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The new mononuclear copper(II) complexes [Cu(L)(H2O)2]+ 1 and [Cu(L)(diimine)]+ 2–6, where LH=2-[(2-
dimethylaminoethylimino)methyl]phenol and diimine=2,2′-bipyridine (bpy) (2), or 1,10-phenanthroline
(phen) (3), or dipyrido[3,2-f:2′,3′-h]quinoxaline (dpq) (4) or dipyrido[3,2-a:2′,3′-c]phenazine (dppz) (5) or
11,12-dimethyldipyrido[3,2-a:2′,3′-c]phenazine (dmdppz) (6), have been isolated and characterized. The X-ray
crystal structures of 2 contains the monomeric complex molecule with a trigonal bipyramidal distorted square py-
ramidal (TBPDSP) coordination geometry, while 4 and 6 with square pyramidal distorted trigonal bipyramidal
(SPDTBP) coordination geometry. The amine nitrogen of−NMe2 group of the tridentate primary ligand is located
at one of the corners of the square plane in 2 and 6 but in the axial position in 4. The interaction of the complexes
with calf thymusDNAhas been investigated usingUV-visible andfluorescence spectroscopy, and viscositymeasure-
ments to understand the effect of diimine co-ligands on themode and extent ofDNAbinding. The complexes4 and 5
interactwith calf thymusDNAmore strongly than the other complexes through partial intercalation of the extended
planar ring of the dpq (4) and dppz (5) co-ligands with the DNA base stack. All the complexes, except 1, effect the
double strand DNA cleavage of plasmid DNA and 5 cleaves plasmid DNA in the absence of a reductant at a concen-
tration (40 μM) lower than 4. It is remarkable that all the complexes display cytotoxicity against human breast can-
cer cell lines (MCF-7) and human cervical epidermoid carcinoma cell lines (ME 180) with potency higher than the
currently used chemotherapeutic agent cisplatin and that 5 exhibits cytotoxicity higher than the other complexes.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

While many drug molecules are “organic” in nature, other elements
in the periodic table, particularly metals, offer a much more diverse
chemistry and have important therapeutic applications [1]. In modern
medicine, themost striking example is cisplatin, which is ametal coordi-
nation compound containing no organic units and is currently one of the
leading drugs used against cancer [2–7]. However, its effectiveness is
limited by its high toxicity and incidence of drug resistance. This has pro-
vided motivation for the search for transition metal-based drugs with a
wider spectrum of activity and lower systemic toxicities. Some of the re-
cent successes are compounds based on the bis-am(m)ineplatinum(IV)
and ruthenium-based coordination compounds with N-heterocyclic
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ligands, and they are presently undergoing evaluation in clinical trials
[8,9]. The new compounds exploit passive and active targeting strategies
to overcome aspects of drug resistance. So, it is essential to increase the
variety of potential metal-based drugs, which may achieve higher activ-
ity, enabling the administration of a lower dose, attack on different types
of tumor cells, overcome drug resistance problems, and exhibit better se-
lectivity and lower toxicity than cisplatin. So, there is considerable atten-
tion focused on the design of new metal-based anticancer drugs that
exhibit enhanced selectivity and novel modes of DNA interaction like
non-covalent interactions that mimic themode of interaction of biomol-
ecules [10]. Copper [11–13] and ruthenium [14–23] complexes are
regarded as promising alternatives to platinum complexes and several
copper complexes [11–13,24,25] have been now proposed as potential
anticancer substances, demonstrating remarkable anticancer activity
and showing general toxicity lower than platinum compounds. So many
other novel transition metal complexes as well as small molecule based
antitumor agents have been developed and some of them are under clin-
ical trial [26–30]. Copper(II) complexes are considered the best alterna-
tives to cisplatin as copper is biocompatible, and exhibits a significant
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role in biological systems. Also, synthetic copper(II) complexes have been
reported to act as pharmacological agents, potential anticancer and cancer
inhibiting agents [31–35]. Very recently, certain mixed ligand copper(II)
complexes, which strongly bind and cleave DNA, exhibit prominent anti-
cancer activities and regulate apoptosis [36–40]. Therefore, designing
suitable copper complexes for DNA binding and cleavage under both ox-
idative and hydrolytic conditions, depending upon the recognition ele-
ments in the ligand, is of remarkable importance in considering the
advantages of processes that produce fragments similar to those formed
by restriction enzymes [41–47].

The complexes, which cleave DNA through an oxidative pathway,
requires a co-reactant such as an oxidizing or reducing agent, light, or
redox-active metal center in addition to the principal cleavage agent
[48,49]. The disadvantage of oxidative cleavage agents is that they
produce diffusible radicals which give rise to multiple cleavage sites
by modifying the deoxyribose moiety, which results in fragments
that cannot be re-ligated [48,49]. On the other hand, agents that pro-
mote the hydrolytic cleavage of the phosphodiester backbone of DNA
do not suffer from these drawbacks [48,49]. Therefore, there has been
a substantial increase in the development of reagents suitable for
cleaving DNA hydrolytically under physiological conditions, which
could be useful not only in molecular biology but also in drug design.

The present work stems from our continued interest in designing
mixed ligand copper(II) complexes that are capable of cleaving DNA
in the absence of a reductant. As part of our ongoing interest in de-
veloping new metal complexes as dsDNA binders, we have decided
to explore the DNA binding properties of simple and mixed ligand
Scheme 1. Possible coordination geometries of simple and mixed ligand
complexes. So, in the present investigation we have isolated mixed
ligand redox-active copper(II) complexes of the general formula
[Cu(L)(H2O)2](ClO4) 1 and [Cu(L)(diimine)](ClO4) 2–6, where LH
is 2-((2-dimethylamino)ethylimino)methyl)phenol and diimine is
2,2′-bipyridine (bpy) 2 or 1,10-phenanthroline (phen) 3 or dipyrido-
[3,2-d:2′,3′-f]-quinoxaline (dpq) 4 or dipyrido[3,2-d:2′,3′-f]phenazine
(dppz) 5 or 11,12-dimethyldioyrido[3,2-a:2′3′-c]phenazine (dmdppz)
6 (Scheme 1). As DNA is the primary pharmacological target of many
antitumor compounds, the interaction of the metal complexes 1–6
with calf thymus DNA (CT DNA) is of paramount importance in under-
standing themechanismof tumor inhibition for the treatment of cancer.
We have chosen phenolate containing ligand as primary ligand as they
are considered privileged ligands in medicinal chemistry with great po-
tential for chemotherapeutic application [50]. Also, copper(II) complexes
containing phenolate ligands can show antiproliferative activities be-
cause of the properties of the coordinate ligands alone, or the structural
and electronic properties which are ascribed to their coordination
with metal center [50]. Very recently, we have reported mixed ligand
copper(II) complexes of the type [Cu(tdp)(tmp)](ClO4), where H(tdp)
is 2-[(2-(2-hydroxyethylamino)ethylimino)methyl]phenol as efficient
DNA- and protein-binding and -cleaving agents, which show prominent
cytotoxicity towards human cervical epidermoid carcinoma cell line (ME
180) [39]. Also, we have reported themixed ligand copper(II) complexes
of the type [Cu(L-tyr)(diimine)](ClO4), where tyr is L-tyrosine with a
phenolate moiety, which act as efficient DNA binding and cleaving
agents and induce apoptotic mode of cancer cell death [40]. Very recent-
ly, Reedijk and coworkers have reported that the complex [Cu(pyrimol)
copper(II) complexes of primary (L) and diimine (N-N) co-ligands.
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Cl], where HPyrimol is 4-methyl-2-[(pyrid-2-ylmethylene)amino]-
phenol, shows efficient self-activated DNA cleavage and cytotoxic effects
on L1210 murine leukemia and A2780 human ovarian carcinoma cell
lines [51]. Sadler and his co-workers have reported mixed ligand bis(-
salicylato)copper(II) complexes with diimines as co-ligands to
exhibit cytotoxic and antiviral activities [52]. Neves et al. reported
mononuclear copper(II) complexes of [Cu(HL1)Cl2], where H(L1) is
2-[(bis(pyridylmethyl)amino)methyl]-4-methyl-6-formylphenol effect
double-strand DNA cleavage and amide bond cleavage [53]. The choice
on the aromatic diimine co-ligand is made to find out which part of the
molecule is determinant in endowing strong DNA binding affinity on
the complex and also in the light of the considerations reported already
by our group. The propensity andmode of DNAbinding of the complexes
has been studied by using absorption spectral titration, competitive DNA
binding studies and viscosity measurements. The DNA cleavage proper-
ties and anticancer activities of the complexes have been also investigat-
ed. Interestingly, the complex 5, which shows the strongest DNA binding
affinity and efficient cleavage of plasmid DNA due to the partially inter-
calating dppz coligand, exhibits the highest anticancer activity against
human breast cancer cell lines (MCF-7) and human cervical epidermoid
carcinoma cell lines (ME 180) with its potency being higher than that of
cisplatin.

