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Abstract
The development of metal complexes containing natural products is a remarkable

strategy to develop new anticar cer ~andidates. Thus, we report here on the preparation of two
new Ru(ll)/diphosphine cumpl-xes containing Lapachol (Lap) and Lawsone (Law): (1)
[Ru(Lap)(dppm),]PF; ard @) [Ru(Law)(dppm),]PFs, where dppm =
bis(diphenylphosphino)methane. The complexes were synthetized and fully characterized by
elemental analyses, molar conductivity, UV-Vis, IR, **P{"H}, 'H and *C NMR, and the
crystal structure of the complex (1) was determined by X-ray diffraction. Complexes (1) and
(2) showed high in vitro cytotoxicity against four cancer cells (MDA-MB-231, MCF-7, A549
and DU-145), with 1Cs, values in the micromolar range (0.03 to 2.70 uM). Importantly,
complexes (1) and (2) were more active than the cisplatin, the drug used as a reference in the

cytotoxic assays. Moreover, complex (1) showed high selectivity to triple-negative breast



cancer cells (MDA-MB-231). Studies of the mechanism of action in MDA-MB-231 cancer
cells showed that complex (1) inhibit cell migration, colony formation, and induces cell cycle
arrest and apoptosis by activation of the mitochondrial pathway through the loss of
mitochondrial membrane potential (AWm). Furthermore, the complex (1) induces ROS
generation in MDA-MB-231 cells, which can cause DNA damage. Finally, complexes (1) and
(2) interact with DNA by minor grooves and show a moderate interaction with BSA, with the
involvement of hydrophobic interactions. Essentially, Ru(ll)/diphosphine-naphthoquinone
complexes have remarkable cytotoxic effects with high selezwvi to triple-negative breast
cancer (MDA-MB-231) and could be promising anticance’ ca. didates for cancer treatment.

Keywords: Ruthenium complexes, antitumor, napb*-oy 'inones, breast cancer, apoptosis,
ROS generation
Introduction

Over the last few decades, the developrr en.t vf anticancer agents containing metal has

grown considerably, especially after the uisc overy of the cisplatin anticancer properties[1,2].
Since cisplatin was clinically approv~d for cancer treatment by the FDA in 1978, a large
number of cisplatin analogs have bce 1 neveloped. Among them, carboplatin and oxaliplatin,
have shown to be extremely st ccecsful as anticancer drugs[3-5]. Despite their effectiveness,
platinum compounds show~d cnical harms, as its toxicity leads to several undesired side
effects, as well as p.~vi'ec drug resistance. In addition, its limited solubility in aqueous
solutions hampers its extensive use[6]. Thus, many research groups have focused on the
development of more effective and less toxic new metal-based drugs. Within this framework,
the development of new ruthenium-based compounds has emerged as a promising choice for
the design of new anticancer drugs[7-11].

Ruthenium is an attractive alternative to platinum compounds due to its rich synthetic
and coordination chemistry, the possibility to adopt different oxidation states, mainly Il and
I11, in physiological conditions. Moreover, ruthenium compounds have presented distinct

mechanisms of action from those of platinum, with low systemic toxicity[6,12].



The first works involving ruthenium complexes were developed by M. J. Clarke and
co-workers in the 1980s, who investigated compounds such as fac-[RuCIl3(NH3)s] and cis-
[RuCl2(NHs3)4]CI[13]. After that, several reports of ruthenium complexes as anticancer agents
were published[8,14]. To date, only three Ru-based compounds reached clinical trials as
candidates for anticancer drugs: NAMI-A, KP1019, and NKP1339, the sodium salt analog of
KP1019. NAMI-A acts as a potent antimetastatic drug, whereas KP1019 prevents the growth
of platinum-resistant colorectal cancers[15]. It seems that these compounds have a
multifactorial and multitarget mode of action, however their mcchanism of action is still
largely unclear[15]. It is also worth mentioning that the .\ivil-A compound was already
ruled out[16]. Furthermore, KP1019 has completed phasc 1 trials and NPK1339 is in clinical
development[17,18].

More recently, the Ru(ll) polypyridy’ ¢ 'mplex called TLD-1433, entered phase Il
clinical trial for Non-Muscle Invasive E @adr.er Cancer (NMIBC), for photodynamic therapy
(PDT). TLD1433 acts as a photosensi.zer and produces singlet oxygen to cause cancer cell
death[19,20].

The incorporation of i:nanus that can increase lipophilicity, and consequently, the
cellular uptake and intraceliu'ar distribution is an interesting strategy for the development of
potential metallodruys. ' uus sense, natural products, presenting known biological activities,
emerge as a promising class of compounds that can act as ligands. Recently, we have used
this strategy and many classes of natural products have been chosen to obtain active
ruthenium complexes[21-26].

Due to the favorable results observed for ruthenium complexes containing natural
products on cancer cells, in this work, we designed new Ru(ll)/diphosphine complexes
containing Lapachol (Lap) and Lawsone (Law) as ligands. Lapachol (2-hydroxy-3-(3-

methylbut-2-en-1-yl)naphthalene-1,4-dione) and Lawsone (2-hydroxy-1,4-naphthoquinone)



belong to the naphthoquinone class, which can be of natural or synthetic origin. These
naphthoquinones exhibited antibacterial, antiparasitic and anticancer biological properties,
among others[27,28].

Usually, Lap and Law can act as O,0-bidentate anionic ligands forming stable metal
complexes. Ruthenium complexes containing these naphthoquinones showed promising
activities against several cancer cell lines, confirming the synergistic effect of the
combination of metal and bioactive ligand[22,23,29].

In order to investigate the influence of these naphthoquinoi.~s in a complex containing
two diphosphine as ligands, we report here on the syntheces, <naracterization, and biological
activities of two new ruthenium(ll)/diphosphine-nanhu>aquinone complexes on different
tumor and non-tumor cell lines.

Materials and methods
Materials
All reagents and chemicals used we, ~ from analytical or pure grade, and the solvents

were purified based on appropriate ar,*ny agents. The synthesis was performed under inert
conditions using Schlenk tc-hmyues. The RuCls;.nH;O, KPFg Lawsone (Law),
bis(diphenylphosphino)methai.> (dppm), Calf-Thymus DNA (CT-DNA), pBR322 plasmid
DNA from E. coli, [3ovire Serum Albumin (BSA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromr.de (MTT) and 2°,7’-dichlorofluorescin diacetate (H,DCFDA) were
purchased from Sigma-Aldrich® MERCK (St. Louis, MO, USA) and used as received.
Lapachol (Lap) was obtained according to the procedure described in the literature[30].

