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Non-mutagenic Ru(II)–phosphine-based
complexes induce mitochondria-mediated
apoptosis in breast cancer cells: from 2D to 3D
investigations†
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Three ruthenium(II)–phosphine-based complexes with the general formula [Ru(N–S)(dppm)2]PF6 (Ru1–

Ru3) were prepared and studied as anticancer agents [N–S represents 2-mercapto-2-thiazoline (Hmtz),

mercapto-1-methylimidazole (Hmmi) and 4,6-diamino-2-mercapto-pyrimidine (Hdmp), and dppm rep-

resents 1,1’-bis(diphenylphosphino)methane]. The distribution coefficients of these compounds were

assessed, and log P values indicated their preference for the organic phase. After confirming their stability

in solution, their in vitro cytotoxicity was investigated on different breast cell lines. Our findings revealed

that Ru2 was 50-fold more cytotoxic and almost 2-fold more selective than the cisplatin control, consid-

ering MCF-7 cells. Also, Ru2 induced morphological changes and inhibited colony formation in this cell

line. Considering the advantages of 3D cell culture models for screening new anticancer drug candidates,

the effect of Ru2, which was found to be the best candidate compound, was investigated on multicellular

tumor spheroids. A live/dead assay revealed a dead cell population in both 2D and 3D MCF-7 cell models

upon treatment at the IC50 concentration. The ruthenium–phosphine complex was able to affect cell

cycle distribution and mitochondrial membrane potential, inducing apoptotic cell death. Ames and micro-

nucleus tests indicated the absence of mutagenicity for Ru2. To the best of our knowledge, this work

demonstrated for the first time the effects of a ruthenium–phosphine complex on MCF-7 breast cancer

cells using 2D and 3D cell-based models, highlighting its potential as a promising anticancer agent.

Introduction

The use of metallodrugs as chemotherapeutic agents emerged,
initially, with the development of cisplatin and was reinforced
by other Pt-based complexes.1,2 Nonetheless, despite the effec-
tiveness of platinum compounds for chemotherapy, there is a
significant effort in the search for and development of new
metallodrugs based on other metals.3–6 In this scenario, ruthe-
nium compounds have emerged as promising alternatives for
the development of new chemotherapeutic agents.7–17 In par-
ticular, Ru–phosphine-based compounds, which are primarily
studied for catalytic purposes, are being extensively investi-
gated due to their high cytotoxicity.18–21 The phosphine moiety
is essential for enhancing the lipophilicity of these complexes,
allowing their entry into the cancer cells. Furthermore, these
compounds are reported to induce mitochondrial damage,
which leads to apoptosis-mediated cell death.22,23 Since the
cytotoxicity of metal-based compounds depends on the nature
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of both the metal and the ligand, coordinating bioactive mole-
cules to a ruthenium(II) metal center is a useful strategy to
develop new metal-based compounds with potential anti-
cancer activity.24–30 In this work, we report the synthesis of
three Ru(II)–phosphine-based compounds containing different
mercapto ligands. Originally obtained as chloride salts,31

these compounds were synthesized and characterized as hexa-
fluorophosphate salts, namely [Ru(mtz)(dppm)2]PF6 (Ru1), [Ru
(mmi)(dppm)2]PF6 (Ru2) and [Ru(dmp)(dppm)2]PF6 (Ru3)
(dppm = 1,1-bis(diphenylphosphine)methane, mtz = 1,3-thia-
zolidine-2-thione, mmi = mercapto-1-methylimidazole, and
dmp = 4,6-diamino-2-mercaptopyrimidine in their deproto-
nated forms) (Fig. 1).

The in vitro cytotoxicity of Ru1–Ru3 was investigated on
breast cancer cells. Encouraged by the cytotoxicity and selecti-
vity results, cell morphology assays were performed for Ru2 in
MCF-7 cells. Also, clonogenic, migration and zymography
experiments were conducted. Considering the advantages of a
3D cellular structure in comparison with a monolayer cell
culture, the effect of our promising compound (Ru2) was inves-
tigated on multicellular tumor spheroids.

Our findings revealed that the ruthenium–phosphine
complex affected the mitochondrial membrane, leading to cell
death via apoptosis. Furthermore, Ames and micronucleus
assays indicated a lack of mutagenicity for this compound,
providing fresh insights into the ruthenium(II)–phosphine
scaffold as an anticancer agent.

Results and discussion
Synthesis and characterization

The ruthenium complexes (Ru1–Ru3) were synthesized by sub-
stituting two chlorido ligands from the precursor, cis-
[RuCl2(dppm)2], with different mercapto ligands in the pres-
ence of NaHCO3. The complexes were isolated as pale yellow
solids, and their compositions were confirmed by elemental
analyses. The IR spectra (Fig. S1–S3†) of all compounds show
the presence of bands in the region of 1619–1432 cm−1,
ascribed to the CvC and CvN bonds of both the phosphine

and mercapto ligands. The bands around 1100 cm−1 and
520 cm−1, and 1188–1246 cm−1 can be assigned, respectively,
to the P–C and C–S vibrations. Additionally, bands at
≈840 cm−1 were attributed to P–F, indicating the presence of a
PF6

− counter-ion.32

The 31P{1H} NMR spectra of Ru1–Ru3 present signals
assigned to the four phosphorus (P) atoms present in their
structures. The 1H NMR spectrum of [Ru(mtz)(dppm)2]PF6
(Ru1) shows protons from the CH2 group of the 1,3-thiazoli-
dine-2-thione ligand at δ = 2.25–3.54 ppm (Fig. 2A, indicated
with red arrows). HSQC and HMBC 2D maps were useful in
elucidating particular couplings related to single and multiple
hydrogen–carbon correlations. In this map, correlations
between the CH2 carbons from 1,3-thiazolidine-2-thione at δ =
59.60 ppm and 31.08 ppm and the respective attached protons
at δ = 2.25 and 3.54 ppm and at δ = 2.37 and 3.21 ppm were
observed. The CH2 carbons from the diphosphine ligands at δ
= 41.23 and 41.50 ppm were assigned based on their corre-
lation with the protons at δ = 4.27 and 5.27 ppm and at δ =
4.44 and 5.35 ppm, respectively (Fig. 2B). A similar behavior
was observed for Ru2 and Ru3. For [Ru(mmi)(dppm)2]PF6
(Ru2), the protons at δ = 3.17 ppm, 5.70 ppm and 6.74 ppm
were correlated with carbons at δ = 30.68 ppm, 124.74 ppm
and 118.80 ppm, respectively. Finally, an HSQC correlation
between the CH carbon from 4,6-diamino-2-mercapto-pyrimi-
dine at δ = 79.04 ppm and its attached proton at δ = 4.99 ppm
was observed for [Ru(dmp)(dppm)2]PF6 (Ru3) (Fig. S4–S16†).
These results are in agreement with the molar conductance
obtained in DMSO, which supported these compounds as
hexafluorophosphate salts of the 1 : 1 electrolyte type.33

The UV-Vis spectra recorded in DMSO are similar to those
already reported for other ruthenium(II)–phosphine complexes
containing mercapto ligands.30,31 Bands around 350 nm can
be ascribed to metal-to-ligand charge transfer transitions
(MLCT). In addition, bands around 400 nm were observed and
attributed to MLCT and d–d mixing transitions (Fig. S17–
S19†). The ESI-MS spectra of Ru1–Ru3 (Fig. S20–S22†) show
peaks for the molecular ions of [Ru(mtz)(dppm)2]

+, [Ru(mmi)
(dppm)2]

+ and [Ru(dmp)(dppm)2]
+ at (m/z+) 988.1239, 983.1646

and 1011.1718, respectively.