2. Experimental

2.1. Materials

The reagents and chemicals were obtained from commercial
sources (Sigma-Aldrich, USA; Himedia, India, Merck, India, Genei,
Bangalore, India). Copper(II) perchlorate hexahydrate, ethidium bro-
mide (EthBr), calf thymus (CT) DNA (highly polymerized and stored
at −20 °C) (Aldrich), N,N-dimethylethylenediamine (Aldrich), 2,2′-
bipyridine and salicylaldehyde (Loba), 1,10-phenanthrloine and 1,2-
phenylenediamine (Merck) and pUC19 supercoiled DNA, agarose
(Genei, Bangalore) were used as received. Ultrapure Milli Q water
(18.2 mΩ) was used in all experiments. Tris–HCl was prepared by the
reported procedure [54]. The commercial solvents were distilled and
then used for preparation of complexes.

2.2. Experimental methods

Microanalyses (C, H and N) were carried out with a Vario EL ele-
mental analyzer. UV–VIS spectroscopy was recorded on a Shimadzu
2450 UV-VIS spectrophotometer using cuvettes of 1 cm path length.
1H NMR spectra were recorded on a Bruker 400 MHz NMR spectrome-
ter. Mass spectrometry was performed on QTOF ESI-MS spectrometer.
Emission intensity measurements were carried out by using a Jasco F
6500 spectrofluorometer. The viscosity measurements were carried out
on a Schott Gerate AVS 310 automated viscometer thermostat at 25 °C
in a constant temperature bath.

Solutions of DNA in the buffer 50 mM NaCl/5 mM Tris–HCl buffer
(pH=7.1) in water gave the ratio of UV absorbance at 260 and
280 nm, A260/A280, of 1.9, indicating that the DNA was sufficiently free
of protein [55]. Concentrated stock solutions of DNA were prepared in
a 50 mM NaCl/5 mM Tris–HCl buffer and sonicated for 25 cycles, where
each cycle consisted of 30 s with 1 min intervals using Branson Ultra
Probe sonicator. The concentration of CT DNA in nucleotide phosphate
(NP) was determined by UV absorbance at 260 nm after 1:100 dilutions
by taking the extinction coefficient, ε260 as 6600 M−1 cm−1. Stock solu-
tions of DNA were stored at 4 °C and used after no more than 4 days.
Supercoiled plasmid pUC19 DNA was stored at:−20 °C and the con-
centration of pUC19 DNA in base pairs were determined by UV ab-
sorbance at 260 nm after appropriate dilutions taking ε260 as
13100 M−1 cm−1 [39]. Concentrated stock solutions of metal com-
plexes were prepared by dissolving calculated amounts of copper com-
plexes in respective amounts of solvent and diluted suitably with the
corresponding buffer to required concentrations for all experiments.
The ability of 1–6 to cleave DNAwas examined by following the conver-
sion of supercoiled plasmid DNA to open circular DNA or linear DNA
using agarose gel electrophoresis to separate the cleavage products.

2.3. Synthesis of ligands

2.3.1. Synthesis of 2-((2-dimethylamino)ethyliminomethyl)phenol
Salicylaldehyde (1.02 g, 10 mmol) in methanol (20 mL) was added

dropwise toN,N′-di-methylethylenediamine (0.88 g, 10 mmol) inmeth-
anol (10 mL). The mixture was stirred for 24 h to get a bright yellow so-
lution. The resulting solution was evaporated, the yellow oily residue
dried in vacuumandused as such for preparing the copper(II) complexes
(yield, 1.83 g, 95%). 1H NMR (CDCl3, 400 MHz): (OH, J=5.0, 1.0, 1H,
HPy); 8.57 (s, 1H, HC=N); 8.33 (dt, J=7.8, 1.0, 1H, HPy); 7.81 (tq,
J=7.8, 1.8, 1H, HPy); 7.38–7.35 (m, 1H, HPy); 7.28–7.16 (m, 3H, HPh);
7.08 (dd, J=7.8, 1.3, 1H, HPh); 2.47 (3H, H3C).

2.3.2. Synthesis of diimine ligands
The diimine ligands dpq [56], dppz [57], and 11,12-dmdppz [57] were

synthesized according to literature protocols.
Caution! During handling of perchlorate salts of metal complexes

with organic ligands care should be taken because of the possibility
of explosion.

2.4. Preparation of copper(II) complexes

2.4.1. Preparation of [Cu(L)(H2O)2](ClO4) (1)
The copper(II) complexwas isolated by adding 2-((2-dimethylamino)

ethyl-iminomethyl)phenol (0.10 g, 0.5 mmol), which was deprotonated
by treating with triethylamine (0.5 mmol) in methanol solution, to
copper(II) perchlorate (0.19 g, 0.5 mmol) in methanol (10 mL) and then
stirring the solution at 40 °C for 1 h. The resulting precipitate was collect-
ed by suction filtration, washed with cold methanol and finally dried in
vacuum over P4O10. Anal. Calcd. for [Cu(L)(H2O)](ClO4): C, 45.23; H,
6.52; N, 9.52. Found: C, 45.43 45.23; H, 6.58; N, 9.63%. Yield: 0.15 g (60%).

2.4.2. Preparation of [Cu(L)(bpy)](ClO4) (2)
The complex 2was prepared by addition of a methanolic solution

(10 mL) of bpy (0.078 g, 0.5 mmol) and 2-((2-dimethylamino)
ethyliminomethyl)phenol (0.10 g, 0.5 mmol), which was deprotonated
by using triethylamine (0.5 mmol), to a solution of copper(II) perchlo-
rate hexahydrate (0.185 g, 0.5 mmol) in methanol (10 mL) and then
stirring at 40 °C for 2 h. The green crystalline solid obtainedwas collect-
ed by suction filtration, washed with small amounts of cold methanol
and diethyl ether and then dried in vacuum. Green colored crystals of
2 suitable for X-ray diffraction studies were obtained by dissolving the
complex in aqueous methanol and allowing it to crystallize. Anal.
Calcd. for [Cu(L)(bpy)](ClO4): C, 49.23; H, 4.22; N, 10.52. Found: C,
49.41; H, 4.54; N, 10.98%. Yield: 0.21 g (80%).

