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A B S T R A C T

This study describes a series of newly synthesized phosphine/diimine ruthenium complexes containing the
lawsone as bioligand with enhanced cytotoxicity against different cancer cells, and apoptosis induction in
prostatic cancer cells DU-145. The complexes [Ru(law)(N-N)2]PF6 where N-N is 2,2′-bipyridine (1) or 1,10-
phenanthroline (2) and [Ru(law)(dppm)(N-N)]PF6, where dppm means bis(diphenylphosphino)methane, N-N is
2,2′-bipyridine (3) or 1,10-phenanthroline (4), and law is lawsone, were synthesized and fully characterized by
elemental analysis, molar conductivity, NMR, UV–vis, IR spectroscopies and cyclic voltammetry. The interaction
of the complexes (1–4) with DNA was evaluated by circular dichroism, gel electrophoresis, and fluorescence, and
the complexes presented interactions by the minor grooves DNA. The phosphinic series of complexes exhibited a
remarkably broad spectrum of anticancer activity with approximately 34-fold higher than cisplatin and 5-fold
higher than doxorubicin, inhibiting the growth of 3D tumor spheroids and the ability to retain the colony
survival of DU-145 cells. Also, the complex (4) inhibits DU-145 cell adhesion and migration potential indicating
antimetastatic properties. The mechanism of its anticancer activity was found to be related to increased reactive
oxygen species (ROS) generation, increased the BAX/BCL-2 ratio and subsequent apoptosis induction. Overall,
these findings suggested that the complex (4) could be a promising candidate for further evaluation as a che-
motherapeutic agent in the prostate cancer treatment.

1. Introduction

The research based on transition metals was strongly encouraged
thanks to the quest for novel anticancer therapies [1]. So far, cisplatin is
probably still the most essential chemotherapeutic based on metals
complexes. However, platinum complexes have caused several side ef-
fects and cross drug resistance which limited their applications [2].
Therefore, the development of novel metallodrugs agents remains a
significant challenge.

In this important field, ruthenium-based complexes are highlighted
due to its unique properties as chemical stability, a variety of oxidation
states, structural diversity, low toxicity and ability to mimic iron
binding in the biological system [3–6]. Moreover, several ruthenium
(Ru) complexes have been foreground reported due to its antimetastatic

activities, low toxicity to non-cancer cells and high selectivity for tumor
cells [7,8]. For instance, some Ru complexes as NAMI-A (trans-
[RuCl4(1H-imidazole)(DMSO-S)]), NKP-1339 (sodium [trans-RuCl4(1H-
indazole)2]) and KP1019 (trans-[RuCl4(1H-in-dazole)2]) have been
evaluated in preclinical and phase I or II clinical trials, representing a
novel class of less toxic antineoplastic chemotherapy [9,10]. Accumu-
lative evidences suggest that Ru-based compounds could act as poten-
tial anticancer agents through molecular mechanisms providing an in-
crease of reactive oxygen species (ROS) [11], DNA intercalation [12],
DNA damage [13], induction of cell apoptosis and metastasis inhibition
[14,15].

One rational approach to improve the efficacy of metal complexes
consists of incorporating different chelating ligands with com-
plementary biological activity to enhance the physiological targets of
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the metallodrug. In this context, active ligands with quinone moiety
represent an unquestioned tool in bioinorganic medicinal chemistry for
improving the anticancer activity of metal complexes. Undoubtedly,
some quinone based drugs such as doxorubicin, mitomycin C, and mi-
toxantrone are recognized as FDA-approved compounds with excellent
anticancer properties [16,17]. A representative class of quinone com-
pounds, known as naphthoquinones, widely distributed in nature, have
been recognized to own an extensive range of biological activities such
as antimicrobial [18], antiparasitic [19], antiviral [20] and anticancer
activity [21].

Mainly, 1,4-naphthoquinone, or lawsone, is an example of a natural
compound that contains two ketone groups as suitable chromophore
responsible for its biological activity due to their ability to accept
electrons [22,23]. Recently, lawsone compounds have shown promising
pharmacological effects presenting antiproliferative activity in a large
number of cancer cell lines and inhibition of tumor burden in vivo
[24,25].

Furthermore, findings indicated that anticancer activity also might
be related to the inhibition of the enzyme DNA-topoisomerase II [26].
Lawsone can bind potentially to metal ions in different oxidations states
coordinating metals in a bidentate way which allows them to play an
essential role in biological systems [27]. Indeed, some metal complexes
containing lawsone ligands have been exhibited higher biological ac-
tivity than free lawsone [28]. Therefore, as part of our ongoing effort to
design multi-target bioactive metallodrug candidates, in the last years
our research group has synthesized several Ru-complexes containing
phosphine and diimines ligands with promising pharmacological ac-
tivities for anticancer proposes [29–35]. In light of these considerations
and of some previous results, herein we have investigated the antic-
ancer properties of the newly synthesized phosphine/diimine Ru-com-
plexes containing lawsone as bioligand. The corresponding complexes
1–4 (showed in Fig. 1) were synthesized and characterized, and their
potential as anticancer agents was investigated for the first time

towards a comprehensive panel of human cancer cell lines cultured in
conventional and 3D models. Besides, we analyzed the antimetastatic
effects on human prostate carcinoma DU-145 cells and their ability to
interact with CT-DNA. Finally, for elucidating the anti-cancer functions
and molecular mechanisms, reactive oxygen species (ROS) production
and apoptosis-inducing ability were also investigated.

2. Results and discussion

2.1. Synthesis of novel lawsone-containing ruthenium complexes

The complexes (1–4) containing lawsone (law), phosphines and
diimines as ligands were obtained according to the procedure illu-
strated in Fig. 1.

The synthetic route obtained pure complexes with high-yield ac-
cording to spectroscopic data, as well as elemental analyses, molar
conductivity and 31P{1H}, 1H and 13C NMR spectrum. All complexes
are dark purple air-stable solids, soluble in dichloromethane, acetone,
methanol, dimethyl sulfoxide and water insoluble.

In the IR spectra of the free law is observed the intense band of the
stretching modes of the phenolic ν(OeH) around 3200 cm−1, this band
disappear from the spectra of all complexes, indicating the ligand de-
protonation and the coordination by oxygen. The band relative to the
carbonyl group (C1]O) at 1640 cm−1 in the free law were shifted to
lower frequencies, around 1603 cm−1 in the complexes, denoting the
bidentate coordination. Also, the band at 1679 cm−1 of the group (C4]

O) also presented a small displacement to lower frequencies,
1614 cm−1. The band C2eO presented displacement from 982 cm−1 to
1098 cm−1, approximately, in the complexes, which are in concordance
with the coordination by the oxygen. The same behavior was observed
for others ruthenium complexes containing the lawsone as ligand [28].

The complexes (1–4) were characterized by 31P{1H}, 1H and 13C
NMR spectroscopy. In the 31P{1H} of complexes (3) and (4) was

Fig. 1. Synthetic route to the preparation of the new ruthenium complexes containing the naphthoquinone lawsone.
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observed four pairs of signals (17.9/6.7 ppm and 15.2/5.9 ppm for
complex (3) and 18.2/6.6 ppm and 15.4/6.2 ppm for complex (4)) for
the two phosphorus atoms of biphosphine dppm, indicating the non-
equivalence of phosphorus. The duplication of the signals is due to the
formation of isomers, where there is an isomer with the phosphorus
atom of dppm trans to the oxygen of the carbonyl of lawsone, and in the
other, the oxygen atom of the carbonyl is trans to the nitrogen of bipy
or phen (see Supplementary Information, Figs. S2–S3). In the 1H spectra
of all complexes were observed the presence of the singlet at ca.
5.8 ppm belonging to the hydrogen of bonded to carbon 3 of lawsone. In
the case of complex (4) was observed in the region of 9.2–6.3 multiplets
referring to 32 hydrogen atoms from the dppm, phen and law, and in
5.5 ppm was observed the multiplet attributed to the CH2 of aliphatic
chain of dppm. All complexes presented the same behavior.

Characteristic NMR 13C signals belonging to the carbon of carbonyl
groups of lawsone were observed for complex (4) at 200.3 ppm (C1]

O), 182.5 ppm (C4]O) and 172.6 ppm (C2eO). These signals are ob-
served in 184.5 ppm (C1]O), 181.2 ppm (C4]O) and 159.5 ppm
(C2eO) in free lawsone. The most significant displacements are found
for the carbons atoms of the groups C1]O and C2eO, indicating the
coordination of these oxygen atoms. More recently, our research group
developed trans-[Ru(law)(PPh3)2(N-N)]PF6 complexes and were ob-
served the same behavior in NMR experiments [31].