Fig. 1 Chemical structures of compounds Ru1–Ru3.
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The electrochemical behavior of Ru1–Ru3 complexes was
investigated by cyclic voltammetry (CV). Measurements in
DCM at 50 mV s−1 revealed quasi-reversible processes, associ-
ated with the Ru(II)/Ru(III) couple (Fig. S23–S25†). The Epa
(anodic peak potential) observed for Ru1–Ru3 lies in the range
1.08–1.38 V vs. Ag/AgCl, which is in accordance with values
already reported for similar Ru(II)–phosphine compounds24

(Table S1†).

Monocrystals have been obtained for Ru1–Ru3, and their
solid structures have been solved by X-ray crystallography. The
complexes crystallize in the monoclinic system for Ru1 (P21/c)
and Ru2 (C2/c) and in the triclinic system for Ru3 (P1̄), with
one molecule per asymmetric unit. As shown in Fig. 3, the
obtained crystal structures of the complexes corroborate with
the results from other characterization techniques, displaying
the same coordination mode for the three ligands (N–S). In all

Fig. 2 (A) 1H NMR spectrum and (B) 1H–13C HSQC correlation map of compound [Ru(mtz)(dppm)2]PF6 (Ru1) in DMSO-d6 at 298 K.
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cases, the ruthenium metal center adopts a distorted octa-
hedral geometry, evidenced by the bond angles around the Ru
atom, displaying values far from the expected ideal angle (90°).
The P1–Ru1–P2 and P3–Ru1–P4 angles range between 71 and
73°, while N1–Ru1–S1 displays bond angles close to 63°. The
bond lengths for Ru1, Ru2 and Ru3 are as follows: Ru1–S1
[≈2.46 Å], Ru–N1 [≈2.18 Å] and Ru–P [≈2.31 Å]. All bond
lengths are in agreement with those found for similar Ru(II)
complexes reported in the literature.26,28 It should be men-
tioned that the structures for compounds [Ru(mtz)(dppm)2]Cl
and [Ru(mmi)(dppm)2]Cl have been previously reported, and
they exhibit similar features to those reported in this work for
compounds containing a hexafluorophosphate counterion.31

For more information, see Tables S2 and S3.†
The Full Interaction Maps analysis, performed using the

Mercury program,34 offered valuable insights into the inter-
molecular interaction patterns of the Ru1, Ru2, and Ru3 com-
plexes. By examining the structures with uncharged NH nitro-
gen, carbonyl oxygen, and aromatic CH carbon probes, distinct
interaction trends were identified. In the generated maps, red
regions indicate areas with a high probability of hydrogen
bond acceptors, blue regions correspond to hydrogen bond
donors, and brown areas highlight hydrophobic regions. The
interaction profiles vary among the complexes: Ru1 and Ru2
are characterized by a dominance of red and brown regions,
suggesting a strong hydrophobic nature, with interactions pri-

marily governed by dispersion forces and weak hydrogen
bonding. In contrast, Ru3 displays prominent blue regions,
emphasizing the hydrophilic character of its uncoordinated
aromatic nitrogen acceptor, while the intense red areas sur-
rounding NH2 groups indicate strong hydrogen bond donor
capabilities. These observations provide a comprehensive
understanding of the differing interaction behaviors among
the studied complexes.

Stability in solution and partition coefficient

The stability of the compounds was assessed prior to the bio-
logical studies. First, 31P{1H} NMR experiments were con-
ducted for Ru1–Ru3 in DMSO and DMSO/cell culture medium
solutions for 48 h. No changes were observed in their spectra,
suggesting the stability of the complexes under these con-
ditions. To gain more insights into their behavior in biological
environments, solutions of the complexes were also monitored
by UV-Vis in DMSO/cell culture medium solutions. As no sig-
nificant changes were observed, their stability was confirmed
during this period (Fig. S26–S34†). After confirming the stabi-
lity of all complexes, their distribution coefficient values
(log Po/w) were assessed in octanol/water. Lipophilicity is an
important physicochemical descriptor related to the capacity
of a drug to penetrate the lipid bilayer and is generally associ-
ated with better accumulation in cells. Our results revealed
positive log P values (Table 1), indicating their preference for

Fig. 3 Crystal structure and Full Interaction Maps of the complexes Ru1, Ru2 and Ru3. The ellipsoids are represented at 30% of probability and the
PF6

− anions are omitted.
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the organic phase. Similar behavior has been reported for ana-
logous Ru(II)–phosphine compounds.35

Biological investigation

Cytotoxicity and morphological assays. The anticancer
activity of the ruthenium complexes Ru1–Ru3 was assessed in
two human breast cancer cell lines: MDA-MB-231 (estrogen
receptor-negative, ER–) and MCF-7 (estrogen receptor-positive,
ER+), as well as in the non-tumorigenic epithelial cell line
MCF-10A, following 48 hours of incubation. The cytotoxicity
data, expressed as IC50 values (±SD), are summarized in
Table 1. Overall, Ru1–Ru3 showed stronger cytotoxic effects
than the precursor complex cis-[RuCl2(dppm)2], the clinically
used cisplatin, and the corresponding free mercapto ligands
reported previously.28,30 These results are consistent with our
earlier findings and reinforce the therapeutic potential of this
class of compounds.31 Among the tested cell lines, MCF-7 cells
were particularly sensitive to Ru1–Ru3, with IC50 values
ranging from 0.28 to 1.27 µM. This represents an improvement
of at least 17-, 18-, and 6-fold, respectively, over their dppe-
based analogues, underscoring the importance of the dipho-
sphine ligand in modulating biological activity (dppe = 1,2-bis
(diphenylphosphino)ethane).24 When compared to other
mono-diphosphine ruthenium complexes, such as [Ru
(mtz)2(dppb)]PF6, [Ru(mmi)2(dppb)]PF6, and [Ru(dmp)2(dppb)]
PF6, which have IC50 values between 12 and 200 µM, the
potency of Ru1–Ru3 is notably higher (dppb = 1,4-bis(diphe-
nylphosphino)butane).36 These findings suggest that the incor-
poration of two chelating dppm ligands contributes to
improved activity, possibly by enhancing lipophilicity, uptake,
or interactions with intracellular targets.

A clear difference in activity was observed between the two
cancer cell lines, with MCF-7 cells (ER+) consistently more sen-
sitive than MDA-MB-231 cells (ER–). This is in line with known
variations in drug response among breast cancer subtypes.6,37

Within the series, Ru1—containing the 1,3-thiazolidine-2-
thione (mtz) ligand—was the most active, followed by Ru2
(mmi) and Ru3 (dmp), suggesting that subtle differences in
the sulfur-donor heterocycle may influence biological perform-
ance. To evaluate selectivity, Ru1–Ru3 were also tested against
MCF-10A cells. Ru2 stood out as the most selective, with a
selectivity index (SI) of 2.7 for MCF-7 cells—higher than that
observed for cisplatin (SI = 1.7). Notably, Ru2 was 18 times
more selective than its dppe-containing analogue [Ru(mmi)

(dppe)2]PF6,
36 further emphasizing the role of ligand design in

tuning selectivity. Based on its promising cytotoxicity and
selectivity profile, Ru2 was selected for further biological
investigations, including mechanistic studies.

The morphology of MCF-7 breast cells was studied in the
absence and presence of Ru2 after 48 h of treatment. As pre-
sented in Fig. 4A, significant alterations in the shape of the
cells are observed at the IC50 concentration, and non-adherent
and spherical cells are observed primarily at 2 × IC50 concen-
tration after 48 h of treatment, indicating cell damage.38 Next,
cells were treated with 4′,6′-diamino-2-phenylindole (DAPI)
and Green Plasma. DAPI is a dye used for nuclear staining due
its capacity to bind adenine–thymine regions, while Green
Plasma is commonly used for plasma membrane staining. As
shown in Fig. 4B, the MCF-7 cell density reduction is
accompanied by the shortening of the membrane in a concen-
tration-dependent manner.