2.4.3. Preparation of [Cu(L)(phen)](ClO4) (3)
This complex was prepared by adopting the procedure used for the

isolation of 2 but using phen instead of bpy. The dark green crystalline
solid obtained was collected by suction filtration, washed with small
amounts of cold methanol and diethyl ether and then dried in vacuum.
Anal. Calcd for [Cu(L)(phen)](ClO4): C, 51.34; H, 4.34; N, 10.48. Found:
C, 51.69 (51.34); H, 4.56; N, 10.52%. Yield: 0.24 g (90%).

2.4.4. Preparation of [Cu(L)(dpq)](ClO4) (4)
This complex was prepared by adopting the procedure used for the

isolation of 2 but using dpq instead of bpy. Dark green colored crystals
of 4 suitable for X-ray diffraction studies were obtained by dissolving
the complex in aqueous methanol and allowing it to crystallize. Anal.
Calcd for [Cu(L)(dpq)](ClO4): C, 51.20; H. 3.62; N, 14.33. Found:
51.49; H, 3.95 N, 14.35%. Yield: 0.22 g (76%).



Table 1
Crystallographic data for 2, 4 and 6.

[Cu(L)(bpy)]ClO4

(2)
[Cu(L)(dpq)]ClO4

(4)
[Cu(L)(dmdppz)]ClO4

(6)

Empirical formula C21 H23 Cl Cu N4
O5

C25 H23 Cl Cu N6
O7

C62 H57 Cl2 Cu2 N12
O10

Formula weight 510.42 618.48 1328.18
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 P2(1)/c P-1
Crystal size 0.20×0.20×0.22 0.12×0.10×0.08 0.20×0.20×0.22
Temperature (K) 293 293 293
λ, Ǻ (Mo Kα) 1.158 0.977 0.812
a, Ǻ 7.430 (2) 8.24400(6) 13.4467(7)
b, Ǻ 12.212 (3) 17.3817(5) 15.0111(7)
c, Ǻ 12.693 (3) 18.7260(6) 16.2537(8)
α ° 88.72 (2) 90.00 88.429(4)
β° 73.13 (3) 97.197 (3) 82.144(3)
γ° 84.52 (2) 90.00 80.612(3)
Z 2 4 2
Density
(calculated),
Mg/m3

1.545 1.543 1.376

θ for data
collection

1.68, 34.12 1.60, 29.61 1.37, 22.33

Refinement
method

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Unique reflections
[R(int)]

26976/7588
[R (int)=0.028]

31029/7462
[R (int)=0.0306]

43435/8113
[R (int)=0.1146]

F (000) 526 1268 1370
aR indices
(all data)

R=0.0518,
wR2=0.1537

R=0.0520,
wR2=0.1527

R=0.0806,
wR2=0.2126

S 1.051 1.077 0.997
Largest difference
in peak and hole,
e Ǻ−3

1.052, −0.756 0.548, –0.772 1.105, –0.384

a R=Σ | | Fo | - | Fc| |/Σ| Fo |, bwR2={Σ w[(Fo2–Fc2)2/Σ w [(Fo2)2]}1/2.

Table 2
Selected bond distances (Ǻ) and angles (degree) for complexes 2, 4 and 6.

Complex 2
Cu1\O5 1.917(18) O5\Cu1\N1 93.29(9)
Cu1\N1 1.932 (2) O5\Cu1\N2 165.27(9)
Cu1\N2 2.085 (2) O5\Cu1\N3 99.07(9)
Cu1\N3 2.238 (2) O5\Cu1\N4 88.08(8)
Cu1\N4 2.024 (2) N1\Cu1\N2 83.95(9)

N1\Cu1\N3 108.78(9)
N1\Cu1\N4 173.52(8)
N2\Cu1\N3 95.52(9)
N2\Cu1\N4 93.12(9)
N3\Cu1\N4 77.21(9)

Complex 4
Cu1\N1 1.937(3) O1\Cu1\N1 91.77(10)
Cu1\N2 2.092(3) O1\Cu1\N4 89.90 (9)
Cu1\N3 2.247(3) N1\Cu1\N4 178.09 (10)
Cu1\N4 2.026(2) O1\Cu1\N2 155.82 (11)
Cu1\O1 1.928(1) N1\Cu1\N2 83.87 (12)

N4\Cu1\N2 94.98 (11)
O1\Cu1\N3 107.21 (10)
N1\Cu1\N3 100.92 (11)
N4\Cu1\N3 77.69 (9)
N2\Cu1\N3 96.96 (10)

Complex 6
Cu1-O1 1.918 (6) O1\Cu1\N1 93.7(3)
Cu1-N1 1.925 (8) O1\Cu1\N2 153.6(3)
Cu1-N2 2.081(8) O1\Cu1\N3 104.4(3)
Cu1-N3 2.231 (8) O1\Cu1\N4 89.2(3)
Cu1-N4 2.025 (7) N1\Cu1\N3 100.2(3)

N1\Cu1\N4 177.0(3)
N1\Cu1\N2 83.3(4)
N2\Cu1\N4 94.6(3)
N3\Cu1\N4 78.2(3)
N2\Cu1\N3 101.9(3)
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2.4.5. Preparation of [Cu(L)(dppz)](ClO4) (5)
This complex was prepared by adopting the procedure used for

the isolation of 2 but using dppz instead of bpy. The green crystalline
solid obtained was collected by suction filtration, washed with small
amounts of cold methanol and diethyl ether and then dried in vacu-
um. Anal. Calcd. for [Cu(L)(dppz)](ClO4): C, 54.10; H, 3.60; N, 13.20.
Found: C, 54.72; H, 3.96; N, 13.33%. Electrospray ionization mass
spectrometry (ESI-MS): [Cu(L)(dppz)]+ displays a peak at m/z
536.18 (calcd. 536.14). Yield: 0.25 g (80%).

2.4.6. Preparation of [Cu(L)(dmdppz)](ClO4) (6)
This complex was prepared by adopting the procedure used for the

isolation of 2 but using 11,12-dmdppz instead of bpy. The green crystal-
line solid obtainedwas collected by suction filtration, washedwith small
amounts of cold methanol and diethyl ether and then dried in vacuum.
Green colored crystals of 6 suitable for X-ray diffraction studies were
obtained by dissolving the complex in aqueous methanol and allowing
it for crystallization. Anal. Calcd. for [Cu(L)(dmdppz)](ClO4): C, 56.02,
H, 4.60, N, 12.33. Found: C, 56.10; H, 4.60, N, 12.65%. Yield: 0.24 g (72%).

2.5. X-ray crystallography

The single crystals of 2, 4 and 6 of suitable size selected from the
mother liquor were mounted on the tip of a glass fiber and cemented
using epoxy resin. Intensity data for the crystals were collected using
MoKα (λ=0.71073 Å) radiation on a Bruker SMART APEX diffractom-
eter equipped with a CCD area detector at 100 and 293 K. The SMART
[58] program was used for collecting frames of data, indexing reflec-
tions, and determination of lattice parameters; SAINT program for inte-
gration of the intensity of reflections and scaling; SADABS [59] program
for absorption correction, and the SHELXTL [60] program for space
group and structure determination, and least-squares refinements on
F2. The structure was solved by heavy atom method and other non-
hydrogen atoms were located in successive difference Fourier synthe-
ses. Crystal data and additional details of the data collection and refine-
ment of the structure are presented in Table 1. The selected bond
lengths and angles are listed in Table 2.