The electrochemical behavior of the complexes was evaluated by
cyclic voltammetry and the redox process Ru(II)/Ru(III) for all com-
plexes were observed in the region of 1–1.1 V. The values are higher
than those for complexes precursors, which occur around 0.1–0.6 V.
This difference can be explained by the higher stability of the com-
plexes after coordination of lawsone, due the replacement of two
chlorides σ and π donor by a negative monocharged chelating lawsone.

2.2. Partition coefficient (log P) study

Determining the lipophilicity is an important physicochemical
property that figures out the possible pharmacokinetic and pharmaco-
dynamic profile of new drugs candidates in the discovery development
phase [36]. The well-known shake-flask has been widely recommended
as a reference method to determine a partition coefficient experimen-
tally [37]. The log P(o/w) values, calculated by the shake-flask method,
were positive and ranged from 0.228 ± 0.012 to complex (1),
0.573 ± 0.023 to complex (2), 0.437 ± 0.025 to complex (3) and
0.793 ± 0.031 to complex (4). As demonstrates, the higher lipophili-
city of complexes (2) and (4) can be attributed to the presence of phen
ligand. Other studies established that the presence of 1,10-Phenan-
throline acts improving the lipophilicity of silver complexes when
compared to bipyridine analogs [38]. Our finding also suggests that the
use of diphosphines as ligands can adjust the lipophilic/hydrophilic
balance in metal complexes, where in general, its biological activity is
found to increase thanks to an increase in the lipophilicity [39]. Thus,
the log P indicates that the coordination of phen and dppm chelating
ligands in one single molecular structure improve the lipophilicity and,
as a consequence, may contribute to enhance the cell membrane per-
meability and its biological activity.

2.3. The complexes display enhanced cytotoxicity against a panel of cancer
cell lines

The cytotoxicity of the ruthenium complexes was evaluated in a
panel of different histological types of cancer cell lines (A549, Caco-2,
DU-145, HepG2, PC-3 and MDA-MB-231) and against two non-cancer
cells (FGH and HUVEC) in two-dimensional (2D) culture by Alamar
Blue assay 24 h after incubation, as shown in Table 1. All of the com-
plexes presented enhanced cytotoxicity to different cancer cells and
more potent activity than metal-free lawsone. The synthesized Ru(II)
phosphine complexes investigated exhibited remarkable cytotoxic
properties displaying better anticancer activity than cisplatin

(Fauldcispla®) and doxorubicin (Fauldoxo®). As expected, the phos-
phine-coordinating ligand improved not only the lipophilicity of ru-
thenium compounds but also their biological activity. Metal complexes
with different phosphine ligands had antitumor profiles characterized
by high cytotoxic potency and selectivity between different cancer cells
[40,41]. Compared to the other complexes and metal-free lawsone, the
phosphine complexes (3) and (4) had low IC50 values, where complex
(3) presented IC50 values ranging from to 1.9 to 4.8 μM for cancer cell
lines DU-145 and A549, respectively and (4) presented IC50 values
ranging from 1.3 to 3.0 μM for cancer cell lines DU-145 and MDA-MB-
231, respectively.

In addition, complex (3) was more potent than cisplatin in A549 (3-
fold), Caco-2 (7-fold), DU-145 (12-fold), HepG2 (6-fold), PC-3 (6-fold)
and MDA-MB-231 (10-fold). Complex (4) was more potent than dox-
orubicin on DU-145 (4-fold), HepG2 (2-fold), PC-3 (2-fold) and cis-
platin on A549 (4-fold), Caco-2 (8-fold), DU-145 (18-fold), HepG2 (6-
fold), PC-3 (9-fold) and MDA-MB-231 (12-fold). The precursors of types
[RuCl2(N-N)2]PF6) and [RuCl2(dppm)(N-N)]PF6 (N-N=2,2′-bipyridine
or 1,10-phenanthroline) exhibited weak cytotoxicity (IC50 > 100 μM).
The IC50 value for non-cancer cells was 4.3 and 8.1 μM for the complex
(3), 3.2 and 6.9 μM for the complex (4) and 1.9 and 4.6 μM for dox-
orubicin on FGH and HUVEC cells, respectively.

Table 2 shows the calculated selectivity index (SI) of each com-
pound. The SI was calculated using the following formula: SI= IC50

[non-cancer cells]/IC50 [cancer cells]. The SI is a clear manner to es-
timate the therapeutic range of a drug and to identify drug candidates
for further studies [11]. Complexes (3) and (4) were more cytotoxic and
selective to prostate cancer cells DU-145. Furthermore, both complexes
exhibit selectivity index greater than displayed by the drug controls
cisplatin and doxorubicin, which are clinically useful drugs in the
treatment of cancer. Probably, the presence of the dppm ligand in the
complexes (3) and (4) may contribute to increasing cytotoxic activity,
as previously observed for other ruthenium complexes, where the in-
crease of phosphine ligands is directly related to the increase of bio-
logical activity [30,42].

The promising cytotoxic activity of the complexes (3) and (4) to-
wards prostate cancer cells encouraged us to study their effects at the
cellular level. In a new set of experiment, DU-145 cell line was used as a
cellular model, since it was among the most sensitive cell line to the
complexes tested. Therefore, the cytotoxicity of phosphine complexes
was confirmed by clonogenic survival assay that is extremely sensitive
to determine the effects on cell proliferation after treatments.
Clonogenic assays represent the gold-standard method to study the
cytotoxic and constitute a traditional technique of choice to determine
the long-term effect of proliferating cells [43]. The results revealed that
both complexes inhibited cell colony formation of DU-145 cells in a
dose-dependent manner as shown in Fig. 2A. The plating efficiency of
untreated DU-145 cells was higher than 70% for all replicates. More-
over, following seven days of culture, the inhibitory effect of the
complex (4) was greater than that of the complex (3) at the same
concentration. At concentrations of 0.125, 0.25, 0.5 and 1 μM, the
complex (3) reduced the colony-forming presenting survival fractions
(SF) of 79.1, 68.2, 31.1 and 13.4%, respectively. Complex (4), at same
concentrations, presented SF of 68.1, 39.5, 22.4 and 5.1%, respectively.
No significant (p > 0.05) decrease in the number of colonies was ob-
served in control (DMSO 0.1% v/v). Few colonies of DU-145 cells were
visible after incubation with 1 μM of (4) which indicates that the sub-
stitution of diimine ligand increases the activity of the compound
(Fig. 2B).

The higher cytotoxicity, exhibited by complexes (3) and (4), in-
dicated that the coordination of phosphine and lawsone chelating li-
gands in one single molecule made it possible to create a compound
with increased antitumor activity. Furthermore, these findings pre-
dicted the loss of clonogenicity of DU-145 cells after the exposure with
(3) and (4) which is an effective parameter to distinguish the cytostatic
of the cytotoxic effects of drug treatments [44]. Cisplatin did not
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significantly reduce the colony-forming at the same concentrations
analyzed (p > 0.05).

In complementary to conventional cell monolayer cytotoxic assays
performed, we also established 3D multicellular tumor spheroids
(MCTS) based on DU-145 cells and used this model for investigating the
activity of the ruthenium phosphine complexes toward prostate carci-
noma spheroids. The MCTS is a well-established 3D in vitro model
system that closely reflects the in vivo tumor environment concerning
nutrient and oxygen gradients, hypoxic/necrotic regions, cell-cell ma-
trix interactions, and gene expression profiles [45]. Therefore, the
MCTS was introduced to mimic solid tumors in vitro and to study the
viability of DU-145 cancer cells treated with the Ru(II) complexes once
this model represents a great tool for drug discovery [46,47]. Spheroids
grown in ultra-low attachment 96-well plates for 5 days were treated
with complexes (3) and (4) for a period of 24 h to determinate the
MCTS viability and were examined for morphological changes until
12 days. The Alamar Blue assay showed that complexes (3) and (4)
reduced the viability of DU-145 MCTS after treatment (Fig. 3A). In

general, DU-145 MCTS showed more considerable resistance to both
complexes compared to the 2D-cultured cells. Indeed, the MCTS are
typically more resistant to antiproliferative compounds because of the
differences in the drugs penetration and varying microenvironments
(such as pH, hypoxia, extracellular matrix) within spheroids [48]. Si-
milar to in vivo tumors, the hypoxic regions inside the spheroids reduces
the rate of cell division impairs the effects of anti-proliferative drugs
such as cisplatin [49].

