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In this work, we studied six Ruthenium(II)-diphosphine com-
pounds containing different mercapto ligands (N� S), with
general formula [Ru(N� S)(dppm)2]Cl (dppm=1,1-
bis(diphenylphosphino)methane). These compounds were char-
acterized by several techniques (NMR [1H, 31P(1H), and 13C],
HRMS, IR, UV-Vis and XRD) and their purity confirmed by
elemental analysis. DLS experiments revealed low diameters
and polydispersity indexes, and positive log P values in
n-octanol/PBS indicated their preference for the organic phase.
In general, these compounds are stable in different media over
48 h. Cytotoxicity experiments revealed promising IC50 values
on A549 breast cancer cells, 0.48 μM and 0.80 μM for
[Ru(mtz)(dppm)2]Cl (1) and [Ru(mmi)(dppm)2]Cl (2), respectively

(mtz and mmi are 2-mercapto-2-thiazoline and mercapto-1-
methylimidazole in their deprotonated form, respectively).
Clonogenic and migration experiments indicated their antipro-
liferative and anti-migratory capacity. ICP-MS results indicated
their cellular accumulation in the nucleus, with little amounts in
mitochondria. No covalent DNA binding was observed by ICP-
MS. JC-1 and cell Mito Stress test confirmed mitochondrial
dysfunction, which was verified by mitochondrial membrane
potential uncoupling and drastic alterations in the oxygen
consumption rate. Taken together, our results provide crucial
insights regarding the anticancer potential of ruthenium(II)-
phosphine compounds.

Introduction

Chemotherapy is the main strategy to fight cancer.[1] The use of
metal-based compounds as anticancer agents has been rising
with the development of cisplatin and other platinum-based
drugs.[2] However, the use of these compounds is limited due to
their side effects and resistance.[3] Aiming to overcome this
issue, other metals have been intensively studied as potential
anticancer agents.[4,5,6] Ruthenium, exhibiting chemical and
structural properties different from those presented by the
platinum complexes, arises as a promising alternative for this
medicinal purpose. Its different oxidation states and ability to
form octahedral compounds through different ligands on its
coordination sphere are crucial points that make it a focus of

medicinal inorganic chemistry.[7,8,9,10] In particular, Ru(II)-
phosphine complexes have demonstrated high cytotoxicity
against several cancer cell lines and are able to interact with
sub-cellular organelles other than nuclei.[11,12,13,14] Mitochondria
are found in most of eukaryotic organisms and have been
considered as a potential therapeutic target for cancer treat-
ment.[15] These intracellular organelles consist in a double-
membrane system, containing inner and outer membranes, and
play a crucial role in cellular homeostasis, metabolism and ATP
(adenosine triphosphate) production via oxidative phosphoryla-
tion (OXPHOS), and its dysfunction is one of hallmarks of the
disease.[16,17] Previous reports revealed that ruthenium triaryl-
phosphine complexes exhibit affinity for these organelles,
which can lead to mitochondrial dysfunction and cell death via
apoptosis. Moreover, it was described that Ru(II) complexes
containing both tris(pyrazolyl)methane and triphenylphosphine
ligands presented high selectivity toward cancer cells, and act
via apoptotic mechanism partly in disrupting mitochondrial
calcium balance.[18]

In order to continue our efforts in the development of
ruthenium-based anticancer compounds,[19,20,21,22] we report the
synthesis and characterization of six Ru(II)-diphosphine com-
pounds containing different mercapto ligands (Figure 1, 1–6).
The cytotoxicity of the compounds was investigated in different
cell lines. Based on their promising results, compounds 1 and 2
were studied biologically in depth. Migration and clonogenic
assays were performed in A549 lung cancer cells. Both
compounds are capable of affecting the mitochondrial func-
tions, disrupting the mitochondrial potential and respiration in
these cells. Overall, we demonstrate that ruthenium-phosphine-
mercapto compounds are efficient cytotoxic anticancer agents.
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Results and Discussion

Synthesis and Characterization

The synthesis of the precursor [RuCl2(dppm)2] has already been
reported (dppm=1,1-bis(diphenylphosphino)methane).[23,24]

This compound was characterized by 31P{1H} NMR spectroscopy
and its purity confirmed by elemental analysis. The compounds
1–6 were obtained via nucleophilic substitution by refluxing the
precursor and the respective mercapto ligand in MeOH in
presence of NaHCO3. The final compounds were precipitated
with water and isolated by filtration with yield ranging from 45
to 83%. The compounds were characterized by 1H, 31P{1H},
13C NMR and infrared spectroscopies, molar conductivity and
high-resolution mass spectrometry (HR-MS). The 31P{1H} NMR
spectrum of the precursor complex cis-[RuCl2(dppm)2] shows
two triplets at � 0.21 and � 26.25 ppm, indicating the equiv-
alence of the phosphorus atoms of dppm ligand (J=36.0 Hz).
For compounds 1–6, the 31P{1H} NMR shows different data set.
For example, compound 1 presents signals at 3.86 (ddd, 1P),
� 1.07 (ddd, 1P) and � 17.28 ppm (ddd, 2P), indicating their
non-equivalence. For this compound, 1H NMR spectrum re-

vealed the aliphatic protons from dppm ligand at 2.0–6.0 ppm,
while the aromatic protons from dppm/mercapto ligands can
be found in the region between 6.5–8.0 ppm. The IR spectrum
revealed the presence of bands related to C=C and C=N bonds
of both phosphine and mercapto ligands in the region at 1628–
1434 cm� 1. The bands around 1098 and 1190 cm� 1 can be
attributed to the P� C and C� S bonds, respectively. A similar
behavior was observed for compounds 2–6. The molar con-
ductance obtained in DMSO indicated these compounds as 1 :1
electrolytes.[25] Furthermore, their purity was assessed by
elemental analysis and LC–MS. Compounds 1, 2, 4 and 5 were
crystallized by slow evaporation in DCM or DCM:MeOH (1 :1),
and their structures confirmed by single crystal X-ray diffraction.
Crystal data and structure refinement parameters are presented
in the supporting information material. In these structures, the
Ru(II) ion is coordinated by two dppm ligands and one
mercapto, adopting a distorted octahedral geometry with Ru� N
bond lengths ranging from 2.16 to 2.18 Å and Ru� S from 2.46
to 2.50 Å, respectively. Compounds 1 and 2 crystalized as a
monocationic complex, and a chloride counter-ion was ob-
served in a second coordination sphere. To our surprise, for
compounds 4 and 5 we observed a second deprotonation of a

Figure 1. Chemical structures of compounds 1–6.
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mercaptobenzimidazole ligand, and these compounds crystal-
ized as neutral compounds. In the crystal structure of 1, the Cl�

counterions are disordered over two positions with site-
occupancy factors of 0.712(3) and 0.288(3). Solvent molecules of
methanol are also present in the crystal in disordered positions
in a ratio 1.71/1 with the main species. In the crystal structure
of 2, the asymmetric unit contains two independent Ru-
containing cationic species together with two Cl� counterions.
Solvent molecules of water cocrystallized with the main species
in a ratio 1/1/4, respectively. In one of the two cations the
mercapto-1-methyl-imidazole (mmi) ligand is disordered over
two sets of positions with site-occupancy factors refined to
0.197(2) and 0.803(2). Some SHELXL restraints/constraints had
to be used (SADI, SIMU, DFIX) to correct the geometry of the
disordered fragments and the anisotropic displacement param-
eters of the corresponding atoms. In the crystal structure of 4,
the main species cocrystallized with solvent molecules of
dichloromethane and water (disordered over different sets of

positions). In the crystal structure of 5, the main species
cocrystallized with solvent molecules of water (disordered over
different sets of positions). In 4 and 5, some non-hydrogen
atoms (involved in the disorders) were restrained to have similar
atomic displacement parameters (Figure 2).

