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Introduction

Exploring the potential of ruthenium(i)—
phosphine—mercapto complexes as new
anticancer agentsf

ab Analu R. Costa, ()@ Leticia P. de Oliveira,?
*® and Alzir A. Batista (2 *@

Marcos V. Palmeira-Mello,
Olivier Blacque, 2 © Gilles Gasser

The search for new metal-based anticancer drug candidates is a fundamental task in medicinal inorganic
chemistry. In this work, we assessed the potential of two new Ru(i)—phosphine—mercapto complexes as
potential anticancer agents. The complexes, with the formula [Ru(bipy)(dppen)(Lx)]PFg [(1), HLL = 2-mer-
capto—pyridine and (2), HL2 = 2-mercapto—pyrimidine, bipy = 2,2'-bipyridine, dppen = cis-1,2-bis(diphe-
nylphosphino)-ethylene] were synthesized and characterized by nuclear magnetic resonance (NMR) [*H,
3p(*H), and C], high resolution mass spectrometry (HR-MS), cyclic voltammetry, infrared and UV-Vis
spectroscopies. Complex 2 was obtained as a mixture of two isomers, 2a and 2b, respectively. The com-
position of these metal complexes was confirmed by elemental analysis and liquid chromatography-mass
spectrometry (LC-MS). To obtain insights into their lipophilicity, their distribution coefficients between
n-octanol/PBS were determined. Both complexes showed affinity mainly for the organic phase, present-
ing positive log P values. Also, their stability was confirmed over 48 h in different media (i.e., DMSO, PBS
and cell culture medium) via HPLC, UV-Vis and 3'P{*H} NMR spectroscopies. Since enzymes from the
P-450 system play a crucial role in cellular detoxification and metabolism, the microsomal stability of 1,
which was found to be the most interesting compound of this study, was investigated using human
microsomes to verify its potential oxidation in the liver. The analyses by LC-MS and ESI-MS reveal three
main metabolites, obtained by oxidation in the dppen and bipy moieties. Moreover, 1 was able to interact
with human serum albumin (HSA). The cytotoxicity of the metal complexes was tested in different cancer-
ous and non-cancerous cell lines. Complex 1 was found to be more selective than cisplatin against
MDA-MB-231 breast cancer cells when compared to MCF-10A non-cancerous cells. In addition, complex
1 affects cell morphology and migration, and inhibits colony formation in MDA-MB-231 cells, making it a
promising cytotoxic agent against breast cancer.

Almost 19.3 million cases of cancer were reported in 2020.
Breast cancer was the most commonly diagnosed cancer with

Cancer is a genetic disease associated with uncontrollable cell
growth that can infiltrate normal tissues and spread through-
out the body. Cancer cells present a microenvironment with
different characteristics compared to normal cells such as dys-
regulated metabolism, resisting cell death, non-functional
angiogenesis, high ATP demand, and low oxygen supply."?

“Departament of Chemistry, Universidade Federal de Sdo Carlos, 13561-901, Sdo
Carlos, SP, Brazil. E-mail: daab@ufscar.br

bChimie ParisTech, PSL University, CNRS, Institute of Chemistry for Life and Health
Sciences, Paris, France. E-mail: gilles.gasser@chimeparistech.psl.eu; https://www.
gassergroup.com

‘Department of Chemistry, University of Zurich, Winterthurerstrasse 190, 8057
Zurich, Switzerland

T Electronic supplementary information (ESI) available. CCDC 2341519. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d4dt01191k

This journal is © The Royal Society of Chemistry 2024

almost 2.3 million cases.” The treatment depends on several
factors such as the subtype and the stage. A combination of
chemotherapy, radiotherapy, and surgery (when it is possible)
is so far the best strategy to avoid recurrence.”

Platinum-based compounds have been employed in anti-
cancer chemotherapy.”” Usually their mechanism of action
involves the formation of platinum-DNA adducts which arise
from covalent bonds between the platinum center and purine-
N7 position of guanine or adenine residues.® Although their
efficacy has been demonstrated, several problems related to
platinum drugs resistance are reported, which arise from
enhanced efflux and consequently, the reduced accumulation
of platinum drugs.’ In addition to platinum, several metals
have been investigated as potential anticancer agents.'*™*°

For example, ruthenium-based compounds are considered
promising alternatives to platinum complexes, exhibiting
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different chemical and structural characteristics from those
presented by platinum drugs.>*>* Ruthenium complexes in
general present an octahedral geometry, which allows vari-
ations of ligands in the coordination sphere, and are less sus-
ceptible to deactivation by detoxification agents in the biologi-
cal environment.>® Several ruthenium(u)-based compounds
have reached clinical trials, such as NAMI-A, KP-1019 and
BOLD-100 (Fig. 1).>°77

The coordination of bioactive ligands to a ruthenium center
is one of several strategies that allow the development of new
anticancer agents.”®' Ruthenium(u)-phosphine complexes,

H
+ N
NAMI-A KP-1019 X = HN_

BOLD-100 X= Na

Fig. 1 Chemical structures of ruthenium complexes (NAMI-A, KP-1019
and BOLD-100) that reached clinical trials.
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which were primarily known for their catalytic applications,
have gained special attention due to their promising cyto-
toxicity properties.>*>° In general, the presence of phosphine
in the complexes improves their lipophilicity, which is a
crucial factor for the stability of the complexes and their
internalization and anticancer property.’®*' In this direction,
complexes 1 and 2a/2b (see Scheme 1) were synthesized and
characterized. As pharmacokinetics (PK) is an important para-
meter that can hamper the correlation between in vitro/in vivo
performance,**™** we have decided to investigate the formation
of potential metabolites from our ruthenium(u)-phosphine
complexes. Since CYP P-450 enzymes play an important role in
drug metabolism, human liver microsomes (HLM) were used
to obtain important insights about the microsomal stability of
complex 1 and its possible oxidation in the liver. To the best of
our knowledge, this is the first metabolic study involving a Ru
(1)-phosphine-mercapto complex. The cytotoxicity of these
metal complexes was investigated in MDA-MB-231 (triple nega-
tive breast cancer), MCF-7 (breast cancer), and MCF-10A (non-
tumor breast epithelial) cell lines. Cell morphology, migration
and clonogenic experiments were also performed. We demon-
strated that 1 presents anti-migratory capacity and inhibits the
colony formation in breast cancer cells, making it a promising
anticancer compound.

