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Abstract The very high antiproliferative activity of

[Co(Cl)(H2O)(phendione)2][BF4] (phendione is 1,10-phe-

nanthroline-5,6-dione) against three human tumor cell lines

(half-maximal inhibitory concentration below 1 lM) and

its slight selectivity for the colorectal tumor cell line

compared with healthy human fibroblasts led us to explore

the mechanisms of action underlying this promising anti-

tumor potential. As previously shown by our group, this

complex induces cell cycle arrest in S phase and sub-

sequent cell death by apoptosis and it also reduces the

expression of proteins typically upregulated in tumors. In

the present work, we demonstrate that [Co(Cl)(phendi-

one)2(H2O)][BF4] (1) does not reduce the viability of

nontumorigenic breast epithelial cells by more than 85 %

at 1 lM, (2) promotes the upregulation of proapoptotic Bax

and cell-cycle-related p21, and (3) induces release of lac-

tate dehydrogenase, which is partially reversed by urso-

deoxycholic acid. DNA interaction studies were performed

to uncover the genotoxicity of the complex and demon-

strate that even though it displays Kb (± standard error of

the mean) of (3.48 ± 0.03) 9 105 M-1 and is able to

produce double-strand breaks in a concentration-dependent

manner, it does not exert any clastogenic effect ex vivo,

ruling out DNA as a major cellular target for the complex.

Steady-state and time-resolved fluorescence spectroscopy

studies are indicative of a strong and specific interaction of

the complex with human serum albumin, involving one

binding site, at a distance of approximately 1.5 nm for the

Trp214 indole side chain with log Kb *4.7, thus suggest-

ing that this complex can be efficiently transported by

albumin in the blood plasma.
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Introduction

The discovery of the antitumor activity of cisplatin, which

has been used in clinical practice as a chemotherapeutic

agent since 1978 [1], led to increasing interest in metal

complexes regarding their potential application in cancer

treatment. Metal complexes offer the advantage of being

very versatile molecules owing to the variety of intrinsic

characteristics of both metal centers and ligands, making

possible the design of complexes with a wide range of

reactional properties, as discussed by Meggers [2]. Metal

centers are prone to participate in nucleophilic substitution

reactions owing to their cationic nature. Since both amino

acids and nucleotides are able to act as nucleophiles [3],

proteins and nucleic acids are important cellular targets for

metal complexes. Indeed, the antitumor effect of platinum

complexes is generally accepted to result from their reac-

tivity towards DNA [4]. Nucleophilic substitution reactions

result in the formation of DNA adducts or either

intramolecular or intermolecular cross-linking, i.e., cova-

lent interactions. In contrast, the presence of polycyclic

aromatic ligands favors the establishment of three possible

modes of noncovalent interaction with DNA, namely,

groove binding, intercalation, and insertion [5]. Some

metal complexes can also participate in nucleic acid

cleavage, acting as artificial metallonucleases by catalyzing

either direct hydrolysis [6] or oxidative cleavage by

induction of reactive oxygen species (ROS) [7]. Transition

metal complexes using 1,10-phenanthroline as ligands are

capable of selectively binding DNA through intercalation

[8–13]. Copper complexes of 1,10-phenanthroline and its

derivatives are known to bind to DNA and cleave it in the

presence of reducing agents, such as ascorbic acid [14–17].

Traditional anticancer drugs that target DNA make use of

the fact that malignant cells divide rapidly. A drawback of

this strategy is that rapidly dividing healthy cells are also

affected, causing severe toxic side effects [18]. Worthy of

note, before reaching the cell nucleus and being able to

bind DNA in vivo, metal complexes may be able to interact

with blood plasma proteins and/or with other cytoplasmic

proteins, regardless of the administration route [19–21].

Indeed, cisplatin is vulnerable to attack by proteins found

in the blood plasma, particularly those containing thiol

groups, such as human serum albumin (HSA), and studies

have shown that 1 day after cisplatin administration,

65–98 % of total cisplatin is bound [19]. Binding to plasma

proteins is recognized as a crucial step in accessing the

bioavailability of metal complexes [21], and reporting on

plasma protein binding is now an FDA requirement in

screening potential therapeutic agents [22]. HSA is the

most abundant protein in plasma (approximately 60 % of

total plasma protein) and, among its many functions, it

stands out as the most important nonspecific transporter

protein in the circulatory system, with a crucial effect on

drug distribution and pharmacokinetics [23]. Albumin

binding can increase the solubility of the prospective drug,

extend its in vivo half-life, and slow or prevent its passive

delivery to the target tissues, and is thus an essential factor

for the in vivo performance of drugs in general [19, 23, 24].

In addition, albumin is known to accumulate in malignant

and inflamed tissue through the so-called enhanced per-

meability and retention (EPR) effect due to a defective

leaky vasculature combined with the absence of an effec-

tive drainage system, and interaction with HSA may

eventually provide additional selectivity by passively tar-

geting tumor tissues [24, 25]. This may be very important

for future drug delivery. Nevertheless, understanding of the

biological targets of metal complexes is of vital importance

to tackle the severe side effects and the development of

resistance by current chemotherapeutic drugs, as well as for

the redesign of novel agents that target cellular signaling

pathways specific to cancer cells.

Our group has previously shown that cobalt and zinc

complexes bearing 1,10-phenanthroline-5,6-dione (phen-

dione) in their coordination sphere exhibit very high anti-

proliferative activity against human colorectal (HCT116),

hepatocellular (HepG2), and breast (MCF-7) tumor cell

lines [26]. Indeed, the complexes [Zn(phendione)2]Cl2 and

[Co(Cl)(phendione)2(H2O)][BF4] were approximately

70-fold and twofold more active against HCT116 tumor

cells than the chemotherapeutic agents cisplatin and

doxorubicin tested under the same conditions [26, 27]. This

highlights the enhancing effect of the Co(II) ion on the

performance of the latter (octahedral) complex and

prompted us to explore further its potential as a viable

metallodrug in the context of cancer therapy. The cobalt

complex is used as the BF4 salt to increase its stability,

since tetrafluoroborate compounds are known to be rela-

tively stable at room temperature [28]. Nevertheless, the

water solubility of [Co(Cl)(phendione)2(H2O)][BF4] at

25 �C is 2.2 mg mL-1 [26].

The antiproliferative activity of the Co(II) complex was

due to cell cycle arrest in S phase and subsequent cell death

by apoptosis [27]. Furthermore, this complex displayed
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(iMed.UL), Faculdade de Farmácia, Universidade de Lisboa,

Lisbon, Portugal

A. S. Rodrigues

Centro de Investigação em Genética Molecular e Humana,
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lower activity in healthy human fibroblasts than in HCT116

cells, thus exhibiting higher cytotoxic activity in the

malignant cell line [26]. Proteomic analysis of cancer cells

exposed to this Co(II) complex showed upregulation of

SODC, which correlated with higher levels of ROS in

exposed HCT116 cells [27]. Exposure of HCT116 cells to

this Co(II) complex also resulted in the downregulation of

proteins usually upregulated in cancer cells, namely,

HSPB1, GRP94, TCTP, C1QBP, LEG1, and PPIA [27].

Conversely, antiproliferative PA2G4 and apoptosis-related

VDCA were found to be overexpressed in presence of the

Co(II) complex [27]. These results demonstrate that this

complex exhibits an excellent therapeutic potential by

modulating the expression of proteins typically deregulated

in tumors [27]. Nevertheless, information on the ability of

this complex to interact with DNA or on the affinity

towards albumin is of vital importance and was lacking.

The latter aspect, in particular, is surely relevant for future

targeted delivery to cancer cells. In this regard, the aim of

the present study was to characterize further the mecha-

nisms underlying the antiproliferative potential of

[Co(Cl)(phendione)2(H2O)][BF4] by (1) evaluating the

expression of antiapoptotic and proapoptotic players in the

mechanism of cell death, (2) determining its affinity for

DNA and the corresponding binding mode, (3) addressing

its genotoxic potential in V79 cells and HCT116 cells, and

(4) examining its interaction with HSA using steady-state

and time-resolved fluorescence spectroscopy.

Materials and methods

Compound synthesis

The metal complex [Co(Cl)(phendione)2(H2O)][BF4] was

synthesized and characterized as previously described [26].

All chemical reagents were used as received from the

supplier without further purification. 4-(2-Hydroxy-

ethyl)piperazine-1-ethanesulfonic acid (Hepes), NaH2PO4,

Na2HPO4, and NaCl were purchased from Sigma-Aldrich

(Spain). Millipore� water was used for the preparation of

all aqueous solutions. Fatted HSA (from human plasma,

A1653; 96–99 %, with a molecular mass of 66–67 kDa)

and Ludox� were purchased from Sigma-Aldrich.