Interestingly, the cells in the spheroids showed morphological
changes, indicating an effective permeability into spheroid and, there-
fore, cytotoxicity. The treatment with complex (4) disrupted the cell
aggregations, resulting in the presence of cell debris after 9 days, sug-
gesting disturbance in cell-matrix interactions (Fig. 3B). The IC50 of the
complexes (3) and (4) was 4.1 and 3.4 μM, respectively, while cisplatin
presented IC50 of 62.6 μM. The complex (4) was more potent than cis-
platin at the least 18-fold, demonstrating that its cytotoxic activity is
effective in the tumor microenvironment, independent of hypoxia.
Therefore, (4) was selected for detailed studies of the mechanism of cell
death.

2.4. The complexes reduce DU-145 cell adhesive and migratory potential

Afterward, cell adhesion and migration assays were performed to
evaluate the antimetastatic capability of the complex (4). Cancer me-
tastasis mainly occurs due to the migration and adhesion of neoplastic
cells from a primary tumor to distant sites following angiogenesis and
tumor growth [50]. Therefore, in this research, the anti-migratory and
anti-adhesive effects of the complex (4) were investigated by wound
healing and extracellular matrix adhesion assay on DU-145 cells. For
this assays, the cells were treated with concentrations below the IC50

values of (4) (1.3 ± 0.2 μM, in 24 h). As seen in Fig. 4, untreated DU-
145 monolayers were wounded at 0 h and images were registered at
different time points after the treatment. The wound space was reduced
severely in size in the absence of compounds because of cell pro-
liferation and migration. Complex (4) inhibits the cell migration of DU-
145 cells, exhibiting deeply reduced wound healing patterns after 48 h
were the cells exposed to 0.5 μM presents inhibition of 80% of wound
closure, compared to control at the same time. Indeed, the complex (4)
as expectedly showed an antimetastatic feature, in accordance with the
previously reported studies of anti-migratory and anti-angiogenic ef-
fects of others ruthenium complexes containing phosphines and dii-
mines as ligands [28,51]. These data demonstrate that low concentra-
tions of (4) impaired the androgen-metastatic prostate cancer DU-145
cells migratory potential.

Table 1
Cytotoxic activity of Ru complexes in human cell lines.

IC50 in µM

FGH HUVEC A549 Caco-2 DU-145 HepG2 PC-3 MDA-MB-231

BB >100 >100 >100 >100 >100 >100 >100 >100
BP >100 >100 >100 >100 >100 >100 >100 >100
DB >100 >100 >100 >100 >100 >100 >100 >100
DP >100 >100 >100 >100 >100 >100 >100 >100
LAW >100 >100 >100 >100 >100 >100 >100 >100
(1) 74.3 ± 1.4 93.1 ± 7.4 99.1 ± 0.2 60.3 ± 5.3 41.4 ± 4.5 53.9 ± 3.8 61.9 ± 2.3 63.1 ± 5.7
(2) 80.7 ± 6.6 78.7 ± 2.2 69.1 ± 5.2 58.1 ± 2.9 37.2 ± 2.1 49.0 ± 3.6 52.1 ± 1.0 69.4 ± 4.5
(3) 4.3 ± 0.6 8.1 ± 1.6 4.8 ± 0.4 2.6 ± 0.2 1.9 ± 0.6 1.8 ± 0.3 3.3 ± 0.9 3.6 ± 0.5
(4) 3.2 ± 0.4 6.9 ± 0.8 4.2 ± 0.2 2.4 ± 0.3 1.3 ± 0.2 1.8 ± 0.3 2.2 ± 1.8 3.0 ± 0.3
CIS 11.2 ± 0.5 11.0 ± 0.5 16.5 ± 1.0 19.9 ± 0.9 24.5 ± 2.8 11.4 ± 1.6 21.3 ± 0.1 37.4 ± 6.2
DXR 1.9 ± 0.2 4.6 ± 0.2 2.3 ± 1.8 1.8 ± 0.3 2.5 ± 1.3 3.8 ± 1.6 4.5 ± 0.1 2.5 ± 0.3

Data are presented as the means ± S.E.M. of IC50 values in μM obtained by nonlinear regression from at the least three independent experiments performed in
triplicate, measured by Alamar blue assay after 24 h incubation. Cancer cells: A549 (human lung carcinoma); Caco-2 (human colorectal adenocarcinoma); DU-145
(human prostate carcinoma); HepG2 (human hepatocellular carcinoma); PC-3 (human prostate adenocarcinoma) and MDA-MB-231 (human breast adenocarcinoma).
Non-cancer cells: FGH (human mouth fibroblast) and HUVEC (human umbilical vein endothelial cells). The precursor complexes bis-bipyridine (BB), bis-phenan-
throline (BP), bis-diphenylphosphinomethane:bipyridine (DB), diphenylphosphinomethane:phenanthroline (DP) and the ligand lawsone (LAW) were used as con-
trols. Cisplatin (CIS, Fauldcispla®) and doxorubicin (DXR, Fauldoxo®) were used as positive controls.

Table 2
Selectivity index of the Ru complexes.

Cancer cells

Non-cancer
cells

A549 Caco-2 DU-145 HepG2 PC-3 MDA-MB-
231

FGH (1) 0.7 1.2 1.8 1.4 1.2 1.2
(2) 1.1 1.4 2.2 1.6 1.5 1.2
(3) 0.9 1.6 2.3 2.4 1.3 0.8
(4) 0.8 1.3 2.5 1.8 1.4 1.0
CIS 0.7 0.6 0.4 1.0 0.5 0.3
DXR 0.8 1.0 0.7 0.5 0.4 0.7

HUVEC (1) 0.9 1.5 2.2 1.7 1.5 1.4
(2) 1.1 1.3 2.1 1.6 1.5 1.1
(3) 1.6 3.1 4.2 4.5 2.4 2.2
(4) 1.6 2.8 5.3 3.8 3.1 2.3
CIS 0.6 0.5 0.4 0.9 0.5 0.2
DXR 2.0 2.5 1.8 1.2 1.0 1.8

Data are presented with the selectivity index (SI) calculated using the following
formula: SI= IC50[non-cancer cells]/IC50[cancer cells]. Cancer cells: A549
(human lung carcinoma); Caco-2 (human colorectal adenocarcinoma); DU-145
(human prostate carcinoma); HepG2 (human hepatocellular carcinoma); PC-3
(human prostate adenocarcinoma) and MDA-MB-231 (human breast adeno-
carcinoma). Non-cancer cells: FGH (human mouth fibroblast) and HUVEC
(human umbilical vein endothelial cells). Cisplatin (CIS – Fauldcispla®) and
doxorubicin (DXR – Fauldoxo®) were used as positive controls.
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Next, we assessed the cell adhesion inhibition of complex (4) using
mimic extracellular matrix (ECM) adhesion assay. The in vivo binding of
cells to the extracellular matrix (ECM) is fundamental for cell survival
and cell-to-cell communication but is also essential for the metastatic
potential of cancer cells [52]. DU-145 cells were incubated to adhere to
either collagen or Matrigel® in the presence of different concentrations

of the complex (4) and assessing the relative numbers of attached cells.
As measured by colorimetric assay, untreated and vehicle-treated (CTL)
cells exhibited similar adhesion to collagen (Fig. 5A) or Matrigel®

(Fig. 5B). The treatments of DU-145 cells with different concentrations
of the complex (4) significantly inhibited the cell adhesion in a con-
centration-dependent manner. At 0.5 μM the maximum inhibition of

Fig. 2. Assessment of colony survival by
clonogenic assay. (A) Representative colony
formation images of DU-145 cells after
treatment with complex (4). (B) The survival
fractions after 24 h treatment with 0.125;
0.25; 0.5 and 1 μM of (3), (4) and cisplatin
against DU-145 cells. The negative control
(CTL) was treated with the vehicle (0.1%
DMSO) used for diluting the tested com-
pound. Data are presented as the
means ± S.E.M. of three independent ex-
periments performed in triplicate.
*p < 0.05 compared with the control by
ANOVA followed by Dunnet’s test.