Results and discussion

Metal complexes 1 and 2a/2b were synthesized by refluxing the
precursor cis-[RuCl,(bipy)(dppen)] (bipy = 2,2-bipyridine,
dppen = cis-1,2-bis(diphenylphosphino)-ethylene) with the
respective mercapto ligand, 2-mercapto-pyridine (HL1) or

Scheme 1 Synthetic procedures for complexes 1 and 2a/2b (i) 2-mercaptopyridine or 2-mercaptopyrimidine, EtsN, KPFg, MeOH/DCM (1: 1), reflux, 24 h.
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2-mercapto-pyrimidine (HL2), in MeOH/DCM (1:1) in the
presence of triethylamine (Scheme 1). Yellow powders were
obtained after adding KPF; to the reaction mixture. The metal
complexes were characterized by NMR ['H, *'P{"H}, and (]
spectroscopy (Fig. $1-S8t). The *'P{'H} signals in compounds
1 and 2a/2b spectra are shifted to higher frequencies (more
deshielding effect) when compared with the precursor cis-
[RuCl,(bipy)(dppen)] as a consequence of the exchange of
chlorido ligands (- and o-donor) by the mercapto skeleton
(n-acceptor) (Fig. S91). For 1, in its *'P{'H}, there is only one
set of peaks, two doublets at 77.08 and 74.16 ppm, which are
assigned to the two phosphorus atoms (d, J = 11.4 Hz) in the
dppen ligand. On the other hand, these signals are duplicated
in 2a/2b, and four doublets can be observed at 77.39 and
74.97 ppm (d, J = 11.6 Hz) and at 79.70 and 67.62 ppm (d, J =
6.1 Hz). A similar pattern is observed in the "H NMR spectrum,
indicating the presence of two isomers in solution, 2a and 2b,
respectively. The first one contains the two phosphorus atoms
trans to N from bipy and mercapto moieties, and a second one
presents one P trans to Spmercapto and another one coordinated
trans to Np;py. This behavior was already observed for other Ru
(n)-phosphine complexes.*>*® For 1, in its *'P{"H} NMR spec-
trum, there are also signals of two isomers, but in this case,
the amount of one of them is insignificant. As expected, in the
"H NMR spectra of 1 and 2a/2b, a heptet around —144 ppm is
observed and ascribed to the PF,~ anion. These findings were
confirmed by LC-MS experiments. Results obtained in metha-
nol revealed the presence of only one species for 1 with a reten-
tion time (Ry) of 12.47 min (m/z" = 764.10). As expected, for 2a/
2b, two different peaks can be observed in the chromatogram
at 11.55 and 11.19 min, assigned to 2a and 2b (m/z" = 765.00)
(Fig. S101). The integrated areas of these chromatographic
peaks confirm the presence of these isomers, in a ratio of
1:0.6. This result is consistent with the ones observed by
NMR spectroscopy (Table S17). The IR spectra of these com-
plexes show peaks around 840 cm™, confirming the presence
of the PFs~ counter ion (Fig. S11 and S127) in the obtained
products. This observation is in agreement with the molar con-
ductance of the complexes obtained in DMSO, which sup-
ported these compounds as hexafluorophosphate salts of the
type 1:1 electrolytes.””

Although the isomers from 2a/2b could not be isolated,
suitable single crystals were obtained only for 2b in a metha-
nol/DCM (1:1) mixture for X-ray diffraction (XRD) experi-
ments. Complex 2b crystallizes in a monoclinic system, in a
P2,/c space group. In this configuration, the ruthenium(u) ion
lies on a distorted octahedral environment, coordinated to
dppen moiety (P1 and P2), one bipy (N3 and N4), and a mer-
capto ligand in its deprotonated form (N1 and S1) (Fig. 2). In
this structure, the S1 is coordinated trans to P1 while N1 is
trans to N4. Furthermore, the Ru-S1 and Ru-N1 bond dis-
tances are 2.4602(4) and 2.0817(4) A, respectively, which are in
agreement with those observed for Ru(u)-mercapto-based com-
plexes (for more information, see ESI, Table S2-S47). For 1 and
2a/2b, elemental analysis and ESI-HRMS results are in agree-
ment with theoretical values (Fig. S13 and S147). The UV-Vis

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The molecular structure of 2b with displacement ellipsoids
drawn at the 30% probability level. Hydrogen atoms are excluded for
clarity.

spectra of the complexes recorded in DMSO (Fig. S15%)
revealed the presence of a band with absorption at 298 nm,
centered in the ancillary ligands. Additionally, a second one
can be observed around 402 nm, which is characteristic of
metal-to-ligand charge transfer (MLCT).*®

The electrochemical behavior of the metal complexes was
investigated by the cyclic voltammetry (CV) technique.
Measurements in DCM revealed quasi-reversible processes,
associated with the couple Ru(u)/Ru(m) (Table 1). As described

Table 1 Electrochemical behavior for Ru(i)—phosphine—mercapto
complexes. Redox potentials are reported in V versus Ag/AgCl under N,
in dry DCM. Scan rate: 50 mV s™*

Epa Epc El/Z
[Ru(bipy)(dppen)(L1)] (1) 1.02 0.89 0.95
[Ru(bipy)(dppen)(L2)] (2a/2b) 1.16 1.06 1.11

Complex 2a/2b
e
Complex 1 .

