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ARTICLE INFO ABSTRACT

Keywords: New Ru(II) complexes with lawsone (law) characterized as trans-[Ru(law)(PPh3)>(N-N)]PF¢, where PPh; means
Ruthenium complexes triphenylphosphine and N-N is 2,2’-bipyridine (1), 4,4’-dimethyl-2,2"-bipyridine (2), 4,4’-dimethoxy-2,2’-bi-
Lawson? ) pyridine (3), 1,10-phenanthroline (4) or 4,7-diphenyl-1,10-phenanthroline (5), induce apoptosis in tumor cells.
Cytotoxicity Cytotoxicity of the complexes against the tumor cell lines DU-145 (prostate cancer cells), MCF-7 (breast cancer

Lung cancer cells), A549 (lung cancer cells) and lung non-tumor cell line MRC-5 demonstrated promising ICs, values, lower

than those found for the cisplatin, a drug used as a reference. Due to the high cytotoxic activity and selectivity
against A549 cells line, complex (5) was selected for detailed assays. The complex (5) inhibits cells migration in
concentrations in a nanomolar range, inducing tumor cell death by apoptosis, as confirmed by flow cytometry
experiments. Furthermore, the antiproliferative activity of complex (5) on A549 tumor cells is attributed to a cell
cycle arrest at the Sub G1 phase, followed by a decrease in the number of cells at the S phase. In addition, the
interaction of the complexes (1-5) with CT-DNA was evaluated by circular dichroism, in which no changes in the
secondary structure of DNA were observed, suggesting a weak interaction of the complexes with the biomole-
cule. On the other hand, complexes (1-5) showed a higher interaction with human serum albumin (HSA) by non-
covalent van der Waals forces and hydrogen bonding, resulting in static quenching.

1. Introduction

After accidentally discovering cisplatin, the search for metallic
compounds endowed with antitumor activities has become a topical
area of research in inorganic and coordination chemistry [1,2]. Several
four-coordinated platinum(Il) analogs have been developed, such as
carboplatin and oxaliplatin, however, many of these platinum com-
pounds have showed resistance and high toxicity, increasing side ef-
fects, such as nephrotoxicity, neurotoxicity, nausea and vomiting [3-5].
Therefore, the development of new anticancer metallodrugs has focused
on complexes with other metals, such as ruthenium, gold, osmium,
gallium and others, seeking to obtain compounds with different modes
of action [6,7]. The variation of the metal ion provides versatility in
terms of designing new drugs, taking into account the variety of oxi-
dation states of the metal center, the coordination number and geo-
metries of the complexes, allowing for adjustments in their chemical
reactivity [8,9].

In this context, ruthenium complexes are very promising bioactive
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agents [10]. So far, the ruthenium complexes, NAMI-A (trans-
[RuCl4(1H-imidazole)(DMSO-S)]), KP1019 (trans-[RuCl4(1H-in-
dazole),]), and NKP-1339 (sodium [trans-RuCl4(1H-indazole),]) have
been evaluated in clinical trials and are effective in treating metastatic
tumors [11,12]. Recently, half-sandwich ;16—arene—Ru(II) complexes
have been introduced into clinical trials. The complex RAPTA-C
([RuClz(nG-p-cymene)(PTA)], PTA = 1,3,5-triaza-7-phosphaadaman
tane) stands out due to its effective antimetastatic activity in vivo, and
low cytotoxicity in vitro [13-15]. This makes these compounds even
more attractive, given that the objective of cancer chemotherapy is to
eliminate tumor metastasis which is mainly responsible for their in-
effectiveness of chemotherapy [9,16].

In metal complexes, the ligands also perform an essential role in the
rational design of new drugs because they can increase the biological
activity of the compounds, by recognizing specific targets and even
changing the chemical reactivity of the complex in the body [8]. In-
troducing ligands with a previous biological activity can lead to sy-
nergistic effects with the metal center or with the complex and is a good
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strategy for metallodrug development. Based on this aspect, a class of
natural compounds known as naphthoquinone is associated with many
biological activities, such as antibacterial, antifungal, antimalarial and
anticancer [17-21]. An example of a naturally occurring compound is
known as Lawsone (2-hydroxy-1,4-naphthoquinone), commonly ex-
tracted from Lawsonia alba [22]. The lawsone can coordinate metals in
a bidentate way, 0,0, forming 5-membered ring [23-25]. In fact,
some metal complexes containing lawsone and derivatives as ligands
have demonstrated higher biological activity than free lawsone
[4,21,26]. Recently, Hartinger and co-workers have reported half-
sandwich Ru(I) arene complexes containing lawsone and its deriva-
tives as ligands, which exhibited cytotoxic activity against SW480,
CH1/PA-1 and A549 tumor cell lines [4].

As part of our ongoing effort to design new metallodrug candidates
with antitumor activity, in recent years our research group has reported
some ruthenium complexes containing phosphines and diimines as li-
gands with promising results against this disease [27-30]. Therefore, in
this paper we have synthesized and characterized five new ruthenium
complexes containing phosphines, diimines and lawsone as ligands. The
cytotoxicity assays, in vitro, of the ruthenium complexes against human
tumor cell lines, including breast, prostate and lung and against one
lung non-tumor human cell line, were carried out using the MTT
method. In addition, we analyzed the effect of ruthenium complexes on
cell morphology and migration, as well as the mechanism of cell death
induced and changes in cell cycle arrest by flow cytometry. Further-
more, their ability to interact with CT-DNA and HSA were investigated.

2. Experimental
2.1. Material and methods

All chemicals used to prepare the complexes and buffer solution are
of analytical grade or chemically pure grade. All the synthesis of the
complexes was carried under argon atmosphere. The RuCl33H-0, tri-
phenylphosphine (PPh3), N-N = 2,2’-bipyridine (bipy), 4,4’-dimethyl-
2,2’-bipyridine (mebipy), 4,4’-dimethoxy-2,2’-bipyridine (meobipy),
1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline
(phphen) and lawsone (law) were used as received from Aldrich. KPFg,
salts used for buffer preparation, CT-DNA (Calf Thymus), HSA (Human
Serum Albumin) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) were purchased from Aldrich.

