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Abstract
Four unsymmetrical oxovanadium phenanthroimidazole complexes, [VO(hntdtsc)(NPIP)] (1), [VO(hntdtsc)(CPIP)] (2), 
[VO(hntdtsc)(MEPIP)] (3) and [VO(hntdtsc)(HPIP)] (4) (hntdtsc = 2-hydroxy-1-naphthaldehyde thiosemicarbazone, 
NPIP = 2-(4-nitrophenyl)-imidazo[4,5-f]1,10-phenanthroline, CPIP = 2-(4-chlorphenyl)-imidazo[4,5-f]1,10-phenanthroline), 
MEPIP = 2-(4-methylphenyl)-imidazo[4,5-f]1,10-phenanthroline), HPIP = 2-(4-hydroxylphenyl)-imidazo[4,5-f] 1,10-phen-
anthroline), have been synthesized and characterized. Their DNA binding and antitumor activities were determined by bio-
chemical methods. All four oxovanadium complexes can bind with CT-DNA by an intercalation model and can also cleave 
supercoiled plasmid DNA in the presence of  H2O2. The antitumor properties and mechanism of the complexes have been 
analyzed by MTT assay, cell cycle analysis, apoptosis assay and Western blot analysis. The results showed that the free ligands 
and their corresponding complexes all possess antiproliferative activities with very low  IC50 values against Hela, BIU-87 and 
SPC-A-1 cell lines. Complex 1, which has a strongly electron-withdrawing nitro group, exhibited the best antiproliferative 
activities. Complex 1 caused  G0/G1 phase arrest of the cell cycle and induced apoptosis in Hela cells. Additionally, complex 
1 attenuated the phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2).This indicates that inhibition 
of the ERK1/2 signaling pathway may contribute to the antitumor effects of these complexes.

Introduction

Vanadium has attracted considerable attention, because its 
complexes with organic ligands can possess a variety of bio-
logical functions such as antibacterial, antitumor, insulin-
enhancing and antiparasitic effects [1–6]. Vanadium com-
plexes have been investigated in tumor therapy due to their 
considerable antiproliferation role in certain cancers [7–9]. 
The general mechanisms for antitumor action by vanadium 
complexes involve inhibition of DNA repair processes [10], 
opening of mitochondrial permeability transition pores, 

subsequent release of cytochrome c, resulting in cancer 
cell apoptosis [11, 12]. In addition, vanadium compounds 
can enhance uptake of redox-active essential metal ions, 
primarily Cu(II), from extracellular media into cells, caus-
ing disruption of cellular thiol levels. Vanadium complexes 
can also have insulin-mimetic and antidiabetic properties 
by increasing the cellular uptake of glucose by the GLUT4 
transporter [13].

In previous work, it was found that vanadium complexes 
of thiosemicarbazones and 1,10-phenanthroline ligands can 
possess excellent antiproliferative activities. Organic ligands, 
especially with aromatic substituents, can enhance their bio-
logical activities [14]. In this paper, we report the preparation 
of four new oxovanadium complexes of thiosemicarbazones, 
namely 2-(4-nitrophenyl)-imidazo[4,5-f]1,10-phenanthroline 
(NPIP), 2-(4-chlorphenyl)-imidazo[4,5-f]1,10-phenanthro-
line (CPIP), 2-(4-methylphenyl)-imidazo[4,5-f]1,10-phen-
anthroline (MEPIP) and 2-(4-hydroxylphenyl)-imidazo[4,5-
f]1,10-phenanthroline (HPIP), together with an investigation 
of their antitumor activities. NPIP and CPIP possess strongly 
electron-withdrawing groups, while MEPIP and HPIP pos-
sess electron-donating groups.
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Oxovanadium complexes of these ligands, [VO(hntdtsc)
(NPIP)] (1), [VO(hntdtsc)(CPIP)] (2), [VO(hntdtsc)
(MEPIP)] (3) and [VO(hntdtsc)(HPIP)] (4), were prepared 
and fully characterized by elemental analysis, UV–Vis, MS, 
IR and NMR. The interactions of these complexes with calf-
thymus DNA (CT-DNA) were investigated by UV–Vis and 
fluorescence spectroscopy, and by viscosity measurements. 
Their cleavage reactions with pBR322 supercoiled plasmid 
DNA were studied by gel electrophoresis. In addition, their 
antitumor properties and mechanism of action have been 
analyzed by MTT assay, cell cycle analysis, apoptosis assay 
and Western blot analysis. The results showed that the free 
ligands and their corresponding complexes all possess anti-
tumor activities with very low  IC50 values and complex 1 
exhibited the highest activity against tumor cells.

Results and discussion

Synthesis and characterization

[VO(hntdtsc)(NPIP)] (1), [VO(hntdtsc)(CPIP)] (2), 
[VO(hntdtsc)(MEPIP)] (3) and [VO(hntdtsc)(HPIP)] (4) 
were prepared by refluxing hntdtsc and vo(acac)2 with NPIP, 
CPIP, MEPIP and HPIP, respectively, in absolute methanol. 
Elemental analysis, MS, IR and NMR spectroscopy were 
implemented to characterize the complexes and the free 
ligands. The structures of these complexes and free ligands 
are shown in Scheme 1.

The IR spectra show peaks from the Schiff bases(–NH–) 
at 3450–3160 cm−1, aromatic (C–H) at 2987–3050 cm−1, 
azomethine group (–CH=N) and (C=C) at 1592–1626 cm−1. 