Cell culture

HCT116 human colorectal carcinoma cells were grown in

Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-

gen, Grand Island, NY, USA) supplemented with 10 % (v/

v) fetal bovine serum and 1 % (v/v) antibiotic/antimycotic

solution (Invitrogen) and maintained at 37 �C in a

humidified atmosphere of 5 % CO2. HepG2 human

hepatocellular carcinoma cells were grown in similar

conditions, supplemented with 1 % MEM nonessential

amino acids (Invitrogen). V79 Chinese hamster pulmonary

fibroblasts were grown in DMEM supplemented with 5 %

(v/v) fetal bovine serum in 50-mL Falcon tubes tilted by

45� and maintained as described above. Nontumorigenic

human mammary epithelial cells (MCF10A) were grown in

DMEM/F12 (Gibco, Life Technologies, Spain) supple-

mented with 0.5 mg mL-1 hydrocortisone (Sigma), 5 %

(v/v) horse serum (Invitrogen, Life Technologies, Spain),

20 ng mL-1 epidermal growth factor (Sigma),

100 ng mL-1 cholera toxin (Sigma), and 10 lg mL-1

insulin (Sigma).

Cell viability

MCF10A cells were plated at 5,000 cells per well in 96

well plates. Medium was removed 24 h after platting and

was replaced with fresh medium containing 0.1–1 lM

[Co(Cl)(phendione)2(H2O)][BF4] or water (vehicle con-

trol). After 48 h of cell incubation in the presence or

absence of [Co(Cl)(phendione)2(H2O)][BF4], cell viability

was evaluated with the CellTiter 96� AQueous nonradio-

active cell proliferation assay (Promega, Madison, WI,

USA), as previously described [29].

Caspase-3/7 activity

HCT116 cells were plated at 7,500 cells per well in a black

opaque 96-well microplate (Corning). Medium was

removed 24 h after platting and was replaced with fresh

medium containing increasing concentrations of

[Co(Cl)(phendione)2(H2O)][BF4] (0.20, 0.35, and 0.50 lM)

or sterile water (vehicle control). The blank control was

made with culture medium without cells. Cells were incu-

bated for 48 h at 37 �C and 5 % CO2. Combined caspase-3/

7 activity was quantified using the Apo-ONE� homoge-

neous caspase-3/7 assay (Promega) according to the man-

ufacturer’s instructions. Briefly, 100 lL of the mixture

containing the profluorescent substrate was added to each

well and after incubation for 2 h at 37 �C and 5 % CO2,

fluorescence was measured in an Anthos Zenyth 3100

(Anthos Labtec Instruments) plate reader with excitation

and emission wavelengths of 485 and 535 nm, respectively.

Lactase dehydrogenase activity

HepG2 cells were plated at 10,000 cells per well in 96-well

plates. Culture medium was removed after 24 h and was

replaced by fresh medium containing 1 lM

[Co(Cl)(phendione)2(H2O)][BF4] or sterile water (vehicle

control) and either with or without 100 lM ursodeoxy-

cholic acid (UDCA). The bile acid was maintained as a
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100 mM stock solution in dimethyl sulfoxide (DMSO).

DMSO (0.1 %, v/v) was also used as a solvent control for

UDCA. Cells were incubated for 48 h at 37 �C and 5 %

CO2. Lactase dehydrogenase (LDH) activity was assessed

with the a Cytotoxicity Detection KitPLUS (LDH) (Roche),

according to the manufacturer’s instructions. One hundred

microliters of supernatant from each sample was trans-

ferred to a new 96-well plate and mixed with 100 lL of

reaction mixture containing the colorimetric substrate of

LDH, and was allowed to react for 10 min at room tem-

perature. The absorbance of the colored reaction product

was measured at 490 nm in a model 680 microplate reader

(Bio-Rad).

Real-time PCR

Cells were seeded into 25-cm2 culture flasks at

1 9 105 cells per flask. After 24 h of incubation at 37 �C

and 5 % CO2 the culture medium was replaced by fresh

medium containing either 0.35 lM [Co(Cl)(phendi-

one)2(H2O)][BF4] or sterile water (vehicle control). Cells

were incubated for 48 h at 37 �C and 5 % CO2, pelleted,

and washed with 19 phosphate-buffered saline (PBS).

Total RNA was extracted directly from the cell pellet using

an SV total RNA isolation system (Promega) and converted

into complementary DNA (cDNA) using a cDNA synthesis

kit (Bioline), both according to the manufacturers’

instructions. The concentration and purity of RNA and

cDNA were analyzed with a NanoDrop 2000 spectropho-

tometer (Thermo Scientific, Waltham, MA, USA). One

microgram of single-stranded cDNA was used as a tem-

plate for the amplification of genes involved in cell cycle

and apoptosis regulation by using a SensiFast SYBR No-

ROX kit (Bioline) according to the manufacturer’s

instructions. Real-time reverse transcription PCRs were

conducted in a LightCycler 480 (Roche) using the fol-

lowing conditions: enzyme activation at 95 �C for 2 min

(single step), and denaturation at 95 �C for 5 s, annealing

at 59–65 �C for 10 s and extension at 72 �C for 10 s, for a

total of 35 cycles. Primer sequences and specific annealing

temperatures can be found in Table 1. Variations in gene

expression were calculated by applying the DDCt method

[30]. To confirm the absence of unspecific amplification,

PCR products (2 lL per sample) were analyzed by elec-

trophoresis in 2 % (w/v) agarose gel stained with RedGel

(Biotium) for 50 min at 110 V.

DNA UV titrations

The interaction mechanism and binding affinity of

[Co(Cl)(phendione)2(H2O)][BF4] with calf thymus DNA

(CT-DNA) (Invitrogen) was studied by UV spectroscopy

as previously described [29]. The dilution effect as a result

of the addition of the DNA solution was corrected and the

affinity constants were calculated according to Eq. 1:

½DNA�
ea � ef

¼ ½DNA�
eb � ef

þ 1

Kbðeb � efÞ
; ð1Þ

where [DNA] is the concentration of CT-DNA (per

nucleotide phosphate), ea = Abs/[complex], ef is the

extinction coefficient for the free complex, and eb is the

extinction coefficient for [Co(Cl)(phendione)2(H2O)][BF4]

when fully bound to DNA. DNA concentration (expressed

as the molarity of phosphate groups) was determined with a

NanoDrop 2000 spectrophotometer assuming

e260 = 6,600 M-1 cm-1 [33].

Electrophoretic analysis of DNA–metal complex

interaction

Plasmids were obtained from Escherichia coli transformed

cells, grown overnight in a Luria–Bertani liquid medium

(AppliChem, Darmstadt, Germany) with 100 lg mL-1

ampicillin (Bioline, London, UK), at 37 �C with stirring.

Plasmid extractions were performed using an Invisorb�

Spin Plasmid Mini Two kit (Invitek, Berlin, Germany) and

DNA was quantified by spectrophotometry with a Nano-

Drop 2000 spectrophotometer. The interactions between

[Co(Cl)(phendione)2(H2O)][BF4] and pBluescript II SK(?)

(pBSK II) DNA (Agilent Technologies, Santa Clara, CA,

Table 1 Primers and annealing temperatures used for real-time reverse-transcription PCRs

Gene Encoded protein Forward primer (50–30) Reverse primer (50–30) TAnn

(�C)

Product

size (bp)

Reference

CDKN1A p21 GCTTCATGCCAGCTACTTCC AGGTGAGGGGACTCCAAAGT 59 221 Present

workRNA18S5 Ribosomal major

subunit

GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 59 151

BAX Bax TGCTTCAGGGTTTCATCCAGGA ACGGCGGCAATCATCCTCTG 62 172 [31]

BCL2 Bcl-2 CTTCGCCGAGATGTCCAGCCA CGCTCTCCACACACATGACCC 65 152

CASP3 Caspase-3 TACCAGTGGAGGCCGACTTC GCACAAAGCGACTGGATGAAC 59 103

CCNE2 Cyclin E2 GAATGTCAAGACGAAGTA ATGAACATATCTGCTCTC 60 380 [32]
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USA) and pUC18 (2,686 bp) (Fermentas, USA) were

determined as previously described [29].

For the concentration dependence studies, pBSK II

(200 ng in a final volume of 20 lL) was incubated in the

presence (25–100 lM) or absence of the test compound for

24 h at 37 �C in reaction buffer [5 mM tris(hydroxy-

methyl)aminomethane (Tris)–HCl, 50 mM NaCl pH 7.02].

For the time course studies, pBSK II (400 ng) was incu-

bated with 250 lM [Co(Cl)(phendione)2(H2O)][BF4] and

in its absence at 37 �C in reaction buffer, for a final volume

of 20 lL per reaction. Reactions were stopped by adding

loading buffer [25 mM Tris–HCl, 25 mM EDTA (pH 8.0),

50 % glycerol, 0.1 % bromophenol blue] and the reaction

mixtures were chilled immediately in an ice–ethanol bath

at zero time and after 5, 10, 15, 20, and 30 min of incu-

bation. Untreated plasmid DNA (pDNA) was incubated for

30 min. For the evaluation of base-specific interaction with

DNA, 30 lM (per nucleotide phosphate), plasmid pUC18

(Fermentas) treated with the test compound at 3 lM

(r = 0.1) and 9 lM (r = 0.3) in a final volume of 20 lL

was digested with the restriction enzymes DraI and SmaI

as previously described [29].