2.2. Physical measurements

The NMR experiments (*'P{'H},'*C{'H}, 'H) were recorded on a
9.4 T Bruker Avance III spectrometer in DMSO-dg. The 3'P{'H} shifts
are reported in relation to HsPO, 85%. The experiments of 'H-'H
gCOSY, 'H-13C gHSQC, and 'H-'3C gHMBC were carried out for com-
plete characterization of ruthenium complexes. Elemental analyses (C,
H and N) were performed on a Fisons EA 1108 model (Thermo
Scientific) equipment. UV-Visible (UV-vis) was recorded on a Hewlett
Packard diode array — 8452A spectrophotometer. IR spectra between
4000 and 200 cm ™ ! were registered using as CsI pellets on a Bomem-
Michelson FT-MB-102 instrument. Fluorescence spectra were per-
formed by using a fluorimeter Synergy/H1-Biotek. The circular di-
chroism spectra were obtained from a spectropolarimeter Jasco J-720,
using the quartz cuvette circular of 1 cm path length. The electro-
chemical experiments were carried using a BAS, model 100B at room
temperature in CH,Cl, containing 0.10 M tetrabutylammonium per-
chlorate (TBAP) (Fluka Purum) as a support electrolyte. The working
and auxiliary electrodes were stationary Pt foils, and the reference
electrode was Ag/AgCl, 0.10 M TBAP in CH,Cl,, in a Luggin capillary
probe. Conductivity values were obtained using a MeterLab CDM2300
at room temperature.
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2.3. Synthesis and characterization

2.3.1. Synthesis of cis,trans-[RuCl,(PPh3),(N-N)], general procedure

The synthesis of the complex precursors was carried out following
procedures described by Batista and coworkers [31]. For this, the N-N
ligand (0.25 mmol) was added to the solution of [RuCly(PPhjs)s]
(0.20 mmol, 0.2 g) in 20 mL of CH,Cl,. The reaction was kept in agi-
tation under argon atmosphere for 1 h. After that, the solution volume
was reduced to approximately 2mL and ethyl ether was added to
precipitate a brown solid. The solid was filtered, washed with ethyl
ether and dried under vacuum.

2.3.2. Synthesis of trans-[Ru(law)(PPh3)>(N-N)]PF, general procedure

To obtain the new complexes (1-5), the lawsone (0.18 mmol;
0.031 g) was dissolved in 50 mL of a mixture of CH,Cl,:CH30H (1:1 v/
v) in a Schlenk flask, containing 80 uL of triethylamine. Then,
(0.12 mmol) of cis,trans-[RuCl,(PPh3),(N-N)] and (0.24 mmol; 0.044 g)
KPF¢ was added. The solution was kept under reflux, inert atmosphere
and was stirred for 12 h. The solution with a dark color was con-
centrated to ca. 5mL, and water was added to precipitate a powder.
The solids were filtered off, washed with water and diethyl ether
(3 x 15 mL each) and dried under vacuum.

trans-[Ru(law)(PPh3),(bipy)1PFs (1): Yield: 49.66 mg (77%). Anal.
Calc. for [Cs¢H43FsN2O03P3Ru]-1/2 CH,Cly: exp. (calc) C, 60.92 (61.15);
H, 4.02 (3.94); N, 2.52 (2.55) %. Molar conductivity in CHCl,,
33.96 S cm? mol ™ L. IR (Selected bands, cm ™ 1): v(C;=0) 1602, v(C,=
0) 1618, v(C,—0) 1091. *'P{’H} NMR &(ppm): 30.68 (s). 'H NMR
(400 MHz, DMSO-dg, 298 K): 8(ppm): 5.53 (s, 1H, law), 9.86 (m, 1H,
bipy), 9.37 (m, 1H, bipy), 8.14-6.97 (overlapped signals, 30H aromatic
hydrogen for PPhs, 6H for bipy and 4H for law). *C NMR (400 MHz,
DMSO-dg, 298 K): 8(ppm) 198.55 (C;=O0 of law), 181.52 (C4=O of
law), 170.46 (C5,—O of law).

trans-[Ru(law)(PPhs)>(mebipy)]PF¢ (2): Yield: 48.02 mg (75%).
Anal. Calc. for [CsgH,47FgN2OsPsRu] exp. (calc) C, 61.95 (61.76); H,
4.78 (4.20); N, 2.33 (2.48) %. Molar conductivity in CH,Cl,,
40.20 S cm® mol ~ . IR (Selected bands, cm ™ 1): ¥(C;=0) 1600, ¥(C,=
0) 1610, ¥(C,—0) 1093. 3P{'H} NMR &(ppm): 30.06 (s). 'H NMR
(400 MHz, DMSO-d, 298 K): §(ppm): 2.30 (s, 3H, CH;3 of mebipy), 2.41
(s, 3H, CH; of mebipy), 5.59 (s, 1H, law), 9.65 (m, 1H, bipy), 9.23 (m,
1H, bipy), 8.16-6.98 (overlapped signals, 30H aromatic hydrogen for
PPhg, 4H for mebipy and 4H for law). '*C NMR (400 MHz, DMSO-dj,
298 K): 8(ppm): 198.53 (C;=0 of law), 181.46 (C4=O0 of law), 170.63
(C5—0 of law).

trans-[Ru(law)(PPhs)>(meobipy)]PFs (3): Yield: 50.83 mg (80%).
Anal. Calc. for [CsgH4,FgN>OsPsRu] exp. (calc) C, 60.31 (60.05); H,
4.18 (4.08); N, 2.12 (2.41) %. Molar conductivity in CH,Cl,, 31.60 S
cm? mol ™ 1. IR (Selected bands, cm ™ !): ¥(C;=0) 1599, ¥(C,=0) 1614,
v(C,—0) 1092. 3'P{*H} NMR 8(ppm): 31.46 (s). 'H NMR (400 MHz,
DMSO-dg, 298 K): 8(ppm): 3.85 (s, 3H, CH3 of meobipy), 3.91 (s, 3H,
CHj3 of meobipy), 5.47 (s, 1H, law), 9.51 (m, 1H, meobipy), 9.05 (m,
1H, meobipy), 8.12-7.00 (overlapped signals, 30H aromatic hydrogen
for PPh;, 4H for meobipy and 4H for law). 13C NMR (400 MHz,
DMSO-dg, 298 K): 8(ppm): 198.59 (C;=O0 of law), 181. 30 (C4=O0O of
law), 170.75 (C5—O of law).