UV-Vis spectra of the compounds were recorded in DMSO
and are similar to those already reported for Ru(II)-mercapto
complexes.[11] Bands close to 300 nm can be ascribed as metal-
to-ligand charge transfer transitions (MLCT). In addition, bands
around 350–400 nm can be attributed to MLCT and d–d mixing
transitions.

Stability and Physicochemical Properties

Stability is an essential parameter in medicinal chemistry,
playing a crucial role on pharmacokinetics/pharmacodynamics
(PK/PD) processes. In this scenario, the stability of compounds

Figure 2. The molecular structure of 1, 2, 4 and 5 with displacement ellipsoids drawn at the 30% probability level. Hydrogen atoms and counterions are
excluded for clarity.
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1–6 was studied in different media. First, their stability was
studied in DMSO and DMSO/PBS solutions by UV-Visible
spectroscopy up to 48 h. No significant changes were observed
in their spectra, indicating that all compounds are stable in
these conditions. Next, solutions of the compounds in DMSO
and DMSO/DMEM (80 :20) were investigated during 48 h by 31P
{1H} NMR. Again, no significant alterations were observed. To
obtain a better confidence on their integrity, the stability of all
compounds was further evaluated in culture medium by HPLC.
Due to their low solubility in biological medium, the com-
pounds were first dissolved in 10–20% DMSO before addition
to the DMEM solution. Under these conditions, all compounds
presented retention times around 10.73–14.00 min. On the
other hand, the retention times for the free ligands can be
found in a range between 1.48 and 8.67 min. No significant
changes were observed for the complexes after 48 h, confirm-
ing their stability. As lipophilicity is an important property
related to drug absorption, the distribution coefficient (log P) of

the compounds was determined in PBS/octanol. All compounds
were mainly found in the organic phase, and compound 5,
which contains a NO2 group in a benzimidazole moiety, was the
most lipophilic compound (log P= +1.20�0.19). As expected,
this property is affected by the nature of the groups attached
to aromatic ring (log P: 5>4>6) (Figure 3A). As some Ru(II)-
based compounds can form aggregates in aqueous
solutions,[26,27] we used a dynamic light scattering (DLS) analysis
to investigate the behavior of our compounds in 10% FBS in
PBS. The results revealed the existence of particles with a
diameter ranging from 25.30 to 53.45 nm and low polydisper-
sity indexes (PDI) ranging from 0.273 to 0.575 (Figure 3B), which
are in agreement with those previously obtained for Ru(II)
compounds.[28]

Figure 3. (A) Partition coefficient of compounds 1–6 between PBS/octanol. (B) Size distribution by the intensity of compound 1 (20 μM) in PBS 10% FBS.
(C) IC50 (μM) obtained for compounds 1–6 in A549 lung cancer cells. Data are presented as mean�SD of three independent replicates (D) Cell viability (A549)
after treatment with compounds 1, 2, cis-[RuCl2(dppm)2] and cisplatin.
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In Vitro Cytotoxicity, Clonogenic and Migration Assays

The cytotoxicity of compounds 1–6 was investigated in
monolayer cultures of mouse colon adenocarcinoma (CT-26),
human colon cancer (HT-29), human lung carcinoma (A549) and
non-cancerous retinal pigment epithelium (RPE-1) cell lines
using alamar blue (resazurin) fluorometric assay. Cisplatin as
well as the free mercapto ligands and the precursor cis-
[RuCl2(dppm)2] were tested as controls in the same conditions.
The IC50 (the half maximal inhibitory concentration) values
obtained for these compounds are presented in Table 1.

As presented, all Ru(II) were cytotoxic in all cell lines tested.
In general, the compounds had a better performance on A549
lung cancer cells with IC50 ranging from 0.48 to 13.55 μM,
highlighting [Ru(mtz)(dppm)2]Cl (1) and [Ru(mmi)(dppm)2]Cl (2)
(Figure 3C). Moreover, these compounds were 27 and 16 times
more active than cisplatin and 26 and 15 times more active
than precursor cis-[RuCl2(dppm)2] (IC50=0.48 and 0.80 μM,
respectively) (Figure 3D, Table 1). Regarding the compounds
containing the benzimidazole moiety, [Ru(mbi)(dppm)2]Cl (4)
presented the best performance. This result revealed that the
presence of � NO2 and � NH2 groups attached on the aromatic
ring does not increase the cytotoxicity of [Ru(mnbi)(dppm)2]Cl
(5) and [Ru(mabi)(dppm)2]Cl (6). Unfortunately, no selectivity
was observed for these compounds, since they were also
cytotoxic on non-cancerous RPE-1 cells. No correlations
between the lipophilicity and cytotoxicity results were ob-
served. Based on their best cytotoxicity results, compounds 1
and 2 have been selected for further biological experiments in
A549 cells.

The antiproliferative properties of 1 and 2 in A549 cells
were investigated using the clonogenic assay, which measures
the ability of a single cell to proliferate by forming a visible
colony.[29] As shown in Figure 4, our results revealed a decrease
in the number and size of cell colonies after treatment with 1
and 2 in a concentration-dependent manner (Figure 4A). Both

compounds act by a similar way, significantly reducing cell
survival at concentrations of 0.24 and 0.40 μM, respectively,
which are lower than the IC50 values (Figure 4B). At concen-
trations higher than IC50, 1 and 2 cause almost the total
disappearance of cell colonies, thus revealing their cytotoxic
and cytostatic properties. It should be mention that this effect
was already observed for Ru(II)-phosphine-mercapto
compounds.[22,26]

Since metastasis are associated to cell migration ability, the
effect of 1 and 2 on the migration of A549 cancer cells was
investigated using the wound healing assay. For this experi-
ment, 12 IC50 was used. A qualitative assessment of cell migration
in absence and presence of both compounds during 72 h are
presented in Figure 5. In the absence of the compounds, wound
closure was complete. In the other hand, compounds 1 and 2
were able to inhibit this closure, suggesting their antimetastatic
effect.[30]

Cellular Uptake

The accumulation and distribution of metal-based compounds
into the cells are crucial steps for their cytotoxic effect, and can
be monitored by several techniques.[31,32] Due their high
cytotoxicity, compounds 1 and 2 had their cellular localization
investigated by inductively coupled plasma mass spectrometry
(ICP-MS). In general, 1 accumulates in A549 cells faster than 2,
with a content of Ru slightly increased for 1, 17.33 versus
13.35 ng per million cells at 1 μM after 45 min incubation. The
dose seems to be a pivotal factor for the cellular uptake since
the amount of Ru increased almost 6- and 4-fold after treatment
with 1 and 2 at 10 μM, respectively (Figure 6, left). The
maximum of Ru content is reached at 10 μM after 4 h of
incubation, suggesting this time as optimal for the internal-
ization (222.82 and 190.42 ng per million cells for 1 and 2,
respectively), which is in accordance with previous studies for

Table 1. In vitro cytotoxicity (IC50, μM) on mouse colon adenocarcinoma (CT-26), human colon cancer (HT-29), human lung carcinoma (A549) and non-
cancerous retinal pigment epithelium (RPE-1) cells after 48 h of incubation. Results are presented as a mean�SD of three independent replicates of IC50.