T T T T T T T T T T T 1

0.0 0.2 0.4 ' 0!6 l 0!8 ' 1.0 12 14 16
E vs Ag/AgCl (V)

Fig. 3 Cyclic voltammogram of Ru(i)—phosphine—mercapto complexes
1 and 2a/2b in DCM (0.1 mol L~ TBAP). Scan rate 50 mV s,

Dalton Trans., 2024, 53,10947-10960 | 10949
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Fig. 4 Solubility and aggregation of Ru(i) complexes 1 and 2a/2b. (a) Partition coefficient between n-octanol/PBS and (b) size distribution by the

intensity (20 uM) in PBS 10% FBS.

a) Complex 1

e G
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
b) Microsome + NADPH + caffeine
caffeine
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
c) Complex 1 + Microsome + NADPH + caffeine
1 2 3 4 5 6 7 8 9 10 1‘1 12 13 14 15 1‘6 17 18 19
Retention time (min)
828.000
1.M2
YT 812.000 1.M3
. 14.000
795.900 810.990 827.00
798.000 815.000 826.00
0.900
5.900
| |7 9.000 805.800 l | | | 834.800
L | [ 1 Ll L
790 795 800 805 810 815 820 825 830 835

m/z (Da)

Fig. 5 Reversed-phase HPLC traces of 1 at 250 nm for 0 h and 48 h in cell culture medium/DMSO (DMEM supplemented with 10% fetal bovine

serum, 2 mM L-glutamine and 100 U mL™ of penicillin—streptomyci
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in several metal-based systems, the metal-centered process can
be modulated by the different donor/acceptor properties of the
ligands.*>® In the present case, the chlorido replacement (-
and c-donor) by the mercapto ligand (m-acceptor) changes the
electron density over the Ru(u) center, providing a higher
electrochemical stability.>” Thus, the E;, observed for the
Ru(un)-phosphine complexes are found at 0.95 and 1.11 V vs. Ag/
AgCl, respectively, which are the following values already
reported for Ru(u)-phosphine-mercapto complexes (Fig. 3).*>*"

The lipophilicity is an important parameter in drug design,
playing a crucial role in the pharmacokinetic process. To
assess this physicochemical property, the n-octanol/PBS par-
tition coefficient (log P) of complexes 1 and 2a/2b was deter-
mined by the shake-flask method.”® These complexes were
found principally in an organic layer. The results indicate a
similar lipophilic profile for 1 (log P = 0.89 + 0.12) and 2a/2b
(log P =1.00 + 0.10) with little deviations (Fig. 4). To investigate
the possible aggregation of our ruthenium complexes in phos-
phate buffered saline (PBS), dynamic light scattering (DLS)
experiments were performed in PBS containing 10% fetal
bovine serum (FBS) (Fig. 4 and S167). The low diameters and
polydispersity indexes (PDIs) observed for both complexes

Scheme 2 Suggested metabolites identified for 1 after HLM incubation.

This journal is © The Royal Society of Chemistry 2024
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suggests their stabilization due the presence of plasmatic pro-
teins, as already reported in the literature.>

Stability studies

Since the stability of a drug in solution directly affects its bio-
logical profile, the stability of the compounds 1 and 2a/2b was
assessed. First, the *'P{"H} NMR spectra of the complexes were
measured at different times in DMSO and DMSO containing
30% DMEM, over 48 h. No significant changes were detected
in the samples, indicating their stability during this time
(Fig. S17-520t). The complexes were also found to be stable
according to their UV-visible spectra recorded in DMSO solu-
tion over 48 h. Little changes were observed in their UV-Vis
spectra in DMSO/PBS, indicating that most of these complexes
remained stable during this time. Furthermore, their stabi-
lities were also confirmed by HPLC in a cell culture medium
containing 10% FBS, indicating their integrity in the biological
environment over 48 h (Fig. $21-525%).

Metabolic studies with human liver microsomes

Microsomal stability tests are crucial to evaluate the metabolic
process of drug candidates and their ADME (absorption, distri-

1.M3

Dalton Trans., 2024, 53,10947-10960 | 10951
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bution, metabolism & elimination) profile.>® Since several
drugs present a metabolism mediated via hepatic cytochrome
P450 system, these approaches can be used to measure in vitro
intrinsic clearance and identify possible metabolites eventually
formed in solution.>*>> Here, the metabolism of 1, which was
found to be the most promising compound of this study (see
below), was investigated using human liver microsomes (HLM)
that are fractions mostly derived from the endoplasmatic reti-
culum and are constituted by several enzymes from the cyto-
chrome P450 system. Due to its inexpensive value and practical
use, microsomes are employed to study in vitro drug metab-
olism, serving as screening to detect and characterize drug
metabolites, playing an important role in the pharmacokinetic
(PK) process. In this direction, 1 was incubated with HLM in
the presence of NADPH (nicotinamide adenine dinucleotide
phosphate), an enzyme co-factor of phase I metabolism, at
37 °C for 6 h. 1 only and microsomes in the presence of the
co-factor were also prepared and caffeine was used as a stan-
dard control. As presented, 1 was detected at a retention time
of 17.0 min, by LC-MS (positive ion electrospray mode) and
remained unchanged with corresponding m/z" = 764.10 (Fig. 5