trans-[Ru(law)(PPh3).(phen)]PFg (4): Yield: 46.14 mg (73%). Anal.
Calc. for [CsgH43F¢N2O3P3Rul1/2 CH,Cl, exp. (calc) C, 62.03 (61.98);
H, 3.95 (3.86); N, 2.33 (2.49) %. Molar conductivity in CHCl,,
39.30 S cm? mol ™ 1. IR (Selected bands, cm ™ 1): ¥(C;=0) 1599, v(C,=
0) 1616, ¥(C,—0) 1096. *'P{'H} NMR &(ppm): 30.08 (s). 'H NMR
(400 MHz, DMSO-dg, 298 K): §(ppm): 5.59 (s, 1H, law), 10.24 (m, 1H,
phen), 9.70 (m, 1H, phen), 8.47-6.82 (overlapped signals, 30H aro-
matic hydrogen for PPhs, 6H for phen and 4H for law). *C NMR
(400 MHz, DMSO-d,, 298 K): §(ppm): 198.83 (C;=0 of law), 181.54
(C4=0 of law), 170.68 (Co—O of law).

trans-[Ru(PPh3),(law)(phphen)]PFg (5): Yield: 37.80 mg (70%).
Anal. Calc. For [C,oHs;FsN,O3P3Ru] exp. (calc) C, 65.36 (65.88); H,



K.M. Oliveira et al.

4.28 (4.03); N, 2.16 (2.20)%. Molar conductivity in CH,Cl,,
36.07 Q' cm?mol L. IR (Selected bands, cm™1): v(C;=0) 1598, v
(C4=0) 1613, ¥(C,—0) 1091. 3'P{'H} NMR 8(ppm): 29.85 (s). 'H NMR
(400 MHz, DMSO-dg, 298 K): §(ppm): 5.65 (s, 1H, law), 10.35 (m, 1H,
phphen), 9.82 (m, 1H, phphen), 8.27-6.94 (overlapped signals, 30H
aromatic hydrogen for PPhs, 14H for phphen and 4H for law). 13C NMR
(400 MHz, DMSO-dg, 298 K): §(ppm): 198.73 (C;=O0 of law), 181.61
(C4=0 of law), 170.71 (C,—O of law).

2.4. Crystal structure determination

Crystals of complexes (2) and (5) were obtained at room tempera-
ture from dichloromethane/ether (1:1) solution, and were mounted on
glass fibers. A Bruker Kappa APEX II Duo diffractometer, equipped with
graphite monochromated MoKa radiation (A = 0.71073 A), was used
for intensity data collection at room temperature. The structure of
complexes (2) and (5) was solved with SHELXS and refined with
SHELXL software [32], with anisotropic thermal displacements for all
non-hydrogen atoms. More information about the crystal structure and
refinement data is depicted in Table S1. Supplementary crystal-
lographic data are deposited with the number 1545005 and 1545006
for complexes (2) and (5), respectively, being obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/structures.

2.5. DNA binding study by circular dichroism (CD)

Solutions of CT-DNA were prepared by diluting about 40 mg of CT-
DNA in 20 mL of Tris-HCl buffer (5 mM Tris-HCl and 50 mM Nacl,
pH 7.4). The concentration of CT-DNA was determined using the molar
extinction coefficient of 6600 M~ ' ecm ™! at 260 nm. The CD spectra
were recorded in the presence of constant concentration of the CT-DNA,
with increasing of the ruthenium complex concentrations. The mea-
sures were collected from 240-350 nm at 298 K and under constant
nitrogen flush. The stock solutions of ruthenium complexes were pre-
pared in DMSO at a concentration of 1.5 mM. The molar ratios used
(Ri = [complexes] / [CT-DNA]) were: 0.05 to 0.4. The samples were
incubated at 310 K for 18 h.

2.6. Protein binding studies

HSA solution was prepared by dissolving the protein in a Tris-HCl
buffer. The exact concentration of HSA (5 uM) was determined by ab-
sorption spectrophotometric analysis, using the molar extinction coef-
ficient of 35,700 M~ 'cm™ ' at 280nm [33]. The experiment was
performed using an opaque 96-well plate. The excitation wavelength
was set at 270 nm and the emission was read at 300-600 nm. Stock
solutions of ruthenium complexes were prepared in DMSO and in-
cubated with HSA protein in different molar ratios of complexes/HSA.
Measurements were recorded at temperatures of 298 and 310 K.

2.7. Biological evaluation

2.7.1. Cell viability assay

The cytotoxic activity of ruthenium complexes was evaluated
against different human carcinoma cells: DU-145 (prostate; ATCC: HTB-
81), MCF-7 (breast; ATCC: HTB-22), A549 (lung; ATCC: CCL-185) and
MRC-5 (lung; ATCC: CCL-171) non-tumorigenic cell line, using the MTT
colorimetric assay. The cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM) for A549 and MRC-5, supplemented with 10%
fetal bovine serum (FBS) or Roswell Park Memorial Institute (RPMI)
1640 Medium for DU-145 and MCF-7, supplemented with 20% FBS, at
310K in humidified 5% CO, atmosphere. To conduct the assay,
1.5 x 10* cells/well were seeded in 200 pL of medium in 96-well plates
(Corning Costar). The cells were maintained for 24 h to attach and then
were treated with ruthenium complexes for 48 h. The ruthenium
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complexes were dissolved in DMSO, and 1 puL was added to wells with
200 uL  of medium, resulting in the concentration ranges
(50-0.003 uM). Cisplatin, used as a reference drug, was solubilized in
DMF. After the treatment, MTT (30 pL, 1 mg mL~ 1 in PBS) was added
to each well, and the plate was incubated for 3 h. Cell viability was
detected by reducing MTT to purple formazan in living cells. The for-
mazan crystals were solubilized by isopropanol (100 puL/well), and the
optical density of each well was measured using a microplate spectro-
photometer at a wavelength of 540 nm. The Inhibitory Concentration to
50% (ICsp) of cell proliferation (Table 3) was obtained from the analysis
of absorbance data of three independent experiments.