Compound–DNA interaction assays were performed in

tubes containing 200 ng of pDNA and [Co(Cl)(phendi-

one)2(H2O)][BF4] at different concentrations in the presence

and in the absence of the activating agent H2O2 (200 lM).

Then 5 mM Tris–HCl buffer (Merck), 50 mM NaCl (Pan-

reac), pH 7.0, was added to a final volume of 20 lL. A

control sample was also prepared with pDNA and buffer

using the same method as described above. A typical reaction

mixture, containing supercoiled pDNA and [Co(Cl)(phen-

dione)2(H2O)][BF4] in 5 mM Tris–HCl (Merck), 50 mM

NaCl (Panreac), pH 7.0, was incubated at 37 �C for 4 or 24 h

(with or without additives, or without any external reduc-

tant). After the incubation, reactions were quenched by

keeping the samples at -20 �C followed by addition of 4 lL

of loading buffer [25 mM Tris–HCl, 25 mM EDTA (pH

8.0), 50 % glycerol, 0.1 % bromophenol blue]. Samples

were then loaded on a 0.8 % agarose gel (p/v) (SeaKem� LE

agarose, Lonza, Rockland, ME, USA) dissolved in 19

4.84 g Tris base (Merck), 0.5 M EDTA (Riedel-de Haën),

1.142 mL acetic acid (Panreac), pH 8.0 (TAE buffer).

Electrophoresis was performed at 80 V as a constant voltage

for 2 h in 19 TAE buffer. DNA was stained by immersing

the agarose gel in an ethidium bromide solution (0.5 mg L-1

in distilled water) for 20 min. Afterwards the gel was washed

in distilled water for 10 min and the results were analyzed

and photographed using a UVITEC (Cambridge, UK)

transilluminator coupled to a Kodak Alpha-DigiDoc camera

(Alpha Innotech, Santa Clara, CA, USA). For the concen-

tration and time dependence studies of DNA cleavage, the

different forms of the plasmid were quantified by densi-

tometry analysis using GelAnalyzer 2010a.

T4 DNA ligation studies

Plasmid pcDNA3-eGFP (plasmid 13031, Addgene, Cam-

bridge, MA, USA) was amplified in the E. coli DH5a host

culture grown overnight in Luria–Bertani broth (Appli-

Chem, Darmstadt, Germany) supplemented with

100 lg mL-1 ampicillin (Bioline, London, UK) at 37 �C

with orbital shaking. The plasmid was purified using an

NZYMiniprep kit (NZYTech, Lisbon, Portugal) according

to the manufacturer’s instructions. Plasmid DNA (pDNA)

religation experiments were performed using T4 DNA ligase

to support the hydrolytic mechanism of DNA cleavage by

following the standard DNA religation protocol. First,

200 ng of pcDNA3-eGFP was incubated in the presence or

absence of [Co(Cl)(phendione)2(H2O)][BF4] (100 lM) in

the reaction buffer (5 mM Tris–HCl, 50 mM NaCl pH 7.02)

(final volume of 20 lL) for 24 h at 37 �C. Then, 100 ng of

the resulting product was ligated by T4 DNA ligase by

adding 2 lL of 109 reaction buffer (660 mM Tris–HCl, pH

7.6, 66 mM MgCl2, 100 mM dithiothreitol, 660 mM ATP)

(NZYTech), 1 lL of T4 DNA ligase (5 U lL-1) (NZY-

Tech), and nuclease-free water to a final volume of 20 lL.

The reaction was performed 1 h at room temperature.

Electrophoresis was performed in a 0.7 % agarose gel (w/

v) dissolved in 19 TAE buffer and stained with RedGel at

80 V for 2 h. Gels were illuminated from below with UV

light and photographed using the GelDoc and the Quantity

One computer programs (Bio-Rad). DNA-bound ethidium

bromide in the gel unwinds and therefore resolves relaxed

closed, religated DNA from the nicked circular form. DNA

mobility for each form was determined by comparison with

religated controls (DNA nicked initially by EcoRI and then

religated).

Chromosomal aberrations

V79 cells (1 9 106) were treated with 1.5 lM mitomycin

C and 0.25, 0.5, and 1 lM [Co(Cl)(phendi-

one)2(H2O)][BF4] for 16 h at 37 �C and 5 % CO2. After

14 h incubation, 0.1 mL of a 4 mg mL-1 colchicine solu-

tion was added to each sample. Cell suspensions were then

homogenized and incubated for another 2 h. Cells were

harvested by centrifugation (1,500 rpm for 5 min), and

8 mL of a prewarmed (37 �C) 75 lM KCl solution was

added to each pellet. Samples were thawed in a water bath

at 37 �C for 4 min, centrifuged (1,500 rpm for 5 min), and

incubated for 15 min at -20 �C with 5 mL of a prechilled

(-20 �C) solution of 3:1 (v/v) methanol/acetic acid (fixing

solution). Cells were washed twice with the fixing solution

and were resuspended in 3 mL of this same solution. Each

cell suspension was mounted on a glass slide, and chro-

mosomal aberrations were evaluated under a bright-field

microscope by using Giemsa staining.
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Genotoxicity assessment

Genotoxic effects were assessed by quantification of DNA

strand breakage through the alkaline version of the comet

assay and the frequency of nuclear abnormalities [34].

HCT116 cells were plated at 106 cells per dish in 35-mm

dishes and were allowed to attach for 24 h at 37 �C and

5 % (v/v) CO2. Culture medium was removed and replaced

with 2 mL of fresh medium containing either 0.20 lM

[Co(Cl)(phendione)2(H2O)][BF4] or 0.1 % (v/v) H2O

(negative control) for 12 and 18 h at 37 �C and 5 % (v/v)

CO2. Hydrogen peroxide was used as a positive control at

0.05 % (v/v) for 30 min at room temperature. Glass

microscope slides were initially prepared with a coating of

1 % (w/v) agarose (normal melting point agarose) in 1

9TAE buffer and left to solidify at 37 �C for at least 48 h.

Cells were harvested by scrapping, and cell density was

determined by the trypan blue dye exclusion assay. Solu-

tions of 1 9 105 cells per milliliter in 19 PBS were pre-

pared, and from these 10 lL was added to 90 lL of 1 %

(w/v) low melting point agarose in 19 PBS and dropped on

the slides prepared previously, resulting in a density of

104 cells per slide. A coverslip was used to spread the

sample across the agarose layer, and the slides were

allowed to dry at 4 �C for 15 min. On solidification of

agarose, the coverslips were removed and the slides were

dipped into lysis solution [450 mM NaCl, 3.72 % EDTA,

5 mM Tris; to which 10 % (v/v) DMSO and 1 % (v/v)

Triton-X were added just before use] for 1 h at 4 �C, fol-

lowed by their being dipped for 40 min into cold electro-

phoresis solution (1 mM EDTA, 300 mM NaOH, pH 13)

to ensure DNA unwinding and promote expression of

alkali-labile sites. Electrophoresis was performed at 4 �C

for 30 min at 25 V using a Sub-Cell model 96 apparatus

(Bio-Rad). Afterwards, slides were placed in 0.1 M Tris–

HCl buffer (pH 7.5) at 4 �C for 15 min for neutralization,

followed by 15 min in methanol at 4 �C and drying at

37 �C. For visualization of comets, slides were hydrated

with distilled water at 4 �C for 30 min and stained with

20 lL of an ethidium bromide working solution

(20 lg mL-1) and covered with new coverslips. The slides

were observed under a Leica DFC 480 fluorescence

microscope (Leica Microsystems, Cambridge, UK) and

analyzed by CometScore version 1.5 (TriTek). About 100

cells per sample were analyzed. The percentage of DNA in

the tail was used as a measure of the total DNA strand

breakage.

Sample preparation for spectroscopic measurements

with albumin

HSA stock solutions were prepared by gently dissolving

the protein in phosphate buffer pH 7.0 with 0.15 M NaCl.

A time of 45–60 min was needed to allow the protein to

hydrate and fully dissolve (in the concentration required for

stock solutions, less than 100 lM), the solution being

gently swirled from time to time. The concentration of each

HSA stock solution was determined by UV spectropho-

tometry using a molar extinction coefficient of e278 -

nm = 36,850 M-1 cm-1 [35].