Instrumentation

FT-IR spectra were acquired as KBr pellets on a Bomem-Michelson FT-MB-102

spectrophotometer, in the range of 4000 and 200 cm™'

. UV-Vis spectra were recorded on a
Hewlett Packard diode array - 8452A spectrophotometer. Elemental analyses for C and H

were determined using an CHNS Element Analyzer (Thermo Scientific, Fisons EA 1108



model). Molar conductivity was obtained using a MeterLab CDM2300 at room temperature.
Electrochemical experiments were performed using a Bioanalytical Systems Inc, model BAS-
100B/W at room temperature in CH,CIl, containing 0.10 M of tetrabutylammonium
perchlorate (BusNOH). The reference electrode used was Ag/AgCl (0.10 M BusNOH in
CH,Cl,) in a Luggin capillary probe and the working and auxiliary electrodes were stationary
platinum foils. *P{*H} (162 MHz), *H (400 MHz) and *C{*H} (100.62 MHz) NMR spectra
were recorded on a 9.4 T Bruker Avance Il 400 MHz spectrometer using a 5 mm internal
diameter indirect probe with Automatic Tuning Matching.

General procedure to obtain Ru(ll)/diphosphine -n.onthoquinone complexes

Firstly, the precursor complex cis-[RuCl,(dppr.),] was obtained according to what
was described by Chatt and Sullivan[31,32]. The nap."thuquinone (Lap or Law) (0.14 mmol)
was added in methanol solution with 50 uL o *siethylamine (EtsN). After 30 minutes, the
precursor complex cis-[RuCl,(dppm),] (.11 mniol, 100 mg) and KPFg (0.21 mmol, 39 mg)
were added and the reaction was “ept under argon atmosphere and reflux for 18 h.
Afterwards, the volume of the solutio'1 vsas reduced, and the precipitate formed was collected
by filtration. The solid was was 1eu *vith water, ethyl ether, and dried under vacuum.

(1) [Ru(Lap)(dppm),]PFs. Dark green solid. Yield: 93 mg (70 %). Elemental analysis for
[RuCesHs7F603Ps]: ean (*a'c): C, 61.74 (62.15) and H, 4.80 (4.57)%. Am = 54.6 Q' cm?
mol ™, in 1.0 mM CH,Cl; solution. IR (cm™): v(C1=0) 1545, v(C,=0) 1612, v(C,—0) 1101,
v(P-F) 841 and 557, v(Ru-N) 480 v(Ru-O) 517. Molar extinction coefficient (g@, nm), Mt cm
Y): €258 nm): 4.74 % 10%, £(365 nm): 6.31 X 10°, £aag nmy: 3.77 % 10°, £(e15 nmy: 4.49 x 10°. *P{*H}
NMR (162 MHz, CH,Cly, 298 K): & (ppm) 5.61 (2P, m), —10.61 and —12.42 (1P, 2m), —16.50
and —18.30 (1P, 2m), —144 (1P, hept, PFs", Jee = 711 Hz). *H NMR (400 MHz, DMSO-ds,
298 K): & (ppm) 7.9 — 6.3 (m, 44H, an overlap of aromatic protons of phenyl groups of dppm

(20 H) and Lap (4H)), 5.4 (m, 1H, Lap), 5.2 (m, 2H, dppm), 4.2 (m, 2H, dppm), 3.2 — 3.0 (m,



2H, Lap), 1.8 — 1.6 (m, 6H, 2CHj3 of Lap). *C{*H} NMR (125.74 MHz, DMSO-dg, 298 K):
8(ppm) 195.5 (C;=0), 181.1 (C,4=0), 168.9 (C,—O).

(2) [Ru(Law)(dppm),]PFs. Dark blue solid. Yield: 97 mg (77%). Elemental analysis for
[RuCeoH4oFs03Ps]: exp. (calc): C, 61.14 (60.66), H, 4.73 (4.20)%. Am = 48.2 Q' cm? mol ™,
in 1.0 mM CH,Cl, solution. IR (cm™): v(C1=0) 1554, v(C4=0) 1604, v(C2—0) 1097, v(P-F)
840 and 559, v(Ru-N) 485 v(Ru-O) 520. Molar extinction coefficient (ga, nmy, M cm™): gpsg
amy: 4.59 x 10%, £a57 nm): 6.54 X 10, s nm): 3.64 X 10°, £(sgs -m): 4.61 x 10%. *P{*"H} NMR
(162 MHz, CH,Cl,, 298 K): & (ppm) 5.93 (2P, m), —11.17 aru -15.02 (1P, 2m), —15.39 and
-17.17 (1P, 2m), —144 (1P, hept, PFs", Jpr = 711 Hz). 'l N1 1R (400 MHz, DMSO-ds, 298
K): & (ppm) 7.8 — 6.3 (m, 44H, an overlap of aromat’c p.9oons of phenyl groups of dppm (20
H) and Law (4H), 5.90 (s, 1H, Law), 5.4 — 5.0 ‘i, 2H, dppm), 4.2 — 4.1 (m, 2H, dppm);
BC{"H} NMR (125.74 MHz, DMSO-dg, 298 :"): 5 (ppm) 196.20 (C;=0), 182.24 (C4=0) and
171.54 (C,000).

X-ray crystallography
Green single crystal of ccmpiex (1) was obtained from slow evaporation of a

dichloromethane/ethyl ether =0i.'tion. Room temperature X-ray crystallographic analysis was
carried out using an Xtuoaatic Rigaku XtaLAB mini Il diffractometer (graphite
monochromator) with M >-Ko radiation (A = 0.71073 A), in which intensities were collected
(o scans with 0 and x-offsets), integrated and scaled with CrysAlisPro[33]. The structure was
solved by the direct method using SHELXS-97 and refined using the software SHELXL-
97[34]. All non-hydrogen atoms of the complex, counter-ion and solvent were located and
refined with anisotropic thermal parameters. The hydrogen atoms of aromatic C—H and CH,
methylene groups of dichloromethane, dppm and lapachol were positioned and refined with
fixed displacement parameters [Uiso(H) = 1.2 Ueq(Csp®)] using a riding model with bond

lengths of 0.93 and 0.97 A, respectively. Finally, C-H of methyl were located from an



electron-density difference and refined as riding on their parent atoms with Ujs,(H) values of
1.5Ueq(Csp3) and C-H distance of 0.96 A Molecular representations were generated using the
MERCURY 4.0[35] program. The summary of crystal data collections and structure
refinement parameters are presented in Table S1 (supplementary information) and copies of
the data can be obtained, free of charge, on the CCDC (Cambridge Crystallographic Data
Centre) under deposition number 2003981.

DNA interaction studies

Agarose gel electrophoresis. The pBR322 DNA (3L M) was mixed with the
ruthenium complexes in different molar ratios ([complev2s,'TONA]): 0.05 to 2) and the
solutions were incubated for 18 h at 37 °C. The sample. were electrophoresed in agarose gel
using a Tris-acetate-EDTA buffer (0.45 M Tris-HCI ¢ 45 M acetic acid, 10 mM EDTA, pH
7.4). Ethidium bromide was used for staining. T binds were visualized and registered using
a ChemiDoc MP imager (BioRad Labore’ori¢ s, Hercules, CA, USA).