2.7.2. Cell morphology

The morphology of A549 and MRC-5 cells was analyzed in the
presence of different concentrations of complex (5) (0.01-10 pM).
Therefore, 1 x 10° cells/well were seeded in 1 mL of medium in 12-
well plates (Corning Costar) and maintained to attach at 24 h 310K in
5% CO,. Cells were treated with complex (5) and images of cell mor-
phology were recorded at 0, 24 and 48 h of incubation using an in-
verted microscope (Nikon Eclipe TS100) coupled to a still camera
(Moticam 1000-1.3MP Live Resolution) with an amplification of 40 x.

2.7.3. Wound healing

For this assay, A549 cells were seeded at a density of 1 x 10° cells/
well in 12-well plates and maintained to attach at 310 K in 5% CO,, for
24 h, until reaching confluency. A wound was created in the confluent
monolayer using pipette tips. The culture medium containing cells in
suspension was removed. A new culture medium was added containing
different concentrations of complex (5). Images of each wound were
recorded using an inverted microscope (Nikon Eclipe TS100) coupled to
a camera (Moticam 1000 — 1.3 MP Live Resolution) with an amplifi-
cation of 10 %, at different times (0-48 h). The wound closure was
analyzed by the recorded images using Image J software.

2.7.4. Cell migration study

A Transwell migration assay was conducted using a 24-well
chamber (BD Biosciences, Franklin Lakes, NJ, USA). For this assay,
A549 cells (0.5 x 10° cell/well) were suspended in DMEM serum-free
and added in the upper chamber, together with different concentrations
of complex (5). In the lower wells, DMEM was added with 10% FBS and
plates were incubated at 310 K and 5% CO, for 22 h. Non-migrating
cells that remained on the upper membrane surface were removed
using cotton swabs. The cells that migrated to the lower membrane
surface were fixed with methanol for 10 min, stained with toluidine
blue and washed with distilled water. Images were acquired using an
inverted microscope (Nikon Eclipe TS100) coupled to a camera
(Moticam 1000-1.3MP Live Resolution) with amplification of 40 x.
The cells were counted using Image J software.

2.7.5. Cell cycle analysis

A549 cells were seeded in 12-well plates at a density of 1.5 x 10°
cells/well. After 24 h, different concentrations (1, 2 and 3 uM) of
complex (5) were added to the wells for 24 h. For control, only DMSO
was added to the cells. After that, cells were collected, centrifuged
(5 min at 1200 rpm), harvested in cold PBS and fixed with 70% aqueous
ethanol (v/v). The cells were stored at — 20 °C overnight. Posteriorly,
the cells were centrifuged (5 min at 1500 rpm), resuspended in 300 pL
of RNase A (0.2 mg mL"~ 1) and incubated for 30 min at 37 °C. Then, the
samples were stained for 1 h with hypothonic fluorochrome solution
(Propidium iodide 5pugmL~ ! sodium citrate 0.1% and Triton-X-100
0.1%). After that, the samples were analyzed by flow cytometry (Accuri
C6 BD Biosciences). The number of cells analyzed for the sample was
10,000 and the assay was performed in triplicate.

2.7.6. Apoptosis assay
Cell death was evaluated using the Annexin V-PE apoptosis
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Scheme 1. The synthetic route of ruthenium complexes (1-5).

detection kit (BD Biosciences) according to the instruction manual.
A549 cells (0.8 x 10° cells/well) were seeded on 24-well plates
(Corning Costar) and maintained to attach at 37 °C in 5% CO, for 24 h.
On the next day, different concentrations (3, 10 and 20 uM) of the
complex (5) were added to the wells and incubated for 24 h. After
treatment, the plate was centrifuged at 2000 rpm for 5 min and 4 °C,
the medium was collected and cells were washed in ice-cold PBS. Next,
the binding buffer (200 pL), 2.5 uL of 7-AAD and 2.5 uL. of PE were
mixed to the cells, which were incubated for 20 min in the dark. Then,
the plate was centrifuged at 2000 rpm for 5 min and 4 °C and 200 pL of
binding buffer were added. The cells were removed and transferred to
tubes and then analyzed using a flow cytometer BD Accuri C6 Plus.

3. Results and discussion
3.1. Synthesis and characterization

Dark blue or purple ruthenium complexes (1-5) containing lawsone
were obtained according to the procedure illustrated in Scheme 1. The
synthetic route obtained pure complexes with good yields (~80%)
according to spectroscopic data, as well as elemental analyses, molar
conductivity and *'P{'H}, 'H and '*C NMR spectrum. All complexes are
air-stable solids. The stability of the complexes, in solution, was eval-
uated by *'P{*H} NMR spectroscopy in DMSO, and they are stable for at
least 72 h (Fig. S1 Supplementary information).

The molar conductivity measurements for the ruthenium complexes
(1-5), in dichloromethane, present values that are consistent with a 1:1
electrolyte (31.60-40.20 S cm®mol ~ 1), which agree with complexes
with a general formula [Ru(L)(PPhj3),(bipy)]PFe previously reported
[28].

The solid-state FT-IR experiments were carried out for free lawsone
and for complexes (1-5). Based on these spectra, some important band
displacements were observed, which was useful for the preliminary
confirmation of the ligand coordination of the binder to the metal
center. The spectrum of the free lawsone displays a broad band around
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3175 cm™! assigned to v(O—H) stretching vibrations. In the spectra of
complexes (1-5), this band is absent, indicating deprotonation and
coordination of the hydroxyl oxygen atom [25]. In the region of 1800 to
1700 cm! displacement of the v(C;=0) stretching vibration was ob-
served, which changed from 1640 to 1602 cm ™ !, due to the weakening
of the double bond after coordination to the ruthenium. The band re-
lated to v(C4=0) also presented a small displacement, from 1679 to
1618 cm’!. In addition, the v(Co—0) stretching of the free ligand law-
sone (observed at 982 cm ™~ ') underwent a higher wavenumber upon
complexation. This was observed at 1091 cm™! [34]. This behavior was
also observed for other complexes containing the lawsone as ligand
[25,35-37]. Additionally, the absorptions at 841 and 558 cm™ ' are
assigned to the counter-ion PFs~ '. The bands in 514 and 400 cm ™ ! can
be attributed to v(Ru-O) and v(Ru-N), respectively [38].

