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A B S T R A C T

Ten new vanadocene complexes bearing N,N′-chelating ligands were prepared, characterized, and their cyto-
toxicity toward a panel of cancer cells was measured. Structures of four vanadocene compounds were de-
termined by single crystal X-ray diffraction analysis. Complexes containing 1,2-bis(phenylimino)acenaphthene
(bian) and 1,2-bis(4-methoxyphenylimino)acenaphthene (4-MeO-bian) exhibit higher cytotoxicity than those
with dipyrido[3,2-a:2′,3′-c]phenazine (dppz) and (E)-N-((pyridin-2-yl)methylene)benzenamine (pyma). In light
of the finding, cytotoxic mechanisms of two highly effective complexes [(η5-C5H4Me)2V(bian)][OTf]2 (3b) and
[(η5-C5H4Me)2V(4-MeO-bian)][OTf]2 (4b) against human A549 lung adenocarcinoma cells were investigated by
following membrane leakage of intracellular lactate dehydrogenase, Trypan Blue staining and activation of
tumor protein p53 (p53). Evaluated complexes have a potent dose-dependent antiproliferative activity, causing
cell cycle redistribution by the increased accumulation of cells in the G2 and S phase. In accord with the ob-
served cell cycle deceleration, cyclin-dependent kinase inhibitor-interacting protein 1 (p21WAF1/Cip1), extra-
cellular signal–regulated kinases 1 and 2 (ERK1/2), Checkpoint kinase 1 (Chk1), Checkpoint kinase 2 (Chk2) and
their phosphorylated forms Chk1 at serine 345 and Chk2 at threonine 68 increased. In the cells exposed to
complexes, dose- and time-dependent apoptotic process is initiated by the activation of the initiator caspase 8,
followed by activation of effector caspase 3/7 and phosphatidylserine externalization. Moreover, because of
treatment, A549 cells activate prosurvival mitogen-activated protein kinases (MAPK) signaling and up-regulate
antiapoptotic protein B-cell lymphoma (Bcl-2), thereby promoting evasion of cell death. Both complexes ex-
hibited considerably higher cytotoxic effect than the reference anticancer drug cis-platin and the cytotoxicity was
more pronounced at higher treatment time.

1. Introduction

Lung cancer is the second leading cause of death from cancer,
causing more than one million deaths worldwide every year [1]. Ade-
nocarcinoma represents the most common histological type of lung
cancer [2], which belongs to the subgroup of the non-small cell lung
cancer (NSCLC) [3]. Approximately 85% of lung cancers are NSCLC,
and the diagnosis of NSCLC is associated with a worse prognosis in
patients. For the successful treatment of NSCLC, chemical or radiation

therapies after surgical excision have been identified as optimal treat-
ment procedures. However, even if these treatment methods provide
the desired outcome, only 15% of patients survive>5 years because of
frequent diagnosis in late stage, drug resistance and disease recurrence
[4,5].

Several gene mutations that contribute to treatment resistance have
been identified in lung adenocarcinomas [6]. Although most of the lung
adenocarcinomas lack an identifiable driver oncogene that would
contribute to aberrant proliferation and drug resistance, some
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abnormalities for suppression of tumor were identified, e.g. on tumor
protein p53 (p53) [7]. Since genotoxic and cellular stress, signals for
apoptosis-mediated cell death caused by DNA-targeting anticancer
agents such as cis-platin go at least partly through p53 signaling, defi-
ciency of p53 will attenuate its function and contributes to treatment
resistance. In addition, the longer chemotherapy administrations con-
tinues, the stronger acquired resistance develops alongside treatment.
Therefore, various efforts are ongoing to improve therapies with ex-
isting traditional chemotherapy drugs. In this regard, combined re-
gimen using cis-platin in combination with other classical anticancer
drugs showed several benefits over monotherapy. In addition, in-
troduction of combination therapies and molecular-targeted drugs like
Gefitinib showed improved overall survival in NSCLC treatment [8]. On
the other hand, even many newer, high-dose chemotherapy or drug
combination therapies increase a risk of adverse side effects, making the
treatment burdensome and less suitable for physically weakened pa-
tients with more advanced stages of NSCLC. While response rates to
combination therapies may be higher, the median overall survival for
patients with NSCLC is still limited [9]. Therefore, even if treatment of
NSCLC with genotoxic chemotherapeutic have provided the standard
regimens backbone in terms of efficacy, a quest for specific and effec-
tive chemotherapeutic agents for NSCLC is still ongoing [10].

Recently, vanadium complexes containing stabilizing by N,N′-che-
lating ligands got into foreground of interest in a human in vitro model
of NSCLC due to visible light-induced photocytotoxicity in lung carci-
noma A549 cells with half-maximal inhibitory concentration (IC50) of
17 μM [11]. Vanadocene dichloride [(η5-C5H5)2VCl2] (1a) is known as
potent antitumor agent with low general toxicity [12–15]. Our recent
studies have demonstrated that substitution of chloride ligands [16,17]
as well as modification of the cyclopentadienyl rings (Cp) [12] con-
siderably changes physicochemical properties of the complex species
and can lead to the highly cytotoxic agents. For example, the vanado-
cene complex [(η5-C5H5)2V(5-NH2-phen)][OTf]2 bearing substituted
1,10-phenanthroline (phen) is about twenty times more active toward
leukemic cells MOLT-4 than parent dichloride species 1a, which was
ascribed to the higher stability in aqueous media [18].

Additionally, the literature describes a pharmacological potential of
vanadium connected with treatment of diabetes mellitus and potential
mimic of insulin signaling by peroral application of sodium metava-
nadate and vanadyl sulfate [19,20]. The vanadium (IV) compound with
vitamin A [VO(vitamin A)2(H2O)2] was proven as an antidiabetic agent,
which interferes with lipid profile and antioxidant activity (increase of
superoxide dismutase, malondialdehyde, glutathione) [21]. Also vana-
dium(IV) chelates were studied for their ability to reduce hypergly-
cemia with encouraging results [22,23]. It was found out that the va-
nadium(IV) has inhibition effect on the glyceraldehyde 3-phosphate
dehydrogenase, lipoprotein lipase, protein tyrosine phosphatases, glu-
cose-6-phosphate dehydrogenase, glycogen synthase, adenylate cyclase
and cytochrome oxidase. On the contrary, the vanadium(IV) stimulates
the following functions: Na+/K+–ATPase, H+/K+–ATPase, myosin
ATPase, adenylate kinase, phosphofructokinase and cholinesterase.
Thanks to these effects, it can be used as agent with antihyperlipidemic
effect, antiobesitic effect, with antihypertensive properties and diuretic
effect [19,20]. Beside other things, the vanadium compounds inhibit
the epithelial-mesenchymal transition [24]. However, the primary ef-
fect of the vanadium is activation of the apoptotic path in cancer cells
[25].

The aim of this study is to determine cytotoxic effect of new vana-
docene complexes bearing N,N′-chelating ligands. After an initial cy-
totoxicity screening, highly effective complexes [(η5-C5H4Me)2V(bian)]
[OTf]2 (bian=1,2-bis(phenylimino)acenaphthene) (3b) and [(η5-
C5H4Me)2V(4-MeO-bian)][OTf]2 (4-MeO-bian= 1,2-bis(4-methox-
yphenylimino)acenaphthene) (4b), which showed impressive activity
against A549 lung adenocarcinoma cells, were chosen for study on
exploring the mechanism of cytotoxic activity. The experiments are
focused on evaluation of the cell membrane integrity using the Trypan

Blue dye exclusion, quantification of apoptotic process induction using
flow cytometry analysis of Annexin V binding and through evaluation
of caspases activity. The expression of cell proteins with cardinal impact
on cell cycle progression is determined by Western blots analysis
combined with sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and immunochemical detection.