2.6. DNA binding experiments

2.6.1. Electronic absorption and fluorescence spectra
Concentrated stock solutions of metal complexes were prepared

by dissolving them in aqueous methanol (1:5, methanol/water) and
diluting them with 50 mM NaCl/5 mM Tris–HCl buffer solution at
pH 7.1 buffer to required concentrations for all the experiments. For
absorption and emission spectral experiments the DNA solutions
were pretreated with solutions of metal complexes to ensure no
change in the metal complex concentrations. Absorption spectral titra-
tion experimentswere performed bymaintaining a constant concentra-
tion of the complex and varying the nucleic acid concentration. Thiswas
achieved by dissolving an appropriate amount of the metal complex
and DNA stock solutions while maintaining the total volume constant
(1 mL). This results in a series of solutions with varying concentrations
of DNA but with a constant concentration of the complex. The absor-
bance (A) was recorded after successive additions of CT DNA.

The EthBr displacement assay was used to determine the apparent
DNA binding constants (Kapp) of the complexes. The emission intensity
of EthBr was used as spectral probe, as it is known to show reduced
emission intensity in buffer solution because of solvent quenching,
and an enhancement in emission intensity is observed when EthBr
intercalatively binds to CT DNA [61]. The competitive binding of com-
plexes 1–6 to CT DNA could lead to the displacement of the EthBr,
exposing it for solvent quenching of the emission. The binding ability
of the complexes to DNA was determined from the extent of reduction
of the EthBr emission intensity.
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2.6.2. Viscosity measurements
For viscosity measurements, CT DNA concentration was kept con-

stant (500 μM in NP) and the concentration of metal complexes varied
(1/R=[Cu]/[DNA]=0.0–0.50). The flow times were noted from the
digital timer attached to the viscometer. Data are presented as η/η0 vs.
1/R, where η is the relative viscosity of DNA in the presence of the
copper(II) complex and η0 is the relative viscosity of DNA alone. Rela-
tive viscosity values were calculated from the observed flow time of
the DNA solution (t) corrected for the flow time of the buffer alone
(t0), using the expression η0=(t− t0)/ t0.

2.7. DNA cleavage experiments

The interaction of complexes with supercoiled pUC19 DNA was
monitored using agarose gel electrophoresis. In reactions using
supercoiled pUC19 DNA plasmid DNA (SC form, 40 μM) in a 50 mM
NaCl/5 mM Tris–HCl buffer solution at pH 7.1 was treated with
metal complexes in the same buffer. In each experiment supercoiled
pUC19 DNA (SC form, 40 μM) was treated with different concentra-
tions of metal complexes and was monitored using agarose gel elec-
trophoresis. The samples were then incubated for 1 h for 37 °C and
analyzed for the cleaved products using gel electrophoresis as dis-
cussed below. A loading buffer containing 22% bromophenol blue,
0.22% xylene cyanol and 30% glycerol (3 μL) was added and electro-
phoresis performed at 60 V for 5 h in Tris–Acetate–EDTA (TAE) buffer
(40 mM Tris base, 20 mM acetic acid, 1 mM EDTA) using 1% agarose
gel containing 1.0 μg mL−1 ethidium bromide. The gels were viewed
in a Gel doc system and photographed using a CCD camera (Alpha
Innotech Corporation). The intensities of supercoiled DNA were
corrected by a factor of 1.47 as a result of its lower staining capacity
by ethidium bromide [62]. The cleavage efficiency was measured by
determining the ability of the complex to convert the supercoiled
DNA (SC, form I) to nicked circular form (NC) and linear form (LC).
For mechanistic investigations, experiments were carried out in the
presence of radical scavenging agents, viz., DMSO (6 μL), methanol
(10 μL) and glycerol (5 μL), which were added to SC DNA prior to
the addition of the complex. For kinetic measurements, DNA cleavage
rates at various complex concentrations were measured in a TAE buff-
er (pH 8.0) at 37 °C for different intervals of time. The decrease in the
intensities of form I were then plotted against complex concentra-
tions, and these were fitted well with a single-exponential decay
curve (pseudo-first-order kinetics) by use of Eq. (1), where y0 is the
initial percentage of a form of DNA, y is the specific form of DNA at
time t, constant is the percentage of uncleaved DNA, Kobs is the hydro-
lysis rate or apparent rate constant, and Vmax is the maximal reaction
velocity [63]. Careful optimization of electrophoretic and densitomet-
ric techniques led to pseudo-first-order kinetics and allowed the de-
termination of true Michaelis–Menten kinetic parameters.

y ¼ y0−constantð Þexp −Kobsxð Þ þ constant ð1Þ

Kobs versus [Cu] was plotted and fit using Eq. (2), which allows the
determination of both the rate constants and Michaelis–Menten-
“type” kinetic values.

Kobs ¼ Vmax catalyst½ �= KM þ catalyst½ �ð Þ ð2Þ

2.8. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
Assay

MTT assay was carried out as described previously [64]. The com-
plexes in the concentration range of 0.05–50 μg/mL, dissolved in
DMSO (Sigma-Aldrich, St. Louis, MO, USA) were added to the wells
24 h after seeding of 5×103 cells per well in 200 μL of fresh culture
medium. DMSO was used as the vehicle control. After 24 and 48 h,
20 μL of MTT solution [5 mg/mL in phosphate-buffered saline (PBS)]
was added to each well and the plates were wrapped with aluminum
foil and incubated for 4 h at 37 °C. The purple formazan product
formed was dissolved by addition of 100 μL of 100% DMSO to each
well. The absorbance was monitored at 570 nm (measurement) and
630 nm (reference) using a 96 well plate reader (Bio-Rad, Hercules,
CA, USA). The stock solutions of the metal complexes were prepared
in DMSO and in all the experiments the percentage of DMSO was
maintained in the range of 0.1–1%. DMSO by itself was found to be
non-toxic to the cells till 1% concentration. Data were collected for
four replicates each and used to calculate the mean. The percentage
inhibition was calculated from this data using the formula:

¼ Mean OD of untreated cells controlð Þ−Mean OD of treated cells
Mean OD of untreated cells controlð Þ � 100

The IC50 values were calculated using Table Curve 2D, version 5.01.
2.8. AO/EB staining assay

For both suspension and adherent cells, 96-well plates were cen-
trifuged at 1000 RPM (129 g) for 5 min using a Beckman Model TJ-6
centrifuge with inserts for 96-well plates. Acridine orange/ethidium
bromide (AO/EB) dye mix (8 mL) was added to each well, and cells
were viewed under the fluorescent microscope (Carl Zeiss, Jena, Ger-
many) fitted with a 377 - 355 nm filter, and observed at ×400 magni-
fication. Tests were done in triplicate, counting a minimum of 100
total cells each.
3. Results and discussion

3.1. Synthesis and solution properties of copper(II) complexes

The Schiff base ligand 2-((2-dimethylamino)ethylimino)methyl)
phenol was synthesized by condensing N,N′-dimethylethylenediamine
with salicylaldehyde in methanol solution. The ligand was character-
ized by 1H NMR spectra. The complex 1 was prepared by treating
copper(II) perchlorate hexahydrate with the Schiff base ligand in equi-
molar quantities in methanol as solvent. The mixed ligand copper(II)
complexes 2–6were prepared by treating copper(II) perchlorate hexa-
hydrate with the Schiff base ligand and the corresponding diimine
in equimolar quantities using methanol as solvent. The complexes
have been isolated as a green colored powders. Based on elemental
analysis the complexes were formulated as [Cu(L)(H2O)2](ClO4) 1 and
[Cu(L)(diimine)](ClO4) 2–6, and the stoichiometries of 2, 4 and 6
were confirmed by single crystal X-ray structure determination. The
complexes are moderately soluble in common organic solvents such
as MeCN and MeOH/H2O, less soluble in water and insoluble in hydro-
carbon solvents. They are stable in the solid state as well as in the solu-
tion phase. The electronic absorption spectra of all the six complexes in
methanol:water (1:4 v/v) solution are very similar to each other and
show a broad low energy ligand field (LF) band in the visible region
615–650 nm (Table 3). The intense absorption band observed in the UV
region (235–275 nm) is attributed to the intraligand π→π* transition
in the coordinated diimines. The low intensity band (350–385 nm),
which is assignable to phenolate anion to Cu(II) ligand to metal charge
transfer (LMCT) transition, reveals the involvement of the phenolate oxy-
gen atom in coordination even in solution. In order to probe the solution
stability of the complexes, we have performed UV–VIS spectral measure-
ments for 5 mMsolution of all the complexes at room temperature at var-
ious time intervals. The LF band in the visible region (615–650 nm) of all
the complexes remainedunaffectedover a periodof at least 7 days reveal-
ing that the complexes are stable in solution at room temperature.