Electronic spectra of the ruthenium complexes (1-5) showed three
absorptions around 268, 290 and 580 nm (see Supporting information,
Fig. S7). The absorptions at 268 and 290 nm are assigned s — mt*
transitions of phosphines, diimine derivatives and lawsone ligands.
Meanwhile, the absorption at around 580 nm can be assigned to n — t*
transitions, which is characteristic of quinones coordinated to metals
[39,40]. This band can also be attributed to metal-to-ligand charge
transfer (MLCT) transitions from Ru(dm) to the ligand (t*).

The electrochemical studies of the ruthenium complexes (1-5),
carried out using the cyclic voltammetry technique, were performed in
CH,Cl, solutions containing 0.10 M TBAP. The complexes (1-5) exhibit
Ru(II)/Ru(IIl) irreversible oxidation processes at about 1000 mV, which
are higher than those values found for the respective precursor com-
plexes (range 300-400 mV) [31], indicating more stability of the metal
center after coordination of the lawsone ligand. This metal center sta-
bilization is possible due to the replacement of two o and st donor
chlorides by a monocharged chelating lawsone ligand.

The analysis of the *'P{'H} NMR of complexes (1-5) showed one
singlet around 30 ppm, due to the equivalence of the two PPh; ligands
in trans configuration. These values are similar for compounds such as
the trans-[Ru(PPh3)»(N-N")(bipy)]PFe, N-N’ = N-(acyl)-N’,N’-(di-
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2)

Fig. 1. Crystal structures of complexes (2) and (5) showing the atom numbering scheme and displacement ellipsoids (30% probability level).

substituted)thioureas [28], and common for ruthenium complexes
containing two PPh; in trans position to each other [21,27]. The com-
plexes containing lawsone as ligand showed higher chemical shifts
compared to the precursors, in which the singlet signals occur at around
22 ppm [41].

The 'H NMR spectra for complexes (1-5) show that the absence of
the hydroxyl hydrogen signal is in accordance with the deprotonation
of the OH upon coordination. For all the complexes, overlapping of the
signals were observed. For complex (5) in the region of 8.27-6.94, ppm
multiplets were observed corresponding to 48 aromatic hydrogen atoms
from the phosphines, diimines and lawsone. In the 5.65 ppm, the singlet
of the hydrogen atom bonded to carbon 3 can be observed. In addition,
multiplet signals occurring at 10.35 and 9.82 ppm are assigned to the
phphen ligand (see Supporting information, Figs. S2-S6).

Single crystals suitable for X-ray diffraction were obtained for
complexes (2) and (5). Fig. 1 shows the stereochemistry and co-
ordination sphere around the metal center by the MERCURY re-
presentation. The crystallographic data are given in Supplementary
Material. The complex (2) crystallized in the monoclinic system with
space group C 2/c, and complex (5) in triclinic P-1 one with two mo-
lecules in the asymmetric unit. Both complexes present a distorted oc-
tahedral geometry, as observed by the bond angles (Table 1). These
values agree very well with those values obtained for complexes con-
taining PPhs as ligands [21], [30,42]. The values obtained for N-Ru-N
and O-Ru-O bond angles on the equatorial position are distant of the
90°, indicating the tension of the five-membered chelate ring of the
diimines and lawsone. The bond angles for P-Ru-N and P-Ru-P are close
to 90° and 180°, respectively. As can be seen the Ru(Il) ion is co-
ordinated to lawsone anion acting as bidentate ligand through their
carbonyl and deprotonated phenolic oxygen atoms (Ru-O1 and Ru-O2
distances are 2.0946(18) and 2.1032(18) }o\, for complex (2) and
2.064(2) and 2.127(2) A for complex (5), respectively).

Comparing the O—C bond lengths values of lawsone free of metal
[43] with those ones obtained to metal complexes studied here, the O
(1)—C(1) bond lengths to complexes (2) and (5) [1.249(3) and 1.250(4)
/o\, respectively] are larger than O(1)—C(1) bond length one of lawsone
free [1.212 1°\], as a result of ligand coordination. On the other hand, the
0(2)—C(2) bond length in the free ligand is 1.334 /0\, while the com-
plexes (2) and (5) present values of 1.294(3) and 1.294(4) A, respec-
tively, suggesting a double bond character enhancement due to
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Table 1
Selected bond distances (A) and angles (°) for complexes (2) and (5).

Fragment 2 )
Ru(1)-0(1) 2.0946(18) 2.064(2)
Ru(1)-0(2) 2.1032(18) 2.127(2)
Ru(1)-P(1) 2.4149(8) 2.3841(9)
Ru(1)-P(2) 2.3934(8) 2.4049(10)
Ru(1)-N(1) 2.041(2) 2.060(3)
Ru(1)-N(2) 2.040(2) 2.023(3)
Oo(1)-C(1) 1.249(3) 1.250(4)
0(2)-C(2) 1.294(3) 1.294(4)
Oo(4)-C4) 1.228(4) 1.244(5)
C(1)-Cc(2) 1.482(4) 1.486(5)
O(1)-Ru(1)-0(2) 76.40(7) 76.93(9)
O(1)-Ru(1)-P(1) 90.63(5) 90.18(7)
0O(2)-Ru(1)-P(2) 88.15(6) 87.65(7)
O(1)-Ru(1)-P(2) 89.57(5) 90.21(7)
P(2)-Ru(1)-P(1) 178.61(3) 176.75(4)
N(2)-Ru(1)-N(1) 78.07(9) 78.73(12)
N(1)-Ru(1)-P(2) 91.09(6) 90.23(8)

resonance in the 01—C1—C2—02 moiety of the ligand. Such resonance
also affect the C(1)-C(2) bond with value of 1.505 A in lawsone free
(single bond character), while in the metal complexes this bond is
slightly shortened (Table 1).