CT-26 HT-29 A549 RPE-1

1 1.41�0.37 0.52�0.01 0.48�0.06 0.44�0.04

2 1.64�0.07 0.99�0.07 0.80�0.18 0.57�0.02

3 14.58�0.66 1.50�0.04 13.55�0.98 3.61�0.16

4 1.62�0.11 2.55�0.22 1.24�0.06 1.11�0.17

5 6.35�0.36 10.59�0.04 11.25�0.94 8.77�0.88

6 4.20�0.25 3.11�0.21 2.36�0.09 4.70�0.10

Hmtz >100 >100 >100 >100

Hmmi >100 >100 >100 >100

Hdmp >100 >100 >100 >100

Hmbi >100 >100 >100 >100

Hmnbi >100 >100 >100 >100

Hmabi >100 >100 >100 >100

cis-[RuCl2(dppm)2] 7.00�0.28 35.70�1.53 12.71�0.52 15.26�0.39

Cisplatin 5.49�0.38 4.96�0.06 13.27�0.87 13.38�0.84
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Ru(II) complexes.[26] To assess the subcellular distribution of
these compounds in A549 cells, cell fractionation was per-
formed following treatment with the Ru compounds at 1 and
10 μM. The percentages of metal in the nucleus and mitochon-
dria from A549 cells are presented in Figure 6 (right). At lower
concentrations, 1 and 2 present a dynamics of internalization,
mainly accumulating in the nucleus (8–15%) with a limited
amount in the mitochondria (1–2%). At higher concentrations,
the content for 2 in the nucleus is increased twofold (31%),
possibly due to its higher lipophilicity, which enabled the entry
of 2 through the membrane and reaching the nucleus.

DNA Metallation

Nuclear DNA has been assumed to be the main target for
metal-based compounds since the discovery of the mode of
action of cisplatin. Therefore, as 1 and 2 were mainly found in
the nucleus, their covalent interaction with DNA was
investigated.[32] A549 cells were treated with compounds 1 and
2 (10 μM) for 4 h, and the nucleus was isolated from the cells.
The DNA-bound Ru was measured by ICP-MS and the results
are presented in Figure S69 (Supporting information). To our
surprise, no difference in Ruthenium amount between control-
DNA and Ru-compounds-DNA was observed, indicating that 1
and 2 are not covalently binding to DNA.

Mitochondrial Functions and Cell Respiration

It is reported that phosphine-based metal complexes are able
to cause mitochondrial dysfunction.[12,33] Since our results
revealed that DNA was not the main target for 1 and 2, we
decided to focus on mitochondria. First, we investigated the
effect of 1 and 2 on the mitochondrial membrane potential
(MMP, Δψm) on A549 cells. MMP is an important parameter
commonly studied to evaluate mitochondrial damage. For this
experiment, JC-1 fluorescent probe was used. JC-1 is a cationic
Δψm indicator that can exist in two different forms. When
accumulated in healthy mitochondria, JC-1 presents an aggre-
gated form, emitting fluorescence at 590 nm (red). In the other
hand, in depolarized mitochondria, JC-1 becomes a monomeric
form, and emits fluorescence at 529 nm (green). As shown in
Figure 7, in the absence of Ru(II) compounds, a red fluorescence
is observed. However, the green fluorescence arises after
treatment with 1 and 2, revealing JC-1 in its monomeric form
(Figure 7A). This finding is in agreement with JC-1 fluorescence
ratio (red/green) obtained after treatment with 1 and 2 at
different concentrations (Figure 7B). At this point, our results
indicate that both compounds cause a Δψm decreasing,
implying in a mitochondrial loss of function, which is an event
commonly associated to apoptosis-induced cell death.[34,35]

In a second part of our study, we investigated the
mitochondrial respiratory chain, which is essential for the
generation and conversion of energy. This chain is composed

Figure 4. Assessment of the cell survival by clonogenic assay. (A) Representative colony formation images of A549 cells after treatment with different
concentrations of 1 (top) and 2 (bottom). The study was performed in triplicate and the image represents one of them. (B) Quantitative data representing the
colony number and size with relation to the concentration of 1 and 2. (n=3, one way ANOVA test followed by Dunnett’s test). Data are expressed as
means�SD (**P<0.01 and ****P<0.0001).
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Figure 5. Qualitative assessment of cell migration of A549 cells in an absence and presence of 1 and 2. DMSO was employed as a negative control.

Figure 6. Cellular uptake of compounds 1 and 2. cellular accumulation (left) and distribution (right) in A549 cancer cells (1 and 10 μM). Data are presented as
mean�SD of two independent replicates.
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by four subunits labeled complex I (NADH :ubiquinone oxidor-
eductase), complex II (succinate dehydrogenase), complex III
(cytochrome bc1 complex), and complex IV (cytochrome c
oxidase). Complexes I, III, and IV are proton pumps and provide

the gradient across the IMM which energy is used to produce
ATP by complex V (ATP synthase). As this process, known as
oxidative phosphorylation (OXPHOS), is dependent of cellular
oxygen consumption, we decided to evaluate the impact of