The position of the azomethine peak was reduced in fre-
quency compared the corresponding free ligands, consistent 
with coordination of the azomethine nitrogen to vanadium. 
The strong VO signal could also be clearly identified at 
945–955 cm−1 [14]. In their ES-MS spectra, the free ligands 
showed molecular peaks of m/z 246.0 ([M + 1]+) (hntdtsc), 
342.0 ([M + 1]+) (NPIP), 331.1 ([M + 1]+) (CPIP), 327.1 
([M + 1]+) (MEPIP) and 313.0 ([M + 1]+) (HPIP). The 
oxovanadium complexes gave molecular peaks at m/z 652.1 
([M + 1]+) (1), 639.1 ([M + 1]+) (2), 619.1 ([M + 1]+) (3) 
and 623.0 ([M + 1]+) (4).

In the 1H and 13C-NMR spectra of the free ligands 
recorded in DMSO-d6, all the protons due to heteroaromatic 
groups were found in their expected regions. In addition, 
for the four complexes, the peaks of hydroxyl (OH), amine 
 (NH2) and (NHCO) were absent, indicating that these ligand 
groups were coordinated to vanadium.

DNA‑binding studies

Absorption titrations

Absorption titrations in the UV–Vis range were carried 
out in order to investigate the interactions of these com-
plexes with CT-DNA. Hypochromism and bathochromism 
can occur with the intercalation of complexes into the base 
pairs of DNA [15, 16], which is correlated with the stacking 
interactions between the planar aromatic chromophore of the 
complexes and the base pairs of DNA. For metal interaction, 
DNA binding is associated with hypochromism and showed 
a redshift in the MLCT and ligand bands.

Scheme 1  Structure of the ligands and complexes
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Figure 1 shows the electronic spectra of the four oxova-
nadium complexes obtained in the presence of CT-DNA. 
Appreciable hypochromism and bathochromism can be 
observed for all four complexes with increasing amounts 
of DNA. The specific values of hypochromism and 
bathochromism were 41.6% and 3.5 nm (complex 1), 38.8% 
and 2.5 nm (complex 2), 32.4% and 2 nm (complex 3), 
31.3% and 2 nm (complex 4). In addition, the intrinsic bind-
ing constant Kb was calculated by monitoring the change in 
absorbance with increasing amounts of CT-DNA; the Kb 
values of complexes 1, 2, 3 and 4 were 1.53 × 105 M−1, 
1.41 × 105 M−1, 1.05 × 105 M−1 and 0.95 × 105 M−1, respec-
tively. Complex 1 has the highest Kb, and the values suggest 
that these oxovanadium complexes may bind to DNA in an 
intercalative mode.

Fluorescence spectroscopic studies

Fluorescence spectroscopic titration experiments were 
performed in Tris buffer A. The emission spectra of the 
four complexes in the absence and presence of CT-DNA 
are shown in Fig. 2 and clearly increase the intensity of 
the luminescence emitted by the complexes steadily upon 
increasing the amount of CT-DNA, suggesting that these 
four oxovanadium complexes may intercalate into the base 
pairs of the DNA. The hydrophobic environment inside the 
DNA helix reduces the accessibility of water molecules to 
the complexes, thus lengthening their luminescence lifetimes 
and increasing their emission intensity [17–19].

Viscosity measurements

In the absence of X-ray structure data, viscosity measure-
ments, which are sensitive to the change in the length of 
DNA, are considered to be the most critical test of the clas-
sical intercalation model and provide the most definitive 
means of inferring the binding mode of DNA in solution. 
The viscosity of the DNA solution is expected to increase 
significantly if the intercalation mode is in operation, 
whereas partial, non-classical intercalation will have a small 
effect on the viscosity [20–25].

Figure 3 shows the effect of the complexes on the vis-
cosity of CT-DNA. The viscosity is significantly increased 
with increasing complex concentration, in the order 
1 > 2 > 3 > 4. This result also supports an intercalation 
mode for the binding of all four complexes to DNA.

DNA cleavage

To further elucidate the interaction of DNA with these com-
plexes, DNA cleavage experiments were carried out in order 
to monitor the cleavage reaction on supercoiled plasmid 
DNA by agarose gel electrophoresis. When circular plasmid 

DNA is subject to electrophoresis, relatively fast migration 
will be observed for the intact supercoiled form (Form I). If 
scission occurs on one strand, the supercoil will relax to gen-
erate a slower moving open circular form (Form II) [26, 27].

The results of our experiments are shown in Figs. 4 and 
5. No obvious cleavage of DNA was observed in the absence 
of any complex (lanes 11 and 12 in Figs. 4, 5, respectively). 
However, the open circular form (Form II) was observed in 
the presence of different concentrations of complexes 1, 2, 
3 and 4 (Figs. 4, 5). Hence, all four complexes possess DNA 
cleavage ability. To explore the DNA cleavage mechanism, 
control experiments were carried out in the presence of 
l-histamine or dimethyl sulfoxide (DMSO). No significant 
change was observed in the presence of l-histamine, which 
is a singlet oxygen quencher. However, in the presence of the 
hydroxyl radical scavenger DMSO, inhibition of DNA cleav-
age occurred, suggesting that the ∙OH free radical is likely to 
be the reactive species for the cleavage reaction. This can be 
explained by the generation of ∙OH radicals obtained from 
the oxidation of  VO2+ in the presence of  H2O2 [28].