Circular Dichroism. Circular Dichroism (CD) spectrum of CT-DNA was obtained
from the CT-DNA solution prepared in a Tris-HCI buffer (4.5 mM Tris-HCI, 0.5 mM Tris-
base and 50 mM NaCl, pH = " .4). The experiment was performed by keeping the CT-DNA
concentration constant at 50 ;*M and varying the concentration of the ruthenium complexes to
obtain the molar ratios ‘lce.nplexes]/[DNA]) of 0.05 to 0.4. The samples were prepared in a
Tris-HCI buffer containing 10% of DMSO, and incubated for 18h at 37 °C. The CD spectra
were recorded using a spectropolarimeter JASCO J720 in the range of 240 to 350 nm at 298
K, with a constant nitrogen flush. Each spectrum was performed using a circular quartz
cuvette with 1cm path length.

Competitive DNA-Hoechst assay. The Hoechst 33258 fluorophore can intercalate the
minor grooves of CT-DNA and shows an emission spectrum at 475 nm. The experiment was

conducted using a Hoechst solution (2.7 uM) and CT-DNA (125 uM), which was titrated



with an increasing amounts of ruthenium complexes (0 — 100 uM) in Tris-HCI buffer
containing 10% DMSO. The fluorescence spectra were registered in the range of 370 to 700
nm with an excitation wavelength of 343 nm using a Synergy/H1-Biotek fluorimeter at 37 °C.

Protein binding studies

The protein binding studies were performed by fluorescence quenching using Bovine
Serum Albumin (BSA, 2.5 uM) in a Tris-HCI buffer. The stock solutions of the ruthenium
complexes were prepared in DMSO, and then incubated with RSA in different concentrations
(0 - 90 uM). The fluorescence spectra were recorded at 298 an.' 510 K, with and excitation
wavelength of BSA at Aex = 280 nm and emission at ; -, = 340 nm, using a fluorimeter
SpectraMax M3. The analyses were carried out in “ng'icate and the results were analyzed
using the Stern-VVolmer Equation[36]:

FolF = 1+ Kq1o[Q] = 1 + Ks[Q] (1)

where Fo and F are the fluorescen.~ intensity of BSA in the absence and presence of
complexes, respectively, Ky, is the Swn-Volmer constant, [Q] is the concentration of
complexes, Kq is the biomoleculer  enching constant and 1o is the average lifetime of BSA
without the quencher (~ 107 2\.3].

The binding corstat (Ky,) and number of binding site (n) were obtained using
equation (2)[36]:

log[(Fo-F)/F] = logK}, + nlog[Q] (2)

Additionally, thermodynamic parameters such as enthalpy (AH°), entropy (AS°) and
Gibbs energy (AG®) were determined, using equations (3) and (4)[37]:

In(Kp1/Kpz) = (1/T1 — 1/T,) x AH/R (3)

AG® = — RTInKy = AH® — TAS® (4)

MTT assay



The effects of the ruthenium complexes, the ligands Lapachol, Lawsone and the
cisplatin on the cell lines viability were determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay[38].

The cell lines were the human breast MCF-7 (ATCC: HTB-22) and MDA-MB-231
(ATCC: HTB-26), human prostate DU-145 (ATCC: HTB-81), human lung A549 (ATCC:
CCL-185) and non-tumor breast cells, MCF-10A (ATCC: CRL-10317). The MDA-MB-231
and A549 cells were routinely grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS. MCF-7 and DU-145 cells wera (tivated in Roswell Park
Memorial Institute medium (RPMI-1640) supplemented v iu, 1u% fetal bovine serum (FBS).
MCF-10A cells were maintained in DMEM/F12 mediu,> containing horse serum (HS) 5%,
EGF (0.02 mg mL™), hydrocortisone (0.05 mg mL™) ~nd insulin (0.01 mg mL™). All the
media contained penicillin (100 Ul mL™), strap’am.ycin (100 mg mL™) and L-glutamine (2
mM).

MDA-MB-231, MCF-7, A54y, DU-145 and MCF-10A cells (1.5 x 10* cells/well)
were seeded in 96-well plates in "0 ;+'_ of media and were allowed to attach overnight in a
CO; incubator at 37 °C. The compounds were added in different concentrations in triplicate
and incubated for 48 h. The ,>vcentage of DMSO used in the experiments was fixed at 0.5%.
The control cells were . ~ated only with 0.5% of DMSO. Afterwards, 40 pL of MTT (1 mg
mL™) solution was added to each well and the plates were incubated for 4 h at 37 °C. Finally,
100 pL of isopropanol was added to each well to dissolve the purple formazan crystals. The
absorbance at 540 nm was determined using a microplate reader (Bio-Tek instruments). The
ICs0 values were determined using the GraphPad Prism software.

Morphology assay

MDA-MB-231 and MCF-10A cells (1 x 10° cells/well) were seeded in 12-well plates

and incubated for approximately 24 h in a CO, incubator at 37 °C. After that, the complex (1)



was added in different concentrations (0.01 to 15 uM). Cells were examined using an inverted
optical microscope (Nikon, T5100) with an amplification of 100x. Images of cell morphology
were recorded at 0, 24 and 48 h of incubation with ruthenium complex. Control cells were
treated with 0.5 % DMSO.

Colony formation assay

MDA-MB-231 (300 cells/plate) were seeded into 6 cm Petri dishes and incubated for
approximately 24 h in a CO, incubator at 37 °C. Complex (1) was added in different
concentrations (0.03 to 1 uM) and incubated for 48 h. Next, ‘v medium was removed and a
fresh medium without complex was added and cells were incu bated for 10 days. Afterwards,
cells were fixed using methanol and acetic acid (3'%, fo. 15 min and stained with crystal
violet solution (1% crystal violet, 20% ethanol) for %0 m.n. The plates were washed in water
to remove extra dye. The colonies (> 50 cel's) wcre quantified and measured using ImageJ
Software.

Wound healing assay

To evaluate the ability of ~uuiex (1) to inhibit cell migration, MDA-MB-231 cells (1
x 10° cells/wells) were seeded 1,- 12-well plates and incubated at 37 °C in 5% CO, up to 80%
of confluence. A straight .crawch was performed on the plate using a sterile pipette tip. The
removed cells were woshed to eliminate debris and a new medium with different
concentrations of complex (1) (0.1, 0.5 and 1 uM) was added. Migrating cells were
photographed using an inverted microscope at 0, 8 and 24 h. The closure area of migrating
cells was quantified using ImageJ software, as follows: Wound healing area (%) = [cell-free
area (0 h) — cell-free area (24 h)]/cell-free area (0 h) x 100.