Figure 7. (A) Fluorescence images and (B) signal of the JC-1 dye detected in A549 cancer cells treated for 24 h with 1 and 2. (n=7, one way ANOVA test
followed by Dunnett’s test) (C) Mito stress test profile after 4 h of treatment with 1 and 2; the oxygen consumption rate (OCR) changes after treatment with
specific electron-transport chain inhibitors. Oligomycin (inhibitor of ATP synthase (complex V)), FCCP (uncoupling agent), antimycin-A (complex III inhibitor),
and rotenone (complex I inhibitor). For (B), data are expressed as means�SD (**P<0.01, and ****P<0.0001).
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compounds 1 and 2 on mitochondrial respiration in A549 cells
using a Seahorse XF instrument. To achieve this, a Mito Stress
Test was performed[36] after 4 hours of treatment with the IC25
concentration of the ruthenium compounds as compared to
two controls: cisplatin (IC25) and non-treated cells. The oxygen
consumption rate (OCR) was obtained after sequential injec-
tions of oligomycin (ATP synthesis inhibitor), carbonyl cyanide-4
(trifluoromethoxy)phenylhydrazone (FCCP) (uncoupling agent),
antimycin-A and rotenone (complex III and I inhibitor, respec-
tively), The results presented in Figure 7C and Figure 8 revealed
different OCR from cells in the absence and presence of Ru(II)
compounds. In general, both compounds 1 and 2 affect the
OXPHOS process as compared to controls which present a
normal respiration profile.[37,38] Furthermore, the basal OCR only
suggests a slight toxicity of 2 (Figure 7C, i), indicating that 1
does not affect basal respiration (Figure 8, ‘Basal respiration’).
However, the treatment with oligomycin does not affect the
OCR of the cells treated with the compounds whereas control
cells show strongly reduced OCR (Figure 7C, ii). Also, the treat-
ment with FCCP, supposed to increase the OCR up to the
maximum rate of the cell because of its uncoupling effect (as
seen in controls), does not affect OCR of the cells treated with
the compounds (Figure 7C, iii). Finally, after treatment with
rotenone and antimycin, all OCR dropped at the same level,
below basal respiration (Figure 7C, iv). These results suggest
that our compounds act as uncoupling agents (Figure 8,
‘Coupling Efficiency’), affecting the mitochondria membrane.

This is illustrated by the lack of response after oligomycin
treatment (Figure 7C, ii) and the low ATP production (Figure 8
‘ATP production’). Similar effects have been reported for other
metal-based compounds.[39] Also, several parameters of mito-
chondrial functions were studied as reported.[40,41]

OCR study has shown that the levels of ATP are drastically
affected on A549 cells upon incubation with [Ru(mtz)(dppm)2]Cl
(1) and [Ru(mmi)(dppm)2]Cl (2) which is in accordance with the
potential uncoupling effect of these compounds. Moreover, the
spare respiration capacity (difference between maximal respira-
tion and basal respiration) is reduced upon treatment with both
compounds, indicating that A549 cells are unable to respond to
an energetic demand (Figure 8). Taken together, our results
suggest mitochondrial dysfunction as one of the consequences
of the modes of action for 1 and 2.

Conclusions

In this work, we report the synthesis and the biological
investigation of new ruthenium(II)-diphosphine-mercapto com-
pounds as potential anticancer agents. The compounds were
found to cytotoxic on several cell lines, highlighting [Ru-
(mtz)(dppm)2]Cl (1) and [Ru(mmi)(dppm)2]Cl (2) on A549 lung
cancer cells. Clonogenic and wound healing assays revealed
their antiproliferative and antimetastatic properties. Both com-
pounds are able to affect the mitochondrial membrane

Figure 8. Key parameters of mitochondrial respiration after treatment with different compounds for 4 h.
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potential and alter the oxygen consumption rate, confirming
mitochondrial dysfunction. Taken together, our findings provide
valuable insights into the cytotoxic potential of Ruthenium-
based compounds containing mercapto and phosphine moi-
eties.

Experimental Section
Materials and Instrumentation. All chemicals were used as
purchased from commercial sources without additional purification.
RuCl3 · 3H2O, 1,1’-bis(diphenylphosphine)methane (dppm), 2-
mercapto-2-thiazoline (Hmtz), mercapto-1-methylimidazole (Hmmi),
4,6-diamino-2-mercapto-pyrimidine (Hdmp), 2-mercaptobenzimida-
zole (Hmbi), 2-mercapto-5-nitrobenzimidazole (Hmnbi) and 2-
mercapto-5-aminobenzimidazole (Hmabi) ligands were provided by
Sigma Aldrich. All solvents were of analytical or HPLC grade. When
necessary, solvents were degassed by purging with dry, oxygen-
free nitrogen for at least 30 min before use. 1H, 31P, 13C and HSQC
NMR spectra were recorded on a Bruker DRX 400 MHz, Bruker
Avance III HD 400 MHz or Bruker Avance Neo 500 MHz spectrom-
eters using CH2Cl2/D2O or DMSO-d6, and using the signal of the
deuterated solvent as an internal standard. The chemical shifts (δ)
are reported in ppm (parts per million) relative to tetramethylsilane
(TMS) or signals from the residual protons of deuterated solvents.
Coupling constants J are given in Hertz (Hz). Conductivity values
were obtained, at room temperature, using 1.0 mM solutions of the
complexes in DCM in a Meter Lab CDM2300 instrument. ESI-HRMS
experiments were carried out using a LTQ-Orbitrap XL from Thermo
Scientific (Thermo Fisher Scientific, Courtaboeuf, France) and
operated in positive ionization mode, with a spray voltage at 3.6 kV.
Sheath and auxiliary gas were set at a flow rate of 5 and 0 arbitrary
units (a.u.), respectively. The voltages applied were 40 and 100 V for
the ion transfer capillary and the tube lens, respectively. The ion
transfer capillary was held at 275 °C. Detection was achieved in the
Orbitrap with a resolution set to 100.000 (at m/z 400) and a m/z
range between 200–2000 in profile mode. Spectrum was analysed
using the acquisition software XCalibur 2.1 (Thermo Fisher
Scientific, Courtaboeuf, France). The automatic gain control (AGC)
allowed accumulation of up to 2×105 ions for FTMS scans,
Maximum injection time was set to 300 ms and 1 μscan was
acquired. Infrared spectra were recorded in a SpectrumTwo FTIR
Spectrometer (Perkin–Elmer) equipped with a Specac Golden
GateTM ATR (attenuated total reflection) accessory; applied as neat
samples; 1/λ in cm� 1. Elemental analyses were performed in the
Microanalytical Laboratory at the Universidade Federal de São
Carlos, São Carlos, Brazil, with an EA 1108 microanalyzer (Fisons
Instruments) or at the faculty of pharmacy of Chatenay Malabry,
Paris-Saclay University using a Thermo Fisher (Carlo Erba) Flash
2000 Elemental Analyzer. Analytical HPLC measurement was
performed using the following system: 2× Agilent G1361 1260 Prep
Pump system with an Agilent G7115 A 1260 DAD WR Detector
equipped with an Agilent Pursuit XRs 5 C18 (100 Å, C18 5 μm
250×4.6 mm) Column and an Agilent G1364B 1260-FC fraction
collector. The solvents (HPLC grade) were acetonitrile (0.1% TFA,
solvent A) and millipore water (0.1% TFA, solvent B). The HPLC
gradients used are as follows: 0–3 min: isocratic 95% B (5% A); 3–
17 min: linear gradient from 95% B (5% A) to 0% B 100% A); 17–
23 min: isocratic 0% B (100% A); 23–25 min: linear gradient from
0% B (100% A) to 95% B (5% A). The flow rate was 1 mL/min.
Detection was performed at 250 nm with a slit of 4 nm. The UV–Vis
spectra were recorded on a Hewlett-Packard 8452 A diode array or
in a Varian Cary 8454” spectrophotometer using a 1 cm path length
quartz cuvette. Conductivity values were obtained, at room temper-

ature, using 1.0 mM solutions of the complexes in DMSO in a Meter
Lab CDM2300 instrument.