2. Methods and materials

2.1. Synthesis of the complexes

All operations were performed under nitrogen using conventional
Schlenk-line techniques. The solvents were purified and deoxygenated
by standard methods [26]. [(η5-C5H5)2VCl2] (1a) [27] [(η5-
C5H4Me)2VCl2] (1b) [28], dipyrido[3,2-a:2′,3′-c]phenazine (dppz) [29]
(E)-N-((pyridin-2-yl)methylene)benzenamine (pyma) [29], bian [30]
and 4-MeO-bian [30] were prepared according literature procedures.
Benzene-1,2-diamine (bda) and silver trifluoromethanesulfonate
(AgOTf) were obtained from Sigma-Aldrich and used without further
purification.

Infrared spectra were recorded on a Nicolet iS50 FTIR spectrometer
in the 4000–400 cm−1 region using attenuated total reflectance tech-
nique. The electron paramagnetic resonance (EPR) spectra were re-
corded on a Miniscope MS 300 spectrometer at X-band at ambient
temperature. Mass spectrometry (MS) was performed on a LCMS 2010
quadrupole mass spectrometer quadrupole mass spectrometer (Shi-
madzu, Japan). The sample was injected into the mass spectrometer
with infusion mode at a constant flow rate of 10 L/min, and electro-
spray ionization mass spectrometry was used for identification of ana-
lyzed samples.

2.1.1. Synthesis of [(η5-C5H5)2V(bian)][OTf]2 (3a)
[(η5-C5H5)2VCl2] (1a; 0.252 g, 1.00mmol) was dissolved in tetra-

hydrofuran (THF) (20mL), treated with AgOTf (0.514 g, 2.00mmol)
and stirred for 90min in darkness. The reaction mixture was filtered
through a short pad of Celite to remove a fine precipitate of silver
chloride. The clear green solution was treated with bian (0.499 g,
1.50mmol) that causes immediate color change from green to brown.
The reaction mixture was stirred for 24 h. The solid product was se-
parated by decantation. It was washed with THF and ether and dried
under vacuum. Yield: 0.219 g (27%, 0.27mmol). Brown powder. Calc.
for C36H26F6N2O6S2V (MW 811.67): C, 53.27; H, 3.23; N, 3.45; S, 7.90.
Anal. Found: C, 53.25; H, 3.24; N, 3.42; S, 7.88. Positive ion MS
(MeOH): m/z=256.4 [M]2+. EPR(MeOH): |Aiso|= 68.8 G,
giso= 1.982. IR(ATR, cm−1): 3105w, 1715w, 1619w, 1581m, 1486w,
1449w, 1431w, 1259vs, 1221s, 1154s, 1021vs, 859m, 831m, 765s,
698s, 632vs, 571m, 544m, 518s.

2.1.2. Synthesis of [(η5-C5H4Me)2V(bian)][OTf]2 (3b)
The reaction was carried out as described for 3a but with [(η5-

C5H4Me)2VCl2] (1b; 0.280 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol)
and bian (0.499 g, 1.50mmol). Brown powder. Yield: 0.193 g (23%,
0.23mmol). Calc. for C38H30F6N2O6S2V (MW 839.72): C, 54.35; H,
3.60; N, 3.34; S, 7.64. Anal. Found: C, 54.36; H, 3.58; N, 3.30; S, 7.60.
Positive ion MS(MeOH): m/z=270.5 [M]2+. EPR(MeOH):
|Aiso|= 68.7 G, giso= 1.982. IR(ATR, cm−1): 3121w, 1610w, 1581w,
1486w, 1440w, 1259vs, 1154s, 1030vs, 1021vs, 831s, 774s, 632vs,
575m, 546m, 518s.

2.1.3. Synthesis of [(η5-C5H5)2V(4-MeO-bian)][OTf]2 (4a)
The reaction was carried out as described for 3a but with [(η5-

C5H5)2VCl2] (1a; 0.252 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol) and
4-MeO-bian (0.589 g, 1.50mmol). Orange powder. Yield: 0.227 g (26%,
0.26mmol). Calc. for C38H30F6N2O8S2V (MW 871.72): C, 52.36; H,
3.47; N, 3.21; S, 7.36. Anal. Found: C, 52.35; H, 3.50; N, 3.20; S, 7.33.
Positive ion MS(MeOH): m/z=286.5 [M]2+. EPR(MeOH):
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|Aiso|= 68.4 G; giso= 1.984. IR(ATR, cm−1): 3118w, 1599w, 1559w,
1510m, 1436w, 1249vs, 1151s, 1028vs, 857m, 832s, 775s, 726w,
702w, 636vs, 571m, 546m, 539m 514s, 416w. Single crystals of 4a
suitable for X-ray diffraction analysis were prepared by careful over-
layering of acetonitrile solution with ether.

2.1.4. Synthesis of [(η5-C5H4Me)2V(4-MeO-bian)][OTf]2 (4b)
The reaction was carried out as described for 3a but with [(η5-

C5H4Me)2VCl2] (1b; 0.280 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol)
and 4-MeO-bian (0.589 g, 1.50mmol). Yield: 0.270 g (30%,
0.30mmol). Orange powder. Calc. for C40H34F6N2O8S2V (MW 899.77):
C, 53.40; H, 3.81; N, 3.11; S, 7.13. Anal. Found: C, 53.41; H, 3.8; N,
3.10; S, 7.12. Positive ion MS(MeOH): m/z=300.5 [M]2+. EPR
(MeOH): |Aiso|= 68.4 G, giso= 1.984. IR(ATR, cm−1): 3114w, 2960w,
2833w, 1603w, 1504m, 1458w, 1440w, 1250vs, 1141s, 1033vs, 834s,
780s, 725w, 635vs, 571m, 536w, 518s.

2.1.5. Synthesis of [(η5-C5H5)2V(pyma)][OTf]2 (5a)
The reaction was carried out as described for 3a but with [(η5-

C5H5)2VCl2] (1a; 0.252 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol) and
pyma (0.273 g, 1.50mmol). Dark brown powder. Yield: 0.137 g (18%,
0.18mmol). Dark brown powder. Calc. for C30H20F6N4O6S2V (MW
761.57): C, 47.31; H, 2.65; N, 7.36; S, 8.42. Anal. Found: C, 47.30; H,
2.63; N, 7.34; S, 8.43. Positive ion MS(MeOH): m/z=181.5 [M]2+.
EPR(MeOH): |Aiso|= 67.8 G; giso= 1.986. IR(ATR, cm−1): 3111w,
1593w, 1585w, 1494w, 1440w, 1431w, 1250vs, 1222s, 1151s, 1024vs,
861s, 852s, 770m, 698m, 635vs, 571s, 518s. Single crystals of 5a sui-
table for X-ray diffraction analysis were prepared by careful over-
layering of the acetonitrile solution with ether.

2.1.6. Synthesis of [(η5-C5H4Me)2V(pyma)][OTf]2 (5b)
The reaction was carried out as described for 3a but with [(η5-

C5H4Me)2VCl2] (1b; 0.280 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol)
and pyma (0.273 g, 1.50mmol). Yield: 0.150 g (19%, 0.19mmol). Dark
brown powder. Calc. for C32H24F6N4O6S2V (MW 789.62): C, 48.67; H,
3.06; N, 7.10; S, 8.12. Anal. Found: C, 48.66; H, 3.05; N, 7.12; S, 8.10.
Positive ion MS(MeOH): m/z=195.6 [M]2+. EPR(MeOH):
|Aiso|= 67.8 G; giso= 1.986. IR(ATR, cm−1): 3086w, 1593w, 1494m,
1449w, 1250vs, 1241vs, 1151s, 1024vs, 960w, 870m, 780m, 743m,
698m, 635vs, 626vs, 571s, 518s.

2.1.7. Synthesis of [(η5-C5H5)2V(dppz)][OTf]2 (6a)
The reaction was carried out as described for 3a but with [(η5-

C5H5)2VCl2] (1a; 0.252 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol) and
dppz (0.423 g, 1.50mmol). Yield: 0.146 g (22%, 0.22mmol). Grey
powder. Calc. for C24H20F6N2O6S2V (MW 661.49): C, 43.58; H, 3.05; N,
4.23; S, 9.70. Anal. Found: C, 43.55; H, 3.08; N, 4.25; S, 9.73. Positive
ion MS(MeOH): m/z=231.6 [M]2+. EPR(MeOH): |Aiso|= 67.2 G;
giso= 1.986. IR(ATR, cm−1): 3096w, 1619w, 1505w, 1430w, 1354w,
1268vs, 1259vs, 1222s, 1151s, 1078m, 1033vs, 1024vs, 869m, 831m,
770m, 765s, 727s, 635vs, 626s, 575s, 518s, 470w, 432m, 403m. Single
crystals of 6a·MeCN suitable for X-ray diffraction analysis were pre-
pared by careful overlayering of the acetonitrile solution with ether.