Cell migration assay

10



MDA-MB-231 cells (0.5 x 10° cells/well) in serum-free medium were seeded on the
upper chamber of Boyden transwell chambers. Complex (1) was added in different
concentrations, below the ICs, for cytotoxic assay after 24 h (0.1, 0.5 and 1 uM). Medium
with 10% of FBS was added to the bottom chamber to act as a chemoattractant in the positive
control of migration. For the negative control of cell migration, serum-free medium was
added to the lower chamber. The transwell chambers were incubated at 37 °C and 5% CO; for
24 h. After that, the cells that migrated were fixed with methanol for 10 min, stained with
toluidine blue, and washed with distilled water. Images of 4.~ n.embrane were registered
using an inverted microscope (Nikon Eclipe TS100) couleu to a camera (Moticam 1000 -
1.3MP Live Resolution), and the migrated cells were Z'ia tified using ImageJ software. The
data shows the mean of cells that migrated in two inr'eper.dent experiments + SD.

Cell death analysis

Apoptosis/necrosis of cells treawe with complex (1) was investigated using 7-AAD
annexin V and PE (BD Biosciences) swining. MDA-MB-231 cells (0.7 x 10° cells/well) were
plated in 24-well plates, and atwr 24 h of incubation at 37 °C and 5% CO; were exposed to
different concentrations o» complex (1) (0.5 to 10 uM) and incubated again for 24 h.
Thereafter, the cells were stained with 2.5 uL of PE-Annexin-V and 2.5 puL of 7-AAD, in the
dark for 15 min, according to the manufacturer’s directions. Analyses were performed using a
flow cytometer BD Accurri C6 Plus.

Cell cycle analysis

MDA-MB-231 cells (1 x 10° cells/well) were seeded in 12-well plates and incubated
overnight at 37 °C and 5% CO,. Then, different concentrations of complex (1) (0.1 to 1.25
uM) were added to the cells and incubated for 24 h. After the incubation period, the cells

were collected and fixed with 70% cold ethanol for 24 h. Posteriorly, the cells were

11



centrifuged and incubated with 300 uL of RNase A (0.2 mg mL™") for 30 min at 37 °C. Cells
were stained using hypothonic fluorochrome solution (propidium iodide 5 ng mL™", sodium
citrate 0.1% and Triton-X-100 0.1%) for 1 h. The samples were analyzed using a Biosciences
Accuri C6 BD, and 10,000 cells were counted in each sample. This assay was performed in
triplicate and the data were processed using C6 Plus Software.

Reactive oxygen species

The levels of intracellular ROS generation in MDA-MB-231 cells induced by complex
(1) were measured using H,DCFDA (2’,7’-dichlorofluoresci*: Jiacatate). To do this, MDA-
MB-231 cells (6 x 10° cells/well) were seeded into 6-we'l pites and incubated overnight at
37 °C and 5% CO,. Then, the cells were treated with comlex (1) (3 x 1Cso of 24h) and with
free Lap (10 uM), for 4 h. H,O, (10 uM) was use. as e positive control and as negative
control, cells containing only 0.5% of DN'SO. nNext, cells were washed with PBS and
incubated with 10 uM of H,DCFDA for 2% min at 37 °C. Cells were washed using ice-cold
PBS (3x) and harvested. The fluorzzcei.ce analysis was carried out using a Synergy H1
Hybrid Multi-Mode Microplate Fiuc:imeter at a Aex = 400 nm and Aem = 525 nm. Images were
registered using an Olympus 22X fluorescence microscope.

Mitochondrial men.hrane potential

Changes in the 1..*tochondrial potential (A¥Ym) of MDA-MB-231 cells after treatment
with complex (1) were investigated using a DBTM MitoScreen Kit with JC-1 (5°,5°,6,6’-
tetrachloro-1,1°,3,3” tetracthylbenzimidazolcarbocyanine iodide) dye. Briefly, MDA-MB-231
cells (1 x 10°) were seeded in 12-well plates and incubated overnight to allow cells to attach
prior to adding complex (1) at different concentrations (ICso of 24 h and 2x ICsy of 24 h),
followed for additional incubation for 4 h. Cells were washed in ice-cold PBS, stained with
JC-1 in the dark, according to the manufacturer’s directions and the samples were analyzed

using a BD Accurri C6 Plus flow cytometer.
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Results and Discussion

Synthesis and Characterization

Ruthenium-naphthoquinone complexes identified as: (1) [Ru(Lap)(dppm)2]PFs and (2)

[Ru(Law)(dppm),]PFs

bis(diphenylphosphine)methane)],

[Lap

Lapachol,

Law

were obtained from

the precursor

Lawsone and dppm

complex cis-

[RuCl,(dppm),], by substituting two chloride ligands and coordination of Lap or Law after

deprotonation with triethylamine (Et3N), in methanol media (Scheme 1).

)/ q
7 sy, ‘\\\\\

w“ + PRy

e+ o0 SR C
KPF(\
7~ ‘ ~. T
Cl
Where: P-P o v ~() 0
[ [
Q @ T/S%U/]\ P -/x'\\‘u/l\:/OH
I | i [ | I
@’P\/P-—@ I \ﬁ/ N~ I “'\ﬁ/1
O 14 O
(dppm) - ap) (Law)
n (2)

Scheme 1. Synthetic route use= *o ubtain complexes (1) [Ru(Lap)(dppm).]PFs and (2)
[Ru(Law)(dppm).]PFs.

Both complexes (1) anu (2) were obtained as an air-stable solid, soluble in solvents
such as methanol, ethar nl, lichloromethane, acetone and DMSO. On the other hand, the
compounds are insolut's in water, ethyl ether and hexane. The percentages of C and H
obtained by elemental analysis agree with the theoretical values. Moreover, the molar
conductivity result indicates that the complexes are cationic, with the PFg~ as an anion.

The IR spectrum of the free Lap/Law show bands around 3354, 1643 and 1050 cm ™,
assigned to v(O-H), v(C1=0) and v(C2-O), stretching vibrations, respectively. Upon
coordination of Lap or Law, the band assigned to the v(O-H) stretching vibration was not

observed, indicating the deprotonation and coordination by the oxygen as monoanionic.

Moreover, the v(C1=0) and v(C2-O) bands were shifted after coordination (Fig S1 and S2).
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For complex (1), these bands were observed at 1545 (C1=0) and 1101 (C2-O) cm™,
indicating the bidentate coordination of Lap by oxygen atoms[23]. In addition to those bands,
it was observed characteristic bands of a PF¢~ counterion were observed at 841 and 557 cm ™,
which are in agreement with molar conductance, consistent with 1:1 electrolyte. For
complexes (1) and (2) containing the dppm, weak band corresponding to v(P-CH,) at around
660 cm ™ was observed. Moreover, v(Ru-O) and v(Ru-N) were observed at 480 and 520 cm ™,
respectively[39].

The electronic spectra of complexes (1) and (2) presuated characteristic bands of
intraligand transitions IL (r — 7*) around 260 and 290 nr of he dppm and Lap/Law ligands.
In addition, bands around 400 and 600 nm can be ass’y:.~a {0 metal-to-ligands charge transfer
(MLCT), from Ru(dn) to the ligand (n*) and also, n — ©* transitions of quinone carbonyl
groups (Fig S3)[21-23].