8000

View Article Online
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and S267). In the presence of microsome/NADPH, a decrease
of almost 14% of this peak in the LC spectrum was detected,
indicating the consumption of the ruthenium(u) compound
(Table S57). It should be mentioned that peaks close to 3.4
and 4.7 min came from the microsome/NADPH mixture. The
formation of metabolites 1.M1, 1.M2, and 1.M3 was confirmed
upon ESI-MS analyses (Fig. 5 and S277). These species were
detected at a retention time of ~14.7 min in the HPLC experi-
ment and present mass spectra patterns with peaks at m/z" =
795.90, 812.00, and 828.00, respectively (Fig. 5). The less abun-
dant metabolite 1.M1 (<1%) has been obtained by oxidation of
phosphorus in dppen ligand forming an O-coordinated penta-
valent oxide (calculated m/z = 796.08). It should be mentioned
that this coordination mode has already been reported for
similar ruthenium-based compounds.’®”” The most abundant
metabolites 1.M2 and 1.M3 present peaks that match well the
molecular weight of products formed from oxidation of bipy
ligand (calculated m/z = 812.08 and 828.08) and can be associ-
ated with isomers containing hydroxyl group(s) at different
positions on the aromatic ring. Similar results have been
reported by Maximiano et al. which investigated Phase I and II

70004 (a)
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Fig. 6 (a) Fluorescence spectra of HSA (5 pM, le, = 270 nm) in the absence and presence of 1 at different concentrations. (b) Stern—Volmer plot

and (c) plot of logl(Fo — F)/F] vs. loglQ], at 298, 303 and 310 K.

Table 2 Ksy, ko K, n and AG parameters of the interaction of 1 with HSA

Complex T (K) Kgy (104, M) kq (10, M 's7Y) Ky (10°, M7 n AG (KJ mol™)
1 298 3.77 £ 0.35 6.30 11.10 + 0.11 0.87 -23.09 + 5.29
303 3.68 £ 0.40 6.10 6.37 £ 0.12 0.82 —22.08 £ 5.36
310 3.44 £ 0.37 5.70 8.04 +0.12 0.85 —-23.19 + 5.47
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Table 3 In vitro cytotoxicity (ICso, pM) results against human breast
cancer cells MDA-MB-231 and MCF-7, and non-cancerous breast cells
MCF-10A cells after 48 h of incubation. Data are presented as mean +
SD of three independent replicates. HL1: 2-mercapto—pyridine; HL2:
2-mercapto—pyrimidine

MDA-MB-231 MCF-7 MCF-10A SI1 SI2
1 0.48 + 0.04 1.64 + 0.13 1.28 £ 0.08 2.7 0.78
2a/2b 0.35 + 0.04 1.19 + 0.09 0.79 + 0.03 2.2 0.66
Precursor >100 >100 >100 — —
HL1 >100 >100 >100 — —
HL2 >100 >100 >100 — —
Cisplatin 12.43 £ 0.20 13.98 +0.40 23.90+0.70 1.92 1.71

SI1 = ICs, MCF10A/IC5, MDA-MB-231; SI2 = IC5, MCF10A/IC5, MCF7.

d
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metabolites from ruthenium-cyclopentadienyl anticancer com-
pounds (Scheme 2).%®

Human serum albumin interaction

Human serum albumin (HSA) is the most important transport
protein present in the human circulatory system. The inter-
action between HSA and metal-based compounds is an impor-
tant parameter that can affects the pharmacokinetic process.
This interaction can occur via one or two binding sites of the
protein, namely, site I (warfarin site) and site II (benzo-
diazepine site). Here, the interaction between 1 and HSA was

Complex 1

Control

%IC,

0

24 h

48 h

b

DMSO 1/8 1Cs, Y4 1Cso

n--- @e’o \0930 h\g@ \0&
N N\

|

Complex 1 (uM)

|
4 x1Cy,

C 100+

1
/21Cso o 80 ns
3 e »
o ek
5 60+
2
3 40
s
X 204

0- T T

Fig. 7 (a) Microscopy images showing the cellular morphology of MDA-MB-231 cancer cells (10x) after 0, 24 and 48 h upon treatment with 1 at
different concentrations. (b) Representative images of MDA-MB-231 cells after 48 h of treatment with 1, were captured using an inverted microscope
(4x%). (c) Quantitative assessment of cell migration following treatment with 1, conducted by measuring the extent of cell wound closure using Image
J software. The statistical analysis was performed with a one-way ANOVA test followed by Dunnett's test (*p < 0.05; **p < 0.01). DMSO was

employed as a negative control.

This journal is © The Royal Society of Chemistry 2024
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investigated via analysis of the fluorescence quenching of the
protein in the presence of 1 (Fig. 6). To assess this effect, the
Stern-Volmer relationship was applied. As observed in Table 2,
the quenching constant (Ksy) was decreased with increasing
temperature, indicating fluorescence suppression via a static
mechanism. This implies the formation of a complex between
the fluorophore and the suppressor in the ground state.
Moreover, the bimolecular quenching rate constant (Kg) is in
the order of 10" M™' s7', higher than the maximum for
dynamic quenching (kq = 2.0 x 10'° M~' s7"), also confirming
this quenching mechanism.*® The binding constant (K;,) was
determined and the results indicate that 1 interacts with HSA
with affinities in a similar order to other ruthenium(u)
complexes.’* !

Furthermore, the Kgy and kq parameters are similar to those
obtained for the platinum drug oxaliplatin, implying that both
compounds interact with serum albumin through a similar
mechanism.*

The thermodynamic parameters free energy change (AG°),
entropy change (AS°), and enthalpy (AHP) were also obtained.
The AG values indicate that the interaction occurs spon-
taneously at the temperature studied. In addition, negative
values of AH and positive values for AS, as observed for 1,
—17.46 kJ mol™" and 17.54 ] mol™’, respectively, indicate an
interaction via electrostatic contacts.