Spheroids
IC50 in µM

(3) (4) CIS

DU-145 4.1 ± 0.1 3.4 ± 0.5 62.6 ± 3.2

Fig. 3. Effects of the complex (3) and (4) in 3D in vitro model of multicellular tumor spheroids of DU-145 cells. (A) The MCTS viability determined by Alamar Blue
assay after 24 h treatment and IC50 values in μM obtained by nonlinear regression from at the least three independent experiments performed in triplicate. The
negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the compounds tested. Doxorubicin (DOX, Fauldoxo® 5 μM), Cisplatin (CIS,
Fauldcispla® 25 μM) were used as the positive controls. (B) DU-145 MCTS were examined using inverted microscope (amplification 200×), scale bar= 100 μm. Data
are presented as the mean ± S.E.M. of three independent experiments performed in triplicate. *p < 0.05 compared with the control by ANOVA followed by
Dunnet’s test.
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DU-145 adhesion was calculated by more than 70% on Matrigel® ma-
trix. The anti-metastatic activity of ruthenium compounds is well-re-
cognized by NAMI-A studies [53]. Furthermore, current studies suggest
Ru-based complexes inhibits the formation of tube-like structures, an
essential step in angiogenesis and metastasis [54]. Our findings indicate
that complex (4) reduce the ability of DU-145 cells to adhere to ECMs
which may impact on their metastatic capacity.

2.5. DNA interactions

The DNA is the most studied targets when it comes to the devel-
opment of compounds with antitumor properties. It occurs because the
interaction between DNA and compounds can cause irreversible da-
mage and prevent cell replication, leading to cell death [55]. In this
context, we investigated the ability of the ruthenium complexes to in-
teract with DNA by Circular Dichroism (CD), fluorescence and gel
electrophoresis.

The CD technique can be used to analyze the conformation changes
in the secondary structure of the calf-thymus DNA (CT-DNA) by mon-
itoring the two bands in the UV region, a positive band at 275 nm and a
negative band at 245 nm, due to base stacking and right-handed heli-
city, respectively. Thus, the CT-DNA was incubated with ruthenium
complexes in different molar ratios (0.1–0.4), and the bands were
analyzed, and the effects are shown in Fig. 6 for complex (4). The in-
tensities of negative and positive bands of the CT-DNA did not show any
significant change in intensity upon addition of the ruthenium complex,
and the same behavior was observed for all complexes (1–4).

The ability of the complexes to change the tertiary structure of DNA
was investigated by electrophoresis in agarose gel employing the
pBR322 plasmid DNA, upon incubation with ruthenium complexes in
different molar ratios. Alterations in the electrophoretic mobility of
plasmid DNA on agarose gel is commonly considered as evidence for
direct DNA–metal interactions. Modification of the DNA structure
causes hindrance in the migration of supercoiled DNA and a slight
improvement in the mobility of open circular DNA to a feature where
both forms comigrate. The pBR322 presents three forms, OC (open
circular), L (linear) and CC (supercoiled), which show different elec-
trophoretic mobility. Fig. 7 shows the effect of ruthenium complexes on
the mobility of pBR322 after incubation at 37 °C for 18 h. The control in
lane 2 refers only to pBR322, and the lines 3–11 correspond to the
pBR322 in the presence of complexes (3) and (4). The complexes were
capable of affecting the mobility of the bands of pBR322, mainly to OC

Fig. 4. Inhibitory effects of the complex (4) on DU-145 cells migration in vitro.
(A) Representative photographs taken at 0, 24 and 48 h post-wound using in-
verted microscope (amplification 100×), scale bar= 200 μm. The cell mono-
layer was wounded by a 100 μL pipette tip followed by treatment with different
concentrations (0.125, 0.25, and 0.5 μM) of (4) for 24 h. The distance of the
wound edge was measured before and after the treatments. (B) Quantification
of the relative migration by wound closure. Wound closure (%) were identified
from measurements of the migration distance of DU-145 cells from the control
group and with complex (4) treatment. Data are presented as the
mean ± S.E.M. of three independent experiments performed in triplicate.
*p < 0.05 compared with the control by ANOVA followed by Dunnet’s test.

Fig. 5. Complex (4) significantly decreased DU-145 cells adhesive rate on collagen and Matrigel® matrixes. DU-145 cells in the presence of 0.125, 0.25 and 0.5 μM
were seeded into 96 well plates coated with collagen (A) and Matrigel® (B) and allowed adhere for 24 h after which supernatants were removed and adhered cells
washed and stained with crystal violet. Plates were assayed on a plate reader at 590 nm. Data are presented as the mean ± S.E.M. of three independent experiments
performed in triplicate. Values not sharing the same letter are significantly different from each other (p < 0.05; ANOVA followed by the Tukey’s test).
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and CC bands at Ri 0.5 and 1. The complex (4) was found to exhibit
nuclease activity followed by conversion of CC into L, proposing single
strand DNA cleavage and the amount of nicked DNA increased at 1 μM
showing complete disappearance of CC.

To gain more information about the interaction of complexes with
DNA the competition assay using the Hoechst 33258, the fluorescent
dye that interacts with DNA through the minor groove, was performed.
DNA binding dyes are extensively used to study the mode of drug-DNA
interaction. Hoechst 33258 produce a weak fluorescence, but when it
binds to DNA a significant increase in fluorescence at 455 nm is ob-
served when excited at 343 nm, thus, it is used as a probe to monitor
compounds that interact with DNA [56–58]. Fig. 8 shows the fluores-
cence spectra of the Hoechst-CT-DNA upon successive addition of
complex (4). The complex (4) was able to decrease the fluorescence of
the Hoechst-CT-DNA system with increasing of the concentration, in-
dicating that the complex (4) interact with DNA by the minor groove
and compete with Hoechst, removing it from DNA structure and con-
sequently, decrease the fluorescence of the system. The same behavior
was observed to all ruthenium complexes (Figs. S3–S6 of
Supplementary Information). Taken together all the assays employed to
investigate the interaction with DNA, we can conclude that ruthenium
complexes interact with DNA via the minor groove.

2.6. The complexes induce apoptosis via the BAX/BCL-2 pathway in DU-
145 cells

Apoptosis is acknowledged as an essential physiological process in
tissue homeostasis. Nevertheless, some cancer cells may adapt to high

levels of oncogenic signaling by disabling their senescence- or apop-
tosis-inducing circuitry. This acquired resistance is appreciated as a
hallmark of almost all types of cancer [58,59]. To evaluate whether the
complex (4) presents the ability to induce apoptosis or necrosis, we
selected its concentrations that have shown cytotoxic activity. There-
fore, nuclear morphology was assessed by Hoechst 33342/propidium
iodide (PI) staining technique for fluorescence microscopy. The results
clearly showed that complex (4) might induce apoptosis of DU-145 cells
based on its staining and morphological characterization after treat-
ments (Fig. 9A).

To determine the percentage of apoptosis and necrosis, the DU-145
cells were treated with 0.25–2.0 μM of the complex (4) for 24 h fol-
lowed by annexin V-FITC/PI staining, and the results were analyzed by
using flow cytometry. In live cells, phosphatidylserine (Ptd-L-Ser) is
located on the cytoplasmic surface of the cell membrane. The exposure
of Ptd-L-Ser on the outer leaflet of the plasma membrane is the final
event of apoptosis and can be detected by the binding of fluorescently
labeled annexin V [60]. Therefore, annexin V-FITC/PI dual staining can
be used to quantify the different cell phenotypes that occur during
apoptosis. The percentages of early apoptotic, late apoptotic, necrotic
and living cells of DU-145 are shown in Fig. 9B. The incubation of DU-
145 cells with increasing concentrations of the complex (4) produced a
considerable increase in the percentage of apoptotic cells (Q2 and Q4
quadrants) (Fig. 9C). The population of apoptotic cells treated with
complex (4) had increased remarkably with dose-dependent relation
(6.30% for control group, 19.1% for 0.25 μM, 30.9% for 0.50 μM,
45.1% for 1.0 μM and 66.8% for 2.0 μM). Cisplatin treatment at the
fixed concentration of 25 μM (IC50) showed 19.5% of apoptotic cells.
Therefore, a 100-fold lower concentration of (4) was required for the
same effect of cisplatin on DU-145 cells. None of the concentrations
induced a significant increase in necrotic cells. Indeed, ruthenium
complexes with different ligands have been lead to the apoptosis
through the mitochondria, death receptor and oxidative stress path-
ways [34,61,62]. The molecular mechanism underlying the apoptotic
effect of the complex (4) was assessed at the level of mRNA expression
of pro-apoptotic and anti-apoptotic genes. The 24 h treatment with
complex (4) at 1.5 µM (IC50) upregulated BAX expression by 2.73-fold
and downregulated the expression of the gene BCL-2 by 2.40-fold
(Fig. 9D). BAX and BCL-2 are two members of a gene family involved in
the regulation of cellular apoptosis. Gene expression analysis revealed
that complex (4) induced an increase of the expression of the pro-
apoptotic BAX gene and a decrease of the expression of the anti-apop-
totic BCL-2. Cells with a high BAX/BCL-2 ratio will be more sensitive to
given apoptotic stimuli when compared to a similar cell type with a
comparatively low BAX/BCL-2 ratio [63]. Therefore, the altered ratio
might be an essential key question to understand the sensitizing effect
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Fig. 7. Electrophoresis mobility of pBR322 plasmid DNA with increasing
amounts of complexes (3) and (4) after 18 h of incubation at 37 °C.
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of the complex (4) in DU-145 cells. Thus, our results demonstrated that
complex (4) induced cell death by up-regulation of BAX and down-
regulation of BCL-2 in DU-145 cancer cells.