X-ray crystallography. Single crystal X-ray diffraction data were
collected at 160.0(1) K on a Rigaku OD Synergy/Hypix diffractom-
eter (1, 2 and 5) or on a Rigaku OD Supernova/Atlas diffractometer
(4) using the copper X-ray radiation (λ=1.54184 Å) from a dual
wavelength X-ray source and an Oxford Instruments Cryojet XL
cooler. The selected suitable single crystals were covered with oil
(Infineum V8512, formerly known as Paratone N), mounted on a
flexible nylon loop attached to a CrystalCap Magnetic™ pin
(Hampton Research) and transferred to the goniometer head inside
the diffractometer.

Pre-experiment, data collection, data reduction and analytical
absorption correction[42] were performed with the program suite
CrysAlisPro.[43] Using Olex2,[44] the structures were solved with the
SHELXT[45] small molecule structure solution program and refined
with the SHELXL2018/3 program package[46] by full-matrix least-
squares minimization on F2. PLATON[47] was used to check the result
of the X-ray analysis. Deposition Numbers 2369187 (for 2), 2369188
(for 1), 2369189 (for 4) and 2369190 (for 5) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Synthesis of compounds. The complexes were obtained from the
cis-[RuCl2(dppm)2] precursor. To a solution of a mercapto ligand
(0.12 mmol, Hmtz: 24 mg, Hmmi: 23 mg, Hdmp: 28 mg, Hmbi:
30 mg, Hmnbi: 39 mg, Hmabi: 33 mg) and NaHCO3 (18 mg,
0.21 mmol) in methanol previously degassed, cis-[RuCl2(dppm)2]
(150 mg, 0.16 mmol) was added. The system was kept under stirring
and reflux for approximately 12 h. The volume of the solution was
reduced and the powder was filtered off, washed with water and
ethyl ether, and dried under reduced pressure.

Precursor cis-[RuCl2(dppm)2]:
31P NMR (162 MHz, D2O, 298 K) δ/

ppm= � 0.21 (t, J=36.0 Hz), � 26.25 (t, J=36.0 Hz). Elemental
analysis Calcd for C50H44Cl2P4Ru+0.5CH3OH (%): C, 63.39; H, 4.35;
Found: C, 63.43; H, 4.54. IR: ν (cm� 1): 3141.66, 3053.65, 3002.21,
2921.03, 1968.33, 1876.82, 1806.51, 1774.59, 1667.45, 1601.65,
1585.70, 1571.55, 1483.41, 1386.91, 1434.34, 1305.97, 1344.57,
1277.91, 1193.25, 1157.18, 1098.57, 1027.97, 999.34, 964.11, 913.19,
862.69, 844.07, 732.93, 696.51, 722.25, 665.42, 616.01.

[Ru(mtz)(dppm)2]Cl (1): 127 mg, 0.124 mmol, 77%. 1H NMR
(400 MHz, DMSO-d6, 298 K) δ/ppm=7.92–7.81 (m, 4H), 7.69 (t, J=

7.3 Hz, 2H), 7.65–7.58 (m, 3H), 7.56–7.20 (m, 22H), 7.12–7.04 (m, 2H),
6.98 (td, J=8.9, 1.6 Hz, 4H), 6.49 (ddd, J=47.0, 11.0, 8.0 Hz, 4H),
5.90–5.77 (m, 1H), 5.45–5.31 (m, 1H), 4.50–4.20 (m, 2H), 3.58 (dt, J=

13.5, 8.9 Hz, 1H), 3.23 (td, J=9.3, 5.9 Hz, 1H), 2.38 (dd, J=18.5,
9.3 Hz, 1H), 2.29–2.20 (m, 1H).13C NMR (101 MHz, DMSO-d6, 298 K) δ/
ppm=182.22, 137.29, 136.15, 134.91, 134.66, 134.48, 134.30,
133.68, 133.33, 133.15, 133.01, 132.77, 131.70, 131.57, 131.46,
131.37, 131.13, 130.94, 130.81, 130.26, 130.07, 130.01, 129.80,
129.70, 129.42, 129.23, 129.12, 128.79, 128.71, 128.61, 128.52,
128.15, 128.05, 59.28, 41.07, 30.86. 31P NMR (162 MHz, DMSO-d6,
298 K) δ/ppm=3.86 (ddd, J=35.1, 32.7, 24.6 Hz), � 1.07 (ddd, J=

37.9, 32.2, 24.3 Hz), � 17.28 (ddd, J=36.0, 31.8, 19.4 Hz). HRMS (ESI)
m/z: [M]+ Calcd for C53H48NP4RuS2 988.1217; Found 988.1233.
Elemental analysis Calcd for C53H48ClNP4RuS2 (%): C, 62.20; H, 4.73;
N, 1.37; Found: C, 62.41; H, 4.87; N, 1.58. UV-Vis (DMSO): λmax
(ɛ×103 M� 1 cm� 1): 354 nm (3.65). IR: ν (cm� 1): 3657.67, 3286.40,
3165.97, 3048.77, 2982.94, 2895.47, 2848.27, 2054.69, 1899.85,
1971.00, 1815.47, 1628.84, 1584.76, 1571.59, 1483.91, 1517.28,
1434.34, 1309.38, 1189.55, 1158.79, 1098.12, 1047.29, 997.60,
945.03, 848.89, 728.19, 697.42, 672.46. Molar conductance (μS cm� 1,
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DMSO): 61.8. Analytical HPLC: acetonitrile (solvent A) and milliQ
water (solvent B). TR=13.838 min.

[Ru(mmi)(dppm)2]Cl (2): 135 mg, 0.132 mmol, 82%. 1H NMR
(400 MHz, DMSO-d6, 298 K) δ/ppm=7.91–7.84 (m, 2H), 7.67–7.59
(m, 2H), 7.56–7.10 (m, 25H), 6.98 (dt, J=13.4, 6.0 Hz, 4H), 6.76 (s,
1H), 6.75–6.60 (m, 4H), 6.56–6.47 (m, 2H), 5.70 (s, 1H), 5.66–5.53 (m,
1H), 5.41–5.30 (m, 1H), 4.71 (dd, J=27.0, 10.2 Hz, 1H), 4.32 (dd, J=

27.1, 10.6 Hz, 1H), 3.16 (s, 3H). 13C NMR (101 MHz, DMSO-d6, 298 K)
δ/ppm=154.80, 138.13, 137.20, 136.89, 135.63, 135.26, 133.52,
133.16, 132.48, 132.11, 132.01, 131.68, 131.58, 131.19, 131.09,
130.83, 130.73, 130.42, 130.29, 130.17, 129.91, 129.81, 129.51,
129.16, 129.07, 128.97, 128.87, 128.73, 128.63, 128.40, 128.14,
128.04, 125.14, 124.43, 118.51, 56.03, 43.28, 43.04, 41.98, 41.73,
41.49, 33.39, 30.26. 31P NMR (162 MHz, DMSO-d6, 298 K) δ/ppm=

