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Abstract

Triple-negative breast cancer (TNBC) is a highly aggressive breast cancer subtype. The

high rate of metastasis associated to the fact that these cells frequently display multidrug

resistance, make the treatment of metastatic disease difficult. Development of antitumor

metal-based drugs was started with the discovery of cisplatin, however, the severe side

effects represent a limitation for its clinical use. Ruthenium (Ru) complexes with different

ligands have been successfully studied as prospective antitumor drugs. In this work, we

demonstrated the activity of a series of biphosphine bipyridine Ru complexes (1) [Ru(SO4)

(dppb)(bipy)], (2) [Ru(CO3)(dppb)(bipy)], (3) [Ru(C2O4)(dppb)(bipy)] and (4) [Ru(CH3CO2)

(dppb)(bipy)]PF6 [where dppb = 1,4-bis(diphenylphosphino)butane and bipy = 2,2’-bipyri-

dine], on proliferation of TNBC (MDA-MB-231), estrogen-dependent breast tumor cells

(MCF-7) and a non-tumor breast cell line (MCF-10A). Complex (4) was most effective

among the complexes and was selected to be further investigated on effects on tumor cell

adhesion, migration, invasion and in apoptosis. Moreover, DNA and HSA binding properties

of this complex were also investigated. Results show that complex (4) was more efficient

inhibiting proliferation of MDA-MB-231 cells over non-tumor cells. In addition, complex (4)

was able to inhibit MDA-MB231 cells adhesion, migration and invasion and to induce apo-

ptosis and inhibit MMP-9 secretion in TNBC cells. Complex (4) should be further investi-

gated in vivo in order to stablish its potential to improve breast cancer treatment.

Introduction

Breast cancer is the most prevalent type of cancer in women and the second leading cause of

cancer death worldwide [1]. Chemotherapy is one of the most extensively methods used to
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treat metastasis from many types of cancer. However, its efficacy and safety remain a primary

concern as well as its toxicity and other side effects. Moreover, the development of chemother-

apy resistance is a major obstacle to the effective treatment of many tumors, including breast

cancer [2]. Triple negative breast cancer (TNBC), in which cells do not have estrogen (ER-),

progesterone (PR-), and HER2 (HER2-) receptors is a highly aggressive breast cancer subtype,

responsible for about 20% of breast cancers. The high rates of metastasis associated to the fact

that these cells frequently display multidrug resistance make the treatment of its metastatic dis-

ease difficult [3, 4]. TNBC is treated with a combination of therapies such as surgery, radiation,

and chemotherapy. However, the limited efficacy of current systemic and targeted therapies

against TNBC tumor metastases leads the search for new types of treatments [5].

Cisplatin, oxaliplatin and carboplatin are the only metal-based chemotherapeutic drugs

approved for worldwide clinical practice. They have been used and are effective for the treat-

ment of numerous human cancers. However, cisplatin has been reported to cause drug resis-

tance and several undesirable side effects such as allergic reactions, decrease immunity to

infections, severe kidney problems, gastrointestinal disorders, haemorrhage, and hearing loss

[6]. Ru complexes have emerged as potential candidates to replace platinum chemotherapy.

The Ru complex, known as NAMI-A (imidazolium trans-[tetrachloro(dimethylsulfoxide)(1H-

imidazole)ruthenate(III)]), which was proven to be effective in managing lung cancer metasta-

ses is in clinical phase of studies. Currently, a combinatory therapy using NAMI-A and gemci-

tabine is in Phase I/II of clinical trial for the treatment of non-small cell lung carcinoma [7].

The KP1019 (trans-[tetrachlorobis(1H-indazole)-ruthenate(III)]), is a second Ru-based anti-

cancer agent to enter to clinical trials and the results of the early clinical development demon-

strated that five out of six evaluated patients experienced disease stabilization with no severe

side effects [8].

Over the last years, some unique properties of Ru-based complexes were identified, includ-

ing the possibility to occupy a high number of spatial positions compared to cisplatin, a high

number of potential accessory molecules that can be carried by the drug structure and particu-

larly, the possibility to exist in the biological fluids in almost all the most important oxidation

states from II to IV [9]. These characteristics have made Ru-based complexes promising anti-

tumor and antimetastatic candidates. Nevertheless, the underlying mechanisms of the antime-

tastatic potential of Ru-based agents are not completely understood. Thus, in this work we

described the effects of a series of Ru complexes (1) [Ru(SO4)(dppb)(bipy)], (2) [Ru(CO3)

(dppb)(bipy)], (3) [Ru(C2O4)(dppb)(bipy)] and (4) [Ru(CH3CO2)(dppb)(bipy)]PF6 [were

dppb = 1,4-bis(diphenylphosphino)butane and bipy = 2,2’-bipyridine] on the proliferation of

TNBC (MDA-MB-231), ER+ (MCF-7) breast tumor cells and non-tumor breast cell line

(MCF-10A). These complexes were inspired by the platinum-based anticancer drugs carbopla-

tin, oxaliplatin, nedaplatin and lobaplatin, which have oxygen containing ligands in their

structures and because the facility of their syntheses, in high yield, with high purity. Also, the

complex (4) was introduced in this series mainly because it is a cationic complex, which could

be more soluble in the biological medium.

Therefore, the aim of this work was to investigate the effects of the newly synthesized Ru

complexes on different types of breast tumor cells and, after identifying the more cytotoxic

complex, to further investigate its effects on cell adhesion, migration, invasion, induction of

apoptosis and interaction with DNA and HSA in TNBC cells. Complex (4) demonstrated the

lowest IC50 inhibiting MDA-MB-231 cell proliferation and also, to be effective inhibiting cell

adhesion, migration and invasion and inducing apoptosis of this TNBC cell line. Complex (4)

was able to bind DNA and HSA with low to moderate intensity, but even so, it was capable to

induce conformational changes on the DNA molecule.

Effects of a new ruthenium complex on breast cancer cells
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Materials and methods

All nuclear magnetic resonance (NMR) experiments were recorded on a BRUKER spectrome-

ter, in a BBO 5 mm probe at room temperature, observing 31P proton-decoupled at 161.98

MHz in CH2Cl2 using a capillary of D2O. In the 31P{1H} experiments chemical shifts are with

respect 85% H3PO4 signal as external reference. The electronic spectra were obtained through

a scanning in a Hewlett–Packard diode array, model 8452A, spectrophotometer. The elemen-

tal analyses were performed using a FISONS CHNS, mod. EA 1108 micro analyzer. Crystals of

(1–4) complexes were grown by slow evaporation of a dichloromethane/diethyl ether solution

(2:1), at room temperature. X-ray diffraction experiments were carried out using a suitable

crystal mounted on glass fiber, and positioned on the goniometer head. The data collection

were performed using Mo-Kα radiation (λ = 0.71073 Å) on an Enraf-Nonius Kappa-CCD dif-

fractometer. Data were collected with the COLLECT program. Data reduction was carried out

using the software Denzo-Scalepack software. Gaussian or semi-empirical corrections from

equivalents absorption were carried out. The structures were solved by the Direct method

using SHELXS-97 and refined using the software SHELXL-97. The models were refined by

full-matrix least squares on F2 by means of SHELXL-97. The hydrogen atoms were calculated

at idealized positions using the riding model option of SHELXL97. The S2 Table summarizes

main crystallographic data for the complexes (1–4). The ORTEPs showed in Fig 1 were pre-

pared with ORTEP-3 for Windows.