2.7. Scavenging intracellular ROS abolishes the cytotoxic effects of the
complex (4)

It has been reported that ROS play an important role in cancer cell
death and apoptosis. This activity is widely induced by several che-
motherapeutic drugs to kill the cancer cells [64]. To investigate whe-
ther ROS production is underlying the cytotoxic activities of the

complex (4), we used the Cellular ROS/Superoxide Detection Assay
(ab139476) to detect the production of reactive species of oxygen and
nitrogen (ROS/RNS) in DU-145 cells. Previously, the total ROS levels
were assessed after a 1, 6, 12 and 24 h of incubation with the complex
(4) using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) as a
fluorescent dye to determine which time would be more appropriate for
a ROS/Superoxide analysis.

As shown in Fig. 10A, upon treatment of DU-145 cells for different
times with a single dose of the complex (4) (IC50), a higher increase of
ROS generation was observed at 24 h of exposure. Due to this result, the
ROS/Superoxide production was assessed after 24 h of treatment with

Fig. 9. Effect of the ruthenium complex (4) on the induction of apoptosis in DU-145 cells. (A) Representative images of DU-145 cells double-stained with Hoechst
33342 and PI captured with ImageXpress micro, scale bar= 20 μm. (B) Representative flow cytometry dot plots show the percent cells in the viable (Q3), early
apoptotic (Q4), late apoptotic (Q2) and necrotic (Q1) stages as determined by flow cytometry using annexin V-FITC/PI staining. (C) Quantification of apoptotic DU-
145 cells. (D) Relative expression of the genes BAX and BCL-2 in DU-145 cells treated with complex (4) for 24 h. ACTB was used as reference gene for normalization.
The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the tested compound and cisplatin (CIS, 25 μM) was used as drug control.
Data are presented as the means ± S.E.M. of three independent experiments performed in triplicate. Ten thousand events were evaluated per experiment, and
cellular debris was omitted from the analysis. *p < 0.05 compared with the control by ANOVA followed by Dunnet’s test.

R.A. De Grandis, et al. Bioorganic Chemistry 85 (2019) 455–468

462



different concentrations of the complex (4). After the complex (4)
treatment, DU-145 cells exhibited an increase of reactive species,
yielding a fluorescent product indicative of cellular production of dif-
ferent ROS/RNS types (Fig. 10B). Moreover, at 4 μM was observed a
decrease of ROS/RNS levels, probably because increasing concentra-
tions promotes cell death. These results indicate that complex (4) can
enhance intracellular oxidative stress suggesting that apoptosis may be
the principal mechanism of cell death triggered by ROS. This effect can
be guaranteed by the use of lawsone that has a mechanism of action
closely related with their electron accepting capability producing
semiquinone radicals that can induce ROS production in the in-
tracellular environment [65]. On the other hand, the production of
superoxide did not appear in any treatment of the complex (4), except
in inducer control (pyocyanin).

Besides, to verify whether or not ROS/RNS generation increase is
related to the complex (4)-induced cytotoxicity, the cells were treated
with the ROS-scavenger N-acetyl-L-cysteine (NAC), an antioxidant that
has been demonstrated to present cytoprotective effects against ROS-
induced cell death [66]. The results displayed that co-treatment with
NAC suppressed the generation of intracellular ROS induced by com-
plex (4) (Fig. 10C) and prevented the reduction of cell viability, as
assessed by Alamar Blue assay (Fig. 10D). These findings suggest that
the complex (4) played an essential role in inducing apoptosis, just as
other naphthoquinones derivatives compounds do [67], by induced
increasing oxidative stress, which was prevented by co-treatment with
NAC.

3. Conclusions

In this paper, novel lawsone-containing ruthenium(II) complexes
were synthesized and assessed for its cellular response in human pros-
tate carcinoma DU-145 cells in 2D and 3D culture systems for the first
time. As discussed, other studies have shown that ruthenium complexes
have been extensively reported as anticancer candidates in vitro and in
vivo [6,68,69]. Herein we proposed lawsone as a bioactive natural
compound that forms ruthenium complexes with potent cytotoxic ac-
tivity in cancer cells. Overall, the phosphine complexes studied in this
work showed promising values of IC50 against DU-145 prostate cancer
cells. Complexes (3) and (4) displayed more potent cytotoxicity than
metal-free lawsone against different cancer cell lines and can decrease
the survival of DU-145 cells at lower concentrations better than cis-
platin. Several studies shown the addition of phosphine ligand increase
the lipophilicity of the complex, which in turn enhances the cytotoxic
effect against several cancer cell lines [70–73]. This effect is related
with the enhanced lipophilicity which considerably affecting the uptake
by tumor cells and proteins binding [41,74]. Our ruthenium complexes,
especially the complex (4), exhibited considerable cytotoxic effects
against 3D multicellular DU-145 spheroids that simulate the prostate
tumor microenvironment. The compound also exhibited cytotoxic po-
tency over 18-fold orders of magnitude higher than cisplatin in
monolayers of DU-145 cancer cells and for 3D multicellular DU-145
tumor spheroids. Even under a low non-cytotoxic concentration of
0.125–0.5 μM, (4) was able to effectively inhibit the cell adhesion and

Fig. 10. Effect of the ruthenium complex (4) in the levels of reactive oxygen species (ROS) of DU-145 cells and protection by NAC. (A) ROS levels of DU-145 cells
after 1, 3, 6, 12 and 24 h of incubation with complex (4) at IC50 (1.5 μM). (B) Assessment of total intracellular ROS/Superoxide levels 24 h after incubation with
different concentrations of (4). (C) ROS levels of DU-145 cells after 24 h treatment with complex (4) at 0.5, 1 and 2 μM with or without the antioxidant NAC (5mM).
(D) Cell viability of DU-145 cells assessed by Alamar Blue assay after 24 h incubation with different concentrations of (4) with or without the antioxidant NAC
(5mM). The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the tested compounds. Hydrogen peroxide (H2O2, 200 μM) and
pyocyanin (PYC, 250 μM) were used as the positive controls. Data are presented as the mean ± S.E.M. of three independent experiments performed in triplicate or
quadruplicate. *p < 0.05 compared with the control by ANOVA followed Dunnet’s test. # p < 0.05 compared with the respective treatment without NAC by
ANOVA followed Dunnet’s test. Values not sharing the same letter are significantly different from each other (p < 0.05; ANOVA followed by the Tukey’s test).
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migration of DU-145 cells indicating antimetastatic potential in vitro.
Taken together, all the complexes (1–4) showed an effective DNA in-
teractive abilities via DNA minor groove intercalation, which can be
considered very valuable taking into account the importance of the
history and development of DNA intercalators as anticancer agents.
Additionally, complex (4) induced DU-145 cell apoptosis through ele-
vated intracellular ROS levels. Moreover, we also showed that ROS
scavenger NAC reduced cytotoxicity induced by ROS production caused
by the complex (4). In summary, this study describes a series of newly
synthesized phosphine/diimine ruthenium complexes containing the
1,4-naphthoquinone that have been identified as a potent anti-
proliferative and antimetastatic agents towards DU-145 cells. By our
data, we suggest the coordination with naphthoquinone bioligand en-
hance ROS-induced apoptotic cell death via upregulation of BAX/BCL-2
ratio. Therefore, the 1,4-naphthoquinone-containing ruthenium com-
plexes showed a promising anticancer activity better than cisplatin
toward prostate cancer cells, target the intracellular oxidative stress.