3.86 (ddd, J=35.1, 32.7, 24.6 Hz), � 1.07 (ddd, J=37.9, 32.2,
24.3 Hz), � 17.28 (ddd, J=36.0, 31.8, 19.4 Hz). HRMS (ESI) m/z: [M]+
Calcd for C54H49N2P4RuS 983.1605; Found 983.1623. Elemental
analysis Calcd for C54H49ClN2P4RuS+H2O (%): C, 62.58; H, 4.96; N,
2.70; Found: C, 62.74; H, 5.06; N, 2.94. UV-Vis (DMSO): λmax
(ɛ×103 M� 1 cm� 1): 348 nm (2.64), 406 nm (0.78). IR: ν (cm� 1): 3658.11,
3305.01, 3052.06, 2983.65, 1966.65, 1584.83, 1628.33, 1518.85,
1572.01, 1466.47, 1434.75, 1484.12, 1392.66, 1319.13, 1282.37,
1189.44, 1147.75, 1098.22, 1025.77, 998.97, 927.30, 850.54, 730.39,
700.14, 616.64. Molar conductance (μS cm� 1, DMSO): 61.4. Analytical
HPLC: acetonitrile (solvent A) and milliQ water (solvent B). TR=

13.731 min.

[Ru(dmp)(dppm)2]Cl (3): 140 mg, 0.133 mmol, 83%. 1H NMR
(400 MHz, DMSO-d6, 298 K) δ/ppm=8.02 (s, 4H), 7.66 (s, 3H), 7.56 (s,
5H), 7.43–7.03 (m, 22H), 6.94 (d, J=20.8 Hz, 4H), 6.84–6.51 (m, 4H),
6.23 (s, 2H), 5.69 (s, 1H), 5.56 (s, 1H), 5.00 (s, 1H), 4.86 (dd, J=25.4,
10.3 Hz, 1H), 4.38 (dd, J=25.4, 10.3 Hz, 1H). 13C NMR (101 MHz,
DMSO-d6, 298 K) δ/ppm=181.25, 162.86, 162.71, 138.97, 138.70,
138.40, 138.14, 137.50, 137.37, 137.20, 137.04, 135.42, 135.32,
135.08, 134.98, 134.77, 134.31, 134.24, 134.00, 133.94, 132.06,
131.96, 131.70, 131.60, 131.32, 131.22, 131.14, 131.04, 130.50,
130.39, 129.87, 129.60, 129.33, 129.23, 129.13, 128.70, 128.61,
128.53, 128.43, 128.35, 128.26, 127.87, 127.77, 78.82, 41.77, 41.53,
41.19, 40.95. 31P NMR (162 MHz, DMSO-d6, 298 K) δ/ppm=0.20
(ddd, J=40.7, 27.9, 23.8 Hz), � 12.61 (dt, J=33.8, 24.0 Hz), � 14.42
(ddd, J=327.8, 40.7, 24.5 Hz), � 25.74 (ddd, J=327.8, 33.8, 29.1 Hz).
HRMS (ESI) m/z: [M]+ Calcd for C54H49N4P4RuS 1011.1666; Found
1011.1673. Elemental analysis Calcd for C54H49ClN4P4RuS+0.5H2O
(%): C, 61.45; H, 4.78; N, 5.31; Found: C, 61.45; H, 4.36; N, 5.44. UV-
Vis (DMSO): λmax (ɛ×103 M� 1 cm� 1): 306 nm (8.85), 353 nm (2.65),
406 nm (1.11). IR: ν (cm� 1): 3647.68, 3461.52, 3303.74, 3168.27,
3051.74, 1620.31, 1535.84, 1578.11, 1468.82, 1434.36, 1319.48,
1245.67, 1188.44, 1159.40, 1095.95, 1026.21, 999.22, 942.26, 726.79,
697.68. Molar conductance (μS cm� 1, DMSO): 60.1. Analytical HPLC:
acetonitrile (solvent A) and milliQ water (solvent B). TR=10.644 min.

[Ru(mbi)(dppm)2]Cl (4): 95 mg, 0.09 mmol, 56%.
1H NMR (400 MHz,

DMSO-d6, 298 K) δ/ppm=8.08–8.00 (m, 2H), 7.89–7.82 (m, 2H), 7.54
(t, J=7.2 Hz, 1H), 7.49–6.98 (m, 25H), 6.88 (dd, J=18.2, 8.2 Hz, 6H),
6.81–6.71 (m, 2H), 6.70–6.59 (m, 3H), 6.45–6.37 (m, 2H), 6.19 (t, J=

7.2 Hz, 1H), 5.39–5.27 (m, 2H), 4.87 (d, J=8.2 Hz, 1H), 4.73 (dd, J=

26.3, 11.5 Hz, 1H), 4.22 (dd, J=26.3, 11.5 Hz, 1H). 13C NMR (101 MHz,
DMSO-d6, 298 K) δ/ppm=139.12, 136.31, 134.72, 131.90, 131.80,
131.74, 131.64, 131.55, 131.11, 131.02, 130.57, 130.25, 130.16,
129.91, 129.73, 129.63, 129.18, 128.77, 128.68, 128.30, 128.23,
128.03, 127.93, 127.79, 127.70, 117.27, 117.12, 111.49, 111.44, 44.91,
44.65, 44.45, 44.28, 42.64, 42.56, 42.37, 42.32, 42.17, 42.09. 31P NMR
(162 MHz, DMSO-d6, 298 K) δ/ppm=1.38–0.40 (m), � 3.91–� 4.82
(m), � 11.75–� 14.66 (m), � 26.74 (ddd, J=84.4, 44.8, 30.7 Hz). HRMS
(ESI) m/z: [M]+ Calcd for C57H49N2P4RuS 1019.1605; Found:
1019.1627. Elemental analysis Calcd for C57H49ClN2P4RuS+0.5H2O
(%): C, 62.24; H, 4.67; N, 2.55; Found: C, 62.07; H, 4.66; N, 2.52. UV-

Vis (DMSO): λmax (ɛ×103 M� 1 cm� 1): 314 nm (14.6), 356 nm (2.96),
400 nm (1.23). IR: ν (cm� 1): 3646.33, 3050.31, 1958.76, 1888.50,
1811.32, 1650.90, 1595.76, 1571.62, 1483.37, 1465.00, 1434.29,
1357.62, 1375.21, 1287.97, 1259.35, 1189.25, 1159.03, 1095.03,
1026.53, 1010.51, 975.75, 999.36, 907.43, 815.83, 843.28, 730.26,
696.33, 616.71. Molar conductance (μS cm� 1, DMSO): 61.6. Analytical
HPLC: acetonitrile (solvent A) and milliQ water (solvent B). TR=

13.515 min.