2.1.8. Synthesis of [(η5-C5H4Me)2V(dppz)][OTf]2 (6b)
The reaction was carried out as described for 3a but with [(η5-

C5H4Me)2VCl2] (1b; 0.280 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol)
and dppz (0.423 g, 1.5 mmol). Yield: 0.138 g (20%, 0.20mmol). Grey
powder. Calc. for C26H24F6N2O6S2V (MW 689.54): C, 45.29; H, 3.51; N,
4.06; S, 9.30. Anal. Found: C, 45.30; H, 3.50; N, 4.06; S, 9.28. Positive
ion MS(MeOH): m/z=245.5 [M]2+. EPR(MeOH): |Aiso|= 67.2 G;
giso= 1.986. IR(ATR, cm−1): 3083w, 1619w, 1496w, 1430w, 1354w,
1268vs, 1259vs, 1221s, 1164s, 1078m, 1030vs, 1021vs, 888w, 812m,
765m, 727s, 632vs, 622s, 575s, 518s, 460w, 432m, 413m.

2.1.9. Synthesis of [(η5-C5H5)2V(bda)][OTf]2 (7a)
The reaction was carried out as described for 3a but with [(η5-

C5H5)2VCl2] (1a; 0.252 g, 1.00mmol), AgOTf (0.514 g, 2.00mmol) and
dba (0.162 g, 1.50mmol). Yield: 0.182 g (31%, 0.31mmol). Grey
powder. Calc. for C18H18F6N2O6S2V (MW 587.41): C, 36.80; H, 3.09; N,
4.77; S, 10.92. Anal. Found: C, 36.82; H, 3.10; N, 4.74; S, 10.88. Positive
ion MS(MeOH): m/z=144.5 [M]2+. EPR(MeOH): |Aiso|= 68.0 G;
giso= 1.984. IR(ATR, cm−1): 3178w, 3111m, 1610w, 1496w, 1449w,
1440w, 1278s, 1249vs, 1221vs, 1164s, 1154s, 1097w, 1030vs, 1021vs,
878m, 869m, 850m, 765m, 632vs, 622vs, 575s, 518s, 441w, 403w.
Single crystals of 7a suitable for X-ray diffraction analysis were prepared
by careful overlayering of the acetonitrile solution of with ether.

2.1.10. Synthesis of [(η5-C5H4Me)2V(bda)][OTf]2 (7b)
The reaction was carried out as described for 3a but with [(η5-

C5H4Me)2VCl2] (1b; 0.280 g, 1mmol), AgOTf (0.514 g, 2.00mmol) and
dba (0.162 g, 1.5mmol). Yield: 0.209 g (34%, 0.34mmol). Grey
powder. Calc. for C20H22F6N2O6S2V (MW 615.46): C, 39.03; H, 3.60; N,
4.55; S, 10.42. Anal. Found: C, 39.00; H, 3.58; N, 4.53; S, 10.40%.
Positive ion MS(MeOH): m/z=158.5 [M]2+. EPR(MeOH):
|Aiso|= 67.9 G; giso= 1.984. IR(ATR, cm−1): 3178w, 3111m, 1610w,
1496m, 1459w, 1392w, 1278s, 1240s, 1230vs, 1221vs, 1164s, 1154s,
1030s, 1021s, 878m, 765m, 755m, 632s, 622s, 575s, 518s, 441m,
432m, 403w.

2.2. X-ray crystallography

Crystallographic data were collected on Bruker D8 VENTURE Kappa
Duo PHOTON100 by IμS micro-focus sealed tube MoKα radiation
(λ=0.71073 Å) at the temperature 150 K. The structures were solved
by direct methods (XT) [31] and refined by full matrix least squares
based on F2 (SHELXL2014) [32]. The hydrogen atoms on carbon were
fixed into idealized positions (riding model) and assigned temperature
factors either Hiso(H)= 1.2 Ueq (pivot atom) or Hiso(H)= 1.5 Ueq (pivot
atom) for methyl moiety. The unit cell of complex 5a includes two
crystallographically independent but essentially identical molecules.
CCDC 1565048 (for 4a), 1565049 (for 6a·MeCN), 1565050 (for 5a) and
1565051 (for 7a) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre.

2.3. Cell line and culture conditions

For our experiments, non-small human lung alveolar carcinoma
epithelial A549 cells from the European Collection of Cell Cultures (UK)
were used. The A549 cells were cultured in the Dulbecco's Modified
Eagle's medium supplemented with 10% fetal bovine serum, 0.05% L-
glutamine, 150 μg/mL penicillin and 50 μg/mL streptomycin (all re-
agents from Sigma-Aldrich, USA). The cell line was cultured at 37 °C in
a humidified atmosphere with 5% CO2. Each two days the cultures were
diluted to a concentration of 2×105 cells/mL. The A549 cells in the
maximal range of up to 20 passages were used for this study.

2.4. Preparation of solution of the test compounds

Stock solutions were prepared by dissolving all complexes in abso-
lute ethanol (EtOH). The test complexes were dissolved in 1mL of the
culture medium and EtOH in total volume lower than 0.5% w/v. For the
experiments, the stock solutions of 3b and 4b were diluted with the
complete culture medium for A549 cells to create final concentrations,
making sure the concentration of EtOH was<0.5% w/v to avoid toxic
effects on cells. Notably, EtOH in concentration 0.5% w/v did not ex-
hibit any significant negative effect on cell proliferation during cyto-
toxicity screening within 24 and 48 h of application (decrease in growth
percentage as compared to untreated control cells) (Fig. S1 in the
Supporting information).
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2.5. Primary screening of cytotoxicity

Selected human tumor cell lines (A2780 - ovarian adenocarcinoma,
A549 - lung adenocarcinoma, Saos2 - osteogenic sarcoma, HeLa - colon
adenocarcinoma, HT-29 - colon adenocarcinoma, Jurkat - leukemic T
cell lymphoblast, MCF-7 - breast adenocarcinoma, MOLT-4 - leukemic
lymphoblastoid, PANC-1 - pancreatic carcinoma of ductal origin) were
purchased from either ATCC, USA or Sigma-Aldrich, USA and cultured
according to the provider's culture method guidelines. All cell lines
were maintained at 37 °C in a humidified 5% carbon dioxide and 95%
air incubator. For initial screening of cytotoxicity, the cells were seeded
at appropriate, a previously established optimal density in 96-well
plates and allowed to settle overnight. Cells were treated by 3a–7b for
48 h. Final concentration of derivatives was 10 μM. At the end of cul-
tivation, WST-1 proliferation assay (Roche Applied Science, Switzer-
land) was performed according to the manufacturer's instructions and
the absorbance was measured using Tecan Infinite M200 (Tecan Group,
Switzerland). Cytotoxicity assay is based on a reduction of 2-(4-iodo-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium so-
dium salt (WST-1) to a water-soluble formazan by viable cells. For
primary screening, each value is the mean of absorbance measured in
four wells and represents the percentage of negative control, non-
treated cells (100%). Three independent experiments were performed;
results are expressed as mean ± standard deviation (SD).