4. Experimental

4.1. Materials

4.1.1. Chemical and equipments
All chemicals used to prepare the ruthenium complexes were of

analytical grade or chemically pure grade. The synthesis of the com-
plexes were carried under argon atmosphere. The RuCl3·3H2O (CAS
13815-94-6), KPF6 (CAS 17084-13-8), triphenylphosphine (PPh3, CAS
603-35-0), bis(diphenylphosphino)methane (dppm, CAS 2071-20-7), N-
N=2,2′-bipyridine (bipy, CAS 366-18-7), 1,10-phenanthroline (phen,
CAS 66-71-7), resazurin sodium salt (CAS 62758-13-8), calf-thymus
DNA (CT-DNA, CAS 73049-39-5), dimethylsulfoxide (DMSO, CAS 67-
68-5), dimethylformamide (DMF, CAS 68-12-2), methanol (CAS 67-56-
1), acetic acid (CAS 64-19-7), Triton™ X-100 (CAS 9002-93-1), 2′,7′-
dichlorofluorescein diacetate (H2DCFDA; CAS 4091-99-0), hydrogen
peroxide solution 30% (w/w) (H2O2; CAS 7722-84-1) agarose (CAS
9012-36- 6), collagen (CAS 9007-34-5), trypan blue (CAS 72-57-1),
crystal violet (CAS 548-62-9), N-acetyl-L-cysteine (NAC, CAS 616-91-1)
and pBR322 plasmid DNA from E. coli (CAS 93384-17-9) were obtained
from Sigma-Aldrich® MERCK (St. Louis, MO, USA). Fetal bovine serum
(FBS), Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park
Memorial Institute Medium (RPMI 1640), trypsin-EDTA 5X, accutase, L-
glutamine, antibiotic-antimycotic mix 100X, Hoechst 33342 (CAS
23491-52-3) and propidium iodide (PI; CAS 25535-16-4) were acquired
from Gibco-Invitrogen® Thermo Fisher Scientific (Waltham, MA, USA).
Matrigel® matrix was obtained from Corning (New York, NY, USA).
Fauldcispla® (cisplatin) and Fauldoxo® (doxorubicin hydrochloride)
were purchased from Libbs Pharmaceutical Ltda. (São Paulo, SP,
Brazil). All the other chemicals were of analytical grade.

Elemental analyses (C, H, and N) were performed using a FISIONS
CHNS, model EA 1108 Thermo Fisher Scientific (Waltham, MA, USA)
equipment. The IR spectra were recorded on an FT-IR Bomem-
Michelson 102 spectrometer in the 4000–250 cm−1 region using KBr
pellets. Conductivity measures were obtained in a Meter Lab CDM2300
using 10−3 M solutions of the complexes in CH2Cl2, at room tempera-
ture. All the NMR experiments were recorded on a Bruker DRX
400MHz using tetramethylsilane as reference and DMSO‑d6 to solubi-
lize the complexes. UV–visible (UV–vis) was recorded on a Hewlett
Packard diode array − 8452A spectrophotometer. Fluorescence spectra
were performed using a Synergy H1 Fluorescence Spectrophotometer
(BioTek®). The electrochemical experiments were carried using a BAS,
model 100B at room temperature in CH2Cl2 containing 0.10M tetra-
butylammonium perchlorate (TBAP) (Fluka Purum®) as a supporting
electrolyte. The working and auxiliary electrodes were stationary Pt
foils, and the reference electrode was Ag/AgCl, 0.10M TBAP in CH2Cl2,
in a Luggin capillary probe.

4.1.2. Cell lines and culture conditions
Human lung carcinoma (A549, ATCC® CCL-185™), human prostate

carcinoma (DU-145, ATCC® HTB-81™), human hepatocellular carci-
noma (HepG2, ATCC® HB-8065™), human prostate adenocarcinoma
(PC-3, ATCC® CRL-1435™), human breast adenocarcinoma (MDA-MB-
231, ATCC® HTB-26™) and human umbilical vein endothelial cells
(HUVEC, ATCC® CRL-1730™) were obtained from American Type Cell
Collection (ATCC). Human colorectal adenocarcinoma (Caco-2, BCRJ
0059) and human gingival normal fibroblasts (FGH BCRJ 0089) were
obtained from Rio de Janeiro Cells Bank (BCRJ). The cells A549, Caco-
2, DU-145, HepG2, MDA-MB-231, and FGH, were cultured in
Dulbecco's Modified Eagle's Medium (DMEM), PC-3 and HUVEC cells
were grown in Roswell Park Memorial Institute Medium (RPMI 1640).
Both mediums were supplemented according to the needs of each
lineage, as recommended by its cell banks with 2mM L-glutamine, 10%
or 20% FBS, 1% antibiotic–antimycotic solution (5mg/mL penicillin,
5 mg/mL streptomycin, and 10mg/mL neomycin), 4.5 g/L of glucose
and 3.7 g/L of NaHCO3. All cell lines were cultured in flasks at 37 °C in
5% CO2 and 96% of relative humidity according to the procedures
proposed by [75]. The experiments were conducted between the third
and the eight-cell passage with sub-cultures every 3–4 days to maintain
exponential growth. The cell viability was examined using the trypan
blue exclusion assay for all experiments where over 90% of the cells
were viable at the beginning of the culture.

4.2. Methods

4.2.1. Synthesis and characterization of the ruthenium complexes
4.2.1.1. [Ru(law)(N-N)2]PF6. The complexes [Ru(law)(N-N)2]PF6
where N-N=bipy or phen were obtained from the reaction between
the complex precursor cis-[RuCl2(N-N)2] prepared how described by
[76] and the ligand lawsone (law). The ligand law (0.054 g; 0.31mmol)
was added to the solution of ethanol and water (2:1 v/v) (30mL) with
the complex precursor (0.21mmol), 80 µL of triethylamine and KPF6
(0.076 g; 0.41mmol). The mixture was maintained in argon
atmosphere and reflux for 12 h. The dark solution was concentrated
to ca. 5mL and the solid formed was filtered, washed with distilled
water and ethyl ether and dried under vacuum.

[Ru(law)(bipy)2]PF6 (1): Yield: 0.113 g (75%). Anal. Calc. For
C30H21F6N4O3PRu exp. (calc.) C, 49.03 (49.25); H, 3.29 (2.89); N, 7.73
(7.66) %. ΛM=49.81 Ω−1 cm2mol−1, in 1.0mM CH2Cl2 solution. IR
(Selected bands, cm−1): v(C1]O) 1590, v(C4]O) 1609, v(C2eO) 1027;
1H NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm): 10.3–7.3 (m, 20H, an
overlap of aromatic protons of bipy (16H) and Law (4H), 5.7 (s, 1H,
Law); 13C NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm) 196.9 (C1]O),
182.7 (C4]O) and 172.7 (C2eO).

[Ru(law)(phen)2]PF6 (2): Yield: 0.102 g (70%). Anal. Calc. For
C34H21F6N4O3PRu exp. (calc.) C, 52.09 (52.38); H, 2.81 (2.72); N, 6.93
(7.19) %. ΛM=44.74 Ω−1 cm2mol−1, in 1.0mM CH2Cl2 solution. IR
(Selected bands, cm−1): v(C1]O) 1593, v(C4]O) 1612, v(C2eO) 1098;
1H NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm): 10.8–7.4 (m, 20H, an
overlap of aromatic protons of phen (16H) and Law (4H), 5.6 (s, 1H,
Law); 13C NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm) 197.3 (C1]O),
182.5 (C4]O) and 172.9 (C2eO).

4.2.1.2. [Ru(law)(dppm)(N-N)]PF6. Firstly, the precursor complexes
cis-[RuCl2(dppm)(bipy)] and cis-[RuCl2(dppm)(phen)] were obtained
from the reaction of the cis,trans-[RuCl2(PPh3)2(N-N)], where N-
N=bipy or phen [77] (0.12mmol) with the dppm (0.14mmol) in
50mL of toluene. The reaction was kept in reflux under argon
atmosphere for 48 h. The red solid formed was filtered, washed with
ethyl ether and dried under vacuum.