Spectroscopic measurements were conducted on indi-

vidually prepared samples to ensure the preincubation time

at (37.0 ± 0.5) �C was the same in each essay. Samples

were prepared from a [Co(Cl)(phendione)2(H2O)][BF4]

stock solution in buffer by appropriate dilution. For UV–

vis spectroscopy, the HSA concentration was 15.0 lM and

the molar ratio of HSA to [Co(Cl)(phendione)2(H2O)][BF4]

used was 1:1 and 1:2. For fluorescence measurements, the

HSA concentration was kept constant at 2.0 lM, whereas

the concentration of [Co(Cl)(phendione)2(H2O)][BF4]

ranged from 0 to 30.03 lM. Samples were incubated at

37 �C for 24 h. To ensure the incubation time and the

measurement conditions were the same (e.g., same expo-

sure to excitation radiation), the solutions containing pro-

tein and each Co(II) concentration were prepared

separately from the stock solutions.

Spectroscopic measurements

UV–vis absorption spectra were recorded at room tem-

perature with a V-560 spectrophotometer (JASCO, Hiro-

shima, Japan) in the range from 230 to 500 nm with 1 cm

path length quartz Suprasil� cuvettes.

Fluorescence measurements were performed with a

Spex FL-1057 Tau 3 spectrofluorometer from Horiba Jobin

Yvon at room temperature. Details on sample preparation

are given in the previous subsection. Samples with the

same concentration of the complex but with no protein

were prepared for appropriate background correction. For

steady-state fluorescence intensity measurements, excita-

tion was at 295 nm. The fluorescence intensity was cor-

rected for the absorption and emission inner filter effect

using the UV–vis absorption data recorded for each sample

[36]. The bandwidth was typically 5 nm in both excitation

and emission. For time-resolved measurements by the

single photon counting technique, a nanoLED N-280

(Horiba Jobin Yvon) was used for the excitation of HSA

and the emission wavelength was 340 nm with a 15-nm

bandwidth using a detection system with 50-ps resolution.

Ludox� was used as the scatterer to obtain the instrumental

response function. The program TRFA Data Processor

version 1.4 (Scientific Software Technologies Center,

Minsk, Belarus) was used for the analysis of the experi-

mental fluorescence decays. The fluorescence intensity

decays were analyzed by fitting a sum of exponentials

according to Eq. 2:
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IðtÞ ¼
Xn

i¼1

aiexp(� t=siÞ; ð2Þ

where ai and si are the normalized amplitude and lifetime

of component i, respectively.

The changes in quantum yield caused by processes

affecting the fluorescence lifetime were evaluated from the

amplitude-weighted mean fluorescence lifetime, which is

given by Eq. 3:

�s ¼
Xn

i¼1

aisi ð3Þ

The quality of the fit was evaluated by a reduced v2

value close to 1 and random distribution of weighted

residuals and residual autocorrelation.

Results and discussion

In our previous study, the [Co(Cl)(phendione)2(H2O)][BF4]

(Fig. 1) was shown to have lower cytotoxicity in healthy

human fibroblasts than in HCT116 tumor cells [26]. Since

fibroblasts are connective-tissue cells, we also tested cell

viability in MCF10A, a nontumorigenic epithelial cell line

from mammary gland (Fig. S1). The half-maximal inhibi-

tory concentration (IC50) obtained for this cell line,

(5.14 ± 0.01) lM, is more than 6.9 times higher than that

determined for the tumorigenic breast cell line MCF7

(0.73 lM) [26]. This value is even higher (25 and 8.6

times, respectively) when compared with the IC50 values

for HCT116 (0.21 lM) and HepG2 (0.58 lM) [26]. Since

all the previously tested tumor cell lines were of the epi-

thelial type [26], this result may indicate increased cyto-

toxic activity in tumor cells compared with healthy cells.

To confirm the role of [Co(Cl)(phendione)2(H2O)][BF4]

in the induction of apoptosis as previously observed by our

group [27], combined caspase-3/7 activity was determined

in HCT116 cells exposed to [Co(Cl)(phendi-

one)2(H2O)][BF4]. For all concentrations tested, caspase-3/

7 activity increased by more than 50 % compared with the

control. However, at 0.5 lM, there was a slight decrease in

caspase activity, possibly indicating a significant drop in

the viable cell population that partially offset the expected

increase in caspase-3/7 activity. Flow cytometry data

showed that cells treated with 0.2 and 0.35 lM

[Co(Cl)(phendione)2(H2O)][BF4] exhibited an extremely

low level of necrosis [27], whereas those incubated with

1 lM [Co(Cl)(phendione)2(H2O)][BF4] exhibited a higher

amount of viability loss and 3.2 times more necrotic cells

than in the vehicle control [27] (results not shown). From

these findings, the slight reduction of caspase-3/7 activity

observed at 0.5 lM (compared with 0.2 and 0.35 lM) may

result from the combined effect of a lower number of

viable cells (smaller amount of total protein) and an

increase in cell death by necrosis [27] (results not shown).

Nevertheless, at this concentration (0.5 lM), the level of

caspase-3/7 activity is still higher than that of control cells

(Fig. 2). Reduction of caspase activity for levels of cell

stress has already been seen for other types of compounds,

such as hydrogen peroxide [37]. It was shown that at

50 lM hydrogen peroxide there was an increase of caspase

activity, but at higher concentrations of hydrogen peroxide

there was no detectable caspase activity, and the cells died

by necrosis [37].

UDCA is a hydrophilic bile acid with demonstrated

antiapoptotic activity in both in vitro and in vivo models

[38]. To understand if UDCA is able to reverse the cyto-

toxicity of [Co(Cl)(phendione)2(H2O)][BF4], LDH release

into the culture medium in HepG2 cells incubated in the

presence or absence of UDCA and [Co(Cl)(phendi-

one)2(H2O)][BF4] was measured (Fig. 3). LDH is com-

monly used to determine cell viability/death, since LDH

does not leak out from healthy cells; hence, LDH activity

in culture medium derives from leakage from dead cells

Fig. 1 Structure of [Co(Cl)(H2O)(phendione)2][BF4] (phendione is

1,10-phenanthroline-5,6-dione)

Fig. 2 Increased activity of effector caspases-3/7-like activity in

HCT116 cells following exposure to [Co(Cl)(phendi-

one)2(H2O)][BF4] for 48 h. Asterisks indicate significant differences

between the control sample and samples treated with [Co(Cl)(phen-

dione)2(H2O)][BF4]: one asterisk p \ 0.001; two asterisks p \ 0.005
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only [39]. As observed in Fig. 3, most of the induction of

LDH release by [Co(Cl)(phendione)2(H2O)][BF4] in

HepG2 cells was reduced when cells were co-incubated

with UDCA, indicating a lesser extent of cell death in this

condition. Interestingly, reversible apoptotic events were

previously well characterized by other authors [40, 41].

Tang et al. [40] showed that apoptotic dying cancer cells

regained normal morphology and proliferate after the

removal of the apoptosis inducer. This reversibility of

cancer cells from apoptosis raised the question whether

apoptotic recovery contributes to the survival or repopu-

lation of cancer after cycles of chemotherapy [40].

UDCA is a bile acid with known cytoprotective prop-

erties [42]. Both inhibition of apoptosis and activation of

survival pathways have been proposed for the protective

effect of UDCA [42]. UDCA negatively modulates the

mitochondrial pathway by inhibiting Bax translocation,

ROS formation, cytochrome c release, and caspase-3 acti-

vation. In addition, UDCA may also interfere with the

death receptor pathway, inhibiting caspase-3 activation.

Importantly, UDCA interacts with nuclear steroid receptors

(NSR), leading to NSR/hsp90 dissociation and nuclear

translocation of the UDCA–NSR complex. In the nucleus,

UDCA modulates the E2F-1/p53/Bax pathway, thereby

preventing apoptosis. Finally, UDCA also downregulates

cyclin D1 and Apaf-1, further inhibiting the mitochondrial

apoptotic cascade [42]. The protein p53 was established as

a key molecular target in UDCA prevention of cell death

[43]. The pretreatment of primary rat hepatocytes with

UDCA abrogated all apoptotic changes induced by p53

overexpression, such as Bax mitochondrial translocation,

cytochrome c release, and caspase-3 activation. More

importantly, an increased association between p53 and

Mdm2 was also detected. By inducing Mdm2–p53 com-

plex formation, UDCA reduces p53 activity, simulta-

neously blocking its transactivation domain and enhancing

its export to the cytosol. The pivotal role of Mdm2 in the

antiapoptotic properties of UDCA was confirmed by Mdm2

silencing. Nevertheless, the precise mechanism by which

UDCA induces Mdm2–p53 binding remains to be deter-

mined [42].

Regression of tumor mass by chemotherapy is caused by

growth suppression and/or apoptosis of tumor cells [44].