Antitumor activities

Cytotoxicity assays

The complexes and the corresponding free ligands were 
evaluated for their ability to inhibit the growth of Hela, BIU-
87 and SPC-A-1 cell lines using MTT assays [29, 30]. The 
 IC50 values were calculated after 24 h of incubation with 
the test compound at different concentrations using cispl-
atin as a control. The results are listed in Table 1. All four 
oxovanadium complexes as well as the free ligands showed 
significant cytotoxicities against all three tumor cells, and 
the antitumor activities were also concentration depend-
ent. Complex 1 showed the largest inhibitory effects against 
the Hela, BIU-87 and SPC-A-1 cell lines with  IC50 values 
of 1.09 ± 0.16, 4.51 ± 0.68 and 7.61 ± 0.55 μM, respec-
tively. Overall, the antitumor activities follow the order 
1 > 2 > 3 > 4, consistent with their DNA-binding abilities.

It should be noted that under the same conditions, the 
 IC50 of complex 1 was lower than that of cisplatin, which 
gave  IC50 values against the Hela, BIU-87 and SPC-A-1 
cell lines of 5.54 ± 0.81, 7.82 ± 0.64 and 8.65 ± 1.01 μM, 
respectively. The potency of complex 1 and its high affinity 
for DNA may be associated with the presence of an electron-
withdrawing nitro group in this complex.

Cell cycle analysis

The cell cycle distribution was analyzed by flow cytometry 
with PI staining, in order to further elucidate the mechanism 
of the antiproliferative effect of these complexes on cancer 
cells. Hela cells were treated with complex 1 at different 



174 Transition Metal Chemistry (2018) 43:171–183

1 3

Fig. 1  Absorption spectral trace 
of the complexes 1 (a), 2 (b), 
3 (c) and 4 (d) on the addition 
of CT-DNA in Tris–HCl buffer 
A. [V] = 20 μM. Arrow shows 
the decreasing absorbance with 
the increasing amounts of CT-
DNA. Plots of [DNA]/(εa − εf) 
versus [DNA] for the titration of 
[V] with CT-DNA
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concentrations (0.5, 1.0 and 2.0 μM) for 24 h. This experi-
ment significantly increased the proportion of cells at  G0/G1 
phase and decreased the proportion of cells at S and  G2/M 
phases (Fig. 6). This indicates that the complex inhibits the 
growth of Hela cells by disrupting the  G0/G1 phase of the 
cell cycle.

The occurrence of apoptosis was further investigated 
with Hoechst 33258 staining to investigate whether the 
inhibition of cell growth in the Hela cells caused by 
complex 1 was associated with apoptosis. Representa-
tive staining fluorescence photomicrographs of cultured 
Hela cells treated with or without complex 1 are shown 
in Fig. 7. As can be readily observed by comparison with 
the control, the cells treated with complex 1 exhibited 
typical apoptotic features after 24 h, including cellular 

Fig. 2  Emission spectra of 
complexes 1 (a), 2 (b), 3 (c) 
and 4 (d) in Tris–HCl buffer A 
in the absence and presence of 
CT-DNA. [V] = 20 μM. Arrows 
show the increasing intensity 
with the increasing concentra-
tion of DNA

Fig. 3  Effects of increasing amounts of complexes 1 (filled square), 2 
(filled circle), 3 (filled triangle) and 4 (filled inverted triangle) on the 
relative viscosity of CT-DNA at 28(± 0.1) °C [DNA] = 0.40 mM

Fig. 4  Cleavage of pBR322 DNA by oxidovanadium com-
plexes 1 and 2 (15–60  μM) in the absence and presence of  H2O2 
(30  mM) in buffer B (pH 7.2). Lane 12, DNA control; lane 11, 
DNA + H2O2; lane 10, DNA + 1 (15 μM) + H2O2; lane 9, DNA + 1 
(30  μM)  +  H2O2; lane 8, DNA  +  1 (60  μM)  +  H2O2; lane 7, 

DNA + 1 (30 μM) + H2O2 + l-histidine (0.02 M); lane 6, DNA + 1 
(30 μM) + H2O2 + DMSO (2 μL); lane 5, DNA + 2 (15 μM) + H2O2; 
lane 2, DNA  +  2 (30  μM)  +  H2O2; lane 3, DNA  +  2 
(60  μM)  +  H2O2; lane 2, DNA  + 2 (30  μM)  +  H2O2  + l-histidine 
(0.02 M); lane 1, DNA + 2 (30 μM) + H2O2 + DMSO (2 μL)



176 Transition Metal Chemistry (2018) 43:171–183

1 3

morphological change, fragmentation, apoptotic bodies, 
condensation of chromatin (brightly stained) and mem-
brane blebbing. Furthermore, the proportion of apoptotic 
cells increased in a dose-dependent manner.

Annexin V-FITC/PI staining was implemented to 
determine early, late apoptotic and necrotic cells with 
the results shown in Fig. 8. The proportion of Annexin 
V-FITC-stained cells (both early and late apoptotic cells) 
increased with increasing concentrations of complex 1; 
the proportions were 25.8% (0.5 µM), 53.9% (1.0 µM) and 
81.4% (2.0 µM), respectively. Also, complex 1 was found 
to predominantly cause early apoptotic cells, such that the 
proportions of Annexin V-FITC-stained early apoptotic 
cells were 18.3% (0.5 µM), 47.5% (1.0 µM) and 75.2% 
(2.0 µM). In conclusion, the results suggest that complex 
1 induces proliferative suppression of Hela cells predomi-
nantly via the induction of apoptosis.

Phosphorylation of ERK1/2

As shown in Fig. 9, Western blot analysis showed that both 
complex 1 (2 µM) and U0126 (ERK inhibitor) attenuated 
the phosphorylation of ERK1/2 in Hela cells treated for 24 h 
(P < 0.05; P < 0.05, respectively). The total ERK1/2 levels 
were not significantly different among the groups.