The complexes [Ru(law)(dppm)(N-N)]PF6, where N-N=bipy or
phen were obtained from the precursor cis-[RuCl2(dppm)(N-N)]. For
this, the ligand law (0.04 g; 0.22mol) was added to the solution of cis-
[RuCl2(dppm)(N-N)] (0.14mmol) in 30mL of CH2Cl2:CH3OH (1:1, v/
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v). 80 µL of triethylamine and KPF6 (0.28mmol) were added and the
reaction kept in reflux under argon atmosphere for 12 h. The volume
was reduced to ca. 5mL and water was added to precipitate a dark
solid.

[Ru(law)(dppm)(bipy)]PF6 (3): Yield: 0.129 g (82%). Anal. Calc. for
C45H35F6N2O3P3Ru exp. (calc.) C, 56.26 (56.31); H 3.85 (3.68); N 2.65
(2.92) %. ΛM=48.0 Ω−1 cm2 mol−1, in 1.0 mM CH2Cl2 solution. IR
(Selected bands, cm−1): v(C1]O) 1603, v(C4]O) 1614, v(C2eO) 1097.
31P{1H} NMR (162MHz, CH2Cl2, 25 °C) δ(ppm): (d, 17.9; 6.7/15.2;
5.75/2J=73/68 Hz); 1H NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm):
8.8–6.7 (m, 32H, an overlap of aromatic protons of phenyl groups of
dppm (20H), bipy (8H) and Law (4H), 5.8 (s, 1H, Law), 5.4 (m, 2H,
chain aliphatic of dppm); 13C NMR (400MHz, DMSO‑d6, 25 °C): δ(ppm)
200.2/196.8 (C1]O), 182.4/181.9 (C4]O) and 172.4/171.2 (C2eO).

[Ru(law)(dppm)(phen)]PF6 (4): Yield: 0.104 g (78%). Anal. Calc.
for C47H35F6N2O3P3Ru exp. (calc.) C, 57.67 (57.38); H, 3.71 (3.59); N,
2.48 (2.85) %. ΛM=50.3 Ω−1 cm2mol−1, in 1.0mM CH2Cl2 solution.
IR (Selected bands, cm−1): v(C1]O) 1599, v(C4]O) 1614, v(C2eO)
1101. 31P{1H} NMR (162MHz, CH2Cl2, 25 °C) δ(ppm): (d, 18.2; 6.6/
15.4; 6.2/2J=74/68Hz); 1H NMR (400MHz, DMSO‑d6, 25 °C):
δ(ppm): 9.2–6.3 (m, 32H, an overlap of aromatic protons of phenyl
groups of dppm (20H), phen (8H) and Law (4H), 5.8 (s, 1H, Law), 5.5
(m, 2H, chain aliphatic of dppm); 13C NMR (400MHz, DMSO‑d6, 25 °C):
δ(ppm) 200.3/196.8 (C1]O), 182.5/181.9 (C4]O) and 172.6/171.4
(C2eO).

4.2.2. Partition coefficient (n-octanol/water) determination
The octanol-water partition coefficient (log P) were determined

using the shake-flask method [78]. Each complex was tested in a mix-
ture of equal volumes of water and n-octanol with continuous shaking
for 24 h at 112g and 37 °C. Then the samples were centrifuged for 5min
at 10g, and the organic and aqueous phases were separated. The con-
centration of drug in each phase was measured spectrophotometrically
to determine values of log P=[compound] (in n-octanol)/[compound]
(in water). The experiments were carried out in triplicate.

4.2.3. Cytotoxicity activity assay
The in vitro antiproliferative activity was quantified using the

Alamar Blue assay, according to the method reported by [79]. Cells
were inserted in 96-well plates for all experiments (1.5× 104 cells/
well). After 24 h, the complexes were dissolved in DMSO and added to
each well and incubated for 24 h. Dilutions of the complexes were
prepared to obtain concentrations ranging from 0.3 to 100 μM. Cis-
platin (Fauldcispla®) and doxorubicin hydrochloride (Fauldoxo®) were
used as the reference cytotoxic drugs. DMSO (0.1% (v/v)) was used as
the vehicle control. Following 24 h of incubation, 50 μL of Alamar Blue
(resazurin at 0.01% w/v) was added to each well, and the plates were
incubated for 2 h, at 37 °C, in the dark. The fluorescence reading was
performed in a CaryEclipse Fluorescence Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA) reader using excitation and
emission filters at wavelengths of 560 and 590 nm, respectively. The
potency of cell growth inhibition for each complex was expressed as
half-maximal (50%) inhibitory concentration (IC50).

4.2.4. Clonogenic assay
The clonogenic assay was performed in accordance by the guide-

lines of [43]. The DU-145 cells (1× 106 cells/well) were inserted in 6-
well plate and treated with different concentrations varying of 0.125 to
1 μM of the complexes and cisplatin for 24 h. Negative control received
the vehicle (DMSO 0.1% (v/v)) that was used for diluting the com-
pounds tested. At the end of the treatments, the cells were washed with
PBS and harvested by trypsinization. The cells were counted using a
Neubauer chamber and re-plated then on Nunclon® cell culture dishes
of 21.5 cm2 in a density of two hundred cells per culture dish for each
treatment in triplicate. After 7 days cells were washed with PBS and
fixed in ice-cold methanol: acetic acid: distilled water (1:1:8) for

20min, air-dried and stained with crystal violet (0.5% (w/v)) in PBS for
20min. Colonies with at least 50 cells were counted. The plating effi-
ciency (PE) of DU-145 cells was calculated by the ratio of the number of
colonies observed after 7 days of incubation to the number of cells
seeded (two hundred). The average of colonies in control was regarded
as 100% and the number of colonies that arise after treatment of cells,
expressed regarding PE, is called the surviving fraction (SF), obtained
by:

= ×SF Number of colonies counted in eacht treatment
Number of colonies counted in control x PE

100

4.2.5. 3D multicellular tumor spheroids culture
The multicellular tumor spheroids (MCTS) were obtained according

to the method reported by [80]. Briefly, 200 μL of a solution of DU-145
cells (2.0× 103 cells/well) were inserted in agarose-coated 96-well
plates (1.5% (w/v)) and cultured in complete medium plus 3% Ma-
trigel®. DU-145-MCTS with stable structures had formed after five days.
Then, the spheroids were exposed to the complexes in a range of five
different concentrations varying from 1 to 10 μM and incubated for
24 h. Cisplatin (Fauldcispla®) at 25 μM was used as the reference cy-
totoxic drug. Negative control received the vehicle (DMSO 0.1% v/v)
that was used for diluting the compounds tested. At the end of the
experiment, the cell viability was determined by Alamar Blue assay as
described above. To investigate the morphological changes after
treatment, other MCTSs were examined for 12 days by light microscopy
(Inverted Trinocular Microscope Opton TNB-O5T-PL) using AxioVision
LE software (Carl Zeiss, Jena, Germany).

4.2.6. Wound healing migration assay
DU-145 cells were seeded at a density of 1× 105 cells per well in

12-well plates and grown for 48 h in 5% CO2 in a humidified atmo-
sphere at 37 °C in serum-free media. Once confluent, a “wound” was
created across the cell monolayer using a sterile pipette. The culture
medium containing cells in suspension was removed and replaced with
new media containing different concentrations of the complex (4).
Negative control received the vehicle (DMSO 0.1% (v/v)) that was used
for diluting the compounds tested. Images of each wound were re-
corded using an inverted trinocular microscope (Opton TNB-O5T-PL)
coupled to a camera (AxioVision) with amplification of 10×, at dif-
ferent times (0–24 h). The wound closure was analyzed by the recorded
images using Image J software.

4.2.7. Cell adhesion
DU-145 cells were seeded at a density of 1.5× 104 cells per well in

the presence or absence of different concentrations of the complex (4)
in pre-coated 96-well plates with either 15 μg/mL collagen or Matrigel®
150 μg/mL and left for 24 h at 5% CO2 in a humidified atmosphere to
adhere. Negative control received the vehicle (DMSO 0.1% (v/v)) that
was used for diluting the compounds tested and, cell-free coated wells
acted as blank controls. Following adhesion, cells were washed 3x with
PBS and fixed with 100 μL methanol at −20 °C for 5min. Once re-
moved, cells were stained for 15min with crystal violet (0.1% (w/v))
after which they were rinsed with tap water. Following 10min air-
drying, 50 μL of 0.5% Triton™ X-100 was added to wells and left 2 h at
room temperature with gentle agitation. Finally, the absorbance was
measured in a spectrophotometer (Biotek Elx800–Winooski, VT, USA)
set at 590 nm.