Preparation of the complexes

The precursor [RuCl2(dppb)(bipy)] was prepared as previously described. [10] The salts

Na2SO4, Na2CO3, Na2C2O4, and CH3COONa were purchased from Sigma-Aldrich. All

manipulations were carried out under purified argon using the standard Schlenk technique.

Complexes (1–3): In a typical synthesis, 0.59 g (0.66 mmol) of the precursor, cis-[RuCl2(dppb)

(bipy)] was dissolved in 10 mL of methanol and 0.80 mmol of the salt [Na2SO4 (0.11 g),

Na2CO3 (0.084 g), Na2C2O4, (0.107 g)], was dissolved in the minimum quantity of water,

which was added drop wise to the methanolic solution. The mixture, under stirring, was

heated at reflux, for 4 h, after what it was evaporated until to about 2 mL, and ether was added

to precipitate a solid product, which was filtered off, washed with water (3 x 5 mL) and ether (3

x 5mL), and dried in vacuum (S1 Fig). Elemental analyses for (1): C38H36N2O4P2SRu.2H2O

exp. (calc) C% 55.72 (55.95), H% 4.83 (4.94), N% 3.23 (3.43); for (2): C39H36N2O3P2Ru.4H2O,

C%, 57.33 (57.42), H%, 5.28 (5.43), N%, 3.67 (3.43); for (3): C40H36N2O4P2Ru.2H2O, C%,

59.71 (59.48), H%, 4.91 (4.99), N%, 3.59 (3.47). 31P{1H} NMR data for (1), 50.0 (d) and 34.6

(d), J = 43.5 Hz; for (2), 47.2 (d) and 46.1 (d), J = 33.3 Hz; for (3), 48.4 (d) and 47.3 (d), J = 33.2

Hz. Complex (4): For the preparation of the complex [Ru(CH3CO2)(dppb)(bipy)]PF6 the

same above procedure was adopted, but in this case 0.065 g (0.8 mmol) of the salt CH3COONa,

was used. Thus, after the reflux of the solution for 4 h, 0.13 g (0.80 mmol) of NH4PF6 was

added and the reflux was left 1 h longer, afterwards, the solid precipitated was filtrated off and

washed with water (3 x 5mL) and dried in vacuum. Elemental analysis for (4): C40H39N2O2F6-

P3Ru, expl. (calc) C%, 54.31 (54.12), H%, 4.50 (4.42), 3.12 (3.16). 31P{1H} NMR, in CH2Cl2;

D2O 48.7 (d) and 47.3 (d), J = 33.4 Hz.

Cell lines and culture

MDA-MB-231 human breast tumor cells and MCF7 human breast tumor cells, obtained from

Rio de Janeiro Cell Bank, were maintained at 37˚C in 5% CO2 in DMEM medium containing

fetal bovine serum (FBS) 10% (Vitrocell). MCF-10A, a non-tumor breast cell line, obtained

from Rio de Janeiro Cell Bank, was cultivated in DMEM/F12 medium containing horse serum
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Fig 1. Crystal structures of the complexes. (A) (1) [Ru(SO4)(dppb)(bipy)], (B) (2) [Ru(CO3)(dppb)(bipy)], (C) (3) [Ru(C2O4)(dppb)

(bipy)] and (D) (4) [Ru(CH3CO2)(dppb)(bipy)]PF6, showing the atoms labelling and the 30% probability ellipsoids. For 4, the PF6
-

anion was omitted, for sake of clarity.

https://doi.org/10.1371/journal.pone.0183275.g001
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(HS) 5%, EGF (0.02 mg/mL); hydrocortisone (0.05 mg/mL); cholera toxin (0.001 mg/mL) and

insulin (0.01 mg/mL). Both media contained penicillin (100 UI/mL), streptomycin (100 mg/

mL) and L-glutamine (2 mM).

Cell morphology

Exponentially growing MDA-MB-231, MCF-7 or MCF-10A cells were harvested, counted and

seeded (1x105 cells/mL) and plated on sterile 12-well plates for 24 h. Cells were allowed to

grow at 37˚C in 5% CO2 overnight and then, treated or not (control) with different concentra-

tions of the complexes (1–4) for 2 and 24 h. Cell morphology was examined under an inverted

microscope (Nikon, T5100) with amplification of 100×.

Cell proliferation

Proliferation assays were performed as described earlier [11]. Briefly, cells lines were prepared

in a concentration of 1x104 cells/100 μL, in complete medium (with 10% FBS), and plated on

sterile 96-well plates for 24 h. The culture medium was removed from the wells and a new one,

supplemented with 10% FBS and containing different concentrations of (1) [Ru(SO4)(dppb)

(bipy)] (2) [Ru(CO3)(dppb)(bipy)], (3), [Ru(C2O4)(dppb)(bipy)], or (4) [Ru(CH3CO2)(dppb)

(bipy)]PF6, was added to the wells. Cells were incubated for 24 h under the same conditions as

described above. Cell proliferation assay was performed in comparison with untreated control.

After incubation, the culture medium of each well was removed and a solution containing

MTT (1 mg/mL) was added (100 μL/well). The plates were then kept at 37˚C for 4 h and the

formed crystals were dissolved in DMSO. The absorbance was read on an ELISA plate reader

at a wavelength of 540 nm. Cisplatin was used as a positive control for cell proliferation inhibi-

tion. The selectivity index (SI) was calculated as the ratio IC50 (MCF-10A) / IC50 (MDA-MB-

231).

Colony formation

Exponentially growing MDA-MB-231 cells were harvested, counted and seeded (300 cells/

plate) into Petri dishes. Cells were allowed to grow at 37˚C in 5% CO2 overnight and then,

treated with different concentrations of complex (4) for 3 h. After this time, the medium was

changed to a fresh medium without any complex. After incubation for additional 10 days the

cells were rinsed with PBS, fixed with methanol and acid acetic 3:1 for 5 min and stained with

methanol and crystal violet 5% for 15min. Relative survival was calculated from the number of

single cells that formed colonies of>50 cells on the tenth day.

