard deviation from the mean
of six independent eggs.

Figure 14. Cumulative mortality over (72 h) for complex 1 (A), complex 2 (B), complex 3 (C), and complex 4 (D).
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agents.58 ROS can induce DNA damage and affect the DNA
damage response, triggering cell death. Moreover, DNA is a
target for several Ru(II) compounds.9 To get evidence of DNA
as a direct target of compounds 1 and 3, we next studied their
in vitro interaction with plasmidic DNA (pDNA).
In Vitro Interaction with Plasmidic DNA. To address

this issue, pDNA was incubated with increasing concentrations
of compound 1 or 3 during 48 and 72 h (Figure S31). Figure
S31 shows that compounds 1 and 3 do not induce pDNA
cleavage. An increase in concentration and incubation time for
both compounds does not lead to significant changes in the
pDNA isoforms in terms of DNA cleavage or pattern of
migration in the gel. These results suggest that both
compounds do not show the ability to induce DNA damage
by cleavage or alter its in-gel mobility.
Cell Cycle Assay. Previously, Ru(II) complexes have been

described as prompting ROS induction, which promoted cell
cycle arrest in S and G0/G1 phases in cancer cells.59,60

Considering that, we further studied the effect of compounds 1
and 3 in A2780 cell cycle progression by quantifying the DNA
content at different stages of the cell cycle using a PI as a dye.
A2780 cells were exposed to the IC50 concentration of
compound 1 or 3 for 5, 9, 24, and 32 h after being
synchronized with a double thymidine block. A 0.1% (v/v)
DMSO solution and 0.4 μM doxorubicin were used as a
vehicle control and positive control, respectively. Cells were
analyzed by flow cytometry, and the results are shown in
Figure 10.
Figure 10 shows that cells treated with doxorubicin became

arrested in the G2/M phase after 5 h of exposure, while the
other samples progressed through their cycle normally. At 24
h, a delay in G2/M phase with a decrease of cells in G0/G1 is
observed for compound 1 (Figure 10). Between 24 and 32 h of
exposure, there was an increase in cells in the G0/G1 phase in
samples treated with compound 1, suggesting that cells that
were previously in G2/M progressed to G0/G1 but again delay
their progression to S phase, indicating that this compound
delays cell cycle progression (Figure 10). Cells treated with
compound 3 progressed through the cell cycle similarly to
control cells. These results indicate that compound 1 may have
some cytostatic potential interfering with cell cycle progression
and that compound 3 does not seem to interfere with cell cycle
progression (Figure 10). Once again, we observe that despite 1
and 3 showing similar cytotoxicity (IC50) values in A2780 cells
(Table 1), the cellular mechanisms underlying the loss of
viability (Figure 4) are different, with 1 inducing ROS that led
to cell cycle delay and cell death via mostly autophagy, while 3
induces ROS but cell death was triggered via intrinsic
apoptosis and also autophagy (Figures 5−10).
Cell Migration Assay. As cell migration and invasion are

central in pathological and physiological phenomena, including
cancer metastasis and wound healing, these processes can be
explored as therapeutic targets.61 The identification of
compounds effective in avoiding cancer cell migration and
invasion is of utmost importance to avoid metastization.62

Previously, an arene Ru(II) complex (arene = benzene) has
been described as a potent inhibitor against proliferation,
migration, and invasion of breast cancer cells.63 To understand
if compounds 1 and 3 have an influence on cell migration, a
scratch test was performed by exposing primary dermal
fibroblasts to the IC50 concentrations of compounds 1 and 3
for 24 h. After 24 h, the scratch regeneration was evaluated for
control cells and for cells exposed to 1 and 3. Fibroblasts

exposed to the vehicle control (0.1% DMSO) and to
compound 3 showed a 46.3 ± 0.33% and 45.8 ± 2.85% of
regeneration, respectively, while for fibroblasts treated with 1 a
lower regeneration (30.6 ± 1.39%) was observed (Figure 11),
suggesting that, likely the previous described arene Ru(II)
complex, this compound inhibits cells capacity to migrate and
might be important in a therapeutic context. In contrast,
compound 3 does not affect cell migration.
Interestingly, recently a heterometallic ruthenium−gold

complex was shown to display antiproliferative, antimigratory,
and antiangiogenic properties in renal cancer.64 These results
prompted us to additionally study the antiangiogenic potential
of both compounds 1 and 3. Some years ago, the chick
chorioallantoic membrane (CAM) model was described as an
excellent in vivo model to study the effect of newly identified
molecules in angiogenesis and tumor invasion of colorectal,
prostate, brain cancer, and ovarian cancers.65 Moreover, in vivo
model toxicity effects might also be studied, as recently
described by us for palladacycles.66 This prompted us to also
test compounds 1 and 3 in this model in terms of toxicity and
antiangiogenic potential using as a model ex ovo CAM.67

Ex Ovo Chick Chorioallantoic Membrane (CAM)
Assay. Three O-rings were placed on the yolk sack of chicken
embryos as described in the Experimental Section and for each
O-ring, a different condition was added: PBS (control),
compound 1, and compound 3. O-rings were photographed
at 0, 24, and 48 h after the addition of the different conditions
(Figure 12), and afterward the percentage of newly formed
arterioles was calculated. The in vivo results show that
compounds 1 and 3 do not influence the angiogenesis process
significantly (Figure 13). It is worth noting that 1 and 3 did
not induce death of the chicken embryos for the tested
concentrations.