Cytotoxicity studies

The cytotoxic profile of 1 and 2a/2b was investigated in human
breast cancer MDA-MB-231 [estrogen receptor-negative (ER-)]
and MCF-7 [estrogen receptor-positive (ER+)] cells, as well as

View Article Online
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noncancerous breast MCF-10A cells after 48 h of incubation,
using the colorimetric MTT assay. Complexes 1 and 2a/2b are
cytotoxic in all cell lines tested (Fig. S28 and S29%), and were
found to be more cytotoxic in triple-negative breast cancer
cells, with ICs, (uM) values lower than those obtained for cis-
platin, 26- and 35-fold more potent, respectively. Although it
shows high cytotoxicity on MDA-MB-231 cells (IC5o = 0.48 uM),
unfortunately 1 also affects MCF-10A non-cancerous cells, exhi-
biting ICs, values of 1.28 pM. Despite this result, both metal
complexes showed a higher selectivity index (SI) in
MDA-MB-231 compared to the cisplatin control (Table 3). It
should be mentioned that analogous Ru(u)-phosphine com-
pounds were tested and their mixture of isomers presented
similar IC5, values when compared to the isolated isomers.*’
The precursor and free ligands HL1 and HL2 are not cytotoxic
at the maximum concentration tested. Thus, due to its promis-
ing results, 1 was selected for future biological studies.

Thus, the effect of 1 in the morphology of MDA-MB-231
cancer cells was investigated. After treatment of the cells
during 48 h, a decrease in their density and adhesion was
observed. Moreover, significant changes in the morphology of
the cells were detected at higher concentrations, such as cell
shrinkage and fragmentation, suggesting cell death/damage
(Fig. 7).

Cell migration is an important process directly involved in
tissue repair that can contribute to the formation of meta-
stasis, playing a crucial role in cancer progression. Also, meta-
stasis constitutes the main cause of death in cancer disease
and remains poorly understood.®*** In this direction, the anti-
migratory capacity of 1 was investigated using the wound

a Control 0.24 uM 0.48 uM 0.96 uM 1.92 uM
b 150 40- ns
@
e} (]
- N e
5100 #
= z
g S
S 504 o
; 50 3
0_
\ o N N
O S S S % O o o IR
SR LRV &© o ¢ ¢ ¢
R v RO AN

Fig. 8 Biological studies of 1 (a) assessment of the cell survival by clonogenic assay. Representative colony formation images of MDA-MB-231 cells
after treatment with different concentrations of 1. 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. Data are expressed as mean + SD of three independent measure-
ments. The statistical analysis was performed with one-way ANOVA test followed by Dunnett’s test (*p < 0.05; **p < 0.01; ***p < 0.001 and ****p <

0.0001).
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healing assay in MDA-MB-231 cells (Fig. 7). For this purpose,
cells were seeded, and once they reached confluence, a scratch
was made on the adherent cell monolayer using a sterile
pipette tip. A culture medium containing 1 at different concen-
trations was added and the images were taken at 0, 24, and
48 h. Results presented in Fig. 8b reveal that, as expected, cells
treated with DMSO had significant migratory potential. On the
other hand, cells treated with 1 at concentrations of 0.06, 0.12,
and 0.24 uM (1/8 ICsq, 1/4 ICsq, and 1/2 ICs, concentration)
presented lower migration capacity and consequently lower
percentage of wound closure, thus reflecting its potential as
cell migration inhibitor.

Upon verifying the anti-migratory capacity, a clonogenic
assay was performed to investigate how 1 affects colony for-
mation in MDA-MB-231 cells (Fig. 8). The clonogenic assay
measures the capacity of a single cell to form a colony of 50 or
more cells in vitro.®® Here, MDA-MB-231 cells were treated with
different concentrations of 1, and the colonies formed after 7
days were colored with violet-blue, washed, and dried. A
decrease in the colony number upon treatment with 1 at
0.24 pM (2 IG5, concentration) was observed in Fig. 8. Also, the
size of the colonies was drastically reduced in the presence of
1 at 0.48 puM (ICs, concentration) when compared to the
untreated control, indicating the ability of 1 to reduce the clo-
nogenic survival of MDA-MB-231 cells.

Conclusion

In this work [Ru(L1)(bipy)(dppen)]PFs (HL1 = 2-mercapto-pyri-
dine) (1) and [Ru(L2)(bipy)(dppen)]PFs (HL2 = 2-mercapto-pyr-
imidine) (2a/2b) were synthesized and characterized. For 2b,
the crystal structure was solved by X-ray diffraction. The stabi-
lity studies in different media revealed that 1 and both isomers
2a/2b are stable under biological conditions. For 1, micro-
somal stability with human liver microsomes/NADPH revealed
three metabolites, containing oxidized dppen and/or bipy moi-
eties. The Ru(u) complexes were found to be more cytotoxic
than cisplatin, and 1 was 3-fold more selective against
MDA-MB-231 cancer cells when compared to MCF-10A non-
cancerous cells. Complex 1 was able to induce morphological
alterations, inhibit the migration, and reduce the clonogenic
survival in MDA-MB-231 cells, making it a promising cytotoxic
agent against breast cancer.