Migration

The effects of complex (4) on tumor cell migration was investigated by two methods, wound

healing and transwell assays using Boyden chambers. For wound healing, MDA-MB-231 cells

(2 x105/mL) were plated in 12-wells plates and incubated properly until the culture reached

100% of confluence. Afterwards, a straight scratch was made with a sterile pipette tip and cells

were washed with culture medium to remove unbound cells and debris. Cells were incubated

with complex (4) 5, 10 and 20 μM for 24 and 48 h. Cells were viewed using an inverted micro-

scope (Nikon, T5100) at 40× total magnification and images were captured (Moticam, 1000-S

camera) at 0 h, 24 h and 48 h. Closure area of migrating cells was measured using Image J soft-

ware, and the percentage of wound closure was calculated, comparing time zero and 48 h,
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using a formula from Yue and co-workers [12].

% wound closure ¼
ðAt¼0h � At¼DhÞ

ðAt¼0hÞ
x ð100Þ

Cell migration was also assessed in a chemotactic assay using 24 well Boyden chambers (BD

Biosciences) as described earlier [13]. MDA-MB-231 (0.5 x 105/350 μL) cells, incubated or not

with complex (4) 5, 10 and 20 μM were seeded on the upper chamber in a DMEM incomplete

medium (without FBS). In the lower chamber DMEM medium supplemented with 10% FBS

was added. Cells were allowed to migrate for 22 h at 37˚C and 5% CO2 in a humidified envi-

ronment. Then, cells that remained in the upper chamber were removed using a cotton swab.

Cells that migrated to the other side of the upper chamber membrane were fixed with metha-

nol and stained with 1% toluidine blue. Migrated cells were quantified by manual counting

and inhibition ratio was expressed as % of control.

Invasion

The effect of different concentrations of complex (4) 5, 10 μM and 20 μM on MDA-MB-231

tumor cell invasiveness was determined by the ability to transmigrate through a layer of matri-

gel in a transwell chamber (BD Biosciences) as described earlier [14]. Wells were rehydrated

with the addition of 1mL of warm (37˚C) incomplete culture medium for 2 h. MDA-MB-231

cells (0.5 x 105/350 μL) were loaded on the top of matrigel in a DMEM incomplete medium.

DMEM medium supplemented with 10% FBS was placed on the bottom chamber of the trans-

well units. Twenty-two hours later, cells that remained in the upper chamber were removed

using a cotton swab and invasive cells were fixed with methanol and stained with 1% toluidine

blue. The invaded cells were quantified by manual counting and inhibition ratio was expressed

as % of control.

Zymography

MDA-MB-231 cells (1.0 x 105/well) were seeded into 12-wells culture plates and cultured in a

medium containing FBS 10% to near confluence (80%) of the cell monolayer. Monolayers

were carefully wounded using a pipette tip, and any cellular debris present was removed by

washing with PBS. The wounded monolayers were then incubated in serum-free medium con-

taining 2.5, 5, 10 and 20 μM of complex (4) for 24 h. After this time, supernatants of the

wound healing assay were collected and tested for MMP secretion as previously described

[15]. Briefly, equal amounts of total protein (10 mg/lane) were subjected to electrophoresis.

Zymography gels consisted of 10% polyacrylamide impregnated with gelatin at a final concen-

tration of 1% in the presence of sodium dodecyl sulfate (SDS) under non-reducing conditions.

After 2 h of electrophoresis (70 mV), the gels were washed twice for 20 min in a 2.5% Triton

X-100 solution, and incubated at 37˚C for 20 h in a substrate buffer (50mM Tris–HCl, pH 8.5,

5 mM CaCl2 and 0.02% NaN3). Gels were then stained with coomassie brilliant blue for 30

min and destained in methanol and acetic acid for 20 min. Gelatin degrading enzymes were

visualized as clear white bands against a blue background, indicating proteolysis of the sub-

strate protein. The molecular mass of gelatinolytic activities was determined by comparison to

reference protein molecular mass marker PageRuler Prestained Protein Ladder (Thermo

Fisher Scientific). Activity bands were identified following the previous description according

to their molecular weights.
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Adhesion

The effects of complex (4) on the adhesion of MDA-MB-231 cells were analyzed in 96-well

plates (Corning) as described earlier [16]. Vitronectin (1.0 μg), laminin (0.3 μg) or fibronectin

(0.3 μg) immobilized on the plates in a cell adhesion buffer (20 mM HEPES, 150 mM NaCl, 5

mM KCl, 1 mM MgSO4 and 1 mM MnCl2 pH 7.35), overnight at 4˚C. Collagen type I (10 μg)

was dissolved in acetic acid (0.1%) and coated on the wells. On the next day, wells were

blocked with adhesion buffer containing 1% BSA solution for 1h and then washed with 100 μL

per well of adhesion buffer. Cells (5 x 104/100 μL) were incubated for 30 min with different

concentrations of the complex (4) at 37˚C 5% CO2 and then plated and incubated under the

same conditions for a further 1h. Then the non-adhered cells were gently removed by washing

and attached cells were fixed with 100 μL 70% ethanol for 10 min. Cells were stained with 0.5%

crystal violet for 20min and the excess dye was removed by washing with PBS. The stained

cells were diluted in 100 μL of 1% solution of sodium dodecyl sulfate (SDS) for 30min and

reading of the plates was performed on ELISA reader at 595 nm wavelength.

Phalloidin staining

To examine the effects of complex (4) on the F-actin cytoskeleton organization in MDA-MB-

231 cells, Alexa Fluor1 488 Phalloidin was used to stain the F-actin fibers. MDA-MB-231 cells

(5x104 cells/100 μL) were plated in 96-well plates and maintained at 37˚C in a humidified incu-

bator with 5% CO2 for 24 h. In the next day, cells were treated with 10, 20, 40 μM of complex

(4) and incubated for 30 min. Next, cells were washed with PBS, fixed with 3.7% paraformalde-

hyde in PBS for 30 min and then permeabilized with 0.1% Triton-X 100 in PBS for 5min at

room temperature. Blocking was performed with 2% BSA for 30 min, followed by the addition

of Alexa Fluor 488 Phalloidin for 20 min. Cells were then stained with DAPI for nuclear label-

ing for 10min and finally washed again with PBS for three times. Images were obtained with

an automated microscope ImageXpress1 Micro XLS System (Molecular Devices).

Apoptosis

DAPI staining. The apoptotic activity of the complex (4) was analyzed by DAPI staining

and flow cytometry with PE-Annexin-V Apoptosis Detection Kit (BD Biosciences). For DAPI

staining, MDA-MB-231 cells (2.0 x 104/100 μL) were seeded in 96-wells plates and maintained

at 37˚C in a humidified incubator with 5% CO2 for 24 h. In the next day, cells were treated

with 60 and 70 μM of complex (4) and incubated for 3 h. Next, cells were washed with PBS,

fixed with methanol and stained with DAPI 1 μg/mL (Life Technologies, Carlsbad, CA) in

DMEM medium without FBS for 10 min. Fluorescence was captured in automated microscope

ImageXpress1 Micro XLS System (Molecular Devices).