Our data show that treatment with the Ru(II) phosphine
complex did not lead to noticeable alterations in nuclear mor-
phology, as observed by nuclear staining assays. This finding
suggests that the nucleus is not the main target of these com-
pounds, aligning with previous studies indicating that Ru(II)
phosphine complexes do not primarily act through DNA
damage or chromatin disruption.31,39

The maintained nuclear structure after treatment supports
the idea that these complexes might act through extranuclear
mechanisms, possibly involving oxidative stress, mitochon-
drial damage, or other pathways that affect cell survival. To
complement these observations, we carried out a live/dead
assay using calcein AM and propidium iodide (PI) under the
same conditions. As shown in Fig. 4C, treatment with Ru2 at
its IC50 concentration produced a mix of live (calcein-positive)
and dead (PI-positive) cells, indicating partial but clear cyto-
toxicity. When the concentration was doubled (2 × IC50), the
number of PI-positive cells increased significantly, suggesting
greater loss of membrane integrity and enhanced cell death.

These results point to a dose-dependent cytotoxic effect of
Ru2, likely involving disruption of plasma membrane integrity
rather than classical apoptotic pathways. Since we did not
observe nuclear fragmentation, it seems likely that Ru2 may
trigger alternative, non-caspase-dependent forms of cell death.
This mechanism distinguishes it from drugs like cisplatin and
is in line with reports on other metal-based agents with non-
conventional modes of action.

Table 1 In vitro cytotoxicity (IC50, µM) on MDA-MB-231, MCF-7 and MCF-10A cell lines after 48 h of incubation, SI and log P values of compounds
Ru1–Ru3 for different cell lines. SI1 = IC50 MCF-10A/IC50 MDA-MB-231 and SI2 = IC50 MCF-10A/IC50 MCF-7

Complex MDA-MB-231 MCF-7 MCF-10A SI1 SI2 Log P

Ru1 0.31 ± 0.13 0.21 ± 0.02 0.53 ± 0.19 1.7 2.5 1.22 ± 0.02
Ru2 0.77 ± 0.16 0.28 ± 0.03 0.75 ± 0.20 0.97 2.7 0.91 ± 0.10
Ru3 1.62 ± 0.29 1.27 ± 0.17 1.87 ± 0.52 1.1 1.5 0.98 ± 0.14
Hmtz >100 >100 >100 — — —
Hmmi >100 >100 >100 — — —
Hdmp >100 >100 >100 — — —
cis-[RuCl2(dppm)2] 1.10 ± 0.09 1.17 ± 0.21 3.11 ± 0.04 — — —
Cisplatin 12.43 ± 0.20 13.98 ± 0.40 23.90 ± 0.70 0.96 1.7 —

Inorganic Chemistry Frontiers Research Article
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3D multicellular tumor spheroids (MCTSs)

Given the promising cytotoxic effect of Ru2 in 2D monolayer
cultures of breast cancer cells, we next examined its activity in
a more physiologically relevant 3D model using multicellular
tumor spheroids (MCTSs). This model better mimics the
in vivo tumor conditions by incorporating features like 3D cell
architecture, gradients in proliferation, oxygen, and nutrients.
Because of these characteristics, MCTSs offer a more realistic
platform for evaluating anticancer activity compared to con-
ventional monolayer systems.13,39

MCF-7 spheroids were generated using a magnetic levita-
tion system, which facilitated the aggregation of magnetized
cells into uniform spheroids. At the start of the experiment,
spheroids had an average diameter of 484 ± 20 μm and were
treated with Ru2 at concentrations of 0.14, 0.28, 0.56, and
1.12 μM for six days. In untreated controls, spheroids contin-
ued to grow, reaching 556 ± 26 µm in diameter.

In contrast, treatment with Ru2 at or above its 2D IC50

(0.28 µM) reduced spheroid growth. The most pronounced
effect was observed at 1.12 µM, where the average diameter
dropped to 468 ± 13 µm (Fig. 5A and B). Concentrations below
the IC50 had little impact on growth, suggesting that higher
doses are needed to reach sufficient diffusion and activity in
the 3D context. To evaluate cell viability within the spheroid
structure, we performed calcein AM/propidium iodide (PI)
staining. In control spheroids, most cells were viable (green
fluorescence). However, Ru2 treatment led to a noticeable
increase in dead (PI-positive) cells, especially at higher concen-
trations (Fig. 6). These results indicate that Ru2 can penetrate
into the inner regions of the spheroid and exert cytotoxic
effects, including in the less accessible, hypoxic core.

Altogether, the cytotoxic effect of Ru2 seen in 2D cultures
was confirmed in the 3D model, suggesting its potential to act
in more complex tumor-like environments. Although we did
not determine an IC50 value in the spheroid system, the inhibi-
tory effect on growth and increased cell death provide a strong
indication of its in vivo relevance. These findings support the
further evaluation of Ru2 in animal models and reinforce its
potential as a preclinical anticancer candidate.

Clonogenic, transwell migration and zymography assays

In the next step, the anti-proliferative potential of Ru2 was
investigated. For this, the colony formation assay was
explored.40 MCF-7 cells were treated with Ru2 at different con-
centrations. The ruthenium compound was removed after 2
days, the culture medium was replaced with fresh medium,
and the colonies formed after 10 days were stained with violet
blue, washed and dried. The results revealed a decrease in cell
survival upon treatment with Ru2 at 0.28 µM (Fig. 7A). Also,
the number and the size of the colonies were drastically
reduced, mainly at the IC50 concentration, revealing the cyto-
toxic and cytostatic activities of Ru2 (Fig. 7B and C). These
results are in accordance with those obtained for similar Ru
(II)–phoshine compounds on different cancer cell
lines.23,28,31,41 The metastatic cascade process involves several

Fig. 4 (A) Microscopy images showing the cellular morphology of
MCF-7 cells after 0 and 48 h in the absence (CTRL) and presence of Ru2
at IC50 and 2 × IC50 concentrations (0.28 µM and 0.56 µM, respectively).
(B) Fluorescence microscopy images of MCF-7 cells upon incubation
with DAPI and Green Plasma in the absence (CTRL) and presence of Ru2
at IC50 and 2 × IC50 concentrations. (C) Fluorescence microscopy
images of MCF-7 cells upon incubation with calcein AM and propidium
iodide (PI) in the absence (CTRL) and presence of Ru2 at IC50 and 2 ×
IC50 concentrations. The negative controls were treated with the DMSO
vehicle (0.5% v/v).
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steps, such as invasion, migration, circulation and dissemina-
tion.42 Moreover, metastasis represents more than 90% of
cancer-related deaths. In this context, the anti-migratory
potential of Ru2 was also investigated via a transwell migration
assay. MCF-7 cells were treated with Ru2 at concentrations
lower than IC50 to avoid cell death. The cells that migrated
were stained with 4′,6′-diamino-2-phenylindole (DAPI) and
counted. No significant difference was observed between the
controls and the cells treated with Ru2, suggesting that this
compound is not able to inhibit MCF-7 migration through the
membrane (Fig. 7D). Subsequently, to gain more insights into
the metastasis process, a gelatin zymography assay was per-
formed. Zymography is a technique used to evaluate the

secretion of matrix metalloproteinases (MMPs). Increased
levels of MMPs, such as MMP-2 and MMP-9, are found in
several types of cancer, and play crucial roles in cell prolifer-
ation and migration.43 The secretory activity of these proteins
was investigated after treatment with Ru2 at concentrations
lower than IC50. Unfortunately, different from other ruthenium
(II)-based compounds,43,44 our results suggest that Ru2 did not
inhibit the secretion of MMP-2 in MCF-7 cells (Fig. 7E and F).
It should be mentioned that MCF-7 cells have low invasive and
migration capacities,45 which may also have an impact on the
secretion of metalloproteinases. In this scenario, the anti-
migratory potential of Ru2 could be studied further under
different conditions.