3.2. DNA binding studies

DNA macromolecule is a biological target to be studied considering
the design of new compounds to act in anticancer chemotherapy, given
that the process of cell division involves DNA replication [44]. To ex-
plore the complex/DNA interaction ability, the Circular Dichroism (CD)
technique was used in order to evaluate the DNA conformation changes
caused by the ruthenium complexes. This technique presents high
sensitivity to identify alterations on the DNA secondary structure [44].
A typical spectrum of CT-DNA exhibits two bands in the UV region, a
positive band at 275 nm due to base stacking and a negative band at
245 nm due to right-handed helicity [45,46]. CT-DNA bands were
monitored by adding different molar ratios of the complexes and CT-
DNA (Ri = [Complex] / [CT-DNA] = 0.05 to 0.4). The CT-DNA
spectra, both free and in the presence of complex (5), can be seen in
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Fig. 2. CD spectra of CT-DNA (50 uM) incubated with complex (5) for 18 h at 310K in
different molar ratios.

Fig. 2.

In general, compounds that exhibit electrostatic interaction with
DNA show no significant changes in CT-DNA bands, while compounds
that exhibit covalent interactions or intercalation cause changes in their
secondary structure. When adding complex (5) (Fig. 2), it can be ob-
served that there were no significant changes in the secondary CT-DNA
structure, under our experimental conditions. This result indicates that
the complex (5) has a weak interaction with the CT-DNA, which can be
electrostatic interaction due to the positive charge of the complex. The
same behavior was observed for all synthesized complexes here (see
Supporting information, Fig. S8). The weak interaction of our com-
plexes with DNA suggests that this biomolecule cannot be the pri-
mordial target for their activity, as observed for other ruthenium
complexes reported in the literature [47,48]. Thus, the antitumor ac-
tivity may be related to other biological targets, such as topoisomerases
and kinases.

3.3. Protein binding studies

HSA is the most abundant protein of the circulatory system and
carries out various important functions, such as transporting drugs and
nutrients through the organism [28]. Therefore, it is important to know
the type of drug/HSA interaction to better understand the drug's bio-
chemical and physiological effects. The HSA displays fluorescence
mainly due to the presence of a tryptophan residue located in sub-
domain II, at position 214 [49]. Changes in the conformation of HSA
due to the presence of ruthenium complexes can affect their fluores-
cence and indicate interactions with protein. Thus, we have decided to
investigate the behavior of ruthenium complexes in the presence of
HSA, evaluating their temperature dependence. The fluorescence
spectra of HSA in the absence and presence of ruthenium complexes
(1-5) was obtained in 298 and 310K, with excitation at 270 nm.
Concentrations of complexes were in the range of 0 to 25 pM and the
HSA concentration was fixed at 5 uM.

The fluorescence intensity of quenched HSA decreased significantly
when increasing concentrations of the complexes were added, as can be
observed in Fig. 3. Fluorescence suppression of HSA can occur by two
types of mechanisms: dynamic and static. Dynamic quenching occurs
when the fluorophore comes in contact with the quencher (ruthenium
complexes) during the transient existence of the exited state, while the
static mechanism occurs with the formation of the HSA/complex spe-
cies in the ground state of the fluorophore-quencher [50]. These two
mechanisms can be distinguished by some factors, such as temperature
and viscosity. For dynamic quenching, higher temperatures increase
diffusion coefficients due to decreased viscosity and the bimolecular
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quenching constants increase with increasing temperature. However,
for static quenching, an increase in temperature leads to a decrease of
stability of complexes formed between the fluorophore/quencher, and
thus decreases the values of the Stern-Volmer constant with increasing
temperatures [49].

The quenching mechanism involved can be examined using the
Stern-Volmer Eq. (1):

FO/F =1+ quO[Q] =1+ st[Q] (€8]

where, Fy and F are the fluorescence of HSA in the absence and pre-
sence of ruthenium complexes, K, is the Stern-Volmer constant, [Q] is
the concentration of ruthenium complexes, kq is the bimolecular
quenching constant and 7, is the average lifetime of the fluorophore in
the absence of quencher [51].

The K, constant decrease when the temperature is increased from
298 to 310 K (Table 2), indicating a static mechanism of quenching. In
addition, evidence of the static mechanism is the kq values of the order
of 10'! and 102 Ms ™! (Table 2). These values are greater than the
maximum value possible for dynamic quenching (2 x 10 LMs™ .

The fluorescence quenching data were analyzed to obtain the
binding constant (K;,) and number of binding sites (n) using Eq. (2):

w = logK}, + nlog[Q] o)
The K}, and n can be calculated by plotting log[(Fo — F) / F] versus
log[Ql, as shown in Fig. 3(C). The K;, values confirm a higher interac-
tion between the ruthenium complexes and HSA comparatively to other
ruthenium complexes reported in the literature [52]. The values of the
n indicate that ruthenium complexes interact by only one binding site.

To evaluate the types of interactions that occur between the com-
plexes and the HSA, some thermodynamic parameters were obtained.
The thermodynamic parameters as free energy (AG®), enthalpy (AH")
and entropy (AS®) were calculated using Egs. (3) and (4):

K1 11 AH®
Inf—|==—=|X—
Kp2 T T R

AG’ = —RTInK;, = AH® — TAS’

log

€))
4

where K;; and Ky, are the binding constants in temperature T; and T,
and R is the gas constant [52].

Table 3 shows the thermodynamic parameters for ruthenium com-
plexes and HSA. The thermodynamic parameters, enthalpy change
(AH), entropy change (AS) and free energy change (AG), are the main
means used to confirm the binding modes. From the thermodynamic
standpoint, AH > 0 and AS > 0 imply a hydrophobic interaction;
AH < 0 and AS < O reflects van der Waals force or hydrogen bond
formation; and AH < 0 and AS > 0 suggests an electrostatic force.
Thus, the negatives values for AH®, AS° and AG’ indicates the van der
Waals force or hydrogen bonding formation and the spontaneous in-
teraction between protein and the complexes [53].