Conclusion

In this study, four oxovanadium complexes of mixed thio-
semicarbazone and phenanthroimidazole ligands have been 
prepared and characterized. All four of the complexes can 
bind with CT-DNA by intercalation and also show efficient 
cleavage of supercoiled plasmid DNA in the presence of 
 H2O2. Both the free ligands and their corresponding com-
plexes all possess cytotoxic activities against Hela, BIU-87 
and SPC-A-1 cell lines, and complex 1 exhibited the highest 
activity against tumor cells. The proliferative suppression of 
Hela cells by complex 1 is predominantly via the induction 
of apoptosis and inhibition of tumor cell growth by induc-
ing a block in the  G0/G1 phase of the cell cycle. Complex 
1 which has an electron-withdrawing nitro substituent and 
larger DNA-binding affinity also exhibited highest cytotoxic 
activity against tumor cells; taken together with the results 
of a previous study [14], this suggests that the introduction 
of electron-withdrawing groups to phenanthroimidazole 
ligands may enhance the biological activity of their vana-
dium complexes.

Mitogen-activated protein kinase (MAPK) cascades are 
key signaling pathways involved in the regulation of cell pro-
liferation, apoptosis, survival and differentiation. Aberrant 
regulation of MAPK cascades can contribute to cancer. In 
particular, the extracellular signal-regulated kinase (ERK), as 
one of MAPKs subtypes, is widely involved in human onco-
genesis [45–47]. ERK is a downstream component of the 
Ras–Raf–MEK–ERK–MAPK signaling pathway. Activated 
Raf phosphorylates and activates the kinase MEK, which 
in turn phosphorylates and activates ERK kinase. Activated 
ERK regulates a number of cellular events, including cell cycle 

Fig. 5  Cleavage of pBR322 DNA by oxidovanadium com-
plexes 3 and 4 (15–60  μM) in the absence and presence of  H2O2 
(30  mM) in buffer B (pH 7.2). Lane 12, DNA control; lane 11, 
DNA + H2O2; lane 10, DNA + 3 (15 μM) + H2O2; lane 9, DNA + 3 
(30  μM)  +  H2O2; lane 7, DNA  +  3 (60  μM)  +  H2O2; lane 6, 

DNA + 3 (30 μM) + H2O2 + l-histidine (0.02 M); lane 8, DNA + 3 
(30 μM) + H2O2 + DMSO (2 μL); lane 5, DNA + 4 (15 μM) + H2O2; 
lane 2, DNA  +  4 (30  μM)  +  H2O2; lane 3, DNA  +  4 
(60  μM)  +  H2O2; lane 2, DNA  + 4 (30  μM)  +  H2O2  + l-histidine 
(0.02 M); lane 1, DNA + 4(30 μM) + H2O2 + DMSO (2 μL)

Table 1  The  IC50 values for complexes and ligands against Hela, 
BIU-87 and SPC-A-1 cell lines

The  IC50 values for complexes and ligands against Hela, BIU-87 and 
SPC-A-1 cell lines. All data were presented as mean ± SE

Compounds IC50 (μM)

Hela BIU-87 SPC-A-1

Cisplatin 5.54 ± 0.81 7.82 ± 0.64 8.65 ± 1.01
hntdtsc 100.04 ± 7.56 98.16 ± 6.78 74.56 ± 5.63
VO(acac)2 87.21 ± 7.24 76.87 ± 6.12 84.14 ± 5.89
CPIP 39.69 ± 7.12 60.23 ± 5.12 41.02 ± 3.45
NPIP 24.35 ± 1.63 39.65 ± 5.56 31.01 ± 5.01
MEPIP 41.02 ± 4.63 56.45 ± 7.36 61.02 ± 6.32
HPIP 78.62 ± 7.02 47.89 ± 4.12 54.36 ± 2.13
VO(hntdtsc)CPIP 10.36 ± 1.23 8.69 ± 1.05 21.43 ± 3.24
VO(hntdtsc)NPIP 1.09 ± 0.16 4.51 ± 0.68 7.61 ± 0.55
VO(hntdtsc)MEPIP 20.11 ± 2.68 34.52 ± 3.67 24.63 ± 4.37
VO(hntdtsc)HPIP 40.26 ± 4.01 19.86 ± 2.47 26.32 ± 4.75
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progression, apoptosis, differentiation and evasion from cell 
death [48–50]. Because of its important role, the ERK signal-
ing pathway has been the subject of intense research leading 
to the discovery and development of pharmacologic inhibitors 
for the treatment of cancer [45–48]. So it is worth noting that 
vanadium species have been closely linked with deregulation 
of cellular pathways through tyrosine phosphorylation. The 
Western blot analysis also showed that complex 1 attenuated 
the phosphorylation of ERK1/2 in Hela cells, similar to the 
U0126 (ERK pathway inhibitor), while having no effect on 
the total ERK1/2 levels. In conclusion, our study demonstrated 
that complex 1 inhibits cell proliferation by inducing apoptosis 
and  G0/G1 phase arrest, and inhibition of the ERK1/2 signaling 
pathway may also contribute to the antitumor effects of these 
complexes.