The electrochemical behavior of ¢ raplexes (1) and (2) have been studied in CH,ClI,
by cyclic voltammetry. This study is n1se™il to determine the changes in the electronic density
of ruthenium(ll) upon coordi"a’onn of Lap or Law. The precursor complex cis-
[RuCly(dppm)2] exhibits an nx,Jation process referring to Ru'/Ru'" at 1043 mV. After the
coordination of Lap or l...". uie oxidation processes Ru'"/Ru"" increased considerably (Fig.
S4-S5). For complex (1) :* was observed a positive shift of potential for Ru"/Ru"" couple after
coordination of Lap to 1373 mV, while in complex (2) the potential presents the value of
1435 mV. The presence of the prenyl group in the lapachol molecule can contribute to
electron donation to ruthenium, justifying the lower potential of complex (1) compared to
complex (2). In addition, the higher oxidation potentials observed for complexes (1) and (2)
compared with the precursor are due to the replacement of two chloride ligands, which are
good donors of electronic density by oxygen atoms, poor donors. These results confirm a

greater stability of both complexes after the coordination of the Lap or Law ligands. The same
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behavior was observed for complexes containing Lap or Law, in the previous work of our
research group[23].

The *'P{*H} NMR spectra of complexes (1) and (2) showed a typical ABMX spin
system. For complex (1), a set of signals in the region of —10.61, —12.42, —16.50 and —18.30
ppm is equivalent to the two phosphorus trans positioned to the two other phosphorus atoms.
In 5.61 ppm, a multiplet is observed that refers to the two phosphorus trans positioned to the
oxygen atoms of the Lap (Fig. S6). Complexes (1) and (2) showed downfield shifts in
positions of the phosphorus signals as compared to *"e precursor complex (cis-
[RuCl,(dppm),]: & —0.65 and —26.17 ppm (*Jp.p = 35.6 Hz'). 1™is is attributed to the exchange
of two chlorido ligands (o and n-donor) and coordinez:~n of Lap or Law to the ruthenium by
oxygens that unshielded the phosphorus atoms. Tre s.me behavior was observed for the
ruthenium complex containing mercaptopyrim.dn.z as ligands, observed in earlier studies[40].
Furthermore, a septet around -144 ppm "1, to the PF¢~ anion was observed confirming the
presence of the counterion in complexes (1) and (2).

'H and *C NMR spectra o’ cumplexes (1) and (2) exhibited signals consistent with
the structures proposed by nti.or techniques (Fig. S7 — S11). The *H NMR spectrum of
complex (1), for example, chowved a set of signs in the region of 7.87 to 6.33 ppm, which are
equivalent to 44H of the aromatic groups of dppm and Lap ligands. Signals referring to six
hydrogen atoms of the two CHj; groups of Lap were observed at 1.76 — 1.61 ppm (Fig. S7).
Furthermore, the most informative result provided by the **C NMR spectra of complexes (1)
and (2) are related to the C;=0 and C,—O carbon atoms. These signals were observed around
195.5 (C;=0) and 168.9 (C,—0O) ppm, in complex (1). On the other hand, in the free Lap,
these signals are observed at around 184.8 (C1=0) and 152.9 (C,—O) ppm. The displacement
can be attributed to the effect of the coordination of oxygen atoms to the metal, changing the

electronic density.
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The molecular structure of complex (1) was obtained by single-crystal X-ray
crystallography (Figure 1). Complex (1) crystallizes in the non-centrosymmetric monoclinic
Pn space group, with lattice parameters: a = 15.2069(3) A; b = 12.0838(2) A; ¢ = 16.9390(3)
A; B =93.999(2)°; Z = 2, in which the asymmetric unit consists of one molecule of cationic
complex, one counterion PFg~ and one dichloromethane as solvate (Table S1). As previously
confirmed by the other characterizations, the structure of complex (1) is stabilized by three
chelate ligands, with two dppm forming a tensioned four-membered ring [with P-Ru-P chelate
bite angle of 71.40(5) - 71.66(5)°] and lapachol with a five-ncmucred assuming a bite angle
of 75.50(14)°. The structure of complex (1) presents a distrte 1 octahedral geometry, which is
comparable with other ruthenium/phosphine analogs **iu. lapachol[21,23,41]. Analyzing the
bond lengths, the Ru1-O1 [2.139(4) A] and Rul-C2 |2 136(4) A] bonds are quite similar
because both oxygen atoms are trans to phcsp.~rus of dppm. Similarly, due to the same
stereochemistry, the Ru-P1 [2.2967(14;, A1 and Ru-P3 [2.3028(13) A] separation is close,
while Ru-P2 [2.3649(13) A] and Ru-r* [2.3439(14) A] distances present almost the same
values. As can be seen, both R': P =<nd Ru-P4 lengths are larger than the Ru-P1/Ru-P3
separation, because of highe: frans influence when phosphorus is trans to phosphorus,
compared with phosphorue is *runs to oxygen[42].

The lapachol mc'ecule coordinated to metal is composed by a naphthoquinone ring
almost planar and one no coplanar prenyl chain. The C-O bonds occurring in the lapachol free
of metal present the values of 1.226(2), 1.348(2), and 1.225(2) A for C1-01, C2-02, and C4-
04, respectively[43]. After coordination, the C1-O1, C2-02, and C4-04 distances adopt the
values of 1.234(7), 1.295(7), and 1.233(8) A, respectively, in which the main change is
observed for the C2-O2 bond length that is slightly shortened as a result of deprotonation and

coordination.
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A detailed analysis of intermolecular contacts of the molecule was carried out. The
molecule is well-ordered by hydrophobic regions formed mainly by C-H of diphosphines and
prenyl able to be involved in van der Waals contacts (Figure S12A). Only around the C4-O4
carbonyl group displays capability to form polar contacts, such as hydrogen bonds with
macromolecules[44,45]. Besides van der Waals contacts, the crystal packing is stabilized by
weak hydrogen bonds connecting the complex/counter-ion and complex/solvent (Figure
S12B). These intermolecular interactions display an important role to stabilize the molecular
conformation and crystal self-assembly of Ru(ll)-based comr!ax.~[46]. In the complex (1),
intermolecular interactions involving the O4 atom C1s-H1%a «* tne (CH>) group of the solvent
and C413-H413...CI2s present the separation of ? 51 A and 2.774 A, respectively.
Moreover, one interaction between C1s-H1sb of solvz2n. and F5 atom of counter-ion [distance

of 2.474 A] contributes to keep the guest solvem -ared.