Therefore, expression levels of cell cycle and apoptosis

molecules (cyclin D1 and cyclin E and caspase-3, Bax, and

p21) should be predictive markers for the efficacy of a drug

[44]. In the present study, the expression levels of key

molecules involved in cell cycle regulation and apoptosis

were evaluated in the HCT116 tumor cell line exposed to

0.35 lM [Co(Cl)(phendione)2(H2O)][BF4] (or no-addition

control) for 8 h (Fig. 4). As we can observe in Fig. 4,

HCT116 cells strongly express p21 and Bax, demonstrating

sensitivity to [Co(Cl)(phendione)2(H2O)][BF4].

Despite the increased expression of p21 and Bax, cas-

pase-3 and cyclin E expression did not show any variation

after 8 h of exposure to [Co(Cl)(phendione)2(H2O)][BF4]

(Fig. 4). Nevertheless, in order to understand if this

expression was time-dependent, the caspase-3 expression

level was also assessed after 4 h exposure to 0.35 lM

[Co(Cl)(phendione)2(H2O)][BF4], and was found to show a

slight increase (2�DDCt = 1.5 ± 0.03) (data not shown). In

addition, the assessment of p21 and Bax expression in the
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Fig. 3 Comparison of lactate dehydrogenase (LDH) activity in

HepG2 cells treated with 1 lM [Co(Cl)(phendione)2(H2O)][BF4]

with or without 100 lM ursodeoxycholic acid (UDCA) for 48 h.
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Fig. 4 Fold change in expression levels of cyclin E, p21, Bax,

caspase-3 (Casp3) and Blc-2 in HCT116 tumor cells exposed to

0.35 lM [Co(Cl)(phendione)2(H2O)][BF4] for 8 h relative to

untreated samples. The expression level of 18S ribosomal RNA was

used as an internal control to correct for variations in the total RNA

amount between samples. The values are the mean of at least two

independent experiments. Error bars indicate the standard error of the

mean (SEM)
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HCT116 tumor cell line may represent a useful factor as

this expression indicates a response of the cells to

[Co(Cl)(phendione)2(H2O)][BF4]. The protein p21 plays an

essential role in growth arrest after DNA damage, and its

overexpression leads to G1- and G2-phase arrest or S-phase

arrest [45]. Indeed, our previous results showed an S-phase

arrest following exposure to this metal complex [27] that

can progress to cell death by apoptosis, as caspase-3

activity and p21-mediated cleavage increase. Furthermore,

the downregulation of Bcl-2, an antiapoptotic protein, in

the presence of [Co(Cl)(phendione)2(H2O)][BF4]is also in

agreement with the reported induction of apoptosis

(Fig. 4).

Our data clearly demonstrate that exposure to

[Co(Cl)(phendione)2(H2O)][BF4] markedly increases the

expression of the genes encoding p21 and Bax, both of

which are p53-inducible genes. Therefore, it is possible

that [Co(Cl)(phendione)2(H2O)][BF4] may increase

expression and/or activation of p53, which would account

for the increased expression of p21 and Bax, and for

apoptosis induction. In contrast, the ability of UDCA to

reduce of the cytotoxicity of [Co(Cl)(phendi-

one)2(H2O)][BF4] may result from a stabilization of the

interaction of p53 with Mdm2, which may lead to a

reduced p53 transcriptional activity and consequent

reduced p21 and Bax expression, and cell death. However,

UDCA may also be exerting its cytoprotective effect by

mechanisms other than those described above; it would be

interesting to explore the detailed mechanism of cytopro-

tection by UDCA following exposure of cells to

t[Co(Cl)(phendione)2(H2O)][BF4] in future studies.

To understand if [Co(Cl)(phendione)2(H2O)][BF4] is

able to interact with DNA, titration of [Co(Cl)(phendi-

one)2(H2O)][BF4] with CT-DNA was monitored by UV

spectroscopy (Fig. 5). As shown in Fig. 5, a hypochromic

effect was observed, i.e., a decrease of the absorbance with

the increase of DNA concentration in solution. Addition-

ally, no or negligible hypsochromic or bathochromic shifts

were observed on addition of DNA to the [Co(Cl)(phen-

dione)2(H2O)][BF4] solution. According to Ramakrishnan

et al. [46], a bathochromic shift associated with hypo-

chromism results from the stacking of ligands with DNA

bases during intercalation, whereas the hypochromism

alone is related to the binding of a small molecule to DNA

grooves through hydrophobic interactions. This would

imply a groove binding mechanism for [Co(Cl)(phendi-

one)2(H2O)][BF4], on the basis of the absorbance variation

obtained (Fig. 5). The intercalating agent doxorubicin

produced, however, an equivalent profile, with hypochro-

mism and no bathochromic shift (Fig. S2). The spectro-

scopic data are hence suggestive of either an intercalating

or a groove binding mode for the interaction of

[Co(Cl)(phendione)2(H2O)][BF4] with DNA. In addition,

the interaction studies with pDNA showed no reduction in

the migration of the supercoiled form with increasing

concentrations of the complex (Fig. 6a). The stacking of an

intercalating agent with the DNA bases would result in an

unwinding of the DNA double helix, consequently reduc-

ing its degree of supercoil and electrophoretic migration.

Hence, a groove binding mechanism may be suggested for

[Co(Cl)(phendione)2(H2O)][BF4]. The affinity constant

was determined on the basis of the above-mentioned

absorbance decrease, obtained as a result of DNA–complex

interaction. The calculated value for [Co(Cl)(phendi-

one)2(H2O)][BF4] [Kb ± the standard error of the mean

(SEM) (2.05 ± 0.03) 9 105 M-1] (Fig. 5) is of the same

magnitude as although roughly half of that determined for

doxorubicin, a commonly used chemotherapeutic agent,

under the same conditions [Kb ± SEM (3.48 ± 0.03) 9

105 M-1] (Fig. S2).

The higher level of p21 expression indicates that DNA

damage may occur in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4]. In this regard, incubation of the pBSK II

pDNA with increasing concentrations of [Co(Cl)(phendi-

one)2(H2O)][BF4] (25–100 lM) was performed (Fig. 6). A

decrease of the supercoiled fraction of the pDNA with a

proportional increase of the linear form and no significant

variation of the relaxed circular form was observed

(Fig. 6). Hence, these results might indicate that

[Co(Cl)(phendione)2(H2O)][BF4] acts as a double-strand

cleaving agent, inducing double-strand breaks in DNA that

result in a direct conversion of the supercoiled form of the

plasmid into the linear one. Additionally, the time course

studies revealed that a fraction of the supercoiled form of

pBSK II was readily linearized by [Co(Cl)(phendi-

one)2(H2O)][BF4], and then linearization proceeds more

slowly over time (Fig. 7). The time course data also

demonstrate that the linearization of the plasmid does not

result from the accumulation of single-strand breaks since

that would require an increase in the amount of the circular

relaxed form prior to that of the linear form, and our data

show that there is no accumulation of the former even for

t & 30 min (Fig. 7).

The disappearance of the supercoiled form, on its con-

version into the linear form, follows pseudo-first order

kinetics (Fig. 7c) with an apparent first-order rate constant

(kobs) of 6.06 9 10-3 min-1 for supercoiled DNA cleav-

age, given by the slope of the linear regression. The half-

life (t1/2) of the supercoiled form, i.e., the time at which

50 % of the pDNA is still in form I, was derived from the

calculated kobs and was determined to be approximately

114 min.

To further characterize the DNA binding mode of

[Co(Cl)(phendione)2(H2O)][BF4], the selective binding to

the DNA bases guanine and cytosine or thymine and ade-

nine was evaluated regarding the possible loss of specific
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restriction sites that may arise from base-specific binding

of [Co(Cl)(phendione)2(H2O)][BF4] [47]. Determination of

base specificity was performed through the identification of

fragments that result from enzymatic digestion of DNA

with two restriction enzymes, SmaI and DraI, that recog-

nize GC-rich and TA-rich sequences, respectively [47].

The plasmid pUC18 has one recognition site for SmaI and

three recognition sites for DraI, respectively, producing

one fragment (2,686 bp) and three fragments (1,975, 692,

and 19 bp) after enzymatic digestion of DNA with these

enzymes. The digestion pattern obtained (Fig. S3) showed

no variation between pUC18 samples treated with

[Co(Cl)(phendione)2(H2O)][BF4] and untreated pUC18

samples, with one fragment in all samples digested with

SmaI and two fragments in all samples digested with DraI,

since the 19-bp fragment was not observed in the 0.8 % (w/

v) agarose gel.

To obtain insight into the nature of the pDNA cleavage

observed in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4] (Fig. 6), we studied the effect of an

oxidant, H2O2, and reductants (Fig. 8). The incubation of

pDNA with [Co(Cl)(phendione)2(H2O)][BF4] in the pre-

sence of H2O2, a known hydroxyl radical source, for 4 or

24 h seems to increase the amount of the linear form

(form III), reducing the amount of the supercoiled form

(form I) (Fig. 8, lanes 2 and 3 vs lanes 5 and 4, respec-

tively), suggesting that [Co(Cl)(phendione)2(H2O)][BF4]

cleaves DNA more efficiently in the presence of an oxidant

and the involvement of free radicals. The production of a

hydroxyl radical owing to the reaction between
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Fig. 5 UV titration of [Co(Cl)(phendione)2(H2O)][BF4] with calf

thymus DNA (CT-DNA). a UV spectra of the complex in the absence

(solid black line) and presence of increasing amounts of CT-DNA.