Experimental

Materials and methods

VO(acac)2 (acac  =  acetylacetonate) and 1,10-phen-
anthroline were purchased from Shanghai Jingchun 

company. Calf-thymus DNA (CT-DNA) and pBR 322 
DNA were obtained from Sigma. Other materials were 
obtained from commercial sources and used as received 
(analytical reagents). Tris–HCl buffer A (5  mM 
Tris(hydroxymetylaminomethane)–HCl, 50  mM NaCl, 
pH = 7.2) was used for absorption titrations, luminescence 
titrations, and viscosity experiments. Tris–HCl buffer B 
(50 mM Tris–HCl and 18 mM NaCl, pH = 7.2) was used 
for DNA cleavage experiments. All buffers were prepared 
using double-distilled water. A solution of CT-DNA in the 
buffer gave a ratio of UV absorbance at 260 and 280 nm 
of ca. 1.8–1.9, indicating that the DNA was sufficiently 
free of protein [31]. The DNA concentration per nucleo-
tide was determined by absorption spectroscopy using the 
molar absorption coefficient (6600 M−1 cm−1) at 260 nm 
[32]. Hela, BIU-87 and SPC-A-1 cell lines were purchased 
from The Cell Bank of Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China). RPMI 
1640 medium was purchased from Hyclone (Logan, USA); 
trypsin, fetal calf serum and Annexin V-FITC/PI apoptosis 
detection Kit were purchased from GIBCO company (USA). 
Hoechst 33258 staining solution was purchased from Beyo-
time Institute of Biotechnology (China). MTT, rhodamine 

Fig. 6  DNA content and cell 
cycle analysis of Hela cells after 
complex 1 treatment. Hela cells 
were cultured with complex 
1 (a 0.1% DMSO (control); b 
0.5 μM; c 1 μM; d 2 μM) for 
24 h. The percentage of non-
apoptotic cells within each cell 
cycle was determined by flow 
cytometry

c G0/G1: 63.79%
S: 23.76%

G2/M: 7.95%

a
G0/G1: 54.99%

S: 31.29%
G2/M: 11.82%

b
G0/G1: 57.58%

S: 30.69%
G2/M: 9.13%

d
G0/G1: 70.42%

S: 18.61%
G2/M: 8.22%
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123 and U0126 (ERK1/2 inhibitor) were purchased from 
Sigma (USA). Anti-p-ERK1/2, anti-ERK1/2 and β-actin 
antibodies were purchased from Santa Cruz Biotechnology 
(USA).

Microanalyses (C, H, S and N) were obtained out with a 
PerkinElmer 240Q elemental analyzer. Electrospray mass 
spectra (ES-MS) were recorded on an LCQ system (Finnigan 
MAT, USA) using methanol as mobile phase. Infrared spectra 
were recorded on a PerkinElmer Lambda 35 instrument using 
KBr pellets. 1H and 13C-NMR spectra were recorded on a Var-
ian-500 spectrometer. All chemical shifts are given relative 
to tetramethylsilane (TMS). UV–Vis spectra were recorded 
on a Shimadzu UV-3101 PC spectrophotometer at room tem-
perature. Emission spectra were recorded on a PerkinElmer 
Lambda 55 spectrofluorophotometer. Molar conductivities in 
DMF (1 mM/l) solution at room temperature were measured 
using a DDS-307 digital direct reading conductivity meter. 
Cell cycle analysis and Annexin V-FITC/PI assay of apop-
totic cells were recorded on a FACScan flow cytometer (BD 

FACSCalibur™, USA). Fluorescence microscopy of apoptosis 
assays was carried out with a fluorescence microscope (Olym-
pus OX31, Olympus Corporation, Japan).

DNA binding and cleavage

Absorption titration experiments were performed with fixed 
concentration of the complexes (20 µM), while gradually 
increasing the concentration of CT-DNA. V-DNA solutions 
were allowed to incubate for 5 min before the absorption spec-
tra were recorded. In order to compare the binding strength 
of the complexes, their intrinsic binding constants (Kb) were 
determined by monitoring the changes of absorbance in the 
ligand transfer band with increasing concentration of CT-
DNA. Kb was then calculated using the following equation 
[33–41]:

[DNA]

�
a
− �

f

=
[DNA]

�
b
− �

f

+
1

K
b

(

�
b
− �

f

)

Fig. 7  Effects of complex 1 on the morphology of Hela cells were 
assayed by Hoechst 33258 staining. After treatment with complex 1 
[a 0.1% DMSO (control); b 0.5 μM; c 1 μM; d 2 μM] for 24 h, apop-

totic cells were detected by Hoechst 33258 staining and examined by 
fluorescence microscopy
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where [DNA] is the concentration of DNA in the base pairs, 
εa is the extinction coefficient observed for Aobsed/[V], εb is 
the extinction coefficient of the complex when fully bound 
to DNA and εf is the extinction coefficient of the complex 
in free solution.

Viscosity measurements were taken with an Ubbe-
lohde viscometer maintained at a constant temperature of 
(28.0 ± 0.1) °C in a thermostatic bath. A digital stopwatch 
was used for flow time, and each sample was measured five 
times to obtain the average flow time. Data are presented 
as (η/η0)1/3 versus binding ratio [42], where η is the viscos-
ity of DNA in the presence of the complex and η0 is the 
viscosity of DNA alone [41].

The cleavage of supercoiled pBR322 DNA by the com-
plexes was studied by gel electrophoresis; pBR322 DNA 
(0.1 μg) was treated with the required complex in buffer 
B, and the solution was incubated at 37 °C. The samples 
were analyzed by electrophoresis for 1.5 h at 85 V on a 
0.8% agarose gel in TBE (89 mM Tris–borate acid, 2 mM 
EDTA, pH = 8.3). The gel was stained with 1 µg/ml eth-
idium bromide and photographed on an Alpha Innotech 

IS-5500 fluorescence chemiluminescence and visible 
imaging system [18].