2.6. Determination of cytotoxicity over the concentration range

Cell viability was quantified using the colorimetric WST-1 Cell
Proliferation Reagent (Roche Applied Science, Switzerland). The A549
cells were seeded at a concentration 500 cells/well for 24 h interval,
350 cells/well for 48 h interval in 100 μL of culture medium and cells
were allowed to reattach overnight. Thereafter, the cells were treated
with 100 μL of corresponding 3b, 4b and cis-platin stock solutions to
obtain the desired concentrations of 0.1, 0.3, 0.7, 1.5, 2.5, 4, 9, 15, 27,
50 μM in total volume of 200 μL. The sample set was incubated for 24 h
or 48 h at 37 °C in a humidified atmosphere with 5% CO2. After in-
cubation time, 50 μL of WST-1 solution was added to each well.
Following 3 h of incubation, the absorbance at 440 nm was measured
using multiple reader Tecan Infinite M200 (Tecan Group, Switzerland).
Cytotoxicity was evaluated as 50% inhibition concentration (IC50)
value using the statistic software Origin Pro (version 9,
OriginLabCorporation, USA). Three independent experiments were
performed; results are expressed as mean ± SD.

2.7. Proliferation assay

Cell membrane integrity was determined microscopically using
0.5% Trypan blue water solution (Sigma-Aldrich, USA). The cells af-
fected by cytotoxic agents are stained blue in microscope. Cell pro-
liferation of unstained cells was evaluated 24 h after the treatment of
1× 106 A549 cells with 1, 3, 5, 10 μM of 3b and 4b complexes. As a
control, 1× 106 of non-treated A549 cells were used. Cell counting was
carried out in Bürker chamber. Three independent experiments were
performed; results are expressed as mean ± SD.

2.8. LDH leakage

Activity of lactate dehydrogenase (LDH) activity was determined at
24 and 48 h in the cultivation medium (with max 1% fetal bovine
serum) of A549 cells exposed with 1, 2, 4 and 6 μM of 3b, 4b and cis-
platin (10, 20, 40 and 60 μM for 24 h resp. 5, 10, 20, 40 μM for 48 h)
using a commercially available kit (Roche Applied Science, Switzer-
land). Non-treated A549 cells were used as a control. The total LDH
activity was determined after sonication of the cells. The enzyme ac-
tivity was determined spectrophotometrically using multiple reader
Tecan Infinite M200 (Tecan Group, Switzerland) and the rate of enzyme

leakage was expressed as percentage of the total LDH activity compared
to untreated control cells. Three independent experiments were per-
formed; results are expressed as mean ± SD.

2.9. Determination of apoptosis

Apoptest-FITC (FITC=fluorescein isothiocyanate) kit (Dako-Cyto-
mation, Denmark) was used for determination of apoptosis. One of the
earliest indicator of cells undergoing apoptosis is translocation of
phosphatidylserine to the outer layer of cell membrane. The Annexin V
protein conjugated to a FITC has high affinity (in the presence of cal-
cium ions) to the phosphatidylserine. During the stages of late apoptosis
and necrosis, when cell membrane becomes permeable, propidium io-
dide enters the cell and binds to DNA. The A549 cells in the amount
1×106 cells/5mL medium were treated in concentrations 1, 2, 4 and
6 μM of the complex 3b and 0.5, 1, 2, 4 μM of 4b. cis-Platin was used in
concentrations 10, 20, 40, 60 μM for the incubation time 24 h and 5, 10,
20, 40 μM for the incubation time 48 h. Non-treated A549 cells were
used as a control. For each condition, the samples were analyzed by the
flow cytometer CyAn ADP (Beckman Coulter, USA). Listmode data were
analyzed using the Kaluza Analysis 1.3 software (Beckman Coulter,
USA). Three independent experiments were performed; results are ex-
pressed as mean ± SD.

2.10. Activity of caspases

Programmed cell death was determined by measuring the activity of
caspases 3/7, 8 and 9 using the Caspase-Glo Assays (Promega, USA)
24 h after the treatment of A549 cells. Concentrations of the test com-
plexes were 1, 2 and 4 μM for 3b and 4b. Non-treated A549 cells and
the cells treated with cis-platin (40 μM) were used a negative and po-
sitive control, respectively. Briefly, 1×104 of the cells was seeded per
well using a 96-well-plate format (Sigma-Aldrich, USA). After addition
of 50 μL of Caspase-Glo reagents into each well of microplate, caspase
cleavage of the substrate followed. This generated a luminescent signal.
The incubation lasted 30min at 37 °C in a humidified atmosphere with
5% CO2. Luminescence was measured using a multiple reader Tecan
Infinite M200 (Tecan Group, Switzerland). Three independent experi-
ments were performed; results are expressed as mean ± SD.

2.11. Determination of cell cycle distributions

Cell cycle was analyzed using flow cytometry in A549 cells fol-
lowing 24 and 48 h of treatment with 1, 2, 4 and 6 μM of 3b and 0.5, 1,
2, 4 μM of 4b. cis-Platin was used in the concentration 10, 20, 40, 60 μM
for the incubation time 24 h and 5, 10, 20, 40 μM for the incubation
time 48 h. In each experiment, the cells were washed with cold phos-
phate buffered saline sterile and fixed with 70% EtOH. For detection of
low molecular-weight fragments of DNA, the cells were incubated for
5min. at room temperature in a buffer (192mL 0.2mol/L
Na2HPO4+ 8mL of 0.1mol/L citric acid, pH 7.8) and then labelled
with propidium iodide in Vindelov's solution for 1 h at 37 °C. The DNA
content was determined by the flow cytometer CyAn ADP (Beckman
Coulter, USA). Data were analyzed using the Multicycle AV software
(Phoenix Flow systems, USA). All reagents were obtained from Sigma-
Aldrich, USA. Three independent experiments were performed; results
are expressed as mean ± SD.

2.12. Electrophoresis and analysis by Western blots

A549 cells were pre-incubated with the test compounds at in-
creasing concentrations 1, 2, 4 μM of 3b and 4b. As a negative control,
non-treated A549 cells were used. cis-Platin in concentration of 40 μM
was used as a positive control. Two treatment periods were chosen (4
and 24 h) for the determination of complexes activity. Thereafter,
whole cell lysates were prepared. The total amount of protein was
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determined using the bicinchoninic acid assay (Sigma-Aldrich, USA).
Equivalent amount (30 μg) of protein from each lysate was loaded into
lanes of 12% sodium dodecyl sulfate-polyacrylamide gel. After elec-
trophoretic separation, the proteins were transferred onto a poly-
vinylidene difluoride membrane (Bio-Rad Laboratories, France). Non-
specific binding of the membranes was blocked by application of Tris-
buffered saline containing 0.05% Tween 20 and 10% non-fat dry milk.
Incubation with primary monoclonal antibody was performed over-
night at 4 °C. After washing, the membranes were incubated with sec-
ondary polyclonal antibody for 1 h at room temperature. For the signal
detection a chemiluminescent detection kit (Roche, Czech Republic)
was using the PXi imaging system (Syngene, Cambridge UK). To ensure
equal protein loading, each membrane was reprobed and β-actin was
detected.

2.13. Statistical analysis

The cytotoxicity determination of results using WST-1 were ex-
pressed as mean ± SD of three independent experiments. By software
Origin Pro (version 8, Microcal Software, Inc. Northamptom, MA, USA),
in the block “Analyses” by statistical method “ANOVA” the graph of
viability of cells depending on the concentration of the test complexes
was constructed.

For all other experiments, statistics were calculated and the charts
were made in the Microsoft Office Excel 2003 (Microsoft Inc.,
Redmond, WA, USA). In this study, all the values were expressed as
arithmetic means with standard deviation. The statistical analysis of
differences between the groups was performed by the Student's t-test
and P values ≤0.05 were considered significant.

3. Results

3.1. Preparation and characterization of the test complexes

Vanadocene and 1,1′-dimethylvanadocene compounds bearing
N,N′-chelating ligands [(η5-C5H5R)2V(N,NL)][OTf]2 (3a: R=H,
N,NL= bian; 3b: R=Me, N,NL= bian; 4a: R=H, N,NL= 4-MeO-bian;
4b: R=Me, N,NL= 4-MeO-bian; 5a: R=H, N,NL=pyma; 5b: R=Me,
N,NL= pyma; 6a: R=H, N,NL= dppz; 6b: R=Me, N,NL=dppz; 7a:
R=H, N,NL= bda; 7b: R=Me, N,NL= bda) were prepared from
chloride analogues according to Scheme 1.