Mechanism of action

Considering the promising results obtained for Ru2, several
biological experiments were performed to gain insights into its
mechanism of action in MCF-7 cancer cells. Firstly, the cell
cycle distribution was assessed by flow cytometry in the
absence and presence of the ruthenium compound. Most
untreated cells were found in the G1 phase (∼ 52%). Our
results revealed that Ru2 induced arrest in the G1 phase in a
concentration-dependent manner, altering this cell population
at the expense of both S and G2/M phases (Fig. 8A).46

Although DNA remains the main studied target for metal-
based compounds, previous experiments revealed a lack of
covalent interaction between this biomolecule and ruthenium
(II)–phosphine compounds.31 Additionally, the nucleus
appears unharmed upon DAPI/Green Plasma staining (see
Fig. 4B), indicating that Ru2 does not primarily target it. In
this scenario, we decided to investigate the mitochondria. We
studied the capacity of Ru2 to affect the mitochondrial mem-
brane potential (MMP, Δψm) of MCF-7 cells. To evaluate its
integrity, we analyzed the JC-1 signal upon accumulation in
this organelle. Both aggregate and monomeric forms of JC-1
dye are found depending on the mitochondrial status. As

Fig. 5 (A) Changes in the growth kinetics of MCTSs treated with Ru2 at different concentrations (0.14, 0.28, 0.56, and 1.12 μM). Images were taken
after 0, 2, 4, and 6 days. (B) MCTS diameter measured at different time points (n = 8). The images were taken using a CELENA® S Digital Imaging
System (Logos Biosystems) and recorded at 4× zoom.

Fig. 6 Representative images of MCF-7 multicellular tumor spheroids
after treatment with Ru2 at 0.28 and 2.24 μM for 6 days and stained with
a live cell marker (calcein AM, green) and a dead cell marker (propidium
iodide, red). The images were taken using a CELENA® S Digital Imaging
System (Logos Biosystems) and recorded at 4× zoom.
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expected, in healthy mitochondria, the aggregate form rises
and emits a red fluorescence. However, after treatment with
Ru2 for 24 h, a monomeric form is seen as a result of mito-
chondrial damage, identified by a green fluorescence. As
reported for several Ru(II)–phosphine compounds, this MMP
imbalance is an important feature of apoptotic cell death.23,47

In this context, to assess whether Ru2 induces apoptosis in
MCF-7 cells, flow cytometry analysis was performed following

Fig. 7 (A) Representative colony formation images, and quantitative
data representing the (B) colony number and (C) size of MCF-7 cells in
the absence (CTRL) and presence of Ru2 at 1

2 × IC50, IC50 and 2 × IC50

concentrations. (D) Number of migrating cells after 24 h of incubation
with Ru2 at 1

8 × IC50, 1
4 × IC50 and 1

2 × IC50 concentrations. The negative
control is RPMI (FBS–), and the positive control is RPMI/FBS (FBS+). The
study was performed in duplicate, and the image represents one of
them. (E) Bar graph and (F) gelatin zymography of MMP-2 activity relative
to MCF-7 cells after 24 h of incubation with Ru2 at 1

8 × IC50, 1
4 × IC50 and

1
2 × IC50 concentrations. The results are compared with the negative
control (FBS–) and positive control (FBS+). DMSO vehicle (0.5% v/v) was
used in all experiments. Data are expressed as mean ± SD or SEM of two
or three independent measurements. The statistical analysis was per-
formed with one-way ANOVA followed by Dunnett’s test (***p < 0.001
and ****p < 0.0001).

Fig. 8 Investigation of the mechanism of action of Ru2. (A) Cell cycle
distribution on MCF-7 cells and percentage of cell population in each
phase of the cycle after 48 h of treatment with Ru2 at 1

2 × IC50, IC50 and
2 × IC50 concentrations. The statistical analysis was performed with
two-way ANOVA followed by Dunnett’s test (*p < 0.01; **p < 0.001; ***p
< 0.003). (B) Apoptosis/necrosis assay. Representative dot plot figures of
the cell populations (necrosis; late apoptotic; early apoptotic and live
cells), and quantification of percentage total apoptotic cells after 48 h of
treatment with Ru2 at 1

2 × IC50, IC50 and 2 × IC50 concentrations. The
statistical analysis was performed with one-way ANOVA followed by
Dunnett’s test (*p < 0.02). Data are expressed as mean ± SD of the
assays in triplicate. (C) Fluorescence microscope analysis of MMP levels
by JC-1 staining on MCF-7 cells after 24 h of treatment with Ru2 at IC50

and 2 × IC50 concentrations.
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treatment with increasing concentrations of the compound
(0.14–0.56 µM). Cells were stained with Annexin V-PE and
7-AAD to distinguish early and late apoptotic populations. A
clear, dose-dependent increase in apoptosis was observed,
with the proportion of Annexin V-positive cells reaching
approximately 34% at 0.56 µM (Fig. 8B and C). These findings
support the ability of Ru2 to activate apoptotic pathways, likely
via a mitochondrial-mediated mechanism. This is in agree-
ment with previous studies reporting similar effects for ruthe-
nium–phosphine complexes in other cancer cell lines.23,31

While the current data point towards the activation of intrinsic
apoptosis, we do not exclude the involvement of alternative or
complementary mechanisms, given the complexity of cell
death pathways and the multifaceted nature of metal-based
drug action.

Genotoxicity studies

Genotoxicity experiments are crucial in drug discovery and
development as substances can be harmful to the cells and
damage genetic information. For this purpose, Ames and micro-
nucleus tests were conducted. The mutagenicity of Ru2 was
assessed by the Salmonella/microsome assay (Ames test) using
five bacterial strains (S. typhimurium TA1535, TA98, TA100,
TA97a, and TA102). The Ames test is a widely accepted short-
term bacterial assay for identifying substances that can produce
genetic damage that leads to gene mutations. Moreover, it is
one of the mutagenic assays recommended by regulatory
agencies such as the FDA (Food and Drug Administration),
which aims to ensure the safety of new drugs.48 Each strain
carries different mutations in various genes in the histidine
operon, according to international guidelines.49 A metabolic
activation system (S9 mix) was added to S. typhimurium during
the assay to metabolize the compounds by cytochrome P450.

The mean number of revertants/plate (M), the standard
deviation (SD), and the mutagenic index (MI) after treatment

with different concentrations of Ru2 are presented. The treat-
ment did not present substantial alterations in the number of
revertant colonies compared to the negative control (Fig. 9A).
Also, the ruthenium compound did not show an MI > 2.0,
revealing the lack of mutagenicity at the tested concentrations
(Fig. 9B).