[Ru(mnbi)(dppm)2]Cl (5): 80 mg, 0.072 mmol, 45%. 1H NMR
(400 MHz, DMSO-d6, 298 K) δ/ppm=8.03 (d, J=4.3 Hz, 2H), 7.95 (s,
1H), 7.90–7.75 (m, 2H), 7.63–6.59 (m, 35H), 6.46–6.36 (m, 2H), 5.77
(s, 1H), 5.55–5.43 (m, 1H), 5.43–5.30 (m, 1H), 4.79 (dd, J=26.8,
11.7 Hz, 1H), 4.60 (d, J=8.9 Hz, 1H), 4.31–4.14 (m, 1H). 13C NMR
(101 MHz, DMSO-d6, 298 K) δ/ppm=151.28, 138.83, 138.50, 137.95,
135.94, 135.53, 134.59, 134.23, 132.48, 132.38, 131.88, 131.78,
131.69, 131.47, 131.39, 131.31, 131.17, 131.09, 131.00, 130.91,
130.55, 130.51, 130.46, 130.00, 129.79, 129.66, 129.56, 129.29,
129.09, 129.01, 128.88, 128.78, 128.64, 128.52, 128.38, 128.29,
128.20, 128.11, 128.01, 127.90, 127.80, 114.37, 113.72, 111.88,
109.31, 108.28, 107.22, 54.97, 44.04, 43.80, 43.62, 43.56, 42.49, 42.24,
42.02, 41.78. 31P NMR (162 MHz, DMSO-d6, 298 K) δ/ppm=0.94
(ddd, J=49.9, 44.9, 26.9 Hz), � 4.22–� 5.00 (m), � 11.67–� 14.59 (m),
� 25.61–� 28.84 (m). HRMS (ESI) m/z: [M]+ Calcd for
C57H48N3O2P4RuS 1064.1456; Found 1064.1471. Elemental analysis
Calcd for C57H48ClN3O2P4RuS (%): C, 62.27; H, 4.40; N, 3.82; Found: C,
62.09; H, 4.52; N, 3.96. UV-Vis (DMSO): λmax (ɛ×103 M� 1 cm� 1): 300 nm
(17.0), 356 nm (11.6). IR: ν (cm� 1): 3667.19, 3054.64, 2918.11,
2661.41, 1972.70, 1898.01, 1811.39, 1753.24, 1652.55, 1572.84,
1588.22, 1458.52, 1484.21, 1434.51, 1310.76, 1362.02, 1285.28,
1248.56, 1158.47, 1189.02, 1124.43, 1096.26, 1025.90, 1058.39,
999.44, 939.73, 846.86, 877.24, 815.17, 728.28, 694.38, 617.03. Molar
conductance (μS cm� 1, DMSO): 37.6. Analytical HPLC: acetonitrile
(solvent A) and milliQ water (solvent B). TR=13.261 min.

[Ru(mabi)(dppm)2]Cl (6): 80 mg, 0.074 mmol, 46%. 1H NMR
(400 MHz, DMSO-d6, 298 K) δ/ppm=11.95 (s, 1H), 7.97–7.89 (m, 2H),
7.87–7.76 (m, 2H), 7.60 (t, J=6.9 Hz, 1H), 7.57–6.95 (m, 29H), 6.90 (t,
J=7.3 Hz, 2H), 6.82–6.76 (m, 2H), 6.67–6.60 (m, 2H), 6.51–6.36 (m,
2H), 6.31 (dd, J=8.4, 1.9 Hz, 3H), 5.82 (dd, J=8.7, 2.1 Hz, 1H), 5.45
(ddd, J=31.6, 15.7, 7.8 Hz, 2H), 4.92–4.71 (m, 2H), 4.60 (d, J=8.7 Hz,
1H), 4.40–4.23 (m, 1H). 31C NMR (101 MHz, DMSO-d6, 298 K) δ/
ppm=160.58, 143.92, 138.49, 136.02, 135.61, 134.04, 132.26,
132.18, 132.08, 132.04, 131.86, 131.78, 131.43, 131.18, 130.80,
130.73, 130.63, 130.56, 130.33, 130.22, 130.11, 129.91, 129.61,
129.54, 129.48, 129.39, 129.23, 129.14, 128.95, 128.85, 128.80,
128.70, 128.60, 128.46, 128.36, 124.08, 113.94, 110.22, 110.00,
109.74, 95.30, 94.82, 93.30, 85.14, 82.45, 46.70, 46.48, 45.11, 44.67,
42.83, 42.61, 36.95, 36.77. 31P NMR (162 MHz, DMSO-d6, 298 K) δ/
ppm=1.28–0.29 (m), � 3.17–� 4.19 (m), � 12.02 (ddd, J=325.8, 46.7,
24.7 Hz), � 24.48–� 27.42 (m). HRMS (ESI) m/z: [M]+ Calcd for
C57H50N3P4RuS 1034.1714; Found 1034.1733. Elemental analysis
Calcd for C57H50ClN3P4RuS+0.5CH3OH (%): C, 63.62; H, 4.83; N, 4.21;
Found: C, 63.94; H, 5.23; N, 4.21. UV-Vis (DMSO): λmax
(ɛ×103 M� 1 cm� 1): 334 nm (17.1) IR: ν (cm� 1): 3641.03, 3051.49,
1963.26, 1896.07, 1816.46, 1629.28, 1585.71, 1571.65, 1482.96,
1434.22, 1358.58, 1308.83, 1277.74, 1220.94, 1160.40, 1096.31,
1025.82, 982.59, 999.31, 919.54, 843.81, 727.94, 696.98, 617.09.
Molar conductance (μS cm� 1, DMSO): 61.8. Analytical HPLC:
acetonitrile (solvent A) and milliQ water (solvent B). TR=10.865 min.

Partition coefficient. Octanol/PBS partition coefficients (log Po/w)
were determined using the shake-flask method. A total of 1 mg of
each complex was solubilized in 1000 μL of DMSO and an aliquote
of 50 μL was added to a mixture of equal volume of PBS (975 μL)
and n-octanol (975 μL). The solutions were continuously shaken for
24 h at 1000 rpm and at 37 °C. Then, the samples were centrifuged
for 5 min at 1000 rpm, and the organic and aqueous phases were
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separated. The organic phase was measured spectrophotometrically
and the concentration was determined from a calibration curve (a
linear regression) in order to obtain log P values= [complex(n-
octanol)]/[complex(PBS)]. The experiments were carried out in
triplicate.

DLS Analysis. The size distributions by intensity and the PDIs were
determined by dynamic light scattering (DLS) using a Malvern
ZetaSizer Nano ZS (scattering angle=173°) at a temperature of
25 °C with an equilibrium time of 120 s. Stock solutions (2 mM) of
the complexes in DMSO were diluted at a concentration of 20 μM
in 10% FBS in PBS.