Flow cytometry. MDA-MB-231 and MCF-10A cells (1.0 x 105/mL) were seeded in

12-well plates in a complete DMEM medium and incubated for 24 h. After this period the

medium was removed and cells were incubated or not (control) with different concentrations

of complex (4), for 3 h at 37˚C and 5% CO2. After treatment the plate was centrifuged at 2000

rpm for 5 min at 4˚C, washed with PBS and resuspended in 400 μL of binding buffer from the

kit. Cells were incubated with 10 μL of 7AAD and 10 μL of PE-Annexin-V for 15 min pro-

tected from light. After the incubation period the supernatant was removed and 400 μL of

binding buffer were added to the wells. Cells were then removed from the wells with the aid of

a scraper and transferred to flow cytometry tubes. The reading was performed in Accuri C6

flow cytometer (BD Biosciences) and fluorescence emitted by each dye was quantified using

CellQuest software (BD Biosciences).
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Reverse Transcriptase Quantitative Real Time PCR (RT-qPCR)

MDA-MB-231 cells (1.0 x 106/plate) were incubated for 3 h with (20 and 40 μM) or without

(control) the complex (4) in Petri dishes (6 cm) at 37˚C in a humidified incubator with 5%

CO2. Total RNA was extracted using Trizol reagent (Invitrogen). cDNAs were synthesized

using Enhanced Avian RT First Strand Synthesis kit (Sigma-Aldrich, St. Louis, MO, USA). A

Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science, Australia) was used to

amplify both target and internal control templates (1 cycle at 95˚C for 5 min and 40 amplifica-

tion cycles at 95˚C for 30 sec, 55˚C for 30sec and 72˚C for 45sec). In brief, 1 μL of reverse tran-

scribed product template, 5 μL of SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) and

the gene-specific primer pairs at a final concentration of 500 nmol l-1 for each primer, made

10 μL of reaction system. Primers used in the assays were: Caspase-3 (Forward: 5’GTG CTA
CAA TGC CCC TGG AT3’; Reverse: 5’GCC CAT TCA TTT ATT GCT TTC C3’), Bax (Forward:

5’CAT CCA GGA TCG AGC AGG3’; Reverse: 5’CGA TGC GCT TGA GAC ACT C3), Bcl-2 (For-

ward: 5’GGT GGG AGG GAG GAA GAA T3’; Reverse: 5’GCA GAG GCA TCA CAT CGA C3’)

and β-actin (Forward: 5’GAC GGC CAG GTC ATC ACC ATT G3’; Reverse: 5’AGC ACT GTG
TTG GCG TAC AGG 3’). Bax primers (NM_001291428.1) and Bcl-2 (NM_000633.2) were

designed with Gene Runner available at http://generunner.net/ (version5.0.63 Beta), except for

the primer Caspase-3 (NM_004346.3). For each gene, all samples were amplified simulta-

neously in duplicate in one assay run. The internal calibrator used as a basis to standardize the

results of expression was the control group ΔCts average. Calibration was determined by ΔΔCt

= ΔCt (sample) − ΔCt (calibrator). Gene expression was assessed by relative quantification,

using the formula 2-ΔΔCt [17] and β-actin as internal control [18]. Data represent three assays

in duplicate. A blank with water, primers and SYBR Green instead of template sample was

performed.

Western blotting

MDA-MB-231 cells (1.0 x 106/plate) were incubated for 6 h with (2.5, 5 and 10μM) or without

(control) the complex (4) in Petri dishes (6 cm) at 37˚C in a humidified incubator with 5%

CO2. After incubation, cells were lysed using RIPA buffer (150 mM NaCl; 50 mM Tris-HCl

pH 7.4; 50 mM NaF; 2 mM EDTA; 1.0% NP-40; 0.5 mM Na-deoxycholate; 0.1% SDS, pH 8.0)

and the content was transferred to a 1.5 mL microtube. Protein concentrations of supernatants

were determined using DC Protein Assay kit (Bio-Rad). Protein samples (15.0 μg) were

applied onto a 4–20% Tris-glycine gels, transferred to nitrocellulose membranes (BioRad Lab-

oratories) and incubated with anti-Caspase-3, anti-Caspase-9 (inactive and cleaved forms),

and anti-Bcl-2 antibodies (1:1000) (BD Biosciences), followed by incubation with HRP-conju-

gated goat anti-mouse secondary antibody (1:5000) (Thermo Scientific). Beta-actin was used

as endogenous control. Substrate development was performed using SuperSignal West Dura

Extended Substrate reagent (Thermo Scientific). Specific bands were visualized with Chemi-

Doc MP imager (BioRad Laboratories) and quantified with Image J software, normalized to β-

actin.

Partition coefficient (P)

The water-octanol partition coefficients were determined by use of the stir-flask method [19].

The complex was added in a mixture with equal volumes of water and octanol shaking by 24 h

at 100 rpm and 37˚C, samples were centrifuged for 5min at 300rpm, the organic and aqueous

phases were separated. The concentration of drug in each phase was measured spectrophoto-

metrically in order to determine values of P = [drug] (in octanol)/[drug] (in water).
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Interaction studies with HSA

For fluorescence measurements, the HSA concentration in Tris–HCl buffer was kept constant

in all the samples, while the complex concentration was increased from 0.50 to 50 μM, and

quenching of the emission intensity of the HSA tryptophan residues at 305 nm (excitation

wavelength 270 nm) was monitored at different temperatures (25˚C and 37˚C). The experi-

ments were carried out in triplicate and analysed using the classical Stern-Volmer equation.

The binding constant (Kb) and number of complexes bound to HSA (n) were determined by

plotting the double log graph of the fluorescence data using: log [(F0-F)/F] = log Kb + nlog[Q].

The thermodynamic parameter (ΔH) was calculated from equation: ln (K2/K1) = [(1/T1)-(1/

T2)]ΔH/R, where K1 and K2 are the binding constants at temperatures T1 and T2, and R is the

gas constant. Furthermore, the change in free energy (ΔG) and entropy (ΔS) were calculated

from the following equation: ΔG = -RT lnK = ΔH − TΔS.

Spectroscopic measurements

All measurements with ct-DNA (calf thymus DNA) were carried out in Tris-HCl buffer. The

spectroscopic titrations were carried out by adding increasing amounts of DNA to a solution

of the complex, recording the UV-Vis spectrum. The intrinsic binding constant Kb was deter-

mined from the plot of [DNA]/(εa-εf) vs [DNA], using the neighbour exclusion equation.

Circular dichroism experiments

CD spectra were recorded on a spectropolarimeter JASCO J720 between 400 and 240nm in a

continuous scanning mode (200 nm/min). All CD spectra were generated and represented

averages of three scans. An appropriate volume of each solution was added to the samples of a

freshly prepared solution of ct-DNA (100 μM) to achieve molar ratios ranging from 0.06 to

0.50 drug/DNA. The samples were incubated at 37˚C for 18 h.