Micronuclei are small DNA-containing nuclear structures
resulting from chromosomal breaks or whole chromosomes
that are lagging in anaphase due to mitotic errors or DNA
damage.50 The CBPI is a biological index for detecting a cell
cycle delay or reduction of cell proliferation. The micronucleus
assay was used to determine the mutagenic potential of Ru2,
and the results obtained using the human hepatocellular carci-
noma HepG2 cell line are shown in Table 2. The frequency of
micronuclei (MNfreq) evidenced that Ru2 did not induce chro-
mosomal instability in HepG2 cells at assayed concentrations.
The positive control (doxorubicin) caused a significant
increase in MNfreq compared to the control group (p > 0.05).
Moreover, the cytokinesis-block proliferation index (CBPI)
decreased significantly in cells treated with the higher concen-
tration of Ru2 compared to the control. Similarly, the percen-

Fig. 9 Mutagenic activity expressed as the number of revertants per plate (A) and mutagenic index (B) in Salmonella typhimurium strains TA1535,
TA98, TA100, TA102, and TA97a treated with Ru2 at different concentrations in the absence (−S9) or presence (+S9) of metabolic activation.
Negative control (C−): DMSO (100 μL per plate); positive control (C+): 4-nitro-O-phenylenediamine (24 µM, TA98 and TA97a), sodium azide (7 µM,
TA1535 and TA100), and mitomycin (0.53 µM, TA102) for −S9, and 2-anthramine (2.3 µM, TA1535, TA98, TA100, and TA97a) and 2-aminofluorene
(20 µM, TA102) for +S9. The assay was performed in triplicate.

Table 2 Frequency of micronuclei (MNfreq), percentage of binucleate
cells (BN), cytokinesis-block proliferation index (CBPI), and percentage
of cytotoxicity in HepG2 cells treated with different concentrations of
Ru2. Values are expressed as mean ± SD (n = 3) based on three indepen-
dent experiments. C−; negative control, PBS in culture medium; C+:
positive control, doxorubicin at 0.05 µM. * Significantly different from
the C− (p < 0.05; Kruskal–Wallis test)

Treatment MNfreq %BN CBPI % Cytotoxicity

C− 11.07 ± 3.00 58.70 ± 6.85 1.82 ± 0.02
C+ 44.12 ± 5.02* 45.33 ± 4.33* 1.61 ± 0.07* 19.00 ± 2.01
0.12 µM 8.33 ± 0.14 57.95 ± 5.44 1.81 ± 0.04 2.30 ± 0.14
0.25 µM 12.40 ± 1.88 53.10 ± 2.76 1.79 ± 0.02 5.01 ± 1.13
0.50 µM 9.33 ± 1.33 43.33 ± 1.13* 1.58 ± 0.18* 26.75 ± 3.59
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tage of binucleate cells (%BN) was significantly lower in the
cells treated with 0.5 µM of Ru2 in comparison with the nega-
tive control, while at the same concentration, the percentage
of cytotoxicity reached 26.75%.

Our results indicated that, even without detecting muta-
genic effects in the MN assay, a cytostatic effect of Ru2 at
0.5 µM was detected in HepG2 cells after 24 h of treatment, as
measured by the cytokinesis-block proliferation index (CBPI).
The frequency of micronuclei and the cytokinesis-block pro-
liferation index have consistently been used as biomarkers of
chromosomal damage. This effect after adding Ru2 could be
due to increased apoptotic or necrotic events in HepG2 cells.51

Overall, our results indicate that Ru2 exhibits no mutagenic
effects, as observed for other Ru(II)-based complexes.27,52

Conclusions

In summary, we have prepared three ruthenium(II)–dipho-
sphine complexes and investigated them as potential anti-
cancer candidates. Our investigation identified Ru2 as a com-
pound of particular interest. Ru2 demonstrated remarkable
cytotoxicity against MCF-7 breast cancer cells (IC50 = 0.28 µM),
showing approximately 50-fold greater potency than cisplatin,
while exhibiting improved selectivity for cancer over non-
tumorigenic cells. The compound appears to act through mito-
chondrial disruption rather than DNA damage, as evidenced
by Δψm collapse and the absence of nuclear morphological
changes. This distinct mechanism was supported by negative
results from the Ames and micronucleus assays, suggesting a
potentially safer profile compared to traditional DNA-targeting
agents. In more physiologically relevant 3D spheroid models,
Ru2 maintained dose-dependent activity, reducing tumor
volume while maintaining selectivity. These results, although
preliminary, warrant further investigation into the therapeutic
potential of Ru2. While significant questions remain regarding
in vivo efficacy and pharmacokinetics, Ru2 represents an inter-
esting addition to the growing field of non-platinum anti-
cancer metallodrugs. Its combination of potency, selectivity
and non-mutagenic properties makes it a candidate worthy of
further investigation as we continue to develop improved
cancer therapies.

Experimental
Materials and physical measurements

Reactions and chemicals were handled under an argon atmo-
sphere. All chemicals used were of reagent grade or compar-
able purity. RuCl3·3H2O, 1,1′-bis(diphenylphosphine)methane
(dppm), 1,3-thiazolidine-2-thione (Hmtz), mercapto-1-methyl-
imidazole (Hmmi) and 4,6-diamino-2-mercapto-pyrimidine
(Hdmp) ligands were used as received from Sigma-Aldrich.
The precursor cis-[RuCl2(dppm)2] was prepared according to a
published procedure.30,31 The IR spectra were recorded using
KBr pellets on a Bomem-Michelson 102 Fourier transform

infrared spectrometer in the 4000–200 cm−1 region. Cyclic vol-
tammetry experiments were performed using an EGeG
Princeton Applied Research Model 273A electrochemical analy-
zer and were carried out at 25 °C. An electrochemical cell with
a three-electrode system was used: a glassy carbon electrode as
the working electrode, Ag/AgCl as the reference electrode, and
a platinum plate as the auxiliary electrode.
Tetrabutylammonium perchlorate (TBAP) at 0.10 M was used
as a supporting electrolyte in DCM. Elemental analyses were
performed at the Microanalytical Laboratory at the
Universidade Federal de São Carlos, São Carlos, Brazil, using
an EA 1108 CHNS microanalyzer (Fisons Instruments).
Conductivity values were obtained, at 25 °C, using 1.0 mM
solutions of the complexes in DCM with a Meter Lab
CDM2300 instrument. 31P{1H}, 1H, 13C{1H}, HSQC (1H–13C)
and HMBC (1H–13C) NMR were recorded on a Bruker DRX
400 MHz spectrometer using DCM/D2O or DMSO-d6. The UV–
Vis spectra of the complexes were recorded in DMSO on a
Hewlett-Packard 8452A diode array. Mass spectrometry ana-
lyses were performed using an Agilent 6545 ESI-QTOF-MS
instrument. The target MS/MS data were produced across the
mass range of 50–1200 Da. Samples were dissolved in MeOH/
0.1% formic acid and analyzed by FIA at a flow rate of 0.35 mL
min−1 with a volume injection of 2.0 μL at 38 °C. The mobile
phase consisted of H2O + 0.1% formic acid and MeOH + 0.1%
formic acid (20 : 80) with a 4.0 min analysis time.

Synthesis of the compounds

The complexes Ru1–Ru3 were obtained from the cis-
[RuCl2(dppm)2] precursor.26 In a Schlenk flask containing
20 mL of previously degassed methanol, 0.12 mmol of the
respective mercapto ligand was added (Hmtz = 0.014 g; Hmmi
= 0.014 g; Hdmp = 0.023 g) with 0.015 mmol of NaHCO3

(0.018 g). Subsequently, 0.10 mmol (0.094 g) of the precursor
cis-[RuCl2(dppm)2] and 0.13 mmol (0.024 g) of KPF6 were
added to the flask. The system was kept under stirring and
reflux for approximately 12 h. The volume of the solution was
reduced to approximately 2 mL, and the yellow powder was fil-
tered off, washed with water and ethyl ether, and dried under
reduced pressure.