Cytotoxicity assays

The effects of the test compounds on the growth of Hela, 
BIU-87 and SPC-A-1 cell lines were determined with the 
aid of MTT dye assays. The compounds were dissolved in 
DMSO (0.1%) and diluted with RPMI 1640 to the required 
concentrations prior to use. The control was prepared by 
addition of culture medium (100 μL). Wells containing cul-
ture medium without cells were used as blanks. Hela, BIU-
87 and SPC-A-1 with a density 2 × 104 cells per well were 
precultured in 96-well microtiter plates for 48 h at 37 °C, 5% 
 CO2. Upon completion of the incubation, stock MTT dye 
solution was added to each well. After 4 h incubation, a solu-
tion containing N,N-dimethylformamide (50%) plus sodium 
dodecyl sulfate (20%) was added to solubilize the MTT 
formazan. The cell viability was determined by measuring 
the absorbance of each well at 490 nm using a Multiskan 
ASCENT microplate reader.  IC50 values were determined by 

Fig. 8  Distribution map of cell 
apoptosis. Hela cells were incu-
bated with different concentra-
tions of the complex 1 [a 0.1% 
DMSO (control); b 0.5 μM; c 
1 μM; d 2 μM] for 24 h, and 
subjected to Annexin V-FITC/
PI staining, and analyzed by 
flow cytometry
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plotting the percentage viability versus concentration on a 
logarithmic graph and reading off the concentration at which 
50% of cells remained viable relative to the control [29, 30].

Cell cycle analysis

Analysis of the cell cycle of both control and treated cancer 
cells was determined. Using standard methods, the DNA of 
cells was stained with PI, and the proportions of non-apop-
totic cells in different phases of the cell cycle were recorded. 
The cancer cells were treated with the complexes, harvested 
by centrifugation at 1000g for 5 min, and then washed with 
ice-cold PBS. The collected cells were fixed overnight with 
cold 70% ethanol and then stained with PI solution consist-
ing of 50 μg/ml PI plus 10 μg/ml RNase. After incubating 
for 10 min at room temperature in the dark, fluorescence-
activated cells were sorted with a FACScan flow cytometer 
using CellQuest 3.0.1 software.

Fluorescence microscopy of apoptosis assays

This method was modified from a previous report [43]. 
Briefly, after exposure to the complexes for 24 h, Hela cells 
were washed twice with PBS and then stained with 10 μg/ml 
Hoechst 33258 staining solution at 37 °C for 30 min accord-
ing to the manufacturer’s instructions. Finally, the cells were 
observed under a fluorescence microscope.

Annexin V‑FITC/PI assay of apoptotic cells

Hela cells treated with the complexes for 24 h were deter-
mined by flow cytometry using a commercially available 
Annexin V-FITC/PI apoptosis detection kit. After treat-
ment, cells were harvested, washed twice in ice-cold PBS, 
and resuspended in 500 μl of binding buffer at 1–5 × 105 
cells/ml. The samples were incubated with 5 μl of Annexin 
V-FITC and 5 μl propidium iodide in the dark for 15 min 
at room temperature. Finally, samples were analyzed by 
flow cytometry and evaluated based on the percentage of 
cells for Annexin V positive.

Western blot analysis

The ERK1/2 phosphorylation assay was performed as pre-
viously described [44]. The total proteins were extracted 
from cultured Hela cells treated with complex 1 (2 µM) or 
U0126 (ERK pathway inhibitor) for 24 h. Western blots 
were performed according to the manufacturer’s proce-
dures. Equal samples from each group were separated by 
SDS polyacrylamide gel electrophoresis for 1 h and trans-
ferred onto a PVDF membrane. The membranes were 
blocked in 5% BSA for 1 h at room temperature and then 
incubated with primary antibody (p-ERK1/2, t-ERK1/2, 
β-actin) overnight at 4 °C, followed by secondary antibody 
conjugation to horseradish peroxidase for 2 h. Immunob-
lots were visualized with ECL Western-blotting detection 
reagents and analyzed with Image pro plus V7.0 software.

Synthesis of 2‑(4‑nitrophenyl)‑imidazo[4,5‑f]1,10‑
phenanthroline (NPIP)

A solution of phenanthraquinone (2.5  mmol, 0.45  g), 
ammonium acetate (50 mmol, 3.85 g) and p-nitrobenzal-
dehyde (3.5 mmol, 0.53 g) in glacial acetic acid 10 ml was 
refluxed for 6 h. The cooled deep red solution was diluted 
with water (25  ml) and neutralized with ammonium 
hydroxide. The mixture was filtered, and the precipitate 
was washed with water. The crude product was purified 
by chromatography over 60–80 mesh  SiO2 using abso-
lute ethanol as eluent. The solvent was removed, and the 
product was collected and dried at 50 °C in vacuo. Yield: 
88%. Anal. Calcd.: C, 66.86; H, 3.25; N, 20.52%; Found: 
C, 66.64; H, 3.33; N, 20.47%. ES-MS  (CH3OH, m/z): 
342.0 ([M + 1]+). IR (KBr) (νmax/cm−1): 3096 s, 1601 m, 
1564 m, 1516 s, 1476 s, 1455 s, 1421 s, 1397 s, 1344 s, 
1296 m, 1109 m, 857 m, 806 m, 739 s, 707 m, 617 m. 
1H-NMR (500 MHz, DMSO-d6): 9.02 (d, 2H), 8.85 (d, 
2H), 8.45 (d, 2H), 8.40 (d, 2H), 7.80 (q, 2H).13C-NMR 

Fig. 9  Complex 1 attenuated the phosphorylation of ERK1/2. a: con-
trol; b: complex 1 (2 µM); c:U0126. Hela cells treated with the com-
plex 1 (2 µM) or U0126 (ERK pathway inhibitor) for 24 h. All data 
were presented as mean ± SE. #P < 0.05, versus control
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(600 MHz, DMSO-d6): 172.17, 148.33, 147.07, 147.28, 
143.86, 135.93, 129.71, 126.83, 124.30, 123.30.