In the first step, chloride ligands are exchanged by triflates to give
[(η5-C5H4R)2V(OTf)2] (2a: R=H; 2b: Me). The reaction is driven by
precipitation of silver chloride. In the second reaction step, weakly
coordinated triflate ligands are exchanged with N,N′-chelating ligand to
give appropriate dicationic vanadocene complexes. The synthesized
complexes (3a–7a and 3b–7b) were isolated and characterized by
elemental analysis, mass spectrometry, infrared and EPR spectroscopy.
We note that all synthesized compounds were air-stable for days.
Nevertheless, long-term storage was done under inert atmosphere of
nitrogen.

The assembly of dicationic species [(η5-C5H4R)2V(N,NL)]2+ was
evidenced in first-order positive-ion ESI mass spectra. All compounds
under the study (3a–7a and 3b–7b) appear as base peaks. The infrared
spectra of the complexes show expected vibration modes of the ali-
phatic [ν(C–H) ~2920 cm−1] as well as the aromatic parts [νa(C–H)
~3120 cm−1; νs(C–H) ~3100 cm−1; ν(C=C), ν(C=N)
~1580–1430 cm−1] of the coordinated ligands.

Paramagnetic character of the compounds 3a–7a and 3b–7b en-
ables to follow the coordination sphere of vanadium by EPR spectro-
scopy. The complexes give EPR spectra with strong hyperfine coupling
(HFC) appearing due to interaction of the unpaired electron with the
nuclear spin of 51V (I=7/2, 99.8%). The coordination of chelating li-
gand is evident from low values of isotropic HFC constant (3a–7a:
|Aiso|= 67.2–68.8 G and 3b–7b: |Aiso|= 67.2–68.7 G), which reveals
considerably higher delocalization of unpaired electron than in the case

of starting dichlorides (1a and 1b) and triflate intermediates (2a and
2b) [18]. The observed |Aiso| and giso values, given in Table 1, well
correlate with data previously reported vanadocene compounds bearing
another series of N,N′-chelating ligands [17,18,33]. The effect of sub-
stitution in cyclopentadienyl ring on the EPR parameters is negligible.

The crystal structures of the compounds 4a, 5a, 6a·MeCN and 7a
were determined by single crystal X-ray diffraction analysis. Molecular
structures of the compounds are shown in Figs. 1–4. Important struc-
tural parameters are listed in Table 2. The dicationic complex species
have a typical bend metallocene structure, in which two η5-bonded
cyclopentadienyl rings and two nitrogen donor atoms of the N,N′-che-
lating ligand occupy pseudotetrahedral coordination sites around the
vanadium atom in the formal oxidation state IV. Distances between the
centroid of the cyclopentadienyl ring and vanadium atom
[Cg–V=1.951(2)–1.9649(8) Å] as well as the Cg–V–Cg angles
[133.36(4)–134.77(8)°] are in the range common for the previously
reported vanadocene(IV) complexes [34]. The V–N bond lengths and
the N–V–N bond angles of the complexes 4a, 5a, 6a·MeCN and 7a were
found to be in the ranges 2.123(3)–2.1667(15) Å and
75.95(6)–76.90(4)°, respectively. The observed values are in good
agreement with data reported for related compounds [17,18,33].

In compounds 4a, 5a and 6a·MeCN, central metal stays very close to
a plane of aromatic core of the ligand as evident from a small slip angle
of the chelate ring [4a: 0.54(9)°, 5a: 1.44(18)°, 3.40(18)°, 6a·MeCN:

Scheme 1. Preparation of vanadocene complexes bearing N,N′-chelating li-
gands.

Table 1
Isotropic g-factors and isotropic HFC constants (G) of the vanadocene com-
plexes.

|Aiso| giso |Aiso| giso

3a 68.8 1.982 3b 68.7 1.982
4a 68.4 1.984 4b 68.4 1.984
5a 67.8 1.986 5b 67.8 1.986
6a 67.2 1.986 6b 67.2 1.986
7a 68.0 1.984 7b 67.9 1.984
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6.89(16)°]. Such observation is in line with expected sp2-hybridization
of nitrogen donor atoms. Compound 7a shows considerably larger slip
angle of the chelate ring [31.65(10)°] due to coordination of sp3-ni-
trogen atoms. We note that hybridization of nitrogen donor atoms has
only minor effect on the V–N bond lengths and the N–V–N bond angles.

3.2. Cytotoxicity assay

Cytotoxicity of the complexes was determined using the commercial
WST-1 cell metabolism and proliferation test. Primary screening of
cytotoxic activity of 10 μM 3a–7a and 3b–7b was evaluated on nine
distinct cancer cell lines with different tissue of origin (Table 3).

In single-dose 10 μM, the complexes containing bian (3a, 3b) or 4-
MeO-bian (4a, 4b) as ligand have considerably higher cytotoxic effect
then complexes bearing pyma (5a, 5b), dppz (6a, 6b) or bda (7a, 7b)
after 48 h incubation. The cytotoxicity effect of the tested complexes on
the cell lines is also dependent on the origin of the cell line. The
complexes 3a, 3b, 4a and 4b evince a very good inhibitory effect on
epithelial cells HeLa and A549 or cells Saos2. However, studying these
complexes, we observe also a significant cytotoxic effect on the human
breast cancer MCF-7, ovarian cancer A2780 and pancreatic cancer
PANC-1 cell lines. The complexes with ligand pyma (5a, 5b) are the

Fig. 1. ORTEP drawing of the dicationic complex [(η5-C5H5)2V(4-MeO-
bian)]2+ present in the crystal structure of 4a (ellipsoids: 30% probability).
Numbering of all non-hydrogen atoms is shown.

Fig. 2. ORTEP drawing of the dicationic complex [(η5-C5H5)2V(pyma)]2+

present in the crystal structure of 5a (ellipsoids: 30% probability). Numbering
of all non-hydrogen atoms is shown.

Fig. 3. ORTEP drawing of the dicationic complex [(η5-C5H5)2V(dppz)]2+ pre-
sent in the crystal structure of 6a (ellipsoids: 30% probability). Numbering of
all non-hydrogen atoms is shown.

Fig. 4. ORTEP drawing of the dicationic complex [(η5-C5H5)2V(bda)]2+ present
in the crystal structure of 7a (ellipsoids: 30% probability). Numbering of all
non-hydrogen atoms is shown.

Table 2
Selected bond lengths (Å) and bond angles (°) for the compounds 4a–7a.

Cg–Va V–N Cg–V–Cga N–V–N

4a 1.9600(8)
1.9649(8)

2.1438(11)
2.1520(12)

133.88(3) 76.90(4)

5ab 1.951(2)
1.9531(17)

2.123(3)
2.127(2)

133.96(8) 76.24(10)

5ab 1.9510(16)
1.960(2)

2.123(3)
2.134(2)

134.77(8) 76.29(10)

6a 1.9499(15)
1.9558(14)

2.134(2)
2.135(2)

134.19(7) 76.25(9)

7a 1.9512(8)
1.9610(10)

2.1554(15)
2.1667(15)

133.36(4) 75.95(6)

a Cg is centroid of cyclopentadienyl ring.
b Two crystallographically independent molecules in the unit cells.
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least sensitive ones to the cell lines. To investigate the biological ac-
tivity, the complexes 3b and 4b, which inhibited growth of all tested
cancer cell lines, were selected. Collectively, most efficient inhibition
was observed in A549 cells of NSCLC. Thus, for this cell line, the dose
dependency was evaluated and IC50 was calculated from the measured
results. In the A549 cells, the determined IC50 was 3.3 ± 0.6 μM at
24 h and 2.9 ± 0.2 μM at 48 h for the 3b complex, 2.1 ± 0.2 μM at
24 h and 1.6 ± 0.1 μM at 48 h for the 4b complex and 43.5 ± 1.5 μM
at 24 h and 24.0 ± 1.9 μM at 48 h for the reference drug cis-platin (Fig.
S2 in the Supporting information). Obtained IC50 values were used to
determine the optimal concentration range for the follow-up experi-
ments.