Table 3
Electronic spectrala properties of copper(II) complexes.

Complex λmax in nm (ε, M−1 cm−1)

Ligand fieldb Ligand basedc CT transition

[Cu(L)(H2O)2](ClO4) 1 618 (232) 235 (43256) 356 (5324)
[Cu(L)(bpy)](ClO4) 2 644 (140) 272 (25810) 372 (4856)
[Cu(L)(phen)](ClO4) 3 638 (128) 269 (51689) 370 (4129)
[Cu(L)(dpq)](ClO4) 4 628 (165) 253 (89837) 372 (5294)
[Cu(L)(dppz)](ClO4) 5 630 (219) 270 (108124) 375 (19856)
[Cu(L)(dmdppz)](ClO4) 6 633 (168) 275 (100918) 384 (26331)

a In methanol solution.
b Concentration 5×10−3 M.
c Concentration 1×10−5 M.
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3.2. Description of crystal structures of [Cu(L)(bpy)](ClO4) 2,
[Cu(L)(dpq)](ClO4) 4 and [Cu(L)(dmdppz)](ClO4) 6

3.2.1. Description of the structure of [Cu(L)(bpy)](ClO4) 2
The crystal structure of [Cu(L)(bpy)](ClO4) 2 consists of mono-

meric units of the complex cation. An ORTEP view of the coordination
environment around copper(II) in the complex cation is shown in
Fig. 1 and the selected bond distances and angles are listed in
Table 2. The copper is coordinated by one phenolate oxygen and
two nitrogen atoms from the Schiff base ligand and two nitrogen
atoms from bpy co-ligand. The coordination geometry around
copper(II) is described as trigonal bipyramidal distorted square pyra-
midal (TBPDSP) as evident from the value of the trigonal index τ, 0.14
[τ=(α−β)/60, where α=173.52° and β=165.27°; τ is 1 for a per-
fect trigonal bipyramidal geometry and is zero for a perfect square py-
ramidal geometry] [65]. The phenolate oxygen O5 and N1 and N2
nitrogen atoms of the deprotonated primary ligand and N4 nitrogen
atom of bpy occupy the four corners of the square plane and the N3
nitrogen atom of the bpy co-ligand occupies the axial position. The
Cu-Ophenolate bond distance (1.917(18)–1.927(2) Å) is in the range
expected for copper(II) phenolate complexes [39]. The Cu\N2 bond
distance (2.085(2) Å) is longer than the Cu-N1imine bond distance
(1.932(2) Å), which is expected of the sp3 and sp2 hybridizations, re-
spectively, of the amine and imine nitrogen atoms. Also, the presence
of methyl groups on the N2 amine nitrogen renders the nitrogen lone
pair orbital not exactly oriented along the dx2–y2 orbital of copper(II)
making the Cu\N2amine bond longer than the Cu\N1amine bond
[66–68]. The axial Cu\N3 bond (2.238(2) Å) is longer than all the
N1

N2

N3

N4

O5

Cu

Fig. 1. ORTEP representation of [Cu(L)(bpy)]+ 2 showing the atom numbering scheme
and the thermal motion ellipsoids (50% probability level) for the non-hydrogen atoms.
Hydrogen atoms and perchlorate counter ion are omitted for clarity.
bonds (1.932–2.085 Å) in the equatorial plane, which is due to the
presence of two electrons in the dz2 orbital of copper(II).

3.2.2. Description of the structure of [Cu(L)(dpq)](ClO4) 4
The crystal structure of [Cu(L)(dpq)](ClO4) 4 consists of discrete

molecules of the complex cation [Cu(L)(dpq)]+. The ORTEP view of
the cation is given in Fig. 2 and the selected bond distances and angles
are listed in Table 2. The value (0.37) of the trigonality index τ reveals
that the coordination geometry around copper(II) is best described as
square pyramidal distorted trigonal bipyramidal (SPDTBP). In this geom-
etry, two of the corners of the square plane are occupied by the pheno-
late oxygen atom O1 and the imine nitrogen atom N1 of the primary
ligand and the remaining two corners by the N3 and N4 nitrogen
atoms of dpq co-ligand and the axial position occupied by N2 amine
nitrogen atom of the primary ligand. The Cu\N (Cu\N4imine, 2.026(2),
Cu\N3, 2.247(3); Cu\N1dpq, 1.937(3); Cu\N2dpq, 2.092(3) Å) and the
Cu\O1 (1.928(1) Å) bond lengths are similar to those in 2. Thus
the axial Cu\N3 bond (2.247(3) Å) is longer than all the bonds
(1.928–2.092 Å) in the equatorial plane, which is due to the presence
of two electrons in the dz2 orbital of copper(II). The improper orientation
of the lone pair onN2 nitrogen of –NMe2 group towards the dx2–y2 orbit-
al alsowould contribute to the longer Cu\N2bond distance. Interesting-
ly, the coordination geometry of 4 differs from that of 2 in that the
tridentate Schiff base ligand is meridionally coordinated in 2 but in an
equatorial-axial mode in 4. Upon replacing bpy in 2 by the strongly coor-
dinating dpq co-ligand (Cu\N1, 1.937(3); Cu\N2, 2.092(3) Å) in the
equatorial x–y plane, the sterically hindered N2 amine nitrogen strongly
coordinated in 2 defaults to a more weakly bound z-axial position in 4.

3.2.3. Description of the structure of [Cu(L)(dmdppz)](ClO4) 6
An ORTEP drawing of the complex cation of [Cu(L)(dmdppz)](ClO4)

6 is shown in Fig. 3 and selected bond distances and angles are listed in
Table 2. The Cu(II) in each cation is coordinated by the phenolate oxy-
gen atom (O1) and two nitrogen atoms (N1, N2) of the Schiff base
ligand and two nitrogen (N3, N4) atoms of the dmdppz co-ligand. The
value (0.39) of the trigonality index τ of 6 reveals that the coordination
geometry around copper(II) is best described as square pyramidal dis-
torted trigonal bipyramidal (SPDTBP) [65]. The two amine nitrogen
atoms (N1, N2) and the phenolate oxygen atom (O1) of themeridional-
ly coordinated Schiff base ligand and one of the imine nitrogen atoms
(N4) of dmdppz occupy the corners of the CuN3O square plane of this
geometry. The axial position is occupied by the other nitrogen atom
(N3) of the dmdppz at a distance of 2.231 Å, longer than the equatorial
Cu
N4