Figure 1. Crystal structure representation of the complex (1) at 30% probability thermal
ellipsoids. For the sake of clarity, the molecules of PFs~ and CH,ClI, were omitted.
Biological investigation
Cytotoxicity assay
The cytotoxic effects of ruthenium complexes (1) and (2) were evaluated by MTT

assay against four cancerous cell lines, including triple-negative breast (MDA-MB-231),

17



hormone-dependent breast (MCF-7), lung (A549) and prostate (DU-145). Moreover, one non-
tumor cell line from the epithelial breast tissue was tested, (MCF-10A). The ICsy and
selective index (SI) for complexes (1), (2), precursor complex cis-[RuCl,(dppm),] and
cisplatin, after 48 h of incubation, are summarized in Table 1. All ruthenium complexes
showed cytotoxicity activity with ICsy values lower than those of cisplatin and the free
ligands Lap and Law. In general, the cytotoxicity of the complex containing Lap (1) and Law
(2) was similar. Although the 1Cso values of complexes (1) and (2) and complex precursor are
close, one interesting observation refers to the high selectivitv (20 times more active) of
complex (1) to the triple-negative breast cancer (MDA wi2-231) compared to non-tumor
breast cells (MCF-10A). This result confirms that the cnordination of the Lap or Law to
ruthenium, forming (1) and (2), increase the cvtowXicity effect and their selectivity.
Moreover, complex (1) was 27-fold cytotoxic h2a cisplatin against MDA-MB-231 cells.
Complexes (1) and (2) showed similar ¢ - be.ter cytotoxic activity than complexes previously
reported by our research group[23].

Given that complex (1) shrweA 'iigh selectivity for tumor MDA-MB-231 cells, it was
selected for further investigatic s reiated to better understanding its mechanism of action. It is
worth mentioning that before ~2.rying out biological experiments, the stability of complex (1)
in DMSO was studied u-iny the **P{*H} NMR assay, and it was observed that the complex is
stable in this solvent after 72 h (Fig. S13).

Table 1. ICsy (uM) values of ruthenium complexes and cisplatin, toward tumor and non-

tumor cell lines

ICso (UM); 48 h

Compounds

(1) (2) *(a) Cisplatin Lap and Law
A549 (0.063 £ 0.018) (0.03+0.01) (0.35+0.07) (11.54 £1.19) >100
DU-145 (0.11 £ 0.05) (0.06 £ 0.02) (1.17 +£0.01) (2.00 £ 0.47) >100
MCF-7 (2.03 £ 0.26) (1.15+0.19) (1.17+£0.21) (13.98 £ 2.02) >100
MDA-MB-231  (0.13£0.01) (0.09 £ 0.02) (1.10 £ 0.09) (2.43 +£0.20) >100
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MCF-10A (2.70 + 0.50) (0.55 + 0.07) (3.11+0.04)  (29.45 +0.85) >100
)t 1.33 0.48 2.66 2.11 --
302 20.77 6.11 2.88 12.12 --

*cis-[RuCl,(dppm)], *SI = Selectivity Index = SI* = ICsyMCF-10A/IC5;MCF-7 e SI> = ICs, MCF-10A/ICs,
MDA-MB-231
The MDA-MB-231 and MCF-10A cells were incubated with complex (1) in different

concentrations and changes in the morphology of these cells have been recorded over time
(Figure 2). After 48 h of incubation, MDA-MB-231 and MCF-10A cells treated with 0.13 uM
and 2.7 uM (ICsp concentration), respectively, showed alteratio,.~ in the morphology and a
reduced cell number. At 5 and 15 uM, morphology of wmur cells has been completely
changed, exhibiting loss of adhesion, shrinkage and fraq, ~entation. On the other hand, in the
non-tumor cells these morphological changes were cubtler and only pronounced when
complex (1) was incubated at 15 uM for 24 e¢nu 42 h. These observations are in accordance
with the results of cytotoxicity activity a.'d corroborate with the higher selectivity of complex

(1) to MDA-MB-231 cells.

(A) Control

24h

48n|

Control
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Figure 2. Effects of complex (1) on cell morphology of (A) MDA-MB-231 and (B) MCF-
10A cells, after exposure of 0, 24 and 48 h.
The ability of a single cell to grow in a colony, after being exposed to complex (1),

was investigated based on the clonogenic assay. The cells exposed to 0.13 (ICs
concentration), 0.3 and 1 uM demonstrated a significant decrease in the number and size of
colonies, when compared to the negative control (Figure 3). In fact, at 0.3 and 1 uM was not
possible to observe colony formation.
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Figure 3. Representative imazes o: clonogenic assay showing MDA-MB-231 cells treated
with complex (1) and graprs ot ;uantifications of colony number and size. These experiments
were representative of t'iree independent assays. Significance at the * p < 0.01 and ** p <
0.0001 using ANOVA to:'owed by Tukey’s test.

Metastatic dissemination gives rise to new tumors in other regions of the body.

Briefly, this process involves different steps, such as migration, invasion, transport through
the circulatory system, and growth into a secondary organ. Metastases are responsible for
90% of the deaths, and for this reason, it is important to control this process, to ensure an
effective cancer treatment[47]. Herein, we evaluated the effects of complex (1) on the
migration of MDA-MB-231 cells, which are known for their notable invasive properties. To

do this, the wound healing and transwell assays were used. Complex (1) was capable to
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inhibit cell migration at concentrations of 0.5 and 1 uM after 24 h of incubation (Figure 4 A).
The wound closure reduced from 73% to 19%, for control and complex (1) at 1 pM,
respectively. Furthermore, we also investigated the ability of complex (1) inhibit the cell
migration through the basement membrane (physical barrier) using a Boyden-Chamber assay.
After 24 h of incubation, complex (1) effectively inhibited the cell migration (Figure 4 B) at
0.5 and 1 uM, concentrations that are lower than ICsy at 24 h (ICso = 1.27 + 0.10 uM), when
compared to the control. This is in accordance with wound-healing results, and clearly
confirms that complex (1) is capable of acting as an inhi'sicr uf cell migration at non-
cytotoxic concentrations.

(A)  Control 0.1 pM

0.5 uM 1pM
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Figure 4. Effects of complex (1) on MDA-MB-231 cell migration. (A) Representative images
of cells after treatment with the indicated concentrations of complex (1) taken at 0, 8 and 24 h
using an inverted microscope (4x). (B) Quantitative analysis of the cell migration after
treatment with the indicated concentrations of complex (1), by measuring the cell wounded
region using ImageJ software. (C) Representative images of cell migration through the
membranes examined using Boyden Chambers by using the inverted microscope (10x%). (D)
Percentage of migrating cells after 24 h of incubation with complex (1). Values were
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expressed as means = SD in triplicates. Significance at the indicated p, using ANOVA
followed by the Tukey’s test.

The effects of complex (1) on the cell cycle distribution were evaluated in MDA-MB-
231 cells using flow cytometry analysis. To do this, the cells were exposed to complex (1) in
different concentrations (0.1, 0.5 and 1.25 uM) for 24 h. Complex (1) caused alterations in
cell cycle distribution with increased percentage of cells at Sub-G1 and G1 phases, whereas
this percentage decreased at S and G2 phases (Fig. S14). The increase in cells at the Sub-G1
phase is an indicative of apoptosis[48].