4.2.8. DNA interactions assays
The CT-DNA solution was prepared by dilution of 2mg of the CT-

DNA in 1mL of Tris-HCl buffer (4.5mM Tris-HCl, 0.5 mM Tris-base,
50mM NaCl, pH 7.4), and the concentration was determined by ab-
sorption spectrophotometric using the molar absorption coefficient
6600mol−1 dm3 cm−1 at 260 nm [81].
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4.2.8.1. Interaction with CT-DNA (Calf Thymus) by circular dichroism
(CD). The interaction of the ruthenium complexes (1–4) with CT-DNA
by CD was investigated using a spectropolarimeter JASCO J720 from
240 to 350 nm at 298 K, in a continuous scanning mode
(200 nmmin−1), under constant nitrogen flush. The complexes were
incubated with CT-DNA (50 µM) at 37 °C for 18 h in Tris-HCl buffer
containing 10% of DMSO for solubilization of the complexes, in molar
ratios ([complex]/[DNA]) ranging from 0.1 to 0.5.

4.2.8.2. pBR322 plasmid. Plasmid pBR322 (38 µM) was mixed with
different concentrations (4.84–38 µM) of ruthenium complexes and
incubated at 37 °C for 18 h. Then the loading buffer was added and the
samples and analyzed by agarose gel electrophoresis for 90min in 1%
agarose gel using a Tris-acetate-EDTA (TAE) buffer (0.45M Tris-HCl,
0.45M acetic acid, 10mM EDTA, pH 7.4) and employing ethidium
bromide for staining. The bands were visualized with a ChemiDoc MP
imager (BioRad Laboratories, Hercules, CA, USA).

4.2.8.3. Competitive displacement with Hoechst 33258 by
fluorescence. The competitive displacement assay was carried out
using as probe the Hoechst 33258 by the fluorescence quenching
experiment [57]. Thus, the CT-DNA (125 µM) was incubated with
Hoechst (2.7 µM), and the extinction of the fluorescence intensity was
monitored by the addition of different concentrations of ruthenium
complexes in Tris-HCl containing 10% of DMSO. The fluorescence
emission spectra were recorded from 300 to 500 nm after excitation
wavelength of 343 nm, using an opaque 96-well plate, in a Synergy/H1-
Biotek fluorimeter, at 37 °C.

4.2.9. Apoptosis analyses
The measurement of cell death was performed by the guidelines of

[82]. Previously, the nuclear morphology of DU-145 cells was assessed
by Hoechst-propidium iodide (PI) dual-staining assay. Briefly, the cells
were seeded (5× 103 cells/well) into black 96-well plates and main-
tained to attach at 37 °C in 5% CO2. After 24 h, the cells were treated
with complex (4) (0.25, 0.50, 1.0 and 2.0 μM) for 24 h. Negative control
received the vehicle (DMSO 0.1% (v/v)) and, positive controls received
cisplatin (25 μM) and doxorubicin (5 μM). The cells were incubated
with Hoechst 33342 (10 μM) and PI (10 μM) diluted in PBS for 10min
at room temperature. The cells were then observed by ImageXpress
Micro XLS system (Molecular Devices, CA, USA). The detection of
apoptotic/necrotic cells was determined by flow cytometry using the
Alexa Fluor® 488 Annexin V/PI (Molecular Probes™) and the analysis
were performed according to the manufacturer’s instructions. Briefly,
DU-145 cells were seeded (5.5×104 cells/well) in 12-well plates and
maintained to attach at 37 °C in 5% CO2. After 24 h, the cells were
treated as described above. Then, the cells were collected with accutase,
washed with PBS and resuspended in 200 μL of cold annexin-binding
buffer. Next, it was added 10 μL of Alexa Fluor® 488 Annexin V (50 μL/
mL) staining buffer, and the mixture was incubated in the dark at 4 °C
for 15min. Previously the analyses, 100 μL of PI (2 μg/mL) was added,
and then, the fluorescence was measured by flow cytometry in a
FACSCanto flow cytometer (Becton Dickison, Franklin Lakes, NJ, USA)
using the Diva software. Ten thousand events were evaluated per ex-
periment, and cellular debris was omitted from the analysis.

4.2.10. Gene expression analysis by qPCR array
DU-145 cells were plated in bottles tissue culture (1x105 cells/mL).

After 24 h of incubation with complex (4) at IC50, total RNA was iso-
lated from the cells using the RNeasy Plus mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Total RNA was
quantified using a spectrophotometer at an absorbance of 260 nm in
NanoDrop ND-2000 (Thermo-Fisher Scientific, USA) and the quality of
each RNA sample was verified by gel electrophoresis in a Bioanalyzer
(Agilent Inc). RNA purity was calculated from the ratio of absorbance
A260/280 and the integrity by RIN (RNA Integrity Number).

Complementary DNA (cDNA) strands were synthesized using the RT2

First Strand kit (Qiagen, Germany), following the manufacturer’s in-
structions. Quantitative PCR was carried out with the Power SYBR®
Green Master Mix in a Step One Plus system (Applied Biosystems,
Carlsbad, CA, USA), using KiCqStart® SYBR® Green Primers prede-
signed for gene expression for mRNA analysis (Sigma-Aldrich), as fol-
lows: H_ACTB_1 (NM_001101), H_BAX_1 (NM_004324) and H_BCL2_1
(NM_000633). Quantification of relative fold change of each gene was
calculated by 2ΔΔCt method [83] using the reference gene ACTB (actin
beta) for normalization. All experiments were performed in triplicate in
DNase/RNase free conditions.

4.2.11. Detection of intracellular ROS and RNS
The total intracellular ROS generation was measured using

H2DCFDA, as reported by [84]. Briefly, DU-145 cells were seeded
(1.5× 104 cells/well) into black 96-well plates and maintained to at-
tach at 37 °C in 5% CO2. After 24 h, the cells were treated with 1.5 μM
(IC50) of the complex (4) for 1, 6, 12 and 24 h. After that, the cells were
labeled with H2DCFDA solution at 5 μM in DMF. After that, the fluor-
escence intensity was measured in a Synergy H1 Fluorescence Spec-
trophotometer (BioTek®), at the excitation and emission wavelengths of
495 and 527 nm, respectively. After that, the ROS/RNS levels were
measured using Cellular ROS/Superoxide Detection Assay Kit (Abcam).
The cells were seeded (1.5×104 cells/well) into black 96-well plates
and maintained to attach at 37 °C in 5% CO2. After 24 h, the cells were
treated with complex (4) (0.25, 0.50, 1.0 and 2.0 μM) for 24 h. Negative
control received the vehicle (DMSO 0.1% v/v), and positive control
received pyocyanin (250 μM) as ROS inducer. Following this, the cells
were labeled with Oxidative Stress Detection Reagent (Green) for ROS
detection and Superoxide Detection Reagent (Orange) according to the
manufacturer’s instruction. Fluorescence was then measured in quad-
ruplicates using a fluorescent microplate reader Synergy H1 (BioTek®)
with standard fluorescein (Ex=488 nm, Em=520 nm) and rhodamine
(Ex= 550 nm, Em=610 nm) filter sets for ROS and superoxide de-
termination, respectively.

The protection assays using the antioxidant NAC were also per-
formed. In brief, the cells were treated with 5mM NAC in association
with complex (4) (0.25, 0.50, 1.0 and 2.0 μM) for 24 h. The cells were
then labeled with H2DCFDA solution, and the ROS levels were mea-
sured as described above. In a new set of experiments, the cells were
treated with 5mM NAC in association with cytotoxic concentrations of
(4). After 24 h of treatment, the cell viability was determined by Alamar
Blue assay as described above.

4.3. Statistical analysis

Data are presented as mean ± S.E.M. or as IC50 values with 95%
confidence intervals (CI 95%) obtained by nonlinear regression.
Differences between experimental groups were compared using analysis
of variance (ANOVA) followed by the Dunnet's or Tukey's test
(p < 0.05). All statistical analyses were performed using GraphPad
Prism 7 for Mac OS X (Intuitive Software for Science, San Diego, CA,
USA).
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