The spectrum that results from the highest DNA concentration is

presented as a dashed line. The inset shows the UV spectrum used for

the quantification of the binding strength. b Application of Eq. 1 to

the determination of the DNA affinity constant, based on spectral

variation at 298 nm (inset spectrum in a) on addition of CT-DNA

Fig. 6 Electrophoretic evaluation of DNA double-strand cleavage by

[Co(Cl)(phendione)2(H2O)][BF4]: conversion of supercoiled pBlue-

script II SK(?) (pBSK II) directly in its linear form by incubation

with increasing concentrations of the test compound. a Electrophoretic

distribution of the three plasmid forms in an agarose gel (0.7 %; w/v)

as a result of exposure to 25–100 lM complex. All reactions were

conducted in 5 mM tris(hydroxymethyl)aminomethane (Tris)–HCl,

50 mM NaCl, pH 7.02 for 24 h at 37 �C. For pBSK II plasmid DNA

(pDNA), C refers to untreated pDNA, form I refers to the supercoiled

form of pDNA, form II refers to the relaxed circular form of pDNA,

and form III refers to the linear form of pDNA. b Densitometric

quantification of plasmid forms using the image analysis program

GelAnalyzer 2010a. Black bars represent the supercoiled form of

pDNA and gray bars represent the linear form of pDNA. The results

are expressed as the mean ± SEM of three independent experiments
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[Co(Cl)(phendione)2(H2O)][BF4] and the oxidant may be

explained by the equation (L)Co2? ? H2O2 ? (L)Co3?

? OH- ? OH�.
By performing the incubation of pDNA with

[Co(Cl)(phendione)2(H2O)][BF4] in the presence of H2O2

and the common hydroxyl radical scavenger DMSO for

24 h, we observed a decrease in pDNA cleavage (Fig. 8,

lane 5 vs lane 6), whereas in the presence of NaN3, we

observed only a slight decrease [Fig. 8, lanes 8 and 7 vs.

lanes 4 and 5 (4 and 24 h, respectively)], indicating a major
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Fig. 7 Time course of pBSK II pDNA double-strand cleavage by

[Co(Cl)(phendione)2(H2O)][BF4] at pH 7.0 and 37 �C in 5 mM Tris–

HCl, 50 mM NaCl. a Agarose gel [0.7 % (w/v)] of pBSK II (400 ng)

incubated with [Co(Cl)(phendione)2(H2O)][BF4] (250 lM) for the

indicated periods of time. Lane C pDNA incubated for 30 min in the

absence of [Co(Cl)(phendione)2(H2O)][BF4], lane L linearized pDNA

with EcoRI. b Densitometric quantification of pBSK II DNA forms

by GelAnalyzer 2010a. c Plasmid cleavage kinetics: linear simulation

of a pseudo-first-order reaction for the disappearance of the super-

coiled form

Fig. 8 Agarose gel electrophoresis [0.8 % (w/v)] concerning the

incubation of [Co(Cl)(phendione)2(H2O)][BF4] with 200 ng of pBSK

II pDNA at pH 7.0 and 37 �C for 4 or 24 h in the absence (minus

signs) or presence (plus signs) of H2O2, reductants, and the chelating

agent EDTA, as indicated above each lane. Lane 1 molecular ladder

kDNA/HindIII, DMSO dimethyl sulfoxide, FI supercoiled isoform of

DNA, FII relaxed (nicked) isoform of DNA, FIII linear isoform of

DNA (double-strand breaks)

J Biol Inorg Chem (2014) 19:787–803 797

123



contribution from hydroxyl radical in the cleavage process

and a minor contribution from superoxide radical. Never-

theless, nuclease activity of [Co(Cl)(phendione)2(H2O)]

[BF4] is not completely diminished either in the presence

of the free-radical scavenger DMSO or in the presence of a

singlet-oxygen quencher (NaN3). This means that some

pDNA may not be cleaved by an oxidative mechanism, but

may possibly be cleaved by a hydrolytic path as observed

before for some copper complexes [48]. The incubation of

pDNA with [Co(Cl)(phendione)2(H2O)][BF4] for 4 and

24 h in the presence of H2O2 and EDTA, a chelating agent,

was also able to decrease the nuclease activity of

[Co(Cl)(phendione)2(H2O)][BF4] (Fig. 8, lanes 9 and 11 vs

lanes 4 and 5, respectively).

Since the nuclease activity of [Co(Cl)(phendi-

one)2(H2O)][BF4] is not completely diminished in the

presence of the free-radical scavenger DMSO or NaN3

(Fig. 8), suggesting that some pDNA may be cleaved by a

hydrolytic path, an enzymatic assay was performed using

T4 DNA ligase to determine whether the cleaved products

induced by [Co(Cl)(phendione)2(H2O)][BF4] were consis-

tent with hydrolysis of the phosphodiester bonds. The

efficiency of religation after cleavage by [Co(Cl)(phendi-

one)2(H2O)][BF4] was analyzed (Fig. S4). Despite high

levels of pDNA cleavage (Figs. 6, 7, 8), no apparent reli-

gation of pDNA was found with [Co(Cl)(phendi-

one)2(H2O)][BF4], indicating that this in vitro cleavage

reaction must be operating through some redox chemistry

(Fig. S4).

Despite the fact that [Co(Cl)(phendione)2(H2O)][BF4] is

capable of in vitro DNA cleavage (Figs. 6, 7, 8) this does

not demonstrate the compound displays genotoxic potential

ex vivo since it can interact with other biological compo-

nents before reaching the cell nucleus or, because of its

positive charge, may accumulate in other organelles with a

negative potential, such as mitochondria [49]. On the other

hand, double-strand breaks may result in chromosomal

aberrations [50]. In this regard, the induction of chromo-

somal alterations in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4] was assessed using Chinese hamster

pulmonary fibroblasts (V79) treated with 0.25 lM

[Co(Cl)(phendione)2(H2O)][BF4] for 16 h (Fig. 9) or with

mitomycin C (positive control). As shown in Fig. 9 no

significant alterations in chromosome number or structure

were observed in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4] under the conditions tested. The chro-

mosomal aberrations detected, chromatid breaks and ring

chromosomes, accounted together for 4 % of mitotic cells

(Fig. 9). In contrast, chromatid and chromosome breaks

(28 and 14 %, respectively) and triradial chromosomes

(16 %) are the commonest chromosomal alterations found

after mitomycin C treatment, accounting for 76 % of

aberrant nuclei (Fig. 9). Nevertheless, exposure to

[Co(Cl)(phendione)2(H2O)][BF4] at concentrations of 0.5

and 1 lM led to a total absence of mitotic cells, and hence

no screening for chromosomal aberrations was possible in

these conditions (data not shown).

Owing to the lower level of chromosomal aberrations

observed in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4] in V79 cells and so we could analyze

further its genotoxic potential, comet assays were per-

formed in HCT116 cells cultivated in the presence or

absence of 0.2 lM [Co(Cl)(phendione)2(H2O)][BF4] or

H2O2 [0.05 % (v/v)—positive control]. The DNA per-

centage in the tail was used as a measure for the total DNA

strand breakage. Comets were clustered into different

classes, according to the observed percentage of DNA in

the tail: from class 0 to class 4, corresponding to less

than 20 %, 20–40 %, 40–60 %, 60–80 %, and more

than 80 % DNA in the tail, respectively. Comets belonging

to class 4 (more than 80 % DNA in the tail) were only

observed in the positive control [treatment with 0.05 % (v/

v) H2O2]. Untreated HCT116 cells showed an average of

(12.9 ± 4.0) % DNA in the tail (Fig. S5). Similarly, cells

treated with [Co(Cl)(phendione)2(H2O)][BF4] for 12 and

18 h exhibited an average of (11.2 ± 3.4) and

(9.3 ± 2.5) % DNA in the tail, respectively (Fig. S5). The

average values for the percentage of DNA in the tail show

little variation, whether [Co(Cl)(phendione)2(H2O)][BF4]
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Fig. 9 Induction of chromosomal aberrations in V79 cells by 1.5 lM

mitomycin C (light gray bars) and 0.20 lM [Co(Cl)(phendi-

one)2(H2O)][BF4] (dark gray bars) exposure for 16 h. CTG chromatid

gap, CSG chromosome gap, CTB chromatid break, CSB chromosome

break, ACENT acentric chromosome, DIC dicentric chromosome, TRI

triradial chromosome, TETRA tetraradial chromosome, ENDO endo-

reduplication, RING ring chromosome, MA cells with multiple

chromosomal aberrations
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is present or absent, regardless of the treatment period (12

and 18 h). No significant differences were observed

regarding the control (p \ 0.05) (Fig. S5). Furthermore, no

major differences were observed in the comet class distri-

bution (Fig. S5), where comets are normally distributed,

with most comets belonging to class 0. These data indicate

that [Co(Cl)(phendione)2(H2O)][BF4] does not appear to

cause significant genotoxicity in HCT116 cells at the IC50.