Experimental section
Materials and instruments

All chemicals were of either reagent or analytical grade and
were used as purchased from commercial sources without
additional purification. RuCl;-3H,0, 1,2-bis(diphenylpho-
sphino)ethylene (dppen), 2-mercapto-pyridine (HL1) and
2-mercapto-pyrimidine (HL2) ligands were provided by Sigma
Aldrich. All solvents were of analytical or HPLC grade. When
necessary, solvents were degassed by purging with dry, oxygen-
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free nitrogen for at least 30 min before use. Microsomes were
obtained from Gibco, NADPH tetrasodium salt from Sigma
Aldrich, and caffeine from TCI Chemicals. 'H, *'P, and **C
NMR spectra were recorded on a Bruker DRX 400 MHz spectro-
meter using CH,Cl,/D,0 or DMSO-ds, and using the signal of
the deuterated solvent as an internal standard. The chemical
shifts (8) are reported in ppm (parts per million) and coupling
constants J are given in hertz (Hz). High-resolution ESI mass
spectrometry (HR ESI-MS) experiments were carried out using
a LTQ-Orbitrap XL from Thermo Scientific (Thermo Fisher
Scientific, Courtaboeuf, France) and operated in positive
ionization mode. 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; 1/4 in cm™'. Elemental
analyses were performed in the Microanalytical Laboratory at
the Universidade Federal de Sao Carlos, Sdo Carlos, Brazil,
with an EA 1108 microanalyzer (Fisons Instruments) config-
ured for % CHN. Analytical HPLC measurement was per-
formed using the following system: 2xAgilent G1361 1260 Prep
Pump system with an Agilent G7115 A 1260 DAD WR Detector
equipped with an Agilent Pursuit XRs 5 C18 (100 A, C18 5 pm
250 x 4.6 mm) Column and an Agilent G1364B 1260-FC frac-
tion collector. The solvents (HPLC grade) were Millipore water
(0.1% TFA, solvent A) and acetonitrile (0.1% TFA, solvent B).
The HPLC gradients used are as follows: 0-1 min: isocratic
95% A (5% B); 1-12 min: linear gradient from 95% A (5% B) to
0% A (100% B); 12-14 min: isocratic 0% A (100% B);
14-15 min: linear gradient from 0% A (100% B) to 95% A (5%
B). 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 8452A diode array or in a Varian Cary
8454” spectrophotometer using a 1 cm path length quartz
cuvette. Conductivity values were obtained, at room tempera-
ture, using 1.0 mM solutions of the complexes in DCM in a
Meter Lab CDM2300 instrument.

Synthesis of complexes

The metal complexes 1 and 2a/2b were obtained from the cis-
[RuCl,(bipy)(dppen)] precursor. In a Schlenk flask containing
20 mL of methanol and 10 mL of DCM previously degassed,
11 mg (0.10 mmol) of respective mercapto ligand and 50 pL of
Et;N were added. After 30 min, 75 mg of precursor cis-
[RuCl,(bipy)(dppen)] (0.10 mmol) and 37 mg of KPFs were
added. The mixture was refluxed for 24 h. After this period,
the final volume was reduced to 3 mL approximately and water
was added to induce the precipitation. The orange solid
obtained was washed with water, diethyl ether, and dried
under vacuum.

[Ru(L1)(bipy)(dppen)]PFs (1): yield (52 mg, 62%), *'P{'H}
NMR (162 MHz, DMSO) § 77.08 (d, J = 11.4 Hz), 74.16 (d, J =
11.5 Hz). "H NMR (400 MHz, DMSO) § 9.64 (d, J = 3.2 Hz, 1H),
8.72 (t, J = 9.0 Hz, 1H), 8.58 (t, / = 9.1 Hz, 1H), 8.40 (dd, J =
16.7, 8.5 Hz, 2H), 8.26 (dd, J = 17.6, 8.6 Hz, 2H), 8.12 (t,J = 7.4
Hz, 1H), 7.79 (dd, J = 19.5, 8.3 Hz, 3H), 7.73-7.69 (m, 1H), 7.63
(d, J = 4.6 Hz, 1H), 7.56 (d, J = 7.1 Hz, 1H), 7.52-7.44 (m, 7H),
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7.31 (s, 2H), 7.24 (t,J = 7.1 Hz, 1H), 7.16-7.10 (m, 2H), 7.08 (d,
J = 7.1 Hz, 1H), 6.96-6.91 (m, 1H), 6.82 (t, J = 6.7 Hz, 2H), 6.70
(t,] = 7.3 Hz, 3H), 6.54 (d, J = 8.1 Hz, 1H), 6.29 (t, ] = 8.6 Hz,
2H). *C NMR (101 MHz, DMSO) § 181.40, 157.45, 155.85,
155.06, 151.62, 151.54, 151.62, 150.79, 150.60, 149.96, 149.38,
147.82, 138.95, 137.79, 136.24, 135.86, 134.29, 134.26, 134.14,
132.31, 132.06, 131.70, 130.60, 130.31, 129.25, 129.25, 127.84,
127.11, 126.03, 125.75, 124.68, 124.39, 124.06, 122.67, 117.75,
46.17. ESI-FHRMS (positive detection mode): calculated for
C41H34N3P,RUS [M]" m/z 764.0987; Found 764.0969. Elemental
analysis calculated for C;,H;3,FsN3P;RuS-0.2CH;0H (%): C, 54.07;
H, 3.83; N, 4.59; Found: C, 54.35; H, 4.22; N, 5.00. UV-Vis
(DMSO): Amax (¢ X 107> M~ ecm™"): 298 nm (32.46), 402 nm (5.48).
IR: v (em™"): 3672.34, 3053.73, 1966.26, 1601.75, 1544.88, 1579.52,
1482.80, 1434.90, 1469.48, 1420.72, 1444.11, 1275.91, 1311.04,
1244.33, 1158.66, 1138.27, 1097.62, 1071.04, 998.72, 840.85,
760.13, 698.36. The solvents (HPLC grade) were Millipore water
(0.1% TFA, solvent A) and acetonitrile (0.1% TFA, solvent B). The
HPLC gradients used are as follows: 0-1 min: isocratic 95% A
(5% B); 1-12 min: linear gradient from 95% A (5% B) to 0% A
(100% B); 12-14 min: isocratic 0% A (100% B); 14-15 min: linear
gradient from 0% A (100% B) to 95% A (5% B). Tg = 12.471 min.
Molar conductance (uS cm ™", CH,Cl,): 42.19.