Zebrafish Model. Zebrafish is an animal model that in
recent years has gained great relevance in various areas of
research, due to the fact that it presents important advantages.
Some of them are high fecundity, small size, rapid embryonic
development, and optical transparency.68,69 Furthermore, the
zebrafish is very similar to mammals in most aspects of
embryonic development and in the cardiovascular, somite,
muscular, skeletal, and neuronal systems.70 In addition, the
zebrafish genome has approximately 70% homology with the
human genome and 84% of the known genes are associated
with human diseases.71,72 These advantages make zebrafish a
good model for studying the toxicity of new compounds. Thus,
a fish embryo acute toxicity (FET) test was performed. For
that, zebrafish embryos of 2−4 hpf were exposed to five
different concentrations of all ruthenium compounds and every
24−72 h four lethal end points were analyzed: coagulated
embryos, lack of somite formation, absence of tail shedding,
and lack of heartbeat. As a result, none of the compounds
showed signs of lethal toxicity in the embryos. In fact, at 72 h, a
survival greater than 75% was observed in all cases (Figure 14),
which is relevant in the case of complexes 1 and 3 due to their
good cytotoxic activity in A2780 tumor cells linked to the low
toxicity also demonstrated in the chicken embryo.

■ CONCLUSIONS
In this work, the four new Ru(II) compounds [Ru(η6-
arene)(L)Cl][CF3SO3] (arene = p-cymene, L1 (1); arene =
p-cymene, L2 (2); arene = benzene, L1 (3); arene = benzene,
L2 (4); L1 = 2-[1-(p-tolyl)-1H-1,2,3-triazol-4-yl]pyridine; L2
= 1,1′-di-p-tolyl-1H,1′H-4,4′-bi(1,2,3-triazole)) were prepared

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c00527
Inorg. Chem. 2021, 60, 8011−8026

8022

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00527/suppl_file/ic1c00527_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00527/suppl_file/ic1c00527_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00527/suppl_file/ic1c00527_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00527?rel=cite-as&ref=PDF&jav=VoR


and fully characterized. The antiproliferative effect of
complexes 1−4 was analyzed in different tumor and normal
cell lines. While compounds 2 and 4 had no effect on the
tumor cell lines, 1 and 3 were active against the A2780 cancer
cell line with no cytotoxic effect on normal primary fibroblasts
at the IC50 concentration of ovarian cancer cells. Interestingly,
the antiproliferative activity correlated well with the type of
chelating triazole ligand (L1 or L2). The presence of L1, a
mixed triazole-pyridine ligand, in the molecular composition of
compounds 1 and 3 leads to higher antiproliferative effects in
comparison to 2 and 4, bearing the ditriazole ligand L2.
Furthermore, compound 1 also exhibited cytotoxic activity
toward the HCT116 colorectal cell line. Our results show that
both 1 and 3 induce ROS, which triggers cell death via
autophagy (compound 1) or autophagy and apoptosis
(compound 3). These cell death mechanisms are the cause
of the cell viability reduction observed. Compounds 1 and 3
did not have any effect on plasmid DNA fragmentation, and 1
was demonstrated to delay cell cycle progression and cell
migration. Compound 1 induces some neovascularization after
24 h, while 3 shows reduced neovascularization capability. In
overall, these results suggest that the mechanisms of
cytotoxicity of compounds 1 and 3 render these compounds
as promising new Ru(II) arene chemotherapeutic agents. As
for NKP1339 currently in clinical trials, the complexes induce
ROS production12 and consequently promote cell death via
autophagy (compounds 1 and 3) or intrinsic apoptosis
(compound 3). The ability of compound 1 to delay cell
cycle progression might also be correlated to damages induced
by ROS, as shown for NKP1339.12 Moreover, the lack of DNA
fragmentation renders these compounds with an advantage
over acquired resistance of cells to chemotherapeutic drugs,
such as cisplatin, by activating mechanisms of DNA damage
repair.7 Importantly, the delay of cell migration promoted by 1
suggests that this compound might be useful in a tumor
microenvironment context, by stabilizing the irregular leakiness
characteristic of tumor vasculature and consequently promot-
ing the compound distribution in the tumor, hence minimizing
metastasis formation. Compounds 1 and 3 are not toxic, both
in vitro (evaluated in normal human fibroblasts) and in vivo
(evaluated in zebrafish and chicken embryos). Altogether,
these results demonstrate the potential of these newly
synthesized mixed triazole-pyridine-based ruthenium(II) com-
pounds and, particularly, compound 1 for further in vivo mice
xenograft studies to validate their antitumor potential.
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