[Ru(mtz)(dppm)2]PF6 (Ru1). Yield: 113 mg, 94%. Elemental
analysis (%) calc. for C53H48F6NP5RuS2 [exp (calc)]: C, 56.18
(56.28); H, 4.27 (4.38); N, 1.24 (1.49); S, 5.66 (6.04). Molar con-
ductance (μS cm−1, DMSO): 55.9. IR (cm−1): ν(C–H) 3054,
ν(CH2) 2856, ν(CvC + CvN) 1516–1432, ν(C–S) 1188, ν(P–
Cring) 1099, ν(PF6

−) 836, 725, δ(PF6
−) 559, ν(P–C) 522, ν(Ru–S)

480, ν(Ru–N) 423. 31P {1H} NMR (162 MHz, DMSO-d6): δ 3.79
(1P, ddd, J = 37.2, 33.7, 24.5 Hz), −1.13 (1P, ddd, J = 39.9, 32.5,
24.5 Hz), −17.29 (2P, ddd, J = 37.2, 32.5, 21.5 Hz), −144.70 (1P,
hept, PF6

−). UV–Vis [DMSO; λ(nm) ε(M−1 cm−1)]: 354 (2386;
MLCT, d–d).

[Ru(mmi)(dppm)2]PF6 (Ru2). Yield: 105 mg, 87%. Elemental
analysis (%) calc. for C54H49F6N2P5RuS [exp (calc)]: C, 57.50
(57.83); H, 4.38 (4.43); N, 2.48 (2.51); S, 2.84 (2.88). Molar con-
ductance (μS cm−1, DMSO): 57.7. IR (cm−1): ν(C–H) 3054,
ν(CH2) 2868, ν(CvC + CvN) 1574–1435, ν(C–S) 1188, ν(P–
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Cring) 1096, ν(PF6
−) 844, 728, δ(PF6

−) 557, ν(P–C) 520, ν(Ru–S)
478, ν(Ru–N) 413. 31P {1H} NMR (162 MHz, DMSO-d6): δ

3.51–2.71 (1P, m), 1.81–1.03 (1P, m), −14.98 (1P, ddd, J = 319.8,
44.1, 25.0 Hz), −23.39 (1P, ddd, J = 319.8, 45.9, 28.4 Hz),
−144.70 (1P, hept, PF6

−). UV–Vis [DMSO; λ(nm) ε(M−1 cm−1)]:
346 (2849; MLCT), 408 (862; MLCT, d–d).

[Ru(dmp)(dppm)2]PF6 (Ru3). Yield: 97 mg, 79%. Elemental
analysis (%) calc. for C54H49F6N4P5RuS [exp (calc)]: C, 56.11
(56.47); H, 4.27 (4.52); N, 4.85 (4.87); S, 2.77 (3.08). Molar con-
ductance (μS cm−1, DMSO): 60.0. IR (cm−1): ν(NH2) 3500, 3393,
ν(C–H) 3152, 3053, ν(CH2) 2986, ν(CvC + CvN) 1619–1433,
ν(C–S) 1246, ν(P–Cring) 1096, ν(PF6

−) 844, 727, δ(PF6
−) 560, ν(P–

C) 518, ν(Ru–S) 480, ν(Ru–N) 416. 31P {1H} NMR (162 MHz,
DMSO-d6): δ 0.16 (1P, ddd, J = 40.7, 28.4, 23.8 Hz), −12.26 to
−12.97 (1P, m), −14.41 (1P, ddd, J = 327.8, 40.7, 24.5 Hz),
−25.72 (1P, ddd, J = 327.8, 33.6, 28.4 Hz), −144.70 (1P, hept,
PF6

−). UV–Vis [DMSO; λ(nm) ε(M−1 cm−1)]: 318 (7853; MLCT),
364 (2944; MLCT), 412 (1302; MLCT, d–d).

X-Ray diffraction

The complexes were crystallized from methanol solutions by
slow evaporation of the solvent. The measurements of single
crystals were performed by X-ray diffraction using XTaLAB
MINI (Rigaku) and APEX II (Bruker) diffractometers with
graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Cell
refinements were carried out using the CrysalisPro53 and
Saint54 software, and the structures were obtained by the
intrinsic phasing method using the SHELXT55 program. The
Gaussian method was used for absorption corrections. Tables
and structure representations were generated using OLEX256

and MERCURY,34 respectively. The complexes exhibited pos-
itional disorder in the mercapto ligands for Ru2 and in the
PF6

− counterion for all complexes, which were refined in two
parts, totaling 100% occupancy. The Ru1–Ru3 complexes
exhibited positional disorder in the mercapto ligands and the
PF6

− counterion, which were refined in two parts, totaling
100% occupancy. CCDC codes: 2235452 (Ru1), 2235453 (Ru2)
and 2235454 (Ru3).†

Stability in solution. The stability of Ru1–Ru3 complexes
was investigated using 31P{1H} NMR and UV-Vis spectroscopy.
For the 31P{1H} NMR analyses, the complexes were studied in
pure DMSO and in a DMSO/culture medium solution. Stock solu-
tions of the complexes were diluted with Dulbecco’s modified
Eagle’s medium (DMEM) to obtain final saturated solutions of
the complexes with 90% DMSO (v/v). Regarding the UV-Vis
measurements, the complexes were studied in DMEM without
phenol red, in the presence of 10% fetal bovine serum (FBS).
Stock solutions of the complexes were prepared in DMSO at
2000 μM and diluted with culture medium to obtain 100 μM and
5% DMSO (v/v) final solutions. Samples were analyzed immedi-
ately after preparation (0 h) and after 24 and 48 h.

Water/n-octanol distribution coefficient (log P). Water–
octanol partition coefficients were determined using the
shake-flask method.57 A total of 1 mg of each complex was
solubilized in 1000 μL of DMSO, and an aliquot of 50 μL was
added to a mixture of equal volumes of water (975 μL) and

n-octanol (975 μL). The solutions were continuously shaken for
24 h at 1000 rpm and 37 °C. Then, the samples were centri-
fuged for 5 min at 1000 rpm, and the organic and aqueous
phases were separated. The organic phase was measured spec-
trophotometrically, and the concentration was determined
from a calibration curve (linear regression) in order to obtain
log P values = [complex(n-octanol)]/[complex(water)]. The
experiments were carried out in triplicate.

Cell culture. The ruthenium complexes (Ru1–Ru3) were
tested against human breast cancer cells MDA-MB-231 (ATCC
HTB-26) and MCF-7 (ATCC HTB-22) and non-cancer breast
cells MCF-10A (ATCC CRL-10317). The cells were routinely
maintained in high-glucose DMEM (for MDA-MB-231),
DMEM/F-12 (for MCF-10A) or Roswell Park Memorial Institute
1640 medium (RPMI 1640; for MCF-7), supplemented with
10% fetal bovine serum (FBS), at 37 °C under a humidified 5%
CO2 atmosphere. MCF-10A cells were maintained in DMEM/
F-12 medium containing horse serum (HS) 5%, EGF (epider-
mal growth factor) (0.02 mg mL−1), hydrocortisone (0.05 mg
mL−1) and insulin (0.01 mg mL−1). The MDA-MB-231 cell line
was purchased from the Rio de Janeiro Cell Bank (BCRJ).
MCF-7 and MCF-10A cell lines were kindly provided by Marcia
R. Cominetti, UFSCar, São Carlos, SP, Brazil. Cell culture
media were obtained from Vitrocell, and FBS was obtained
from Gibco.