Agarose gel electrophoresis studies

Ten microliters of pBR322 plasmid DNA in a Tris-HCl buffer were incubated at 37˚C for 18 h

with molar ratios between 0.12 and 0.5. After incubation, 5 μL of each sample was separated by

electrophoresis in a 1% agarose gel for 45 min at 100V using a Tris borate–EDTA buffer (TBE)

and stained with ethidium bromide (2 mL ethidium bromide per 40 mL agarose gel mixture).

Samples of DNA with DMSO were used as controls. The DNA bands were visualized as an

image using a UV light transilluminator (ChemiDoc MP, BioRad Laboratories).

Statistical analysis

Each experiment was repeated three times in triplicate and a standard error mean was calcu-

lated. Shapiro-Wilk’s test was used to verify data normality. As normal distribution was pres-

ent, the results were compared statistically with a one-way or two-way analysis of variance

(ANOVA). Since the ANOVA tests showed significant differences (acceptable p level < 0.05),

Bonferroni’s significant difference post hoc analyses were performed to determine differences

between simple and grouped main-effect means, respectively. The data were analysed and IC50

calculations were made using Hill’s equation in the GraphPad Prism software (version 6.05).
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Results and discussion

Synthesis

The complexes (1–4) were synthesized from the precursor cis-[RuCl2(dppb)(bipy)], reacting

with the respective salts Na2SO4, Na2CO3, Na2C2O4, and CH3COONa, obtaining products

with high yield and purity (S1 Fig). The complexes were characterized by elemental analysis

and 31P{1H} NMR. Also, 31P{1H} NMR experiments, at 37˚C, showed that the four new com-

plexes are stable, in DMSO solution, for at least 48 h. Crystal structures of the complexes 1–4

were determined by single-crystal X-ray diffraction (Fig 1).

The Ru-N and Ru-P bond lengths for the complexes (S1 Table) are in the expected range

found for similar ruthenium/phosphine/diimine complexes [20]. The S-O and S = O bond

lengths for complex (1), at ~1.52 and ~1.45 Å, respectively, are in the expected range found in

the literature, when this group is coordinated to transition metal. The C = O bond lengths for

complexes (2), (3) and (4) are close to 1.27 Å, as found for [Ru(amino acid)(bipy)(dppb)]PF6

(amino acid = glycine and leucine) complexes, which are coordinated to the ruthenium center

by the nitrogen and by the carboxylate group [21]. It is interesting to compare that the Ru-O

(1) bond lengths are longer than Ru-O(2) distances, for all studied complexes. This behaviour

is a consequence of the strong trans effect of the phosphorus atoms, which is stronger than the

trans effect of the nitrogen of the pyridine ring.

Cell morphology and proliferation

In this work the cytotoxicity of the complexes was evaluated against the MDA-MB-231, MCF-

7 and MCF-10A cells by morphology, clonogenic and MTT assays (Fig 2, Table 1). To investi-

gate the effects on cell morphology, the complexes were incubated with cells at concentrations

of 25 and 50 μM for 24 h. Complex (1) did not alter the morphology of MDA-MB-231 and

MCF-7 cells, when compared to untreated cells. However, complex (1) at both concentrations

tested, altered the morphology of MCF-10A cells besides provoking a decrease in cell density,

as compared to untreated cells (S2 Fig). Complex (2) at 50 μM incubated with MDA-MB-231

cells profoundly altered their morphology, promoting the appearing of round cells, which is an

indicative of cell detachment and death. Complex (2) did not alter the morphology of MCF-

Fig 2. Effect of complex 4 on MDA-MB-231, MCF-7 and MCF-10A cells. (A) Cell morphology was examined after 2 h and 24 h of treatment. (B)

Clonogenic assay of untreated MDA-MB-231 cells (control) or cells treated with complex (4). A photograph of a representative experiment is shown along

with graph quantifications of colony number and size. Significant at the *p<0.005, **p<0.001 levels using ANOVA and Bonferroni tests.

https://doi.org/10.1371/journal.pone.0183275.g002
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10A or MCF-7 cells (S3 Fig). Complex (3) incubated with MCF-10A cells at concentration of

50 μM reduced cell density, but did not alter the morphology of MDA-MB-231 and MCF-7

cells (S4 Fig). The incubation of the complex (4) with MDA-MB-231 and MCF-10A cells, at

concentration of 50 μM profoundly altered their morphology, promoting the appearing of

round cells, also indicating cell death. The incubation of this complex with MCF-7 cells was

not effective altering morphology (Fig 2A).

MTT assays demonstrated that all four complexes are not active against the MCF-7 tumor

cells (Table 1). Since complex (4) exhibited the lowest IC50 (31.16 ± 0.04 μM) and the highest

selectivity index (1.57) on the proliferation of MDA-MB-231 TNBC cells, it was selected to be

further investigated on its biological mechanism of action. In agreement with our results, Wu

and colleagues [9] described that the arene ruthenium(II) complex inhibits more effectively

the proliferation of MDA-MB-231 cells (IC50 20.8 μM) compared to non-tumor MCF-10A cell

(IC50 > 300 μM), and human normal kidney HK2 cells (IC50 110.3 μM). This could indicate

specificity of the complexes, to affect tumor cells, but not normal cells’ viability.

Colony formation assay is an in vitro cell survival assay based on the ability of a single cell

to grow into a colony. This is a method of choice to determine cell reproductive death after

treatment with ionizing radiation, but can also be used to determine the effectiveness of other

cytotoxic agents [23]. The results show that the complex (4) at concentrations of 2.5, 5, 10 and

20 μM significantly inhibited the colony number and size in MDA-MB-231 cells, compared to

untreated control cells, acting therefore as a cytotoxic and cytostatic agent. The highest con-

centration (20 μM) completely abolished the capacity of breast tumor cells to form colonies

(Fig 2B).

These findings can be explained by the lipophilicity of the complexes (Table 1). The parti-

tion coefficient between water or buffer and n-octanol is the most widely used measure of

chemical compound lipophilicity [24] since it is a major structural factor governing both phar-

macokinetics and pharmacodynamics of drugs. The higher cytotoxicity for complex (4) can be

associated with its higher log P, suggesting that the hydrophobicity increases its biological

activity. The low cytotoxicity for complexes (1–3) could be explained by their low log P, com-

pared to the lipophilicity of complex (4).

Cell migration and invasion

Metastatic process is described as a cascade of events where normal cells are transformed into

tumor cells due to mutations in genes that regulate critical pathways, producing an imbalance

Table 1. IC50, SI and Log P values for complexes (1–4) and cisplatin in each cell line, after 24 h of incubation.