Cell Culture. Mouse colon adenocarcinoma (CT-26, RRID: CVCL_
7254, ATCC: CRL-2638), human colon cancer (HT-29, RRID: CVCL_
HT29, ATCC: HTB-38), human lung carcinoma (A-549, RRID: CVCL_
A549, ATCC: CCL-185) and non-cancerous retinal pigment epithe-
lium (RPE-1, RRID: CVCL_4388, ATCC: CRL-4000) were used. CT-26
cells were cultured in DMEM, A549 cells were cultured in F-12 K
medium, HT-29 cells were cultured in McCoy medium and RPE-1
cells were cultured in DMEM/F-12 medium. All cell lines were
supplemented with 10% of fetal bovine serum (FBS), comple-
mented with 100 U/mL penicillin–streptomycin (PS) mixture and
maintained in a humidified atmosphere at 37 °C and 5% of CO2. All
cell lines were kindly provided by Dr. Michèle Salmain, Institut
parisien de chimie moléculaire, Sorbonne Université, Paris, France.
Culture media, FBS and PS mixture obtained from Gibco (Gibco, Life
Technologies, USA),

Cytotoxicity. Mouse colon adenocarcinoma (CT-26), human colon
cancer (HT-29), human lung carcinoma (A-549) and non-cancerous
retinal pigment epithelium (RPE-1) cells were seeded in 96-well
plates (100 μL/well). After 24 h, the medium was replaced by test
compound dilutions in fresh medium (100 μL/well) and cells were
incubated at 37 °C, 5% CO2. After 48 h of incubation, the medium
was removed, and 100 μL of complete medium containing
resazurin (0.2 mg/mL final concentration) was added. After 4 h of
incubation at 37 °C, the fluorescence signal of the resorufin product
was read in a SpectraMax M2 Microplate Reader (λex: 540 nm and
λem: 590 nm). Fluorescence data were normalized, data were fitted
using GraphPad Prism Software and IC50 was calculated by non-
linear regression and reported with a standard deviation (IC50�SD).

Clonogenic survival assay. For the clonogenic assay, A549 lung
cancer cells were used. A total of 500 cells were cultured per well in
a 6-well plate. After 24 h, compounds 1 and 2 were added in
different concentrations. The plates were incubated at 37 °C in 5%
CO2 for 48 h. Then, the culture medium was replaced with a fresh
medium and the plates were incubated for an additional 7 days.
After this period, the culture medium was removed, and the
colonies formed were fixed with a methanol/acetic acid solution of
the violet crystal 0.5% for 30 min. Further, the plates were washed
with water and dried at room temperature. The test was performed
in triplicate. Relative survival was calculated using ImageJ software
in the “Colony Area” Plug-in and the “Watershed” and “Analyze
Particles” functions. The parameters size (0.01-infinity) and circular-
ity (0.30–1.00) were employed.

Cell migration assay. To evaluate the A549 cell migration inhibition
ability, we used the wound healing assay, where 2.0×105 cells per
well were seeded in a 6-well plate maintained at 37 °C in a 5% CO2

atmosphere for 24 h. After incubation, a wound was made using a
sterile 1 mL pipette. The culture medium was changed, and
compounds 1 and 2 were added at 1

2 IC50 concentration (μM). The
images were taken at times of 0, 24 and 48 h using an inverted
optical microscope (NIKON ECLIPSE TS100) with a 4× objective lens,
coupled with a Motcam 1SP camera.

Cellular uptake. A549 cells were seeded at a density of 1×106 cells
per well. The next day, cells were treated with 1 and 10 μM of the
corresponding Ru compound diluted in the cell culture medium
from a 10 mM stock solution in DMSO. After 45 min and 4 h, cells
were collected, counted, and stored at � 80 °C. These samples were
digested using 70% nitric acid (500 μL, 65 °C, overnight), and
100 μL of this mix were dissolved in 3 mL of pure water and
analyzed using ICP-MS.

DNA metallation. A549 cells were seeded at a density of 7.5×105

cells per well. The next day, cells were treated with 10 μM of the
corresponding Ru compound diluted in the cell culture medium
from a 10 mM stock solution in DMSO. After 4 h, cells were
collected, counted, and stored at � 80 °C. These samples were
digested using 70% nitric acid (500 μL, 65 °C, overnight), and
100 μL of this mix were dissolved in 3 mL of pure water and
analyzed using ICP-MS.

ICP-MS Studies. All ICP-MS measurements were performed on an
Agilent 7900 Quadrupole ICP-MS located at the Institut de Physique
du Globe de Paris, France. The monitored isotopes are 99 and 101
Ru. Daily, before the analytical sequence, an indium internal-
standard was injected after inline mixing with the samples to
correct for signal drift and matrix effects. A set of calibration
standards was analyzed to confirm and model (through simple
linear regression) the linear relationship between signal and
concentration. The model was then used to convert measured
sample counts to concentrations. Reported uncertainties were
calculated using error propagation equations and considering the
combination of standard deviation on replicated consecutive signal
acquisitions (n=3), internal-standard ratio and blank subtraction.
The non-linear term (internal-standard ratio) was linearized using a
first-order Taylor series expansion to simplify error propagation. The
amount of metal detected in the cell samples was transformed
from ppb to μg of metal. Data were subsequently normalized to
the number of cells and expressed as ng or % of metal per million
cells.

JC-1 Mitochondria Membrane Potential Test. A549 cells were
seeded at a density of 1×104 cells/well in black 96-well plates
(Corning) and maintained at 37 °C in a 5% CO2 atmosphere for
24 h. After incubation, cells were treated with different concen-
trations of 1 and 2 (12 IC50 and IC50 concentrations). After another
24 h, the medium was removed and treated with a JC-1 solution
(100 μL, culture medium without phenol red) and maintained at
37 °C in a 5% CO2 atmosphere for 30 min. After incubation, the cells
were washed with PBS, the fluorescence signal of JC-1 was read
using a Synergy/H1-Biotek fluorometer (aggregate, 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
software 8.0.2.

Mito stress test. A549 cells were seeded in Seahorse XFe 96-well
plates at a density of 20 000 cells/well in 80 μL of the medium. After
24 h, the medium was replaced with fresh medium, and the
corresponding complex (1 or 2) was added. After 4 h of incubation,
the regular medium was removed, and cells were washed three
times using Seahorse base medium containing pyruvate 1 mM,
glutamine 2 mM and glucose 10 mM, and incubated in a non-CO2

incubator at 37 °C for 1 h. A Mito stress assay was run after adding
1 μM oligomycin, 1 μM FCCP, and a mixture of 1 μM antimycin-A/
1 μM rotenone in ports A, B and C, respectively, using a Seahorse
XFe96 extracellular flux analyzer.

Statistical Analysis. IC50 values are expressed as mean�SD (n=3).
ICP-MS results are presented as mean�SD of two independent
replicates. Biological experiments are expressed with n=3 (for
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clonogenic assay) or n=6 (for JC-1 assay), with a one way ANOVA
test followed by Dunnett’s test. Data are expressed as means�SD
(**P<0.01 and ****P<0.0001).
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taining diphosphines and mercapto
ligands are cytotoxic and are able to
inhibit the colony formation and the
migration on A549 lung cancer cells.
JC-1 and Mito stress tests revealed

these compounds affect the mito-
chondrial membrane potential,
changing the oxygen consumption
and ATP levels, confirming mitochon-
drial dysfunction on these cells.
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