N2

N1

N3

N5

N6

O1

Fig. 2. ORTEP representation of [Cu(L)(dpq)]+ 4 showing the atom numbering scheme
and the thermal motion ellipsoids (50% probability level) for the non-hydrogen atoms.
Hydrogen atoms and perchlorate counter ion, water molecules are omitted for clarity.
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Fig. 4. (A) Absorption spectra of [Cu(L)(dppz)](ClO4) 5 (1×10−5 M) in 5 mM Tris–HCl/
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Fig. 3. ORTEP representation of [Cu(L)(dmdppz)]+ 6 showing the atom numbering
scheme and the thermal motion ellipsoids (50% probability level) for the non-hydrogen
atoms. Hydrogen atoms and perchlorate counter ion are omitted for clarity.
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atoms (Cu-O1, 1.918(6) Å; Cu-N1, 1.925(8) Å; Cu-N2, 2.081(8) Å; Cu-
N4, 2.025(7) Å) as a consequence of the presence of two electrons in
dz2 orbital of copper(II). The Cu\N2amine bond (Cu\N2, 2.081(8) Å) is
longer than the Cu\Nimine bond (Cu\N1, 1.925(8) Å) formed by the
primary ligand, which is expected of sp3 and sp2 hybridizations of the
amine (N2) and imine (N1) nitrogen atoms respectively. The coordina-
tion geometry of 6 is similar to that of 2; however, the higher trigonality
index of 6 is due to the stronger coordination of dmdppz and the steric
clash of the sterically hindered –NMe2 group with the dmdppz.

3.3. DNA binding studies

3.3.1. Absorption spectral titration
Electronic absorption spectroscopy is an effective method of exam-

ining the mode and extent of binding of a metal complex with DNA.
Upon adding CT DNA to 1–6 (R=[DNA]/[complex]=1– 25) in 5 mM
Tris–HCl/50 mM NaCl buffer solution, the ligand-based π→π* spectral
band exhibits hypochromism (20–82%) with or without red-shifts in
band position. Typical absorption spectral traces of 5 with increasing
concentration of CT DNA are shown in Fig. 4. As the extent of hyp-
ochromism is commonly associated with the strength of DNA interac-
tion, the observed order of decrease in hypochromism (Table 4),
6b5>4>3>2>1, reflects the decreasing DNA binding affinities of
the complexes in this order (cf. below). All the complexes, except 1,
can partially insert their diimine co-ligands into the DNA base pairs,
and if the coupling π orbital of diimine is partially filled with electrons,
it results in a decrease in the transition probabilities and concomitantly
in hypochromism [69]. In order to compare the DNA binding affinities
quantitatively, the intrinsic binding constants Kb of 1–6 bound to CT
DNA were obtained by monitoring the changes in absorbance of the
π→π* spectral band (253–275 nm) with increasing concentration of
DNA by using the following equation [70],

DNA½ �= εa−εfð Þ ¼ DNA½ �= εb−εfð Þ þ 1=Kb εb−εfð Þ

where [DNA] is the concentration of DNA in base pairs, the apparent
absorption coefficient εa, εf and εb corresponds to Aobs/[Complex], the
extinction coefficient for the free copper complex and the extinction
coefficient for the free copper complex in the fully bound form, respec-
tively. In the plot of [DNA]/(εa–εf) versus [DNA], the value of Kb is given
by the ratio of slope to intercept. The binding constants determined
(Kb, 1.3×102–1.0×105 M−1) varies in the order: 6b5>4>3>2>1,
which is the same as that for the hypochromism (cf. above). They
are lower than those observed [71] for the typical classical intercalator
ethidium bromide (EthBr) (Kb, 4.94×105 M−1 in 25 mM Tris–HCl/
40 mM NaCl buffer, pH 7.9) and the partially intercalating Ru(II)
complex cations [72] [Ru(bpy)2(dpq)]2+ (Kb, 1.4×106 M−1 in
25 mM Tris–HCl/40 mM NaCl buffer, pH 7.9) and [Ru(bpy)2(dppz)]2+

(Kb, 1.35×106 M−1 in 25 mM Tris–HCl/40 mM NaCl buffer, pH 7.1),
both bound to CT DNA. The higher red-shifts (4–9 nm) observed for 3,
4 and 5 suggest that the coordinated phen, dpq and dppz rings respec-
tively in them are inserted into the DNA base pairs leading to the partial
intercalative interaction of the complexes with DNA. The observed Kb

value of 5 is higher than that of 4 (Fig. 4B), which is supported by the
higher red-shift observed for the former (9 nm). The π stacking of the
extended aromatic dppz ring in 5 into the DNA base pairs (Fig. 4A) is
deeper than that of dpq ring in 4. In turn, the coordinated dpq ring in
4with a larger aromatic ring surface area is engaged in partial insertion
in between the base pairs of DNA much deeper than the coordinated
phen ring in 3, leading to the higher DNA binding affinity of 4. This is
consistent with the higher hypochromism (cf. above) and the higher
red-shift observed for 4 (4, 5; 3, 4 nm). Thus, in general, a planar exten-
sion of the intercalating ligand would increase the strength of interac-
tion of the complexes with DNA. The complex 6 also exhibits
hypochromism but with a red-shift (3 nm) smaller than the phen com-
plex 2. This is expected as the incorporation of methyl groups on dppz
ligand would hinder the insertion of the dppz ring in between the
DNA base pairs [73]. The complex 2 with two non-planar pyridine
rings is obviously involved in electrostatic binding to DNA via the exte-
rior of phosphate esters. Thus, the number of aromatic rings in the
diimine co-ligand and substitution on the dppz ring dictate the DNA
binding affinity and binding structure of the mixed ligand complexes.
Also, the mixed ligand copper(II) complexes [Cu(tdp)(diimine)]+ (Kb,
0.7–9.0×105 M−1) [39] exhibit higher order of binding affinities than



Table 4
Ligand based absorption and emission spectral properties of Cu(II) complexes bounda to calf thymus DNA.

Complex Ligand based

λmax (nm) R Change in absorbance Δε (%) Red-shift (nm) Kb×105 (M−1) Kapp×105 (M−1)b

[Cu(L)(H2O)2](ClO4)2 1 235 25 Hypochromism 20 0 0.0013 0.00027
[Cu(L)(bpy)](ClO4) 2 272 25 Hypochromism 58 2 0.0360 0.50030
[Cu(L)(phen)](ClO4) 3 269 25 Hypochromism 67 4 0.1020 2.24050
[Cu(L)(dpq)](ClO4) 4 253 25 Hypochromism 77 5 0.2140 3.18400
[Cu(L)(dppz)](ClO4) 5 270 25 Hypochromism 82 9 1.0250 3.90250
[Cu(L)(dmdppz)](ClO4) 6 275 25 Hypochromism 61 3 0.0743 1.87302

a Measurements were made at R=25, where R=[DNA]/[Cu complex], concentration of copper(II) complex solutions=1.0×10−5 M.
b Concentration of complexes is 0–60 μΜ; concentration of EthBr is 12.5 μΜ, concentration of DNA solution is 125 μM.
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Fig. 5. Emission spectra of EthBr bound to DNA in the absence and presence (continuous
lines) of [Cu(L)(dppz)](ClO4) 5. The arrow shows the changes in intensity at increasing
concentrations of the complex.
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1–6, obviously because the Htdp ligand is expected to be involved in a
higher number of hydrogen bonding interactions with DNA.