3.3. Proliferation assay

Cells counts with Trypan blue dye exclusion test were performed to
validate WST-1 results and to determine whether the complexes com-
promises cancer cells proliferation, viability or both events.
Proliferation of the A549 cells treated by complexes 3b and 4b de-
creases during 24 h compared with non-treated control cells (Fig. 5).
Inhibition of proliferation occurs already at concentration 1 μM 3b to
74.4%. The cytotoxic effect clearly increases with increasing con-
centration of the 3b. For 10 μM of the 3b, the inhibition of proliferation
was 19.6%. A549 cells viability was affected with significantly in-
creased percentage of death cells after being exposed to 3b at 5 and
10 μM in a dose-dependent manner. The inhibitory effect of the 4b
against the cells A549 is similar to the complex 3b. With increasing
amount of the 4b complex in concentrations 1, 3, 5 and 10 μM, the
proliferation activity is inhibited to 31.3%. In turn, considerable

reduction of A549 cells viability is observed only after the application
of complexes 3b in 5 and 10 μM concentrations, leading to 10% and
13% of dead cells, respectively.

3.4. LDH activity

Results from LDH leakage assay are shown in the Fig. 6. A statisti-
cally significant LDH release from cells was observed dose-dependently
at concentration 2, 4 and 6 μM of the complex 3b providing 23% at
6 μM of 3b at 24 h interval, whereas after 48 h, at 6 μM it was 54%
which is comparable to those obtained for 40 μM of cis-platin. When the
tested complex 4b was applied in the concentrations 4 and 6 μM, it
caused statistically significant increase of LDH release, raising the
maximum LDH leakage to 18% after 24 h and to 47% after 48 h of
treatment with 6 μM. The kinetic results, obtained by monitoring
changes in the release of LDH between 24 and 48 h of treatment showed
that LDH is released in higher amount by dying cells in a duration-
dependent fashion.

Table 3
Primary single-dose screening of cytotoxic activity using WST-1 assay. Cells were treated by 3a–7a and 3b–7b complexes for 48 h at a final concentration of 10 μM.
Results are the mean values ± SD of three independent replications.

Cell lines% of inhibition

A2780 A549 HeLa HT-29 Jurkat MCF-7 MOLT-4 PANC1 Saos2

3a 91.0 ± 2.3 99.6 ± 0.1 96.6 ± 0.3 83.3 ± 1.9 81.1 ± 0.9 91.9 ± 2.0 89.5 ± 1.7 72.3 ± 6.0 97.1 ± 0.3
3b 96.3 ± 0.4 100 ± 1.4 98.5 ± 1.1 93.7 ± 2.7 98.1 ± 0.5 90.7 ± 2.7 94.2 ± 1.0 78.8 ± 4.2 95.0 ± 1.9
4a 88.8 ± 0.2 98.6 ± 0.3 96.7 ± 0.6 95.8 ± 0.6 86.4 ± 2.2 80.8 ± 9.2 92.4 ± 1.1 72.6 ± 5.4 97.3 ± 0.6
4b 91.8 ± 2.1 100 ± 0.4 100 ± 2.2 97.5 ± 0.5 97.7 ± 0.4 93.8 ± 1.7 95.4 ± 0.7 76.8 ± 5.9 99.7 ± 0.4
5a 0.0 ± 0.1 1.2 ± 0.7 0.0 ± 0.2 0.0 ± 0.1 0.0 ± 0.3 0.0 ± 0.2 16.5 ± 3.6 0.0 ± 0.1 1.2 ± 0.9
5b 0.0 ± 0.1 0.0 ± 0.5 0.0 ± 0.2 0.0 ± 0.6 0.0 ± 0.1 0.0 ± 0.2 0.0 ± 0.4 0.0 ± 0.5 0.0 ± 0.3
6a 13.5 ± 5.7 83.3 ± 7.7 66.1 ± 5.8 43.6 ± 6.1 32.3 ± 3.8 79.4 ± 1.3 80.2 ± 8.4 29.2 ± 4.1 82.8 ± 3.4
6b 35.2 ± 7.6 62.7 ± 7.9 31.3 ± 7.7 0.3 ± 5.2 0.0 ± 0.1 53.8 ± 5.0 0.0 ± 0.3 2.1 ± 12.3 36.9 ± 9.5
7a 0.0 ± 0.2 49.4 ± 2.3 55.1 ± 7.7 15.4 ± 5.3 0.0 ± 0.2 0.0 ± 0.8 8.0 ± 3.6 0.0 ± 0.2 0.0 ± 0.4
7b 0.0 ± 0.4 49.0 ± 5.2 50.4 ± 7.7 17.0 ± 5.3 0.0 ± 0.7 0.0 ± 0.3 0.0 ± 0.4 0.0 ± 0.7 7.8 ± 2.7

Fig. 5. The amount cells of the A549 cells after treatment with complexes 3b
and 4b during 24 h. Results are shown as mean ± SD of three independent
experiments. *Significantly different to control (C) (P < 0.05).

Fig. 6. The amount of LDH released from A549 cells (%) after application of
test complex 3b, 4b and cis-platin (CP) for 24 h (A) and 48 h (B). Results are
shown as mean ± SD of three independent experiments. *Significantly dif-
ferent to control (C) (P < 0.05).
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3.5. Determination of apoptosis

The intensity of the apoptotic effect of the test complexes 3b, 4b and
cis-platin in A549 cells after 24 and 48 h is shown in Fig. 7 (histograms
are shown by Figs. S3 and S4 in the Supporting information). For the 3b
complex, a significant decrease of viable cells to 85.5% was detected for
the concentration 2 μM during 24 h (as compared to the control 95.3%)
and the amount of the late-apoptotic cells grew to the 7.1% (control
2.2%). For concentrations 4 and 6 μM, the quantity of viable cell
dropped to 85.2 and 79.9% and late-apoptotic cells increased to 8.1 and
13.5%, respectively. The amount of early-apoptotic cells at group ex-
posed to the complex 3b is significantly higher (about 6%) compared to
control (2.2%), but this amount is constant for all tested concentrations
of the complex 3b. Apoptotic effect during 48 h of exposition to the
complex 3b is comparable with 24 h of incubation. The application of
the complex 4b does not have significant effect on the A549 cells during
24 h of treatment. Although pro-apoptotic activity of the complex 4b
was confirmed at 2 and 4 μM concentrations with longer incubation
times of 48 h. Additionally, the amount of late-apoptotic cells was de-
tected 10.2 and 11.6% while reducing viable cells to 87.0% and 85.4%.

The proportions of apoptotic populations induced by cis-platin
treatment in A549 cells were very similar to those produced by complex
3b. However, the apoptosis occurs at higher concentrations than of the
complex 3b. After application of cis-platin for 24 h at 60 μM, amount of
late-apoptotic cells increases to the 12.4%. Exposition for 48 h in

concentration 40 μM resulted into increase of early-apoptotic cells to
the 7% and late-apoptotic cells to the 15.2%. Within both investigated
intervals of 3b or cis-platin treatment, the amount of apoptotic cells
raised with the increase of concentration or incubation time.
Conversely, the pro-apoptotic effects of 4b depends on prolonged in-
cubation time. After incubating cells with 4b for< 24 h, almost no
apoptosis was observed. After longer times of 48 h incubation with 4b,
a dose-dependent effect on apoptosis was apparent.

3.6. Activity of caspases

A typical characteristic of apoptosis is the activation of caspases, a
class of cysteine proteases that selectively cleave proteins to orchestrate
programmed cell death. Fig. 8 shows activity of caspases 3/7, 8 and 9 in
the A549 cells after 24 h of exposure. Concentration 4 μM of 3b caused
a significant induction of the apoptotic process. This dose caused an
increase of activity of the effectors caspases 3/7 and the initiator cas-
pase 8. At the same concentration, incubation with the complex 4b did
not cause activation of caspases within 24 h. cis-Platin in concentration
of 40 μM was used as positive control, where its apoptotic effect is
confirmed via activation of intrinsic pathway in cancer cells.