[Ru(L2)(bipy)(dppen)]PF, (2a/2b): yield (60 mg, 66%). *'P
{"H} NMR (162 MHz, DMSO) § 79.70 (d, J = 6.0 Hz), 77.39 (d, J
=11.6 Hz), 74.97 (d, J = 11.6 Hz), 67.62 (d, J = 6.3 Hz). 'H NMR
(400 MHz, DMSO) § 9.55 (s, 1H), 8.96-8.75 (m, 1H), 8.72 (t, ] =
9.4 Hz, 1H), 8.59 (dd, J = 15.1, 8.2 Hz, 1H), 8.46 (t, J = 7.2 Hz,
2H), 8.36-8.12 (m, 6H), 7.94 (t, J = 2.9 Hz, 1H), 7.91-7.71 (m,
7H), 7.67 (d, J = 6.1 Hz, 2H), 7.64-7.47 (m, 12H), 7.26 (t,] = 7.1
Hz, 1H), 7.16 (t, ] = 6.9 Hz, 2H), 7.12-7.04 (m, 2H), 7.03-6.94
(m, 2H), 6.90-6.77 (m, 6H), 6.69-6.62 (m, 2H), 6.49 (t, J = 8.8
Hz, 1H), 6.29 (t, ] = 8.6 Hz, 2H), 6.04 (d, J = 3.3 Hz, 1H). *C
NMR (101 MHz, DMSO) § 156.11, 155.31, 133.68, 133.55,
132.39, 132.39, 131.41, 131.32, 130.14, 130.39, 129.28, 129.17,
127.79, 124.10, 40.57, 40.55, 39.78, 39.74, 39.53, 39.32.
ESI-FHRMS  (positive detection mode): calculated for
CaoH33N4P,RuS [M]" m/z 765.0939; found 765.0953. Elemental
analysis calculated for C,oH33FsN4P3RuS-0.3H,0 (%): C, 52.50;
H, 3.70; N, 6.12; found: C, 52.12; H, 3.36; N, 5.91. UV-Vis
(DMSO): Amax (€ X 107 M™* em™): 298 nm (17.07), 400 nm
(2.91). IR: v (cm_1): 3667.03, 3054.27, 1966.77, 1602.18,
1562.57, 1540.24, 1469.93, 1482.65, 1434.72, 1375.10, 1311.40,
1249.45, 1187.90, 1161.39, 1070.67, 1097.21, 999.28, 841.72,
761.30, 698.60, 657.59. The solvents (HPLC grade) were
Millipore water (0.1% TFA, solvent A) and acetonitrile (0.1%
TFA, solvent B). The HPLC gradients used are as follows:
0-1 min: isocratic 95% A (5% B); 1-12 min: linear gradient
from 95% A (5% B) to 0% A (100% B); 12-14 min: isocratic 0%
A (100% B); 14-15 min: linear gradient from 0% A (100% B) to
95% A (5% B). Tg = 11.554 and 11.190 min. Molar conductance
(1S cm™, CH,Cl,): 39.54.

X-ray crystallography

Single crystal X-ray diffraction data was collected at 160.0(1) K
on a Rigaku OD Synergy/Hypix diffractometer using the copper
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X-ray radiation (1 = 1.54184 A) from a dual wavelength X-ray
source and an Oxford Instruments Cryojet XL cooler. The
selected suitable single crystal was mounted using polybutene
oil on a flexible loop fixed on a goniometer head and immedi-
ately transferred to the diffractometer. Pre-experiment, data
collection, data reduction and analytical absorption correc-
tion®® were performed with the program suite CrysAlisPro.®”
Using Olex2,°® the structure was solved with the SHELXT®’
small molecule structure solution program and refined with
the SHELXL2018/3 program package’® by full-matrix least-
squares minimization on F>. PLATON’" was used to check the
result of the X-ray analysis. Supplementary crystallographic
data for this paper have been deposited at the Cambridge
Crystallographic Data Center, under the deposition numbers
CCDC-23415197 (2).

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 pL of
DMSO and an aliquote of 50 pL was added to a mixture of
equal volume of PBS (975 pL) and n-octanol (975 pL). The solu-
tions 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 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 PIs
were determined by dynamic light scattering (DLS) using a
Malvern ZetaSizer Nano ZS (scattering angle = 173°) at a temp-
erature of 25 °C with an equilibrium time of 120 s. Stock solu-
tions (2 mM) of the complexes in DMSO were filtered on a
0.22 pm membrane and were diluted at a concentration of
20 uM in filtered 10% FBS in PBS.

Human serum albumin (HSA) interaction. The interaction
of 1 with HSA was investigated based on the suppression of
HSA fluorescence in the presence of different concentrations
of the complex at different temperatures. The protein inter-
action was examined in 96-well plates used for fluorescence
assays. HSA (5.0 pM) was prepared by dissolving the protein in
Tris-HCI at pH 7.4, and the complexes were dissolved in sterile
DMSO. For the fluorescence measurements, the HSA concen-
tration (950 pL) in the buffer Tris-HCIl was kept constant in all
samples, while the complex concentration (50 pL) was
increased by 5.0, 10.0, 15.0, 20.0, 25.0 and 30.0 pM, and fluo-
rescence emission spectra were obtained using a Synergy/H1-
Biotek fluorometer with a monochromator, with excitation at
270 nm, and recorded in the 300 to 500 nm region. The experi-
ments were carried out in triplicate and analyzed using the
classical Stern-Volmer equation as follows:

Fo/F =1+ kqro[Q] = 1 + Ksy[Q] (1)

where F, and F represent the fluorescence intensity in the
absence and presence of the quencher (complex 1), [Q]
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denotes the concentration of the quencher, Ksy corresponds to
the Stern-Volmer quenching constant, k, stands for the bio-
molecular quenching constant, and 7, represents the average
lifetime of HSA without the quencher (~107% s). The binding
constant (K},) and the number of binding sites (n) were deter-
mined using eqn (2), as follows:

log[(Fo — F)/F] = log Kp + n log[Q] (2)

The thermodynamic parameters were derived from eqn (3)
and (4):

1n(1<b2/Kb1) = (1/T1 — 1/T2) X AH/R (3)
AG® = —RT In K, = AH® — TAS® (4)

where K; and K, are the binding constants at temperatures T}
and T, respectively, and R is the gas constant.