3.3.2. Fluorescent intercalator displacement (FID) assay
The binding of the complexes to calf thymus DNA has been studied

also by fluorescence spectral technique by monitoring the DNA-induced
emission intensity of EthBr [74]. The displacement of DNA-bound EthBr
by another molecule provides an approximate measure of the affinity of
the molecule for dsDNA. Upon adding 1–6 (0–60 μM) to CT DNA
pretreated with EthBr ([EthBr]/[DNA]=0.1) in 5 mM Tris–HCl/50 mM
NaCl buffer at pH 7.1, the emission intensity of DNA-bound EthBr
decreases revealing that all the complexes bind to DNA. To quantify the
displacement, the concentration of the complex at which EthBr fluores-
cence decreases by 50% (assumed to be 50% displacement of EthBr) is cal-
culated. From a plot of the observed intensities against complex
concentration the values of apparent DNA binding constant (Kapp) were
calculated using the equation [75],

KEthBr EthBr½ � ¼ Kapp complex½ �

where KEthBr (4.94×105 M−1) [66] is the DNA binding constant of EthBr,
[EthBr] is the concentration of EthBr (12.5 μM) and [complex] is the con-
centration of the complexused to obtain 50% reduction influorescence in-
tensity of DNA-bound EthBr. The observed decrease in emission intensity
of DNA-bound EthBr (Fig. 5) and hence the DNA binding affinities of the
complexes follow the order 6b5>4>3>2>1 (Table 4), which is in con-
formitywith the order of DNAbinding affinities obtained fromabsorption
spectral studies (cf. above). Both the electron-transfer from excited EthBr
to copper(II) and the EthBr displacement mechanisms would account for
the highest value of Kapp determined for the partially intercalating com-
plex 5. In contrast, complex 1 is not able to displace EthBr even at higher
concentrations. This is consistent with the results obtained by absorption
spectral titration (see above),which indicates that the complex1does not
display any significant intermolecular π–π stacking interaction. The bpy
complex 2 shows DNA binding affinity lower than the phen analog,
which is consistent with the DNA surface binding of the complex.

3.3.3. Viscosity measurement
Hydrodynamic measurements that are sensitive to changes in

length are regarded as the least ambiguous and the most important
tests of a DNA binding model in solution, providing reliable evidence
for the DNA binding mode [76–78]. The DNA binding modes of the
Cu(II) complexes 1–6 were investigated by viscosity measurements.
The values of relative viscosity (η/η0), where η and η0 are the specific
viscosities of DNA in the presence and absence of the complexes, were
determined and plotted against values of 1/R=0.0–0.5 (R=[DNA]/
[complex]) (Fig. 6). Almost all the copper(II) complexes enhance the
viscosity and the ability of the complexes to increase the viscosity of
DNA follows the order 6b5>4>3>2>1. For 4 and 5, the viscosity of
DNA increases steadily upon increasing the amount of complexes
added to CT DNA, which is similar to, but very much lower than that
of the classical intercalating compound EthBr. The extended aromatic
ring of dppz (5) partially intercalated into the DNA base pairs and the
higher hydrophobicity of the dppz ring elongate the DNA chain length
higher than the dpq complex 4. The incorporation of twomethyl groups
on 11,12 positions of dppz ring prevents the partial intercalation of the
dppz ring of 6 leading to lengthening the DNA. The complex 1 exerts es-
sentially no effect on DNA viscosity at low binding ratios.
3.4. DNA cleavage studies

The ability of 1–6 to cleave DNA was assayed with the aid of gel
electrophoresis on supercoiled pUC19 plasmid DNA as the substrate
in a medium of 5 mM Tris–HCl/50 mM NaCl buffer (pH 7.1) in the ab-
sence of external additives. When circular plasmid DNA is subjected
to electrophoresis, the fastest migration will be observed for the
supercoiled (SC) form (form I). The SC DNA, if one strand is cleaved,
will relax to produce a slower-moving nicked circular (NC) form
(form II). If both strands are cleaved, a linear form (LC, form III) will
be generated which migrates between form I and form II. Incubation
of supercoiled plasmid pUC19 DNA with 1–6 for 1 h at 37 °C results in
different degrees of cleavage of DNA to NC and LC forms (Fig. 7,
Table 5). A peculiar behavior is observed for 5, which produces an ef-
ficient (about 100%) cleavage at low concentrations (40 μM) (Fig. 8).
Complex 4 cleaves DNA 90% at 80 μM but lower than complex 5
(Fig. 11). After an analysis of the DNA gel electrophoresis data
(Figs. 7–9), the following observations are made. (i) The complex 1
does not participate in nuclease activity (lane 2 in Fig. 7). (ii) The
cleavage activity of the complexes follows the same trend as that
for DNA binding affinity observed in absorption, emission and viscos-
ity measurements. (iii) Both the complexes 4 and 5 exhibit the
highest reactivity in the absence of any additive like ascorbic acid, hy-
drogen peroxide, etc. (lanes 5 and 6 in Fig. 7). (iv) Most interestingly,
the nuclease activity of 5 is found to be proportional to the incubation
time (Fig. 9). So the kinetic aspects of the DNA cleavage by 5 have
been investigated. Further, (Fig. 8) when the cleavage reactions are
carried out under pseudo-Michaelis–Menten conditions by using var-
ious concentrations of 5 (10–100 μM) and constant concentration of



Table 5
Hydrolytic cleavage of super coiled pUC19 DNA (40 μM) by complexes 1–6 (100 μM) in
the absence of any reducing agent for an incubation time 1 h.

S. No. Reaction conditions Form (%)

SC NC LC

1 DNA control 98 02 00
2 DNA+1 96 04 00
3 DNA+2 56 44 00
4 DNA+3 00 100 00
5 DNA+4 00 74 26
6 DNA+5 00 70 30
7 DNA+6 10 90 00
8 DNA+[Cu(dpq)2(H2O)]2+ 02 98 00
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Fig. 6. The effect of complexes 1–6 on the viscosity of CT DNA; relative specific viscosity
(η/η0) vs. 1/R=[complex]/[DNA]; [CT DNA]=500 μM.
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DNA (40 μM), the formation of both form II (NC) and form III (LC)
from form I are observed (Fig. 8A). The decrease in amount of form I fol-
lows pseudo-first-order kinetics and fits well into a single-exponential
decay curve (Fig. 8B). Under constant substrate (DNA) concentration
and varying catalyst concentration (pseudo Michaelis–Menten condi-
tions), we obtained Vmax=0.0278 min−1, KM=32.2 μM and kcat=
6.95×10−4 (where kcat is defined as Vmax/[catalyst]) for the double
stranded (ds) DNA cleavage. The presence of radical scavengers DMSO,
glycerol and methanol does not significantly reduce the efficiency of
DNA cleavage (Fig. 10), ruling out the possibility of involvement of diffus-
ible hydroxyl radicals in the cleavage [79]; however, they do not
completely rule out the possibility of an oxidative cleavage mechanism.
Interestingly, 95% of the cleavage activity is retained when the reactions
are performed under rigorously anaerobic conditions, suggesting the
non-involvement of activated oxygen species. Thus the mixed ligand
complex 5 is one of the few copper(II) complexes that are able to cleave
DNA in the absence of a reducing agent under anaerobic conditions [80].
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Fig. 7. (A) Gel electrophoresis diagram showing the hydrolytic cleavage of supercoiled
pUC19 DNA (40 μM) by complexes 1–6 (100 μM) in 5mM Tris–HCl/50 mM NaCl buffer at
pH 7.1 and 37 °C with an incubation time of 1 h: lane 1, DNA; lane 2, DNA+1; lane 3, DNA
2; lane 4, DNA+3; lane 5, DNA+4; lane 6, DNA+5; lane 7, DNA+6; lane 8, DNA+
[Cu(dpq)2(H2O)]2+; Forms SC, NC, and LC are supercoiled, nicked circular, and linear circular
DNA, respectively. (B) Relative amounts of the different DNA forms in presence of 1–6.
3.5. Anticancer activity studies