Complex IC50 ±SEM (μM)

MDA-MB-231 MCF-10A MCF-7 aSI Log P

Precursor >200 81.87 ±7.87 >200 0.41 -0.40 ± 0.01

(1) >200 42.75 ± 5.02 >200 0.21 0.26 ± 0.06

(2) 52.74 ± 0.62 31.46 ± 1.06 >200 0.60 0.55 ± 0.02

(3) >200 42.18 ± 2.37 >200 0.21 0.06 ± 0.008

(4) 31.16 ± 0.04 48.89 ± 0.09 >200 1.57 0.77 ± 0.03

Cisplatin 2.43±0.20 29.45 ± 0.85 79.18 ± 0.20 12.20 -2.53b

Precursor: cis-[RuCl2(dppb)(bipy)]. SEM = Standard error of the mean.
a(SI) Selectivity index of the compounds are calculated as described in Methods section.
bLog P of cisplatin was based on Buss et al. [22].

https://doi.org/10.1371/journal.pone.0183275.t001
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between proliferation and cell death that eventually leads to the formation of a primary tumor.

Further interactions with the stromal microenvironment surrounding tumor cells and extra-

cellular matrix (ECM) proteins, contribute to the formation of new blood and lymphatic ves-

sels. These interactions facilitate tumor cell migration and invasion of surrounding tissues,

intravasation through newly formed vessels, and dissemination to other tissues, to form sec-

ondary tumors [25].

The effects of complex (4) on MDA-MB-231 tumor cell migration were assessed using

wound healing and Boyden chamber migration assays (Fig 3). Boyden Chamber and wound

healing assays demonstrated that complex (4) inhibited MDA-MB-231 cell migration in a con-

centration dependent fashion (Fig 3A and 3B). One important characteristic of metastatic

tumor is its ability to invade adjacent tissues. Compound (4) at concentration of 20 μM was

able to inhibit the invasion MDA-MB-231 cells in approximately 80% compared to control

(Fig 3C).

The invasion of tumor cells is mediated by matrix metalloproteinases (MMPs) such as

MMP-2 and MMP-9. MMPs have a potential in ECM degradation and this correlates with the

late stages of tumor invasion and metastasis [26]. The effects caused by the incubation of

MDA-MB-231 cells with complex (4) on the activity of MMP-9 were accessed by zymography

assay electrophoresis gel containing gelatin (Fig 3D). Complex (4) at concentrations 2.5, 5 and

10 μM did not inhibit the expression of MMP-9 in MDA-MB-231 cells. On the other hand,

higher concentrations (20 μM) inhibited by 60% the expression of MMP-9 when compared to

the untreated control (Fig 3D). It is important to point out that the effects of complex (4) were

related to cell migration and invasion rather than to cell death, since all concentrations tested

Fig 3. Effects of complex (4) on MDA-MB-231 cell migration and invasion. (A) Complex was incubated

with MDA-MB-231 and cells were allowed to migrate in Boyden chambers. Migrated cells were fixed and

quantified by manual counting. Representative images of the inserts are represented above each condition.

The wells were photographed under a light microscope under 40×magnifications. Positive control (C+)

represents migrating cells without any treatment and negative control (C-) was cells migrating toward an FBS-

free medium. (B) Wound healing assay at 0, 24 and 48 h of treatment with the complex. (C) Effect of complex

(4) on MDA-MB-231 cell invasion through matrigel. (D) Zymography in 1% gelatin-SDS-PAGE. A photograph

of a representative zymography gel is shown. Gels were analyzed by densitometry, and data were normalized

in percentage compared to untreated control cell lysate. Significant at the * p<0.005, **p<0.001 levels using

ANOVA and Bonferroni tests.

https://doi.org/10.1371/journal.pone.0183275.g003
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were not cytotoxic to the cells, as evaluated by cell morphology and proliferation assays (See

Fig 2 and Table 1).

Adhesion

Cell adhesion plays a critical role in the metastatic process since there are molecular signals

involved in cell-cell and cell-ECM adhesion that orchestrate tumor behaviours such as prolifer-

ation and invasion [27]. Cancer progression, response to therapy and metastasis depend on

tumor microenvironment. Integrins are cell adhesion receptors that mediate interactions of

cells with ECM [28]. The ability of the complex (4) to inhibit on MDA-MB-231 cell adhesion

to type I collagen, fibronectin, laminin and vitronectin, was assessed by short-term adhesion

assay (Fig 4A).

Complex (4) at concentrations 20 and 40 μM inhibited approximately 35% and 50% of

MDA-MB-231 cell adhesion to type I collagen, respectively (Fig 4A). Complex (4) also inhib-

ited cell adhesion to fibronectin, laminin and vitronectin at all concentrations tested. Higher

concentrations (40 μM) inhibited about 65% of MDA-MB-231 cell adhesion to these ECM

proteins, compared to control cells, without treatment (Fig 4A).

The mechanisms involved in this inhibition remain to be elucidated, however one hypothe-

sis is that complex (4) could act by inhibiting the expression of adhesion molecules that medi-

ate the binding of MDA-MB-231 to ECM proteins such as integrins or even bind to these

integrins preventing cell adhesion. Whether the complex (4) binds to integrins needs to be

Fig 4. Effects of complex (4) on MDA-MB-231 cell adhesion and cytoskeleton structure. (A) Type I

collagen, fibronectin, laminin and vitronectin were coated on the wells of a 96-well plate. Complex (4) was

incubated with MDA-MB-231 cells, which were subsequently plated on the ECM coatings. After washes,

remaining cells were quantified by colorimetry. (B) MDA-MB-231 cells were incubated with complex (4) and

then with Phalloidin and DAPI. Significant at the *p<0.005, **p<0.001 levels using ANOVA and Bonferroni

tests.

https://doi.org/10.1371/journal.pone.0183275.g004
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further investigated. An additional hypothesis that may explain this effect is the potential

effects of complex (4) on cytoskeleton proteins. The cytoskeleton provides the basic infrastruc-

ture for the maintenance of cell adhesion and motility. The cytoskeleton has various functions,

such as organization of cytoplasmic organelles and intracellular compartments, segregation of

chromosomes in mitosis events are responsible for determining the shape of the cell and pro-

mote cell-cell adhesion or cell-matrix by their interactions with cadherin and integrins, respec-

tively [29].

To test this hypothesis, MDA-MB-231 cells and the cytoskeleton structure was analysed

through phalloidin staining. The incubation of tumor cells with 10, 20 and 40 μM of complex

(4) strongly modified the structure of the actin cytoskeleton, provoking a decrease in cytoskel-

eton density, at higher concentrations (20 and 40 μM) (Fig 4B). Such effect suggests that the

inhibition of migration, invasion and adhesion by complex (4) may be related to its ability to

modify the cytoskeleton structure. This result is corroborated by the work of Sava and col-

leagues, who demonstrated that NAMI-A ruthenium complex can modify the actin cytoskele-

ton structure, affect the function of integrins and adhesion of the HeLa cells [30].