To prove that this type of cell death occurs when v DA MB-231 cells were treated
with different concentrations (0.5 — 10 uM) of comple< 2}, flow cytometry analysis using
PE-Annexin-V and 7- AAD detection kit was perfc 'mec. The percentage of apoptotic cells
increases considerably with an increase of the cun_entration of the complex (1), compared to
untreated control (Figure 5). The percentar;c 21 c=lls in apoptosis was 23.2% and 86.2%, when
incubated with 1.25 uM (ICsp at 24 h = 1.7 + 0.10 uM) and 10 pM, respectively, showing

that the complex (1) induces tumor el \!~ath via an apoptotic pathway.
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Figure 5. Effects of complex (1) on MDA-MB-231 cell apoptosis. (A) Representative
overlay dot plot from apoptosis analysis of MDA-MB-231 cell after treatment with complex
(1) for 24 h by flow cytometry using annexin V-PE vs 7AAD staining. (B) Quantitative
analysis of apoptotic cells after treatment with the indicated concentrations of complex (1).
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Data are represented as mean + SD of three replicates. Significance at the indicated p, using
ANOVA followed by Tukey’s test.
Mitochondrial membrane potential

Mitochondria is an important organelle in cellular metabolism and is able to activate
the extrinsic and intrinsic apoptotic pathways[49], acting as a target for cell death.
Compounds that have mitochondria as targets are promising in anticancer drug development.
The mitochondrial membrane potential (AWm) is an indicator of the its regulation[50].

An important probe used to investigate the A¥Ym i: JC-1, which exhibits a red

fluorescence in normal conditions of mitochondria, and gre.n fluorescence when this

organelle is perturbed[51].
As shown in Figure 6, a considerable increase in bright green fluorescence (R2)
indicates the loss of AYm induced by compley. (), suggesting that this complex promotes

mitochondrial dysfunction probably leadinz to c~ll apoptosis.
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Figure 6. Effects of complex (1) on the A¥Ym of MDA-MB-231 cells. (A) Analysis of the
A¥Ym of MDA-MB-231 cells after 4h of treatment with complex (1) at 1.27 and 2.54 uM by
flow cytometry. (B) Quantitative analysis of the AYm of MDA-MB-231 cells. Data are
represented as mean + SD of three replicates. Significance at the indicated p, using ANOVA
followed by Tukey’s test.

Reactive Oxygen Species (ROS)

Several studies have shown that the cytotoxic effects of naphthogquinones are mediated
via ROS generation[52]. ROS can be responsible for many physiological processes, for

example, activating tyrosine kinases and acting as mediators in signal transduction.

23



Nevertheless, ROS can also induce oxidative stress and trigger the activation of apoptotic cell
signaling[53,54].

Thus, experiments were performed to determine whether complex (1) can generate
ROS in MDA-MB-231 cells. The analysis was carried out monitoring intracellular ROS
levels using H,DCFDA (2°,7’-dichlorofluorescein diacetate) after treatment of the cells with
complex (1) (2 x ICsq of 24 h) for 4h. The H,0O, was used as a positive control. Moreover, the
free Lap was analyzed. Fluorescence measurements were carried out to analyze the
intracellular ROS generation. The green fluorescence observed inu:~ate the formation of ROS
in the analyzed cells, but a stronger effect was observed i u.” cells treated with complex (1)
(Figure 7). Thus, complex (1) can disturb the cellular reu~x and the ROS generated can lead

the cell death by apoptosis.
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Figure 7. Effects of complex (1) on ROS generation in MDA-MB-231 cells. (A)
Representative pictures of ROS generation in MDA-MB-231 cells after treatment with H,0,
(10 uM), Lap (10 uM) and complex (1) (2.54 pM), detected by H,DCFDA staining and (B)
Fluorescence signal detected for the cells in the presence of the compounds.

DNA-interaction studies

Modification in the DNA structure may result in conformational changes that can
modify and affect the message of the genetic sequence. Thus, irreversible alterations can
influence the development of tumor cells, and induce cell death. One of the ways reported for

the action of cisplatin is the ability of binding to the N7 of guanine of DNA, and blocking cell
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division, causing cell death. Therefore, DNA is an exploring target when it comes to
developing drugs to treat cancer[55,56].

The interaction of ruthenium complexes (1) and (2) with DNA was investigated by
circular dichroism, analysis of DNA mobility and competitive DNA fluorescence studies.
Each of these techniques provides information about the type of interaction that occurs
between the ruthenium complexes and the DNA molecule.

DNA shows two bands in the circular dichroism (CD) spectra, a positive band at 275
nm and a negative band at 245 nm, due to the base stackin~ n.:eraction and right-handed
helicity, respectively. Compounds that can interact withr LNNA may cause conformational
changes at the CD spectra. The interaction of ruthenium complexes with DNA was monitored
by incubating different molar ratios of complees and CT-DNA. The complex (1)
demonstrated a weak interaction with DNA, 3i.2n no significant changes were observed in
the intensity of the ellipticity of CT-CNA spectra (Figure 8A). This result indicates that
complex (1) cannot make significant coformational changes in the CT-DNA structure.

In order to gain more insinht irto the nature of the interactions between ruthenium
complexes and DNA, the gel ~lec..ophoresis of pBR322 was performed to investigate the
influence of complexes on u.~ rnobility of this plasmid. The pBR322 showed three different
bands related with tne ~hapes of the DNA, a band namely supercoiled form (SC), circular
form (OC) and the linear form (L) (Figure 8B). The intensity of the bands decreases (or even
disappeared) when the concentration of the ruthenium complex (1) increased (Figure 8B, lines
a, b and c). These results suggest that the ruthenium complex (1) interacts with DNA
covalently or by minor groove, promoting the expulsion of ethidium bromide from the DNA

structure, preventing the visualization of the bands.
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Figure 8. Interaction of complex (1) with DN/Z. r.clecule. (A) Circular dichroism spectra of
CT-DNA incubated with complex (1) at diffe, ~nt molar ratios (Ri) = [complex]/[CT-DNA] =
0.05, 0.1, 0.2, 0.3 and 0.4, (B) Agarose el electrophoresis image of pBR322 plasmid DNA
incubated for 18 h at 37 °C with con,plex (1). Lane 1 (M): molecular weight marker, lane 2
(DNA): pure pBR322 with DMSO Ju -3 -9 (a-g) = Ri = 0.05 to 2 and (C) Emission
spectra of Hoechst—CT-DNA (2 7 p; 125 uM) in the absence and presence of increasing

amounts of complex (1) (0 — 10c WM).
To further investioaw> v hether the complex (1) may be covalently interacting with

DNA, a solution of conniea (1) was prepared with guanosine, and monitoring was carried out
by *P{*H} NMR. The **P{"H} NMR spectra (Fig. S15) showed no alteration of signals of
complex (1), indicating that it is not able to form a strong association with the DNA structure,
then rejecting the possibility of covalent interaction.