3.5.1. MTT assay
Since all the present copper(II) complexes have the ability to

strongly bind and cleave DNA in the absence of a reductant, and
since DNA cleavage is considered [42,45] as essential for a drug to
act as an anticancer agent, the cytotoxicity of the complexes against
both human breast cancer cell lines (MCF-7) and human cervical epi-
dermoid carcinoma cell lines (ME 180) were investigated in aqueous
buffer solution in comparison with the widely used drug cisplatin
under identical conditions by using MTT assay. All the complexes
are found to be very active against cancer cells and their IC50 values
(Table 6) obtained by plotting the cell viability against concentrations
of the complexes reveal that all the complexes exhibit cytotoxicity
higher than that of cisplatin for both 24 and 48 h incubations. Also,
the IC50 values at 48 h are lower than those at 24 h clearly indicating
that they are dose and time dependent. Further, as revealed by the
observed IC50 values, the potency of the complexes to kill the cancer
cells follows the order 5>6>4>3>2>1, revealing that it varies
with the mode and extent of interaction of the complexes with
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Fig. 8. (A) Gel electrophoresis diagram showing the concentration variation of complex 5
(10–100 μM) in 5 mMTris–HCl/50 mMNaCl buffer at pH 7.1 and 37 °Cwith an incubation
time of 1 h: lane 1, DNA; lane 2, DNA+5 (10 μM); lane 3, DNA+5 (20 μM); lane 4, DNA+
5 (30 μM); lane 5, DNA+5 (40 μM); lane 6, DNA+5 (60 μM); lane 7, DNA+5 (80 μM);
lane 8, DNA+5 (100 μM); Forms SC, NC, and LC are supercoiled, nicked circular, and linear
circular DNA, respectively. (B) Plot showing saturation kinetics for the cleavage of plasmid
pUC19 DNA (40 μM) with different complex concentrations (10–100 μM) of 5 at 37 °C in
5 mM Tris–HCl/50 mM NaCl buffer at pH 7.1.
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Table 6
In vitro cytotoxicity assays for complexes 1–6 against MCF-7 breast cancer cell line and
human cervical epidermoid carcinoma cell line (ME180) IC50 values are in μM.
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DNA. Interestingly, complexes 5, 4 and 6 respectively exhibit potency
approximately 100, 30 and 50 times more than cisplatin does for both
24 and 48 h incubation. Interestingly, complex 5 shows cell killing ac-
tivity higher than that of the mixed ligand copper(II) complex of the
primary amino acid ligand L-tyr [40], but lower than that of H(tdp),
revealing that mixed ligand phenolate complexes enhance the cyto-
toxicity. Thus, the highest cytotoxicity exhibited by the dppz complex
5 is consistent with the stronger binding of the complex through
deeper insertion of the dppz co-ligand in between the base pairs of
DNA and its higher ability to cleave DNA in the absence of a reductant
is responsible for its potency to induce cell death through different
modes.

3.5.2. AO/EB staining assay
The apoptotic morphologies induced by complexes 1–6 is investi-

gated by using acridine orange/ethidium bromide (AO/EB) staining
and adopting fluorescence microscopy (Fig. 12). The cytological
changes observed are classified into four types according to the fluo-
rescence emission and morphological features of chromatin conden-
sation in the AO/EB stained nuclei: (i) viable cells having uniformly
green fluorescing nuclei with highly organized structure; (ii) early
apoptotic cells (which still have intact membranes but have started
undergoing DNA fragmentation) having green fluorescing nuclei,
but peri-nuclear chromatin condensation is visible as bright green
patches or fragments; (iii) late apoptotic cells having orange to red
Fig. 10. Gel electrophoresis diagram showing the interaction of 5 (40 μM)with supercoiled
pUC19 plasmid DNA (40 μM) in the presence of hydroxyl radical scavengers. Lane 1, DNA
(40 μM); lane 2, DNA+5 (40 μM)+DMSO; lane 3, DNA+5 (40 μM)+methanol; lane 4,
DNA+5 (40 μM)+glycerol. [See Fig. 8A, lane 5 for control: DNA+5 alone (40 μM)].
fluorescing nuclei with condensed or fragmented chromatin; and
(iv) necrotic cells, swollen to large sizes, having uniformly orange to
red fluorescing nuclei with no indication of chromatin fragmentation.
The morphological changes observed for 5 and 6 suggest that the cells
are committed to apoptotic cell death more efficiently compared to
other complexes. The positively charged metal complexes adhere to
the plasma membrane by electrostatic attraction before its transport
across the membrane by the difference in concentration gradient of
the complexes [39,40,81], and are eventually released at various
organelles in the cell to perform the cellular activities and then inter-
fere with the cellular function of DNA leading to apoptosis. Similar
observations have been made by us earlier for the mixed ligand
complexes, [Cu(tdp)(tmp)]+ [39], [Cu(L-tyr)(5,6-dmp)]+ [40] and
[Cu2(LH)2(5,6-dmp)2-(ClO4)2]2+ [81]. Also, 5 causes more cells to
preferentially take to one particular mode of cell death during 48 h
treatment, and the higher apoptosis-inducing ability may originate
from the extended planar surface and hydrophobicity of dppz ligand,
which facilitates the permeability of the complex across the cell
Complex IC50, μMa

MCF-7 ME180

24 h 48 h 24 h 48 h

[Cu(L)(H2O)2](ClO4) 1 40.4±0.10 28.5±0.5 42.0±0.1 30.0±0.2
[Cu(L)(bpy)](ClO4) 2 20.0±0.10 15.0±0.2 38.0±0.2 31.0±0.3
[Cu(L)(phen)](ClO4) 3 2.00±0.05 1.20±0.10 28.6±0.2 24.6±0.1
[Cu(L)(dpq)](ClO4) 4 1.58±0.01 1.55±0.50 19.5±0.1 16.4±0.7
[Cu(L)(dppz)](ClO4) 5 0.46±0.02 0.36±0.02 17.0±1.5 13.0±1.3
[Cu(L)(dmdppz)](ClO4) 6 0.65±0.01 0.60±0.01 17.7±1.0 14.4±1.3
Cisplatin 45.7±1.0 1.89±0.06 46.7±1.0 33.5±1.0

a IC50 = concentration of drug required to inhibit growth of 50% of the cancer cells
(in μM).
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membrane. As the apoptosis-inducing ability is critical in determining
the efficacy of an anticancer drug, complexes 5 and 6 with apoptosis-
inducing ability higher than that of the other complexes, aremore effica-
cious. Further studies are needed in this direction to confirm themode of
cell death induced by these complexes.
4. Conclusions

Herein we report the isolation of a series of new mixed ligand
copper(II) complexes of the type [Cu(L)(diimine)]+, where LH is a
tridentate phenolate Schiff base ligand and the results of studying
their association with calf thymus DNA by using absorption and emis-
sion spectral methods and viscosity technique. The mixed ligand dppz
complex exhibits DNA binding affinity higher than that of its analogs,
which is due to the higher planarity and hydrophobicity of the dppz
co-ligand, and interestingly, it effects more efficient cleavage of
double-stranded DNA without the requirement of a reductant. It is
noteworthy that the same complex exhibits the highest anticancer
activity against human breast cancer cell lines (MCF-7) as well as
human cervical epidermoid carcinoma cell lines (ME 180) with its po-
tency higher than that of cisplatin. Thus the mixed ligand copper(II)
complex with dppz as co-ligand has the potential to be developed
as an anticancer drug for treating human breast cancer and possibly
other forms of cancer.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jinorgbio.2012.04.018.
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