Apoptosis

Evasion of apoptosis is one of the hallmarks of cancer and represents an important mechanism

in clinical resistance to therapies [31]. Frequently, chemotherapy drives tumor cells to develop

resistance to cytotoxic agents and radiation, consequently leading to resistance to apoptosis

and in inefficiency in cancer treatment [32]. Ruthenium complexes that arrest cell cycle and/

or (re)induce apoptosis in tumor cells could be a promising strategy for TNBC treatment. The

apoptotic activity of complex (4) on the MDA-MB-231 and MCF-10A cells was analysed by

flow cytometry using PE-Annexin-V kit Apoptosis Detection kit (BD Biosciences) (Fig 5A and

5B). Results show a concentration-dependent induction of MDA-MB-231 apoptosis, with

74.4% of tumor cells and only 14.9% of non-tumor cells suffering apoptosis after incubation

with 20 μM of complex (4) (Fig 5A and 5B). These results suggest that malignant cells are

more sensitive to complex (4) compared to non-tumor cells, for the induction of apoptosis.

We also accessed the effects of complex (4) on apoptosis using DAPI staining (Fig 5C). The

incubation of MDA-MB-231 cells with 60and 70 μM of complex (4) resulted in more apoptotic

nucleic, compared to cells incubated control untreated cells. In agreement with our study,

Nhukeaw and colleagues [33] evaluated the effects of metallo-intercalator ruthenium(II) com-

plexes with the Clazpy ligand, [Ru(Clazpy)2bpy]Cl2.7H2O and [Ru(Clazpy)2phen]Cl2.8H2O in

the induction of apoptosis in three breast tumor cell lines (MDA-MB-231, MCF-7 and

HCC1932). A significant increase in MDA-MB-231 apoptotic cells was observed, with slightly

less apoptotic rates in HCC1937 and MCF-7 cells, respectively.

We further investigated whether the apoptosis induction mediated by complex (4) would

be related to apoptosis related gene expression investigating two pro-apoptotic genes (Bax and

Caspase-3) and one anti-apoptotic gene (Bcl-2). Results indicate that complex (4) at concen-

tration of 40 μM upregulated the expression of Bax and Caspase-3 genes, whereas did not affect

the gene expression of Bcl-2 (Fig 5D). Western blotting analysis partially corroborates these

results demonstrating that cleaved Caspase-3 and -9 protein levels are increased upon incuba-

tion with complex (4) even at low concentrations such as 2.5μM, with no in Bcl-2 protein levels

(Fig 5E).

Interaction studies with DNA and HSA

The effects of complex (4) on tumor cell apoptosis presuppose their ability to bind to DNA. Ru

(II) complexes can bind DNA in covalent or non-covalent interactions fashion such as
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grooving binding, electrostatic binding and intercalation [34]. To explore the possibility of

DNA as a potential target for the complexes, spectroscopic studies, circular dichroism and gel

electrophoresis were carried out (Fig 6). In 10% DMSO and 5 mM Tris-HCl, 50mM NaCl

buffer at pH 7.4 the complexes (1–4) display a higher energy band in 240 nm, which arises

from intra-ligand π–π� type transitions involving ligand energy levels, the MLCT bands appear

in the region of the spectrum typical for Ru(II) complexes with coordinated phosphine ligands.

Upon the addition of calf thymus DNA (ct-DNA) interesting changes in intensity of these

bands are observed. All complexes exhibit hypochromism at increasing ct-DNA concentra-

tions, and only for complex (4) isosbestic points at 338, 358 and 435 nm (Fig 6A). The equilib-

rium constant for binding of (1–4) to ct-DNA was evaluated by monitoring the decrease in

absorbance at 240 nm and fitting these data to neighbor exclusion equation. The values

Fig 5. Effect of complex (4) on apoptosis in MDA-MB-231 breast tumor cells and MCF-10A non-tumor breast cells. (A) After treatment with the

indicated concentrations of complex (4), cells were incubated with PE-Annexin-V and 7AAD for 15min, harvested and then analyzed by cytometry. (B)

The percentage of apoptotic and necrotic cells was plotted in a graph for MDA-MB-231 and MCF-10A cells. The fluorescence of 7AAD is detected in the

FL3-A channel and the fluorescence of PE-Annexin-V is detected in the FL2-A channel. Camptothecin (campto) was used as a positive control for

apoptosis. (C) Nuclear fragmentation promoted by complex (4) in MDA-MB-231 cells was investigated using DAPI staining. Staurosporine was used as a

positive control for nuclear fragmentation. White arrows show fragmented nuclei. The expression of apoptotic and anti-apoptotic molecules was

investigated by (D) qRT-PCR and (E) Western blotting analysis. Significant at the *p<0.005, **p<0.001, ***p<0.0001 levels using ANOVA and

Bonferroni tests.

https://doi.org/10.1371/journal.pone.0183275.g005
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obtained here (0.98–1.34x103 M-1) are lower than that reported for classical intercalators (for

ethidium bromide and [Ru(phen)2(dppz)]2+) whose binding constants have been found to be

in the order of 106 to 107 M-1.

The CD spectral technique is very sensitive for diagnosing changes in the secondary struc-

ture of DNA, resulting from drug-DNA interactions. A typical CD spectrum of ct-DNA shows

a maximum at 275 nm, due to the base stacking and a minimum at 248 nm attributed to the

right-handed helicity, characteristic of the B conformation. To determine whether the Ru(II)

complexes studied here cause changes in the helical structure of DNA, CD spectra of ct-DNA

with increasing concentrations of compounds (1–4) were acquired, up to molar ratio drug/

DNA (Ri): 0.06 to 0.50. A small decrease in the CD magnitude of positive band was observed,

a higher distortion of the negative band can be related with contribution to the absorption of

the complexes (Fig 6B).

The influence of the compounds on the tertiary structure of DNA was determined by their

ability to modify the electrophoretic mobility of forms of pBR322 plasmid DNA (Fig 6C). Aga-

rose gel electrophoresis was performed using pBR322 plasmid DNA in the absence and pres-

ence of the complexes. Thus simple groove binding and electrostatic interaction of small

molecules shows less or no perturbation on the base-stacking and helicity bands [35]. The elec-

trophorogram shows that the increase in the concentration of each complex caused changes in

the mobility of the plasmid. In Ri 0.12 and 0.25 complexes (1–3) show the corresponding open

circular, linear and super coiled form. In contrast, complex (4) only shows these bands in Ri

0.12; there is also a decrease in intensity of both bands. More interestingly, when the Ri is 0.50,

Fig 6. Absorption spectral titration. (A) Absorption spectral titration of complex (4) in the presence of

increasing concentrations of ct-DNA at 298 K and fluorescence emission spectra of HSA at 37˚C. Inset graph

represents the plots of (εa-εf)/(εb-εf) versus [DNA] for the titration of DNA with Ru(II) complexes. (B) CD

spectrum of ct-DNA (100 μM) in the presence of complexes (1–4) in Tris-HCl buffer after incubating by 18 h at

37˚C. (C) Electrophoretic mobility pattern of pBR322 plasmid DNA incubated with metal complexes (1–4) by

18 h at 37˚C, at indicated concentrations (μM). Ri = ratio complex/DNA; MM = molecular marker. (D)

Fluorescence quenching spectra of HSA with different concentrations of complex (4) with the excitation

wavelength at 270 nm at 37˚C in a Trizma buffer, pH 7.4. The arrow shows the intensity changes upon

increasing the concentration of the quencher (0 to 50 μM, orange line to light blue line, respectively).

https://doi.org/10.1371/journal.pone.0183275.g006
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complexes only show the super coiled form and it is observed also that complexes (2) and (4)

increased the electrophoretic mobility of this band (Fig 6C). The behavior observed for the

electrophoretic mobility for the complexes (1–4) indicates that some conformational changes

occurred. This means that the degree of super helicity of the DNA molecules has been altered,

in the same way as that described previously for other coordination platinum(II) and palla-

dium (II) compounds containing 7-azaindolyl ligand [36].