In vitro cytotoxicity assay. The cytotoxic activity of the com-
plexes (Ru1–Ru3) was investigated via the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.58

Cells were seeded in 150 μL of appropriate medium in 96-well
plates and then incubated at 37 °C in 5% CO2 for 24 h (1.5 ×
104 cells per well). The complexes were dissolved in DMSO,
and 0.75 μL was added to each well (final concentration of
0.5% DMSO per well). Cisplatin was prepared in an aqueous
NaCl solution, and 0.75 μL was added to each well. The cells
were incubated with the complexes for 48 h at 37 °C in 5%
CO2. Then, 50 μL of MTT (1 mg mL−1 in PBS) was added to
each well, and the cells were incubated again for 4 h. After this
period, the medium was removed, and formazan crystals were
solubilized in isopropyl alcohol. Absorbance was measured
using a BioTek Epoch microplate spectrophotometer at
540 nm. All compounds were tested in three independent
experiments performed in triplicate. DMSO was used as the
negative control. Cell viability was determined using GraphPad
Prism 8.0.2 software.

Morphology assay. Cells (0.6 × 105 cells per well) were
seeded in a 12-well plate and then incubated at 37 °C in 5%
CO2 for 24 h. After this period, the cells were treated with Ru2
at IC50 and 2 × IC50 concentrations (0.14 and 0.28 µM) and
incubated for an additional 48 h. Cells were examined at 0 and
48 h under an inverted optical microscope (NIKON ECLIPSE
TS100) with a 10× objective lens, coupled with a Motcam 1SP
camera. The morphological changes of the cells exposed to the
treatment were compared to those treated with the DMSO
control.

Green Plasma/DAPI staining. Cells (1.0 × 104 cells per well)
were seeded in a 96-well plate and then incubated at 37 °C in
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5% CO2 for 24 h. After this period, the cells were treated with
Ru2 at IC50 and 2 × IC50 concentrations (0.14 and 0.28 µM)
and incubated for an additional 48 h. The cells were fixed with
methanol and incubated with 80 μL (1 μg mL−1) of Green
Plasma (CellMask) and DAPI (4′,6-diamidino-2-phenylindole
dilactate) for 1 h. Then, the images were taken using a
CELENA® S Digital Imaging System (Logos Biosystems).

Live/dead assay. Cells (0.5 × 105 cells per well) were seeded
in a 96-well plate and then incubated at 37 °C in 5% CO2 for
24 h. After this period, the cells were treated with Ru2 at IC50

and 2 × IC50 concentrations (0.14 and 0.28 µM) and incubated
for an additional 48 h. Then, the cells were incubated with
calcein-AM and propidium iodide (PI) for 1 h, and the images
were taken using a CELENA® S Digital Imaging System (Logos
Biosystems).

3D multicellular tumor spheroids (MCTSs). For the multicel-
lular tumor spheroids (MCTSs) culture, the Greiner Bio-One’s
Magnetic 3D Cell Culture Bioprint Kit was used (Greiner Bio-
One, Frickenhausen, Germany), which is based on the magne-
tization of cells with NanoShuttle-PL. In a 25 cm2 culture flask
containing MCF-7 cells, 80 μL of nanoparticle solution
(NanoShuttle – PL) was added for magnetization. After 24 h,
the cells were trypsinized, counted and seeded in a 96-well
plate (1.5 × 103 cells per well). The plate was placed in a mag-
netic drive to obtain spheroids and incubated at 37 °C in 5%
CO2. The growth was observed using a CELENA® S Digital
Imaging System (Logos Biosystems). After this period, Ru2 was
added at different concentrations (0.14, 0.28, 0.56, and
1.12 μM) and incubated for 6 days. The diameters of the spher-
oids were analyzed using ImageJ software and analyzed statisti-
cally using GraphPad Prism 8.0.2 software. For live/dead stain-
ing, the MCTSs were incubated with calcein-AM and propi-
dium iodide (PI) for 1 h, and the images were taken using a
CELENA® S Digital Imaging System (Logos Biosystems).

Clonogenic survival assay. Cells (0.4 × 103 cells per well)
were seeded in a 6-well plate and then incubated at 37 °C in
5% CO2 for 24 h. After this period, the cells were treated with
Ru2 at 1

2 × IC50, IC50 and 2 × IC50 concentrations
(0.14–0.56 µM) and incubated for an additional 48 h. Then,
the culture medium was replaced with fresh medium, and the
plates were incubated for an additional 10 days. After this
period, the culture medium was removed and the colonies
formed were washed with PBS, fixed with a methanol/acetic
acid (3 : 1) solution and then stained with violet crystal 0.5% in
methanol for 30 min. Furthermore, the plates were washed
with water and dried at 25 °C. The experiment was performed
in triplicate. Relative survival was calculated using ImageJ soft-
ware with the “Colony Area” plug-in and the “Watershed” and
“Analyze Particles” functions. The parameters size (0.01–infin-
ity) and circularity (0.30–1.00) were employed.

Transwell migration assay. Cells (0.5 × 105 cells per well) in
serum-free medium were seeded on the upper chamber of
Boyden transwell chambers containing Ru2 at different con-
centrations (18 IC50, 14 IC50 and 1

2 IC50). Culture medium contain-
ing 10% FBS was added to the bottom chamber to act as a che-
moattractant in the positive control of migration (C+). For the

negative control of cell migration, serum-free medium was
added to the lower chamber (C–). The transwell chambers were
incubated at 37 °C in 5% CO2 for 24 h. After that, the cells that
migrated were fixed with methanol for 10 min, stained with
DAPI and washed twice with distilled water. Images of the
membrane were captured using the ImageXpress Micro micro-
scope (Molecular Devices, San Jose, CA, USA) under 10× mag-
nification with the meta-X-press software and quantified using
the Multi-Wavelength Cell Scoring. The data show the mean
number of cells that migrated in two independent experiments
± SD.

Gelatin zymography. To identify the gelatinolytic activity
level of the metalloproteinases MMP-2 and MMP-9, cell culture
supernatants (10 µg) were combined with non-denaturing
sample buffer (glycerol 2%; EDTA 0.1 M; Tris 1M, bromophe-
nol blue 0.03 mM, pH 6.8) in a 1 : 3 ratio. Aliquots of Ru2 at 1

8
IC50, 1

4 IC50 and 1
2 IC50 concentrations were loaded onto a 10%

SDS-PAGE gel containing gelatin (100 mg mL−1) and subjected
to a current of 85 V for approximately 3–4 hours at 4 °C. Using
2.5% Triton X-100, the gels were washed for 40 minutes at
room temperature with constant agitation to remove excess
SDS. Subsequently, the protein content present in the gels was
renatured with incubation buffer (Tris 50 mM, CaCl2 5 mM,
NaN3 0.02%, ZnCl2 10 mM, pH 8.0) for 20 h at 37 °C, and the
gels were stained with Coomassie Brilliant Blue (brilliant blue
0.25%, isopropanol 50%, acetic acid 10%) for 16 hours. The
gels were washed in a destaining solution (acetic acid 10%,
methanol 10%), and the proteolytic activity, characterized by
the presence of colorless bands in the gels, was recorded using
the ChemiDocTM XRS+ (Bio-Rad) photodocumentor.
Furthermore, quantification relative to the band density was
performed using Image Lab software. Each sample was run on
different gels (n = 2).

Cell cycle distribution. MCF-7 cells were plated (1.0 × 105

cells per well) in 12-well plates and incubated at 37 °C in 5%
CO2 for 24 h. The cells were treated with Ru2 at 1

2 × IC50, IC50

and 2 × IC50 concentrations (0.14–0.56 µM) and incubated for
an additional 48 h. Then, the cells were collected, washed
twice with PBS and resuspended in ice-cold 70% ethanol (incu-
bated at −20 °C for 24 h). Afterward, the cells were centrifuged,
resuspended in a solution of RNase A (40 µg mL−1) and PI
(60 µg mL−1) in PBS and incubated for 30 min. The DNA
content was determined by flow cytometry using an ACCURI
C5 cytometer (BD), with 10 000 events analyzed. Untreated
cells served as the negative control.