The low genotoxicity exhibited by [Co(Cl)(phendi-

one)2(H2O)][BF4] may be associated with its difficulty in

penetrating the nuclear envelope, hindering interactions

with DNA [51]. Furthermore, the oxidative stress induced

by [Co(Cl)(phendione)2(H2O)][BF4], previously observed

by our group through proteomic analysis [27], does not

cause ROS-derived genotoxicity as already observed for

the chromosomal aberrations (Fig. 9).

As stated above, [Co(Cl)(phendione)2(H2O)][BF4] may

also interact with other biological components circulating

in the blood plasma of a living organism. HSA is the most

abundant protein in plasma, accounting for approximately

60 % of total plasma protein (about 40 mg mL-1

or approximately 600 lM) [23]. It consists of a single

polypeptide chain with 585 amino acids organized in three

domains, and is the major nonspecific transporter protein in

blood, with an extraordinary capacity to bind a large

variety of both endogenous metabolic compounds and

exogenous therapeutic pharmaceuticals [21, 23]. It strongly

influences the free drug concentration available—acting as

a depot for the therapeutic agent (which may be accessible

at higher concentrations than the initial solubility would

suggest) or a fast clearance route (preventing the com-

pound from exerting its therapeutic effect when binding is

quite strong)—and can, in addition, provide passive tar-

geting owing to the so-called EPR effect [23, 24]. We

evaluated the HSA binding of [Co(Cl)(phendi-

one)2(H2O)][BF4] as a first approach to the investigation of

its pharmacokinetics as a prospective drug.

Although typically not very informative by itself, UV–

vis absorption spectroscopy is a helpful technique as a first

approach to the investigation of the interaction between

HSA and a metal–ion complex. In this work it was used to

access the stability of the complex in aqueous media and to

choose the best buffer to study this system, as well as to

determine a suitable incubation time for the complex. Time

dependence was monitored for 24 h for the complex alone

(for stability measurements), and over 48 h at complex-to-

HSA molar ratios of 1:1, 1:2, 1:0, and 0:1 .

The stability of [Co(Cl)(phendione)2(H2O)][BF4] was

tested at pH 7 in 10 mM Hepes, 10 mM phosphate buffer

and 10 mM phosphate buffer with 0.15 M NaCl. Although

a variation of approximately 25 % was observed in the

intensity of the UV–vis spectra in Hepes buffer, 10 mM

phosphate buffer with 0.15 M NaCl was found to be the

most suitable for quantitative measurements,

with approximately 90 % of the parent complex remaining

intact in solution (after a 24 h incubation period at

37.0 ± 0.5 �C). Time dependence measurements for this

system showed no changes after a 24-h incubation period

(until over 48 h), indicating that this was the most suitable

incubation time to ensure that thermodynamic equilibrium

conditions were attained (results not shown).

The interaction between [Co(Cl)(phendi-

one)2(H2O)][BF4] and HSA could be detected by UV–vis

spectroscopy: there is an approximately 8 % absorbance

difference at 259 nm] after 24 h incubation at

(37.0 ± 0.5) �C] between the spectra recorded for the

sample with a complex-to-HSA molar ratio of 1:1 as

compared with the sum of the spectra for the protein alone

and the complex alone (at the same concentrations)

(Fig. S6). Since the UV–vis spectra for this system did not

show significant changes on binding of the complex to the

protein, we chose to use fluorescence spectroscopy to

assess this interaction.

HSA has 18 tyrosine residues and a single tryptophan

residue, Trp214, located in subdomain IIA. This tryptophan

residue can be selectively excited at 295 nm, and the cor-

responding protein emission observed at 340 nm (or longer

wavelengths) is quite useful for monitoring the interaction

between a compound and HSA. Two major structurally

selective binding sites (Sudlow’s binding sites I and II) are

typically considered for HSA [23]. Trp214 is located

within the vicinity of Sudlow’s binding site I, but is so

Fig. 10 Steady-state fluorescence data obtained for the binding of

[Co(Cl)(phendione)2(H2O)][BF4] to human serum albumin (HSA):

Trp214 fluorescence quenching (kexc = 295 nm) observed on binding

of [Co(Cl)(phendione)2(H2O)][BF4] (black line HSA alone, colored

lines samples with increasing concentration of [Co(Cl)(phendi-

one)2(H2O)][BF4] as indicated by the large arrow). The inset shows

the percent relative fluorescence intensity at kem = 340 nm with

increasing concentration of [Co(Cl)(phendione)2(H2O)][BF4]. The

conditions were as follows: CHSA = 2.0 lM, kept constant; samples

prepared in phosphate buffer pH 7.0/0.15 M NaCl medium; 24 h

incubation at (37.0 ± 0.5) �C; measurements at room temperature,

(23 ± 1) �C
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sensitive to changes in the environment either due to drug

binding or due to structural alterations of the protein that it

can probe changes occurring in drug binding site II as well.

The emission spectra of the protein in the presence of

increasing concentrations of [Co(Cl)(phendione)2(H2O)]

[BF4] are depicted in Fig. 10.

In the absence of [Co(Cl)(phendione)2(H2O)][BF4], the

maximum emission intensity for Trp214 is observed at

334 nm (black line in Fig. 10), showing that this residue is

protected from the aqueous solvent, where tryptophan

would have maximum emission at approximately 350 nm.

There is a marked decrease in the Trp214 fluorescence

intensity with increasing concentration of [Co(Cl)(phendi-

one)2(H2O)][BF4], reaching approximately 55 % at the

highest concentration of [Co(Cl)(phendione)2(H2O)][BF4].

The fluorescence intensity decay with time was measured

for all samples, and two illustrative examples (in the

absence of [Co(Cl)(phendione)2(H2O)][BF4] and at the

highest concentration tested) are presented in Fig. 11,

showing that the decay becomes faster (indicating a shorter

fluorescence lifetime) in the presence of [Co(Cl)(phendi-

one)2(H2O)][BF4]. [Co(Cl)(phendione)2(H2O)][BF4] thus

behaves as a quencher of the Trp214 fluorescence, and the

nature of this quenching process can be accessed through a

Stern–Volmer plot [36, 52].

The Stern–Volmer plots and their detailed analysis are

given in Fig. S7. Data analysis shows a 1:1 binding

mechanism with a binding constant on the order of

log Kb *4.6. For a 1:1 binding process, both the steady-

state fluorescence intensity (IF) and the amplitude-weighted

mean fluorescence lifetime (�s) are a linear combination of

the extreme values of those fluorescence spectroscopic

variables (denoted below by F) for bound and unbound

protein, in which the linear coefficients are the bound and

unbound molar fractions:

F ¼ XboundFbound þ X freeFfree; ð4Þ

which rearranges to

X bound ¼
Ffree � F

Ffree � Fbound

¼ DF

DFmax

: ð5Þ

This is related to the molar concentrations of the species in

solution by

X bound ¼ 1� X free ¼
½fHSA� Cg�

½fHSA�Cg� þ ½HSA�
¼ ½fHSA� Cg�

CHSA

; ð6Þ

where HSA denotes the free protein and {HSA–C} denotes

the protein–complex adduct, which is in turn related to the

association constant:

Kb ¼
½fHSA�Cg�
½HSA�½C�

¼ X boundCHSA

ðCHSA � X boundCHSAÞðCComplex � ½fHSA�Cg�Þ ;

ð7Þ

where the second equality is obtained by using the mass

balance for the system and Eq. 6. Using Kb estimated from

the Stern–Volmer analysis (Fig. S7) to predict the

speciation for the system, we conclude that the following

approximation is valid:

CComplex � ½fHSA� Cg� � CComplex: ð8Þ

Introducing this approximation and rearranging the

equation, we obtain the following expression:

X bound ¼
DF

DFmax

¼ KbCComplex

1þ KbCComplex

: ð9Þ

The working equation comes directly from the previous

equality:

DF ¼ KbCComplex

1þ KbCComplex

DFmax: ð10Þ

Thus, representing the experimental DF values as a

function of the concentration of the complex, and
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Fig. 11 Fluorescence intensity decay of HSA (Trp214) in the

absence (gray) and in the presence (black) of 30.03 lM

[Co(Cl)(phendione)2(H2O)][BF4] measured by the single photon

counting technique (see ‘‘Materials and methods’’). The lines are

the best fit of a sum of exponentials (Eq. 2) with the following

parameters: (1) for HSA alone (gray line) a1 = a2 = 0.42, a3 = 0.16,

s1 = 1.57 ns, s2 = 3.70 ns, s3 = 6.70 ns (v2 = 1.181); (2) for

HSA plus [Co(Cl)(phendione)2(H2O)][BF4] (black line): a1 = 0.60,

a2 = 0.36, a3 = 0.05, s1 = 0.87 ns, s2 = 2.56 ns, s3 = 6.22 ns

(v2 = 1.184). The randomly distributed residuals of both fits are

shown at the bottom. The conditions were as follows:

CHSA = 2.0 lM, kept constant; samples prepared in phosphate buffer

pH 7.0/0.15 M NaCl medium; 24 h incubation at (37.0 ± 0.5) �C;

measurements at room temperature, (23 ± 1) �C
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performing a nonlinear fit according to Eq. 10, one

retrieves the parameters Kb and DFmax (Fig. 12). The

analysis of the steady-state fluorescence intensity yields log

Kb = 4.69 ± 0.06 and that of the fluorescence lifetime

yields log Kb = 4.67 ± 0.07. The similarity between the

two values supports the binding mechanism proposed, and

was anticipated given the parallel trend observed for both

IF and �s.