Human serum albumin (HSA) is the most abundant protein in the blood and cerebrospinal

fluid and plays a fundamental role in the distribution of essential transition metal ions in the

human body. Moreover, HSA is an important physiological transporter of the essential metal

ions Cu2+, and Zn2+ in the bloodstream. In addition, HSA is one of the main targets and hence

most studied binding protein for metallodrugs based on complexes with Au, Pt, Ru and V

[37]. Fluorimetric procedures, which are simple and sensitive, have been developed for the

quantitation of a wide variety of substances of biological importance, including HSA that

exhibit fluorescence in the ultraviolet region. The fluorescence spectrum is essentially that of

tryptophan residue; contribution of tyrosine is relatively minor. In order to determine the pro-

tein binding affinity of complexes (1–4), tryptophan emission quenching experiments were

carried out by adding the complexes in increasing concentration (0–50 μM) to HSA at two dif-

ferent temperatures and following the decrease in fluorescence intensities (Fig 6D). The results

point out a good linearity at the two different temperatures. The binding constants, KSV, calcu-

lated from the Stern-Volmer equation are presented on Table 2. The results show that the KSV

for (2–3) is correlated with temperature, which indicates that this quenching mechanism is

probably due to a dynamic collision.

In contrast, in the interaction of (1–4) with HSA the KSV reveals an inverse correlation with

temperature, which indicates that probably, this quenching mechanism is static, initiated by

an adduct formation. Moreover, the values of Kq were in the range of (16.3–52.6 x 1012 M-1s-1)

for all complexes, which is far higher than 2.0×1010 M-1s-1, the maximum possible value for

dynamic quenching, indicating the existence of a static quenching mechanism. The number of

binding sites between HSA and (1–4) complexes is approximately equal to 1, indicating that

there is only one binding site in the HSA for each complex. The thermodynamic parameters

ΔH, ΔS and ΔG are the main evidence for confirming the binding modes. From the thermody-

namic standpoint, ΔH> 0 and ΔS> 0 implies a hydrophobic interaction; ΔH< 0 and ΔS< 0

reflects the van der Waals force or hydrogen bond formation; and ΔH< 0 and ΔS> 0 suggests

an electrostatic force.

As observed in Table 2, the positive ΔH and ΔS values reveal the predominance of hydro-

phobic interactions of the compounds with HSA. Furthermore, the negative ΔG values

Table 2. Interactions with DNA and HSA. Binding constants for the interaction between Ru(II) complexes (1–4) and calf thymus ct-DNA and stern-Volmer

quenching constant (Ksv, M-1), biomolecular quenching rate constant (Kq, M-1s-1), binding constant (Kb, M-1), the number of binding sites (n), ΔG(KJ.mol-1),

ΔH (KJ.mol-1) and ΔS (J.mol-1K) values for the complex-HSA system at different temperatures.

Complex DNA HSA

Kb (x103) % H T Ksv (x104) Kq (x1012) Kb (x105) n ΔG ΔH ΔS

1 1.34 ± 0.02 51.45 ± 2.15 298 5.04 ± 0.09 52.60 0.90 ± 0.05 1.10 - 28.50 6.10 72.70

310 4.45 ± 0.18 46.50 0.65 ± 0.03 1.06 - 28.60

2 0.98 ± 0.01 53.04 ± 0.20 298 2.81 ± 0.12 29.35 0.30 ± 0.01 1.00 - 25.53 1.17 85.80

310 3.28 ± 0.14 34.25 0.25 ± 0.02 0.98 - 26.55

3 1.07 ± 0.03 58.55 ± 0.92 298 1.56 ± 0.13 16.30 0.05 ± 0.003 0.90 - 21.13 4.25 80.00

310 1.63 ± 0.10 17.02 0.03 ± 0.003 0.85 - 20.50

4 1.30 ± 0.02 37.80 ± 1.00 298 4.74 ± 0.70 49.50 3.84 ± 0.05 1.20 - 31.85 1.50 110.13

https://doi.org/10.1371/journal.pone.0183275.t002
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demonstrate that the interaction process is spontaneous. The magnitude of the HSA-binding

constant of complexes (1–4) compared to other metals complexes suggests a moderate interac-

tion with HSA molecule [38].

Overall, there are little studies comparing the effects of Ru complexes on tumor and non-

tumor cell lines (for a review, see [39]). In general, in the present study we demonstrated that

complex (4) was able to inhibit cell migration and invasion of TNBC cells, at concentrations as

low as 5μM. In addition, complex (4) inhibited TNBC cell adhesion to different ECM compo-

nents and this effect was mediated, at least partially, due to its interference with actin cytoskel-

eton. Other Ru complexes were able to interfere with cell migration, invasion and adhesion

processes in tumor cells, at concentrations ranging from 0.75μM to 4μM, depending on the

assay [39]. Complex (4) induced apoptosis in TNBC cells, as demonstrated in our study by

flow cytometry, DAPI staining, RT-qPCR and western blotting analyses at concentrations

from 2.5μM. Several other studies demonstrated that Ru complexes induce apoptosis on

TNBC cells, through different mechanisms. To give few examples, co-treatment cells with

RuPOP and TRAIL effectively triggered apoptosis through the activation of caspases-3/-8/-9

and cleaved PARP in MDA-MB-231 cells at concentrations as low as 2μM [40]. In contrast,

Zeng and co-workers [41] found that 40μM of Λ-RM0627 exhibited little apoptosis inducing

effect on MDA-MB-231 cells, with only 6.2% cells in the late stage and 21.8% cells in the early

stage of apoptosis.

Conclusions

Taken together, the results show that complex (4) is more lipophilic and cytotoxic than com-

plexes (1–3). Complex (4) is able to inhibit MDA-MB-231 cell proliferation, adhesion, migra-

tion and invasion. Furthermore, complex (4) modifies the structure of the actin cytoskeleton,

binds to DNA, inducing apoptosis and inhibits MMP-9 secretion in this cell line. This work

supports the evidence that complex (4) should be further studied in order to explore its poten-

tial of action using in vivo models, which may contribute to the development of a new antitu-

mor drug to be applied in chemotherapy.
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