Mitochondrial membrane potential. MCF-7 cells were
seeded at a density of 1.0 × 104 cells per well in black 96-well
plates (Corning) and maintained at 37 °C under a 5% CO2

atmosphere for 24 h. The cells were treated with Ru2 at IC50

and 2 × IC50 concentrations (0.14 and 0.28 µM) and incubated
for an additional 24 h. After this period, the medium was
removed and the cells were treated with a JC-1 solution (100 μL
in RPMI 1640 medium without phenol red) and maintained at
37 °C under a 5% CO2 atmosphere for 1 h. After incubation,
the cells were washed with PBS, the fluorescence signal of JC-1
was read using a Synergy/H1-Biotek fluorometer (aggregate,
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Ex/Em: 535/590 nm and monomer, Ex/Em: 475/530 nm), and
the images were taken using a CELENA® S Digital Imaging
System (Logos Biosystems). The data were analyzed using
GraphPad Prism 8.0.2 software.

Apoptosis/necrosis assay. MCF-7 cells (1.5 × 105 cells per
well) were seeded in 12-well plates (Corning) and incubated at
37 °C under a 5% CO2 atmosphere for 24 h. The cells were
treated with Ru2 at 1

2 × IC50, IC50 and 2 × IC50 concentrations
(0.14–0.56 µM) and incubated for an additional 48 h. After this
period, the cells were incubated with 2.5 µL of Annexin V-PE
and 2.5 µL of 7-AAD (7-aminoactinomycin) for 15 minutes at
room temperature in the dark. Analyses were performed using
a BD Accurri C5 Plus flow cytometer, recording 15 000 events.

Genotoxicity studies

Ames test. The Salmonella mutagenicity assay (Ames test)
was performed with S. typhimurium strains TA1535, TA98,
TA100, TA102, and TA97a, with (+S9) and without (−S9) meta-
bolic activation, using the preincubation method.59 These
strains were kindly provided by Dr B.N. Ames (Berkeley, CA,
USA). For the experiments, the strains were grown overnight
from frozen cultures for 16 h in Oxoid Nutrient Broth No. 2
(Thermo Fisher Scientific). The concentrations of Ru2 (0.06 to
1.0 µM solubilized in DMSO) were selected based on prelimi-
nary toxicity tests with the TA100 strain. In all subsequent
assays, the upper limit of the dose range tested was either the
highest non-toxic dose or the lowest toxic dose determined in
this preliminary assay. Toxicity was indicated either by a
reduction in the number of His+ revertants or by an alteration
in the auxotrophic background. The various concentrations of
Ru2 to be tested were added to 0.5 mL of 0.2 M phosphate
buffer (pH 7.4) or 0.5 mL of 4% S9 mixture and 0.1 mL of bac-
terial culture and then incubated at 37 °C for 20–30 min. The
metabolic activation mixture (S9 fraction), prepared from the
livers of Sprague–Dawley rats treated with the polychlorinated
biphenyl mixture Aroclor 1254 (500 mg kg−1), was purchased
from Molecular Toxicology Inc. (Boone, NC, USA) and freshly
prepared before each test. The metabolic activation system
consisted of 4% S9 fraction, 1% 0.4 M MgCl2, 1% 1.65 M KCl,
0.5% 1 M D-glucose-6-phosphate disodium, 4% 0.1 M NADP,
50% 0.2 M phosphate buffer and 39.5% sterile distilled water.
Thereafter, 2 mL of top agar was added, and the mixture was
poured onto a plate containing minimal agar. The plates were
incubated for 48 h at 37 °C, and the His+ revertant colonies
were counted. The standard mutagens used as positive con-
trols were 4-nitrophenylenediamine (24 µM) for the TA98 and
TA97a strains, sodium azide (7 µM) for the TA1535 and TA100
strains and mitomycin C (0.53 µM) for the TA102 strain for
experiments without the S9 mix and 2-anthramine (2.3 µM) for
the TA1535, TA98, TA97a, and TA100 strains and 2-aminofluor-
ene (20 µM) for the TA102 strain for the assays with metabolic
activation. DMSO was used as the negative control (100 μL per
plate). All experiments were performed in triplicate. The results
were analyzed using the Salanal Statistical Program (US
Environmental Protection Agency, Monitoring Systems
Laboratory, Las Vegas, NV, version 1.0, from the Research

Triangle Institute, RTP, North Carolina, USA). This program
allows the evaluation of the dose–response effect by performing
an analysis of variance (ANOVA) between the averages of the
number of reversals at the different concentrations tested and
the negative control, followed by linear regression.60 The muta-
genicity index (MI) also was calculated for each concentration
tested, this being the mean number of revertants per plate with
the test compound divided by the mean number of revertants
per plate with the negative (solvent) control. The sample was con-
sidered mutagenic when a dose–response relationship
was detected and a two-fold increase in the number of mutants
(MI ≥ 2) was observed for at least one concentration.61

Micronucleus assay. The human hepatocellular carcinoma
HepG2 cell line used in the micronucleus assay was purchased
from the American Type Cell Collection (ATCC® HB-8065™). The
cells were cultured in low-glucose Dulbecco’s modified Eagle’s
medium (DMEM). The culture medium was supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1% anti-
biotics. The cultured cells were maintained in a humidified incu-
bator at 37 °C in 5% CO2 and 96% of relative humidity. All the
experiments were conducted between the third and the eighth
cell passage. Cell detachment was performed by the addition of
Trypsin–EDTA to the cultured cells. Before use in experiments,
the viability of the cells was ascertained using the trypan blue
exclusion technique with the Countess® Automated Cell Counter
(Life Technologies, CA, USA). The mutagenic potential of the 1b
complex was assessed as described by Fenech62 with modifi-
cations, following the guidelines of the Organization for
Economic Cooperation and Development (OECD).63

The HepG2 cells were seeded at a density of 5 × 105 per
flask into 25 cm2 culture flasks. Following the cell attachment
to the flasks, the cells were rinsed and treated with three
different concentrations (IC50 and two lower concentrations) of
the Ru2 complex. The positive control was treated with
0.05 µM doxorubicin (Sigma-Aldrich), while the negative
control was treated with PBS in a culture medium. After 20 h
of treatment (44 h after the initiation of the culture), the cells
were washed with PBS, the culture medium was changed, and
4.0 μg mL−1 cytochalasin B (Sigma-Aldrich) was added to the
cultures. The cells were then incubated for an additional 28 h,
harvested with trypsin diluted in a cold hypotonic solution
(0.01% sodium citrate), and fixed with formaldehyde and
methanol–acetic acid (3 : 1 v/v) solution. The slides were
stained immediately before analysis using a 40 μg mL−1 acri-
dine orange (Sigma-Aldrich) solution. The cytokinesis-block
proliferation index (CBPI) and the percentage cytotoxicity were
calculated using the formulae:

CBPI ¼ ½ðNo: of mononucleate cellsÞ þ ðNo: of binucleate cells� 2Þ
þ ðNo: of multinucleate cells� 3Þ�=total No: of cells

%Cytotoxicity ¼ 100� 100½ðCBPI treatment � 1Þ
=ðCBPI negative control� 1Þ�

The frequency of micronuclei (MNfreq) was calculated as
the number of micronuclei per 1000 binucleated cells. Values
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are shown as the mean ± SD and are based on three indepen-
dent experiments.
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