3.7. Analysis of cell cycle

Analysis of cell cycle distribution of A549 cells after 24 h and 48 h
(Fig. 9) (histograms are on Figs. S5 and S6 in the Supporting informa-
tion) treatment with 3b, 4b and cis-platin showed redistribution of cells
in different phases of the cell cycle. The statistically significant effect of
the complex 3b appears already in the concentration 1 μM during 24 h
of treatment. This concentration leads to a significant decrease to
23.9% of the S phase, while control was 31.2%. The decrease in pro-
portion of S phase cells is constant despite increasing concentrations of
3b to 4 and 6 μM. The 3b at 6 μM concentration also caused G2 phase
arrest to 36.1% (control 14.4%). The largest changes were registered
during later interval of 48 h treatment. After application of 3b at 2 μM
after 48 h, the share of cells in G2 phase increased to 21.8% (control
14.6%). With increasing concentration to 4 and 6 μM, G2 block is more
evident - 23.0 and 24.2% cells accumulated in G2, respectively. The
cells in the S phase increases to 24.6 and 27.5% parallel to G2 phase.
Similarly, the G2 and S accumulation was detected applying 2 and 4 μM
of 4b for 48 h. Increased percentage of S phase cells at 24 and 48 h is
comparable to the complex 3b. Known anticancer agent cis-platin
promoted S or G2 populations, which is consistent with its effect on
proliferation resulting from DNA cross-links. cis-Platin applied at 10
and 20 μM for 24 h significantly (P < 0.05) arrested cell cycle at G2
and decreased the number of cells at G1. In contrast, exposure to 40 and

Fig. 7. Determination of apoptosis in A549 cells 24 h and 48 h after treatment
with 3b, 4b and cis-platin. Determined by using the flow cytometry. Results are
shown as mean of three independent experiments. *Significantly different to
control (C) (P < 0.05).

Fig. 8. Activity of caspase 3/7, caspase 8 and caspase 9 after application 3b, 4b
and cis-platin (CP) on A549 cells during 24 h. Results are shown as mean ± SD
of three independent experiments. *Significantly different to control (C)
(P < 0.05).
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60 μM cis-platin for 24 h arrested the cell cycle predominately in the S
phase with an increase (P < 0.05) from 31.2% (control) to 78.0%
(40 μM) and 50.0% (60 μM). At 48 h, cis-platin at 5 to 20 μM induced a
dose-dependent increase of G2 cells with a concomitant reduction in the
proportion of cells in the G1 and S phases. Only highest concentration
of cis-platin (40 μM) considerably increased the number of S phase cells
from 14.6% (control) to 22.9%.

3.8. Electrophoresis and analysis by Western blots

The results of an analysis by Western blots used to analyze the ex-
pression level of selected proteins involved in DNA damage response,
cell cycle regulation, cell death or survival in A549 cells are shown in
Fig. 10. The involvement of tumor protein p53 (p53) in a signaling
mechanism activated after application of complexes 3b and 4b was
determined via p53 protein level up-regulation at 24-h interval of ex-
posure. The level of cyclin-dependent kinase inhibitor-interacting pro-
tein 1 (p21WAF1/Cip1) was increased at 4 h time point in 3b, 4b and cis-
platin treated cells followed by further an increase at 24 h. The mi-
togen-activated protein kinases (MAPK) activity was studied through
native extracellular signal-regulated kinases 1 and 2 (ERK1/2) as well
as phosphorylated p-ERK1/2 (threonine(Thr)202/tyrosine(Tyr)204)
and p38 as well as phosphorylated p-p38 (Thr180/Tyr182). Results
showed an increase in the level of total protein p38 at 24 h. At the same

time, the amount of p38 protein phosphorylated on Thr180/Tyr182 (p-
p38) increases for all concentrations of tested complexes 3b and 4b. Of
the regulators against apoptosis evaluated by immunoblotting, anti-
apoptotic protein B-cell lymphoma (Bcl-2), showed a considerable in-
crease when treated with 3b and 4b. Similarly, although no change in
native ERK1/2 was detected after treatment compared with negative
control, the expression levels of phosphorylated ERK1/2 (p-ERK1/2),
which promote cell survival showed an increase.

Studying mechanisms by which 3b, 4b and cis-platin induce cell
cycle arrest, we examined the expression levels of cell-cycle regulatory
proteins. Application of 3b and 4b resulted in Check point kinase 1
(Chk1) phosphorylation at ser 345 (Chk1_345) from treatment time of
4 h onwards and the levels of Chk1_345 were even greater at later 24 h
interval of exposure (2 and 4 μM 3b, 1, 2 and 4 μM 4b). The expression
level of phosphorylated cell-cycle Chk2 at the Thr68 (Chk2_68) was
increased at 4 h after 4b and cis-platin treatment followed by an in-
crease at 24 h, while increase in phosphorylation of Chk2 at Thr68 after
exposure to 3b was observed only in later time point of 24 h.

4. Discussion

It is known that the character of chelate ligands significantly affects
cytotoxicity. Antitumor effect decreases along with 2,2′-bipyridines
(bpy) and 1,10-phenanthrolines: 5-NH2-phen > 4,7-Ph2-
phen≈phen > bpy≈5-NO2-phen > 5,5′-Me2-bpy > 4,4′-Me2-
bpy≈4,4′-(MeO)2-bpy > 4,5-diazafluoren-9-one [17]. The highest
cytotoxic effect was reached using complexes with N,N′-coordinated
phen ligand and its 5-amino and 5-nitro derivatives. The IC50 values lies
between 3.1 and 17.4 μM for MOLT-4 cells and between 2.8 and
28.2 μM for HL-60 [18]. Moreover, the apoptotic process involved in
treatment-induced cell death was proved [16,35].

Ten new organometallic complexes of vanadocene with N,N′-che-
lating ligands were prepared and tested on nine cancer lines re-
presenting different types of cancer. It was found that the complexes
containing bian or 4-MeO-bian exhibit the cytotoxic effect against the
majority of the cell lines. The complexes with dppz were less effective in
cytotoxic activity and the lowest cytotoxic effect to the determined
cancer cells have the complexes with pyma. The results are in good
agreement with those of previously published study [18] that has stated
that the substitution in the Cp rings with methyl group does not in-
fluence the cytotoxic effect significantly.

To clarify the mechanism of action, we selected two very effective
complexes bearing bian (3b) and 4-MeO-bian (4b). The human lung
adenocarcinoma cells A549 were most sensitive to this class of com-
plexes, and were selected to study the mechanisms underlying the cy-
totoxic effects of complexes 3b and 4b.

In the present study, it was found by determining the IC50 values
using spectrophotometric WST-1 tetrazolium salt assay that both tested
complexes have slightly higher cytotoxic activity during longer in-
cubation period of 48 h in comparison with the shorter 24 hour in-
cubation period. The treatment of A549 cells with complex modified
with methoxy groups (4b) exhibited slightly higher cytotoxicity than
that of the parent complex 3b. Compared to cis-platin, the cytotoxicity
of the both complexes after 24 h of incubation is the same as cyto-
toxicity of cis-platin after 48 h. Cytotoxic effect of the complexes 3b and
4b was also determined by evaluating proliferation and viability of
A549 cells using Trypan Blue dye exclusion staining. The amount of
cells in proliferation decreases dynamically from the lowest determined
concentration of 1 μM. Even though WST-1 data strongly suggested that
the higher recession largely appears because of treatment with complex
4b, cell counting showed a higher antiproliferative activity following
complex 3b. However, stopping cells reproduction is not accompanied
by increased amount of cell death followed by eradication of cancer
cells. The rate of A549 cell death determined as Trypan Blue dye-po-
sitive cells was significantly increased only in cells that were exposed to
higher concentrations of the complex 3b.

Fig. 9. The cell cycle analysis of the tested complexes 3b, 4b and cis-platin (CP)
in A549 cells after 24 h (A) and 48 h (B) incubation. Results are shown as mean
of three independent experiments. *Significantly different to control (C)
(P < 0.05).
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Similarly, because of plasma membrane damage of A549 cells the
cytoplasmic enzyme LDH is released into the cell culture medium. In
conformity with viability test using Trypan Blue uptake, the higher
amount of lactate dehydrogenase released after damage on cell mem-
branes occurs after treatment with complex 3b.