Synthesis of 2‑(4‑chlorphenyl)‑imidazo[4,5‑f]1,10‑
phenanthroline) (CPIP)

CPIP was synthesized by a similar procedure as for NPIP, 
but with p-chlorobenzaldehyde (3.5 mmol, 0.49 g) in place 
of p-nitrobenzaldehyde. Yield: 80%. Anal. Calcd.: C, 68.99; 
H, 3.35; N, 16.94%; Found: C, 68.87; H, 3.42; N, 16.94%. 
ES-MS  (CH3OH, m/z): 331.1([M + 1]+). IR (KBr) (νmax/
cm−1): 3079 s, 1686 m, 1604 m, 1563 m, 1514 m, 1475 s, 
1451 s, 1420 m, 1397 m, 1352 m, 1191 m, 1102 m, 1071 m, 
1014 m, 955 m, 836 m, 803 m, 738 s, 704 m, 687 m, 547 m. 
1H NMR (500 MHz, DMSO-d6):9.04 (d, 2H), 8.90 (d, 
2H), 8.50 (d, 2H), 8.45 (d, 2H), 7.84 (q, 2H). 13C-NMR 
(500  MHz, DMSO-d6, ppm): 149.44, 147.88, 143.13, 
129.59, 129.12, 128.91, 127.85, 123.29.

Synthesis of 2‑(4‑methylphenyl)‑imidazo[4,5‑f]1,10‑
phenanthroline) (MEPIP)

MEPIP was synthesized by a similar procedure as for NPIP 
but with p-methyl benzaldehyde (3.5 mmol, 0.42 g) in place 
of p-nitrobenzaldehyde. Yield: 83%. Anal. Calcd.: C, 73.61; 
H, 4.32; N, 17.17%; Found: C, 73.57; H, 4.38; N, 17.11%. 
ES-MS  (CH3OH, m/z): 327.1([M + 1]+). IR (KBr) (νmax/
cm−1):3081 s, 1612 m, 1561 s, 1523 m, 1483 s, 1453 m, 
1397 m, 1353 m, 1189 m, 1070 m, 1030 m, 957 m, 824 m, 
803 m, 739 s, 723 m, 687 m, 646 m. 1H NMR (500 MHz, 
DMSO-d6): 9.05 (d, 2H), 8.94 (d, 2H), 8.19 (d, 2H), 7.84 
(q, 2H), 7.44 (d, 2H), 1.913 (s, 3H). 13C NMR (500 MHz, 
DMSO-d6, ppm): 172.05, 150.72, 147.74, 143.55, 139.31, 
129.58, 127.32, 123.26, 21.01.

Synthesis of 2‑(4‑hydroxylphenyl)‑imidazo[4,5‑f] 
1,10‑phenanthroline) (HPIP)

HPIP was synthesized by a similar procedure as for NPIP 
but with p-hydroxybenzaldehyde (3.5 mmol, 0.48 g) in place 
of p-nitrobenzaldehyde. Yield: 80%. Anal. Calcd.: C, 73.07; 
H, 3.87; N, 17.94%; Found: C, 72.97; H, 3.95; N, 17.86%. 
ES-MS  (CH3OH, m/z): 313.0 ([M + 1]+). IR (KBr)(νmax/
cm−1): 3396 m, 3160 s, 1614 s, 1593 m, 1566 m, 1522 m, 
1482 s, 1455 m, 1419 m, 1401 m, 1355 m, 1279 m, 1231 m, 
1184 m, 1073 m, 1032 m, 960 m, 835 m, 801 m, 738 s, 
692 m. 1H NMR (500 MHz, DMSO-d6):9.04 (d, 2H), 8.92 
(d, 2H), 8.32 (d, 2H), 7.84 (d, 2H), 7.47 (d, 2H), 3.28 (s, 
H). 13C NMR (500 MHz, DMSO-d6, ppm): 150.63, 147.68, 
142.87, 129.66, 128.12, 123.28.

Synthesis of 2‑hydroxy‑1‑naphthaldehyde thiosemi‑
carbazone (hntdtsc)

A solution of 2-hydroxy-1-naphthaldehyde (5 mmol, 0.86 g) 
in absolute ethanol (10 ml) was added dropwise to a stirred 
solution of thiosemicarbazide (5 mmol, 0.455 g) in absolute 
ethanol (10 ml). The mixture was stirred at 50 °C for 3 h to 
give a white precipitate, which was used without further 
purification. Yield: 1.03 g, 84%. Anal. Calcd.: C, 58.76; H, 
4.52; N, 17.13; S, 13.07%; Found: C, 58.70; H, 4.61; N, 
17.08; S, 13.01%. ES-MS  (CH3OH, m/z): 246.0 ([M + 1]+). 
IR (KBr) (νmax/cm−1): 3450 s, 3253 s, 3167 m, 3053 m, 
1625 s, 1593 m,1572 s, 1509 m, 1472 m, 1452 m, 1033 m, 
1240 m, 821 m, 753 m. 1H NMR (500 MHz, DMSO-d6): 
11.42 (s, 1H), 10.51 (s, 1H), 9.06 (s, 1H), 7.85 and 8.25 
(2br s, 1H), 8.53 (d, 1H), 7.89 (d, 1H), 7.86 (d, 1H), 7.57 (t, 
1H),7.38 (t, 1H), 7.21 (d, 1H). 13C NMR (500 MHz, DMSO-
d6, ppm): 156.61, 143.03, 132.48, 131.51, 128.68, 128.06, 
127.88, 123.45, 122.86, 118.33, 109.76.