3.4. Biological activity

3.4.1. MTT assay

In order to evaluate the cytotoxic activity of the ruthenium com-
plexes upon coordination of lawsone compared with free ligand, the in
vitro assays were carried out against prostate (DU-145), breast (MCF-7)
and the lung (A549) tumor cell line and compared with the lung non-
tumor cell line (MRC-5). Cisplatin was used for comparison, under
identical conditions. In this assay, the compounds were incubated with
cells for 48 h. As can be seen by the results summarized in Table 4, the
ruthenium complexes were more active than cisplatin and the free li-
gand lawsone for all cells evaluated. All the complexes were very active
against the tumor cells, mainly complex (5), reaching nanomolar con-
centrations, especially on the A549 cell line. Importantly, complex (5)
is less toxic against lung non-tumor cells, suggesting selectivity for lung



K.M. Oliveira et al.

Journal of Inorganic Biochemistry 176 (2017) 66-76

75000

60000
Py
=
& 45000
N’
oy
£ 300004/
g .
~N—
=
[
150004
0 T T T T
300 350 400 450 500
Wavelength (nm)
404 (B) ©)
is 0.4
3.0 @
= 0.0+
[
<
&c 2.54 Et
<= on
2.0 5 0.4
] @ 298K -R=0.99
Lo ) @ 310K-R =098 0.8 g g?gﬁ:ﬁ:g'gg
0 5 10 15 20 25 56 54 52 5.0 48 46
[Ql, pmoL™ Log [Q]

Fig. 3. (A) Fluorescence spectra of HSA (5 uM) with increasing concentrations of complex (5). (B) Stern-Volmer plots for the quenching of HSA in the presence of complex (5). (C) Plot of

log[(Fo — F) / F] vs. log[Q].

Table 2
Quenching parameters for the interactions of ruthenium complexes (1-5) with HSA.

Complexes Koy M~ D) kg (M~ g7 K, M~ 1Y) n
@ (9.97 + 0.08) x 10* 9.97 x 10™ (2.13 + 0.22) x 10° 1.09
(8.47 + 0.13) x 10* 8.47 x 10" (1.38 = 0.71) x 10° 0.98
) (9.32 + 0.20) x 10* 9.32 x 10" (2.45 * 0.12) x 10° 1.23
(7.59 + 0.03) x 10* 7.59 x 10 (1.50 + 0.42) x 10° 1.52
3) (1.15 + 0.02) x 10* 1.15 x 10! (2.03 * 0.31) x 10° 1.28
(1.10 * 0.09) x 10* 1.10 x 10! (1.38 + 0.24) x 10° 1.55
(©)) (1.14 + 0.06) x 10° 1.14 x 10'? (2.15 * 0.60) x 10° 1.22
(1.03 + 0.02) x 10° 1.03 x 102 (1.50 + 0.29) x 10° 1.28
5) (1.24 * 0.02) x 10° 1.24 x 10'? (2.60 * 0.16) x 10° 1.22
(1.15 * 0.03) x 10° 1.15 x 10'? (1.87 + 0.15) x 10° 1.28
Table 3 N,N-chelating ligand, is directly related to the increase of biological

Thermodynamic parameters for interaction between complexes (1-5) and HSA.

Complexes AG® (kJ mol ™ 1) AH° (kJ mol~ 1) AS° (Jmol 1K™ 1)
(€] —30.40 —27.76 —8.86

2) —36.45 —31.38 —17.01

3) —35.98 —24.70 —37.85

4 —36.12 —23.04 —43.89

5) —36.60 —21.09 —52.05

cancer cells. Probably, the presence of the 4,7-diphenyl-1,10-phenan-
throline (phphen) ligand in the complex (5) can contribute to in-
creasing antitumor activity, as previously observed for other ruthenium
complexes, where the increase of the phenyl ring substituents on the
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activity [54]. Therefore, complex (5) was selected for detailed studies
of mechanism of cell death.

The morphological changes caused by different concentrations of
complex (5) on A549 and MRC-5 cell lines were registered using an
inverted microscopic coupled to a camera, after 24 and 48 h of in-
cubation. Remarkable changes were observed on cell morphology after
48 h of incubation at concentrations of 0.1, 2, 5 and 10 uM for A549
cells and 2, 5 and 10 uM for MRC-5 cells, when compared with the
controls (Fig. 4). The appearance of the circular structures, loss of cell
adhesion, cell contraction and the formation of cell aggregates was
observed, all indicating cell death. These observations are consistent
with results from the MTT assay, indicating that complex (5) suppresses
cell growth and proliferation, presenting higher selectivity against lung
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Table 4
The cytotoxicity activity for ruthenium complexes (1-5) in human cell lines.

Compounds 1Cso (UM)

DU-145 MCF-7 A549 MRC-5 sr
Law > 100 > 100 > 100 > 100 -
@ 0.15 * 0.03 0.41 = 0.04 0.20 = 0.06 0.98 = 0.12 4.9
) 1.28 + 0.33 0.45 + 0.02 0.21 + 0.01 0.54 * 0.07 2.6
3) 0.16 = 0.01 0.26 * 0.02 0.24 = 0.03 1.34 * 0.27 5.6
@ 1.93 * 0.57 0.31 = 0.03 0.13 = 0.01 0.56 = 0.05 4.3
5) 0.77 %= 0.06 0.13 + 0.02 0.09 + 0.01 1.44 + 0.25 16.0
Cisplatin 2.33 * 0.40 13.98 * 2.02 14.42 = 1.45 29.09 + 0.78 2.0
2SI = Selectivity index for lung cells = ICso of MRC-5/1Csq of A549.

cancer, when compared to other cell lines. the anti-metastatic capability of the complex (5). It is well known that

metastasis is a biological process in carcinomas that relies on cell mi-
gration and invasion to other regions of the body [55,56]. Therefore, in

3.4.2. Migration assays this study, we evaluated the anti-migratory properties of complex (5).
Subsequently, the cell migration assays were performed to evaluate

( A) Concentration (uM)

Control 0.1

Oh

24 h

S
=
—_

P

(B) Concentration (uM)
0.01 1.44 2 5 10

Fig. 4. Cellular morphology of A549 (A) and MRC-5 (B) treated with complex (5) for 24 and 48 h. Cell morphology was examined under an inverted microscope and acquired using a
10 x objective.

48 h
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Fig. 5. Wound-healing assay showing complex (5). (A) The images show the effects of complex (5) on the migration of the A549 cell line. (B) Results from measurements of the area of the

scratch. The data are presented as mean + SD (n = 3).