To confirm the hypothesis of interaction by minor groove, a competitive binding study
with Hoechst 33258 was used. This fluorophore is able to interact with DNA by a minor
groove and the formed Hoechst-DNA adduct emits a high fluorescence at 450 nm, when

excited at 343 nm. If the compounds interact with the DNA through the minor grooves, it will
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compete with Hoechst, replacing it from the DNA structure and so, the fluorescence intensity
will decrease[57]. A considerable decrease in fluorescence intensity of Hoechst-DNA adduct
was performed detected after increases in the ruthenium complex (1) concentration (Figure
8C). Overall, these results indicate that complexes (1) and (2) interact with the DNA by minor
grooves. Previous research findings showed the same behavior for ruthenium complexes
containing lawsone as ligand, as well as for ruthenium-arene complexes[25,58,59].

Protein binding studies

Albumin is the protein responsible for transporting >ndogenous and exogenous
substances, such as anticancer drugs, through the bodv s, when it comes to drug
development, the investigators have been studying the i: teraction of the drug candidates with
the albumin, because this protein may be the carrier o: *h< drug[60,61].

Bovine serum albumin (BSA) is structur I'y I omologous with Human Serum Albumin
(HSA), and for that reason, is extensive'y Lsea as the model protein binding studies. BSA
exhibits intrinsic fluorescence maii:'v due to the presence of tryptophan residue. The
fluorescence of BSA provides sigaiiicant information about the structure, dynamics and
protein folding, thus any charje ‘n the fluorescence will indicate changes in its structure.
Fluorescence quenching is *elai.d to the process that causes a decrease in the fluorescence
intensity after the inc’.ha. an with a fluorophore (ruthenium complexes, in this case)[36].

The BSA-bindiny experiment was performed by incubating the BSA with ruthenium
complexes (1) and (2) in different concentrations, at 298 and 310 K, monitoring the
fluorescence intensity. Complexes (1) and (2) acted as guenchers since successive increases
of complexes concentration promoted decreases in the intensity of BSA fluorescence (Figure
9A), evidencing that the complexes interact with the BSA, changing its structure. The
interactions can occur by static or dynamic mechanism, or a combination of both. To
distinguish these mechanisms, the fluorescence quenching was studied at different

temperatures, and analyzed by the Stern-Volmer constant (Kg,) showing its increase as the
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temperatures rise (Table 2). Dynamic quenching occurs when the fluorophore and the
quencher (ruthenium complexes) come into contact with the transient excited state, and static
quenching, indicating the formation of fluorophore-quencher complexes in the ground state.
Thus, the increase in the temperature favors dynamic quenching, because this mechanism
depends on the diffusion, therefore high temperatures result in high diffusion coefficient, and
consequently, the K, constant must increase when the temperature rises. On the other hand,
static quenching is disadvantaged with the increase in temperature, resulting in a low value of
Ksv constant[36,62]. Therefore, as the K, values increase with the temperature, the dynamic
mechanism may be involved. On the other hand, the kg * aic2s obtained are higher than the
pure dynamic quenching (kq = 2.0 x 10" M™' s7'), inui~ating that the interaction between

ruthenium complexes (1) and (2) with BSA occurs by vnth a dynamic and static quenching

mechanism.
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Figure 9. Interaction of complex (1) with BSA. (A) Fluorescence spectra of BSA (2.5 uM) in
the absence and presence of increasing concentrations of complex (1), (B) Stern-Volmer and
(C) log(Fo-F/F) s. log[Q] plots, at 310 K.

The values of the binding constant (K,) and number of binding sites (n), listed in

Table 2, reveals that the complexes show a moderate interaction with BSA, where Ky values
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compare to other ruthenium complexes found in the literature[58,63,64]. The n values found

were approximately 1, indicating that the interaction involves one site in the protein.

Table 2. The values of Ky, (M™), ky (M s7), Ky (M™) and n for interaction of BSA and

complexes (1) and (2)

Complexes T(K) Ky (109 kg (10%)  K; (107 n
298 221+024 221 855+0.38 1.16

! 310 228+0.14 2.28 9.33+0.83 1.15
298 215+0.10 2.15 227+0.37 1.8

’ 310 234+011 2.34 2114020 1.07

To gain further insight regarding the type of force inv~lved in the interaction between the

ruthenium complexes and BSA, some thermodynamic ~arameters were determined (enthalpy

change, entropy change, and Gibbs free energv ~F.ar je). Table 3 presents the thermodynamic

parameters for the system analyzed. Th: positive values of enthalpy and entropy changes

indicate the involvement of hydrophcohic interactions between BSA and complexes (1) and

(2). Furthermore, the negative value, ¢r Gibbs free energy suggest that this interaction is

spontaneous[65].

Table 3. Thermodynamic poramiceters for interaction of BSA and complexes (1) and (2)

Complexes  T(X)

AG® (kJ mol™)

AHe (kI mol™)  AS°® (J mol™* K

298 -28.13 113.12
1 5.58
310 -29.49 113.13
298 -24.99 96.71
2 3.83
310 -25.85 95.74
Conclusions

In this paper, two new ruthenium(ll) complexes containing diphosphine (dppm =

bis(diphenylphosphine)methane, (1) Lapachol and (2) Lawsone as ligands were synthesized

and fully characterized by elemental analyses, molar conductivity, UV-Vis, IR, **P{*H}, *H
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and *C NMR. Crystal structure determination was possible for complex (1), confirming the
proposed composition. Complex (1) showed a 20-fold higher activity to the triple-negative
breast cancer (MDA-MB-231) when compared to non-tumor breast (MCF-10A). Moreover,
complex (1) showed the ability to inhibit cell migration and colony formation and to induce
cell cycle arrest and apoptosis by activating the mitochondrial apoptosis pathway through
ROS induction and loss of mitochondrial membrane potential (A¥Ym) in MDA-MB-231 cells.
DNA binding studies suggest that complexes (1) and (2) interact with DNA by minor
grooves. The interactions with BSA occurs by dynamic =nu static mechanism in a
spontaneous process with the involvement of hydrophob’c 1 teractions. On the basis of the
reported results, the ruthenium(ll)/diphosphine-naphtknquinone can be further studied using
in vivo models, as they represent promising candidatrs tu- anticancer applications.
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Highlights

¢ Ruthenium-naphthoguinone compounds with promising anticancer properties.

e Promising cytotoxicity against breast, lung and prostate cancer cells.
e EXxciting results of selectivity are reported against breast cancer cells.
e Complex inhibits cell migration and colony formation of breast cancer cells.

e Complex induces apoptosis by activation of the mitochondrial pathway.
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