The overlaid trend of the steady-state and time-resolved

data (i.e., tending to a plateau for both the amplitude-

weighted mean fluorescence lifetime and the steady-state

fluorescence intensity) together with the absence of spec-

tral shifts are overall consistent with a mechanism of

Förster resonance energy transfer (FRET) being operative

[54]. Indeed, the spectral overlap between the HSA Trp214

emission and the absorption of [Co(Cl)(phendi-

one)2(H2O)][BF4] (Fig. S8) makes it possible for radia-

tionless excitation energy transfer from a donor (in this

system, HSA Trp214) to an acceptor molecule (in the

present case [Co(Cl)(phendione)2(H2O)][BF4]) to occur.

This quenching mechanism was proposed for the binding

of other absorbing species to HSA, such as bilirubin [55]

and 4-nitrobenzo-2-oxa-1,3-diazole fluorescent derivatives

of bile acids [54] and ruthenium antitumor complexes [53].

FRET efficiency depends on three major factors: (1)

the Förster radius R0, which is the donor–acceptor dis-

tance at which there is a 50 % probability of FRET for

each excited donor molecule; (2) the donor–acceptor

distance within the HSA–complex adduct; (3) the effec-

tive fraction of protein bound to the complex. When the

protein is saturated with the complex, maximal FRET

efficiency is attained, and this can be estimated from

DFmax obtained from the fit of Eq. 10 to the data in

Fig. 12 and the value for the same variable in the absence

of the complex, i.e., Ffree:

Emax ¼ 1� Fbound

Ffree

¼ DFmax

Ffree

: ð11Þ

In the present system it was not possible to attain satu-

ration conditions as the absorption and emission inner-filter

effect became too high and the fluorescence intensity too

low to retrieve reliable experimental values. Nevertheless,

the fits of Eq. 10 allowed us to overcome this experimental

limitation. The FRET efficiencies thereby obtained are 79.4

and 83.0 % for the steady-state intensity and the lifetime

data, respectively. These two values are in excellent

agreement. It is possible now to calculate the distance

between the complex and HSA Trp214 once the Förster

radius R0 is known. This critical distance (R0) can be

computed from spectroscopic data [56], and the details of

the calculation are given in Fig. S7. The value obtained for

R0 in the FRET process HSA Trp214 ? complex was

(19 ± 1) Å. The donor–acceptor distance, R, is then cal-

culated from

R ¼ ð1=E � 1Þ1=6
R0: ð12Þ

Taking into account the values of R0 and the FRET

efficiency mentioned previously, we estimate the donor–

acceptor distance, i.e., the Trp214–complex spatial sepa-

ration, to be 15 ± 1 Å.

These fluorescence spectroscopic studies, based on

Trp214 emission, do not rule out completely the existence

of another binding site at a distance from Trp214 that

would not influence its fluorescence properties, or some

other nonspecific interaction within a region of the protein

well separated from Trp214. However, these hypotheses

are highly unlikely since the nonspecific adsorption would

lead to structural alterations undoubtedly sensed by

Trp214, and also because it would (at least in part) occur

near its indole group, thereby quenching its fluorescence.

Fig. 12 Variation of fluorescence data obtained for the binding of

[Co(Cl)(phendione)2(H2O)][BF4] to HSA with increasing concentra-

tion of the complex using Eq. 10. a Analysis based on the

fluorescence intensity at kem = 340 nm (kexc = 295 nm) with

DF = (IF
free - IF

bound) = (IF
HSA - IF). b Analysis based on the

amplitude-weighted fluorescence lifetime with DF = (sfree -

sbound) = (s0 - s). The conditions were as follow: CHSA = 2 lM

(constant); Ccomplex = 0–30.03 lM in phosphate buffer pH7.0/

0.15 M NaCl medium; 24 h incubation at (37 ± 0.5) �C); measure-

ments at room temperature, (23 ± 1) �C
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The existence of another binding site with an association

constant of the same magnitude as or greater than that

calculated here would also influence the trend of the

observed fluorescence quenching because the availability

of the complex for binding near Trp214 would also depend

on that other hypothetical constant. This would result in a

more complex behavior than the one observed in Fig. 12,

which is close to linear for low concentrations of the

complex and with a negative curvature well described by a

simple quadratic equation for high complex-to-protein

molar ratios, and afterwards shown to be very well

described by a simple 1:1 binding model.

To summarize, our fluorescence spectroscopy studies

thus indicate that there is a moderate and specific interac-

tion of [Co(Cl)(phendione)2(H2O)][BF4] with HSA,

involving one binding site, at a distance of approximately

1.5 nm for the Trp214 indole side chain with log Kb *4.7.

This binding constant is of the same order of magnitude as

that obtained for KP1019, a ruthenium anticancer complex

currently in phase II clinical trials known to bind reversibly

to HSA and for which log K = 4.025 was reported [21].

Our results thus suggest that [Co(Cl)(phendi-

one)2(H2O)][BF4] can be efficiently transported by albumin

in the blood plasma. This reversible HSA interaction,

which can improve the delivery of [Co(Cl)(phendi-

one)2(H2O)][BF4] to tumor cells on the basis of the passive

targeting associated with the EPR effect, together with the

observed in vitro antiproliferative effect is a very promis-

ing feature regarding the in vivo effect of

[Co(Cl)(phendione)2(H2O)][BF4].

Concluding remarks

The results presented here enabled us to further confirm (1)

the in vitro antiproliferative potential of [Co(Cl)(phendi-

one)2(H2O)][BF4] with regard to tumor cells by showing

lower cytotoxicity against nontumorigenic epithelial

mammary gland cells compared with our previous results

in tumor cell lines [26] and (2) the activation of the

expression of apoptotic genes and the ability of UDCA to

reduce cell death. However, apoptosis may not result from

complex-induced DNA damage as our results clearly

indicate that the compound does not exert any significant

clastogenic effect. We reported an affinity constant for CT-

DNA that is roughly half that determined for the known

DNA-interacting antitumor agent doxorubicin under the

same test conditions. Also, [Co(Cl)(phendi-

one)2(H2O)][BF4] demonstrates the ability to act as a

double-strand cleaving agent in a concentration-dependent

fashion by a mechanism that must be operating through

some redox chemistry.

A specific interaction with HSA was observed by fluo-

rescence spectroscopy, indicating the existence of one

binding site at a distance estimated as approximately

1.5 nm for the Trp214 indole side chain. The moderate

HSA binding constant of log Kb = 4.68 ± 0.09 indicates

that [Co(Cl)(phendione)2(H2O)][BF4] can be efficiently

transported in the bloodstream by albumin. This reversible

HSA interaction, which can improve the delivery of

[Co(Cl)(phendione)2(H2O)][BF4] to tumor cells on the

basis of the passive targeting associated with the EPR

effect, together with the observed in vitro antiproliferative

effect is a very promising feature regarding the in vivo

effect of [Co(Cl)(phendione)2(H2O)][BF4]. Our group will

test this hypothesis by evaluating the ability of the free

complex to decrease tumor volume in a mouse model.

Additionally, active targeting strategies will also be

developed, namely, the use of nanoparticles to further

target [Co(Cl)(phendione)2(H2O)][BF4] to tumor cells.

Particularly, these interesting results obtained for the

interaction of [Co(Cl)(phendione)2(H2O)][BF4] with HSA

are also suggestive that albumin nanoparticles may prove

to be useful delivery systems for [Co(Cl)(phendi-

one)2(H2O)][BF4], improving the in vivo biodistribution

and consequently its cytotoxicity and efficacy as an anti-

tumor drug.

Additionally, the results presented here are very useful

for future design of a delivery system, as the excellent

complex–HSA interaction observed suggests that albumin

nanoparticles may be used as effective nanocarriers for this

phendione compound.
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