The anti-migratory properties were examined using the wound-healing
scratch and transwell migration assays. For wound healing assay, the
cells were treated with different concentrations of ruthenium complex
(5). Concentrations below the ICso value (0.09 + 0.01 uM, in 48 h)
were chosen to be used in this assay. The images were registered at
different time points after the treatment. As can be seen in Fig. 5, the
treatment of the cells with complex (5) leads to the inhibition of their
migration, mainly at a concentration of 0.05 uM where an inhibition of
70% of wound closure was observed.

As can be observed in Fig. 6, the cells migrated to the chamber
containing fetal bovine serum and free of complex (5) (Control +, FBS
+). On the other hand, in the chamber containing only culture
medium, free of both fetal bovine serum and complex (5), there was no
cell migration (Control —, FBS —). Results were similar using the
Boyden chamber assay. Complex (5) at 0.05, 0.025 and 0.0125 pM
inhibited the migration of A549 cells by 85, 65 and 47%, respectively.
These results indicate that complex (5) is a potent inhibitor of A549 cell

A
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=
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S ]
& _ 3
(B) (uM)

Fig. 6. Effects of complex (5) on the A549 migration. (A) Quantitative analysis of the cell
migration by Image J software. (B) Representative images (10 x) showed the cells that
migrated on the surface of the filter. The bars represent mean * SD from three in-
dependent experiments.
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migration.

3.4.3. Cell cycle assay

Studies in cell lines led to the proposal of mechanism on the action
of the potential drugs, and some ruthenium complexes have demon-
strated the ability to inhibit cancer cell growth by arresting their cycle
[57,58]. In order to evaluate the influence of complex (5) in the cell
cycle, A549 tumor cells were treated with different concentrations of
complex (5) for 24 h. The cell cycle was analyzed via the PI (Propidium
Iodide) staining and flow cytometry. As shown in Fig. 7, the cell dis-
tribution analysis obtained demonstrates clear enhancement of the cell
number at sub Gl (24.65 + 0.35, 32.85 + 1.35, 48.2 = 4.1 and
52.7 + 3.0% for control, 1, 2 and 3 uM, respectively). In addition, the
number of cells at the S phase decreased, in a concentration-dependent
manner (7.95 * 0.25,13.4 * 0.6,7.0 = 0.1 and 3.55 * 0.35% for
control, 1, 2 and 3 pM, respectively). Based on these results, we suggest
that the antiproliferative effects of complex (5) on A549 cells occur by
apoptosis, as reflected by the arrest at the sub G1 phase.

3.4.4. Cell apoptosis assay by PE Annexin V
Apoptosis is characterized by programmed cell death and controls
the development and homeostasis in multicellular organisms. The
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Fig. 7. Quantitative cell cycle distribution for A549 cells after treatment with complex (5)
for 24 h. Data are expressed as mean * SD of three independent measurements.
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Fig. 8. Induction of apoptosis. (A) Flow cytometric analysis of apoptosis using PE Annexin V-7AAD double staining of A549 cells treated with different concentrations of complex (5) for
24 h. Data are representative of one of two individual experiments. (B) Graph of the proportion of cells in apoptosis (early + late stages) for different concentrations of complex (5) in

comparison with the control.

contribution of apoptosis to cancer has been extensively investigated
since many anticancer drugs exhibit their effects by inducing apoptosis
[59,60]. The ability of complex (5) to promote cell death by apoptosis
or necrosis was investigated by flow cytometry after staining the cells
with PE Annexin V with 7-AAD. Fig. 8 shows the results of the flow
cytometric analysis. The PE Annexin V-7AAD plots are divided into four
quadrants in order to distinguish each cell stage. The cells, which were
not viable, did not bind to PE Annexin V or 7AAD and were arranged in
the lower left quadrant. Cells in early apoptotic stages are PE Annexin V
positive and 7-AAD negative (lower right quadrant), resulting in green
fluorescence. Cells in late apoptosis stages are both PE Annexin V and 7-
AAD positive (upper right quadrant) resulting in a strong green and red
fluorescence. The upper left quadrant corresponds to necrotic cells. The
incubation of A549 cells with increasing concentrations of complex (5)
produced a considerable increase in the percentage of apoptotic cells
(Q2 and Q3 quadrants). In the control, the percentage of apoptotic cells
was 18.5% (early + late stages). After the treatment with complex (5)
at 3, 10 and 20 pM, the percentages of apoptotic cells (early + late
stages) increased to 42.7, 49.6 and 57%, respectively. These results
show that complex (5) induces cell death by apoptosis.

4. Conclusions

In summary, five new ruthenium complexes were synthesized,
characterized and investigated for their ability to interact with CT-DNA
and HSA and whether they cause cytotoxic effects in different tumor
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cell lines. Complex/DNA interaction studies have demonstrated a weak
capacity of these complexes to distort the DNA secondary structure.
Thus, the DNA cannot be the primordial target for these complexes, and
the antitumor activity may be related to others protein targets (e.g.,
topoisomerase, kinase). On the other hand, complex/protein interaction
studies have shown the capability of these complexes to bind to HSA,
indicating that the ruthenium complexes can be distributed and trans-
ported in the body by HSA, ensuring their biological activity.

All complexes (1-5) showed remarkable cytotoxicity against the
MCF-7 (breast), DU-145 (prostate) and A549 (lung) tumor cell lines,
and considerably less cytotoxicity to MRC-5 (lung) non-tumor cells. In
addition, the complexes were more cytotoxic compared to the free li-
gand lawsone and the widely used anticancer drug cisplatin, under
identical conditions.

Complex (5) showed growth inhibition against all cell lines tested,
presenting high selectivity, especially, on the lung A549 cell line with
ICsp value at nanomolar level. The investigation of the mechanism of
cell death showed that complex (5) is a potent inhibitor of cell migra-
tion and producing death of A549 tumor cells through an apoptotic
pathway. Moreover, cell cycle analysis shows that complex (5) can
induce A549 cell cycle arrest at the Sub G1 phase. Therefore, the work
reported here showed promising antitumor candidates that can be
further studied as a potent chemotherapeutic agent for human tumor
treatment.
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