Microsomal stability assay. For each experiment, fresh stock
solutions of complex 1 (10 mM) and caffeine (10 mM) were
prepared in DMSO and H,O, respectively. To 293 uL of PBS in
an Eppendorf tube, 5 pL of microsomes (20 mg mL™") were
added and the mixture was incubated for 5 min at 37 °C.
Then, 5 pL of the complex and 20 pL of P-nicotinamide
adenine dinucleotide phosphate (NADPH, 20 mM) were added
and the resulting solutions were incubated for 6 h with con-
tinuous shaking at 600 rpm at 37 °C. After this period, the
samples were quenched with 300 pL of methanol and 5 pL of
caffeine was added. The final mixture was then shaken for
additional 10 min. Subsequently, the samples were centrifuged
for 10 min at 3000 rpm at 4 °C, filtered on a 0.22 pm mem-
brane and analyzed by LCMS.”> Controls containing only
microsomes and complex 1 were also analyzed. The solvents
(HPLC grade) were Millipore water (0.1% TFA, solvent A) and
acetonitrile (0.1% TFA, solvent B). The HPLC gradients used
are as follows: 0-3 min: isocratic 95% A (5% B); 3-18 min: iso-
cratic 0% A (100% B); 18-20 min: isocratic 95% A (5% B).

Cell culture. The ruthenium complexes 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 with
Dulbecco’s modified Eagle’s medium DMEM high glucose (for
MDA-MB-231), DMEM/F-12 (for MCF-10A) or Roswell Park
Memorial Institute 1640 medium (RPMI 1640; for MCF-7), sup-
plemented with 10% fetal bovine serum (FBS,), at 37 °C in a
humidified 5% CO, atmosphere. MDA-MB-231 cell was adqur-
ied from Rio de Janeiro Cell Bank (BCRJ). MCF-7 and MCF-10A
cells were kindly provided by Marcia R. Cominetti, UFSCar,
Sdo Carlos, SP, Brazil. Cell culture media were obtained from
Vitrocell and FBS was obtained from Gibco.

Cytotoxicity. The cytotoxic of complexes 1 and 2a/2b was
investigated via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay.”® Cells were seeded in 150 pL of
appropriate medium in 96-well plates and then incubated at
37 °C in 5% CO, for 24 h. The complexes were dissolved in
DMSO, and 0.75 pL was added to wells (final concentration of
0.5% DMSO/well). Cells were incubated with the complexes for
48 h at 37 °C in 5% CO,. Then, 50 pL of MTT (1 mg mL ") was
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added to each well. Cells were incubated again for 4 h, the
medium was removed, and formazan crystals were solubilized
in isopropyl alcohol. The absorbance was measured on a
microplate spectrophotometer at 540 nm. All compounds were
tested in three independent experiments performed in tripli-
cate. DMSO was used as the negative control. The cell viability
(ICso) was determined using GraphPad Prism 8 software.

Morphological assay. The effect of complex 1 in the mor-
phology of MDA-MB-231 breast cancer cells was investigated
using 0.7 x 10° cells per well. The cells were seeded in a
12-well plate and after 24 h were exposed to different concen-
trations of ruthenium complex for an additional 48 h. Cells
were examined at 0 and 48 h under an inverted optical micro-
scope (NIKON ECLIPSE TS100) with a 10x objective lens,
coupled with a Motcam 1SP camera. The morphological
changes of the cells exposed to the treatment were compared
to those treated with DMSO control.

Clonogenic survival assay. For the clonogenic assay,
MDA-MB-231 breast cancer cells were used. A total of 500 cells
were cultured per well in a 6-well plate. After 24 h, complex 1
was added in different concentrations. The plates were incu-
bated at 37 °C in 5% CO, for 48 h. Then, the culture medium
was replaced with a fresh medium and the plates were incu-
bated for an additional 7 days. After this period, the culture
medium was removed, and the colonies formed were fixed
with a methanol 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 sur-
vival was calculated using Image] software using the “Colony
Area” Plug-in and the “Analyze Particles” function.

Cell migration assay. To evaluate the cell migration inhi-
bition ability, we used the wound healing assay, where 1.0 x
10° cells per well were seeded in a 12-well plate maintained at
37 °C in a 5% CO, atmosphere for 24 h. After incubation, a
wound was made using a sterile 1 mL pipette. The culture
medium was changed, and different concentrations of
complex 1 were added (0.01, 0.03 and 0.06 pM). Photos were
recorded at times of 0, 24 and 48 h. The area of wound closure
was calculated using Image J software.

Abbreviations

ADME  Absorption, distribution, metabolism & elimination

ATP Adenosine triphosphate

Ccv Cyclic voltammetry

DCM Dichloromethane

DLS Dynamic light scattering

DMEM Dulbecco’s modified Eagle’s medium

FBS Fetal bovine serum

HLM Human liver microsomes

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

NADPH Nicotinamide adenine dinucleotide phosphate

PBS Phosphate buffer saline

PDI Polydispersity index
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PK Pharmacokinetic

RPMI Roswell Park Memorial Institute 1640 medium
SI Selectivity index

TBAP Tetrabutylammonium phosphate
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