Since the vast majority of cytotoxic chemotherapeutics used in an-
ticancer treatment acts by promoting apoptosis, a part of this work was
focused on the study of the cell death mechanism following 3b and 4b.
At present, the exact mechanism of the cytotoxic effect of vanadocene
complexes is not known. However, in recent literature the multi-
factorial effect of the vanadocene complexes is described [36–38].
While primary studies report about interaction with α-amino acids
[39,40] and suggest inhibitory effect on enzymes protein kinase C and
topoisomerase II [41,42]. In another study, treatment-induced inhibi-
tion/activation of tyrosin phosphorylase leads to the tumor suppressor
gene activation accompanied by DNA damage and lipoperoxidation of
plasmatic membrane due to production of free radicals [43]. This effect
is supported using the oncolytic virus [44]. Newer studies on vanado-
cene complexes with N,N′-chelate describe intercalation into DNA [45],
cleavage of pBR322 plasmid DNA [46] and also show DNA photo-
cleavage activity in infrared light via hydroxyl radical pathway [47].

It could be noted that vanadocene compounds bearing chelating
ligands, including here reported derivatives, are considerably more
hydrolytically stable than parent dichloride (1a), which splits off the
chloride ligands immediately after dissolution in water or in other
therapeutic media [13,48]. Although exact speciation after biological
metabolic processing was not clarified, longer survive in the biological
environment could be one of the basic reasons responsible for observed
higher effectivity [49].

We suppose that important molecular target of the cytotoxic effect
of the tested complexes 3b and 4b is protein p53. Similarly, p53 was
up-regulated after cis-platin treatment and thus cis-platin share with 3b
and 4b p53 as the molecular target [50]. Posttranslational modification
of p53 by phosphorylation at ser392 proved the stabilization of p53 in
both 3b and 4b treated A549 cells. Bonding of phosphate to ser392 in
p53 creates a stable tetrameric form of protein, which is necessary to

activate transcription of p53-dependent cell cycle regulating or apop-
totic genes in response to DNA damage [51]. Among these, up-regula-
tion of p53 is also closely connected with increase of transcriptional
activity of protein p21WAF1/Cip1 and it acts as an important mediator of
p53 tumor suppressor activity [52]. Increased amount of cyclin-de-
pendent kinase inhibitor p21WAF1/Cip1 was also detected in A549 cells
after treatment with complexes 3b and 4b. Radical changes in the
amount of protein p53, p21WAF1/Cip1 and subsequent increase in the
level of Chk1 and Chk2 and their phosphorylated forms of Chk1 at
ser345 and Chk2 at Thr68 significantly affected cell cycle progression.
Since p21WAF1/Cip1 works as inhibitor of cyclin dependent kinase, its
excessive up-regulation decreases the expression of gene for the cell
cycle progression [53]. Cell cycle analysis revealed that treatment of
A549 cells with the complexes 3b and 4b caused cell cycle delay at the
G2/M restriction point with increased percentage of G2 phase cells. Our
results showed that 3b and 4b induced inhibitory effect on A549 via-
bility and plasma membrane integrity was due to apoptosis activation.
This is supported by our data showing that treatment with complex 3b
leads to the activation of the initiator caspase (caspase 8), which then
cleaves and activates the effector caspases (caspases 3/7). Apoptosis
was next determined using quantification of Annexin-V positive cells,
showing that both complexes increased the percentage of Annexin-V-
binding cells compared to negative control. To provide comprehension
of the mechanisms associated with induction of apoptosis, the mole-
cular basis of apoptosis mediated by complexes 3b and 4b was in-
vestigated. This pro-apoptotic effect seems to be mediated by up-reg-
ulation of MAPK activity and increase in the amount of p38 protein. We
also looked for the direct involvement of mitochondria in apoptotic
process by evaluating effect of treatment on the protein Bcl-2. This
protein acts as an inhibitor of apoptosis as it prevents release of
apoptogenic factors, such as the cytochrome c and apoptosis-inducing
factor, and thus suppressing a downstream step, which leads to the
activation of caspases [54]. Additionally, the reparation of cell damage
occurs as a compensatory response to stress conditions by activating
intracellular signaling mechanisms that promote cells survival. In this
regard, the cells accumulate in the S phase of the cell cycle supported by

Fig. 10. Induction and activation of the proteins in the A549 cells exposed to the tested complexes at 1 μM 3b (2), 2 μM 3b (3), 4 μM 3b (4), 1 μM 4b (5), 2 μM 4b (6),
4 μM 4b (7), 40 μM cis-platin (8), (1) is untreated control. To confirm equal protein loading, membranes were reincubated with β-actin. Representative results of one
of three independent experiments are shown.
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activation of ERK1/2 where its effect is connected with cell prolifera-
tion and antiapoptotic function [55].

5. Conclusion

We report remarkable cytotoxic effect of newly synthesized vana-
docene complexes with N,N′-chelating ligands. Elemental analysis,
mass spectrometry, infrared and EPR spectroscopy of these complexes
was performed. Superior cytotoxicity was found in complexes with
bian, 4-MeO-bian and pyma. The most cytotoxic active tested com-
plexes are the compounds [(η5-C5H4Me)2V(bian)][OTf]2 (3b) and its
modified complex with methoxy groups [(η5-C5H4Me)2V(4-MeO-bian)]
[OTf]2 (4b). From the primary cytotoxicity screening, it was proved
that the most sensitive cells are the human lung adenocarcinoma cells
A549; therefore, detailed investigations were performed with A549.

Mechanisms of action of 3b and 4b is dependent on the protein p53
following the mode of action of cis-platin. The up-regulation of
p21WAF1/Cip1, activation of checkpoint kinases and regulation the cell
cycle occurs. Both complexes have a considerable dose-dependent an-
tiproliferative effect, which delayed cell cycle progression by accumu-
lating A549 cells in the G2 phase. Decrease of viability of A549 and
LDH release is given by activation of apoptotic process via activation of
caspases 8 and 3/7. Apoptosis is support of activation MAP kinases
activity and protein p38. However, apoptosis is partially inhibited due
to an increase in the amount of antiapoptotic factor Bcl-2. The A549
cells treated with 3b and 4b showed up-regulation of ERK1/2 protein
levels, whereby increase percentage of S phase cells. Nevertheless, the
cytotoxicity of the both complexes is higher, compared with cis-platin,
and occurs already after 24 h incubation of A549 with the test com-
pounds in a time dependent fashion. The test compounds, especially 3b,
is worthy of further study and can be developed into a new anticancer
drug against lung adenocarcinoma.

Abbreviations

Bcl-2 B-cell lymphoma 2
bpy 2,2′-bipyridine
bda benzene-1,2-diamine
bian 1,2-bis(phenylimino)acenaphthene
ChK check point kinases
C control
CP cis-platin
Cp cyclopentadienyl
dppz dipyrido[3,2-a:2′,3′-c]phenazine
EtOH ethanol
EPR electron paramagnetic resonance
HFC hyperfine coupling
FITC fluorescein isothiocyanate
IC50 half-maximal inhibitory concentration
LDH lactate dehydrogenase
MAPK mitogen-activated protein kinases
4-MeO-bian 1,2-bis(4-methoxyphenylimino)acenaphthene
4,4′-Me2-bpy 4,4′-dimethyl-2,2′-bipyridine
5,5′-Me2-bpy 5,5′-dimethyl-2,2′-bipyridine
4,4′-(MeO)2-bpy 4,4′-dimethoxy-2,2′-bipyridine
MS mass spectrometry
5-NH2-phen 5-amino-1,10-phenanthroline
5-NO2-phen 5-nitro-1,10-phenanthroline
NSCLC non-small cell lung cancer
p21WAF1/Cip1 cyclin-dependent kinase inhibitor-interacting protein 1
p53 tumor protein p53
phen 1,10-phenanthroline
4,7-Ph2-phen 4,7-diphenyl-1,10-phenanthroline
pyma (E)-N-((pyridin-2-yl)methylene)benzenamine
SD standard deviation
Ser serine

THF tetrahydrofuran
Thr threonine
Tyr tyrosine
WST-1 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium sodium salt
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