Synthesis of [VO(hntdtsc)(NPIP)] (1)

A mixture of hntdtsc (0.5  mmol, 0.123  g) and NPIP 
(0.5 mmol, 0.171 g) in absolute methanol (100 ml) was 
heated at 80 °C under argon for 2 h. After dissolution, a solu-
tion of VO(acac)2 (0.5 mmol, 0.132 g) methanol (10 ml) was 
added dropwise to this mixture. The mixture was refluxed 
for another 4 h to give a reddish-brown precipitate. The solid 
powder was isolated from the hot solution, washed with 
absolute methanol and dried in vacuo. Yield: 76%. Anal. 
Calcd.: C, 57.15; H, 3.09; N, 17.20; S, 4.92%; Found: C, 
57.09; H, 3.14; N, 17.16; S, 4.89%. ES-MS  (CH3OH, m/z): 
652.1 ([M + 1]+). IR (KBr) (νmax/cm−1): 3355 m. 3180 m. 
1615 m, 1599 s, 1538 m, 1514 s, 1454 m, 1340 s, 1193 m, 
955 m, 856 m, 825 m, 731 m, 709 m, 498 m. 1H NMR 
(500 MHz, DMSO-d6): 9.39 (s, H),9.04 (d, 2H),8.88 (m, 
2H),8.49 (br s, 3H), 8.19 (s, 1H),7.82 (m, 3H), 7.56 (br m, 
1H), 7.37 (br m, 1H), 7.31 (s, 1H), 7.19 (d, 2H), 7.09 (d, 
2H), 6.66 (s, H).

Synthesis of [VO(hntdtsc)(CPIP)] (2)

Complex 2 was synthesized by a similar procedure as for 
complex 1, but with CPIP (0.5 mmol, 0.166 g) in place of 
NPIP. Yield: 70%. Anal. Calcd.: C, 58.09; H, 3.14; N, 15.30; 
S, 5.00%; Found: C, 57.97; H, 3.23; N, 15.22; S, 4.82%. 
ES-MS  (CH3OH, m/z): 639.1([M + 1]+). IR (KBr) (νmax/
cm−1): 3318 m, 3175 m, 1615 m, 1598 s, 1575 m, 1538 s, 
1504 s, 1454 s, 1427 m, 1334 m, 1193 m, 945 m, 821 m, 
738 m, 730 m, 498 m. 1H NMR (500 MHz, DMSO-d6): 9.36 
(s, H), 9.04 (d, 2H), 8.89 (m, 2H), 8.52 (br m, 3H), 8.28 (br 
s,1H), 7.71-7.82(d, 3H), 7.56 (br m, 1H), 7.38 (br m, 1H), 
7.326 (s, 1H), 7.20 (d, 2H), 7.01 (d, 2H), 6.649 (s, H).
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Synthesis of [VO(hntdtsc)(MEPIP)] (3)

Complex 3 was synthesized by a similar procedure as for 
complex 1, but with MEPIP (0.5 mmol, 0.164 g) in place 
of NPIP. Yield: 67%. Anal. Calcd.: C, 61.39; H, 3.74; 
N, 15.80; S, 5.17%; Found: C, 61.33; H, 3.86; N, 15.73; 
S, 5.14.  %. ES-MS  (CH3OH, m/z): 619.1 ([M  +  1]+). 
IR (KBr) (νmax/cm−1): 3367 m, 1614 s, 1598 s, 1575 m, 
1538 s, 1504 m, 1482 s, 1454 m, 1427 m, 1399 m, 1362 m, 
1337 m, 1191 m, 1077 m, 961 m, 824 m, 737 m, 499 m, 
427 m. 1H NMR (500 MHz, DMSO-d6): 9.39 (s, H), 9.04 
(d, 2H), 8.92 (m, 2H), 8.51 (br m, 3H), 8.43 (br s,1H), 
7.83(d, 3H), 7.55 (br m, 1H), 7.38-7.43 (br m, 3H), 7.21 
(s, 1H), 7.20 (d, 2H), 6.99 (d, 2H), 6.61 (s, H),2.14 (s, 3H).

Synthesis of [VO(hntdtsc)(HPIP)] (4)

Complex 4 was synthesized by a similar procedure as for 
complex 1, but with HPIP (0.5 mmol, 0.156 g) in place 
of NPIP. Yield: 72%. Anal. Calcd.: C, 59.81; H, 3.40; N, 
15.75; S, 5.15%; Found: C, 59.71; H, 3.53; N, 15.69; S, 
5.09%. ES-MS  (CH3OH, m/z): 623.0([M + 1]+). IR (KBr) 
(νmax/cm−1): 3320 m, 3191 m, 1614 s, 1597 s, 1597 m, 
1575  m, 1537  m, 1482  s, 1454  m, 1428  m, 1386  m, 
1362  m, 1336  m, 1278  m, 1247  m, 1176  m, 1193  m, 
1079 m, 947 m, 824 m, 742 m, 730 m, 499 m. 1H NMR 
(500 MHz, DMSO-d6): 9.40 (s, H), 9.05 (d, 2H), 8.95 (d, 
2H), 8.50 (br m, 3H), 8.40 (br s, 1H), 7.83(d, 3H), 7.55 (br 
m, 1H), 7.38-7.43 (br m, 3H), 7.18-32 (br m, 2H), 6.94-
7.00 (br m, 2H),3.17 (s, 1H).
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