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Abstract: New macrocyclic complexes of Co(II) (1), Cu(II) (2) and Zn(II) (3) derived from 3-
acetoacetyl-7-methyl–pyrano-[4,3-b]-pyran-2,5-dione (L) were synthesized and characterized by 
elemental analysis and spectroscopic techniques. In vitro DNA binding studies of the ligand L and the 
complexes 1-3 were investigated by electronic absorption and emission titrations. The specific binding 
mode of 1-3 with 5'GMP was further validated by absorption and NMR spectroscopy. The complexes 1 
and 2 also exhibited moderate cleavage activity against supercoiled plasmid pBR322 DNA. In vitro 
cytotoxicity results demonstrated that the highest growth inhibition was shown by 1, while 3 displayed 
selectivity against Colo205 and MCF7 cancer cell lines. The ligand L and complex 2 were cytostatic as 
the cell viability remains constant. 
 
 
1. Introduction 

 
Design of metal-based cancer 
chemotherapeutic agents that target specific 
sequences of DNA could not only offer an 
optimal cure to this deadly disease but can 
be utilized by tuning/modulating the 
molecules by catering to the specific 

________ 
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phenotype of cancer etiologies. This can be 
addressed by trapping the metal ion in a 
ligand framework, which has 
pharmacologically active, desired and well-
tailored pharmacophore [1]. In this manner, 
a single chemical entity can be developed 
that is able to modulate multiple targets 
simultaneously, possibly delivering superior 
efficacy against complex diseases [2]. In the 
case of metal-containing combination 
agents, the pharmaceutically active ligand 
must either have an endogenous metal 
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binding function, or an appended ligating 
moiety to form the complex. Structure-
activity relationship clearly demonstrate that 
substituting the organic functional groups or 
introduction of side chains/linkers can result 
in cell line specificity in addition to greater 
potency in terms of IC50 values [3-6]. For 
example, introduction of one or two flexible 
aminoalkyl substituents on the chromophore 
nucleus results in an improvement of the 
antiproliferative activity of 
pyranoderivatives–an important class of 
anticancer drugs for leukemia and human 
solid tumour HT-29 cell lines [7]. Coumarin 
derived analogues viz., butyrolactone and 
discodermolide are potent antiproliferative 
agents [8]. Coumarin, the basic molecule of 
the family of many derivatives, is the 
simplest naturally occurring phenolic 
substance possessing fused benzene and α-
pyrone rings. The coumarins exist in a 
variety of forms, due to the various 
substitutions possible in their basic structure, 
which modulate their biological activity [9]. 
Coumarins are found in a number of natural 
products including the antibiotic novobicin, 
which inhibits DNA gyrase, and more 
recently have been shown to exhibit 
antitumour activity [10,11]. A series of 
natural and synthetic nitro and hydroxylated 
derivatives of coumarins have shown anti-
proliferative activity by modulation of key 
biochemical pathways [12]. Complexes 
bearing coumarin functionality can be 
employed to design site-specific antitumour 
agents, which are selective for solid 
malignant cells with reduced toxicity 
[13,14]. To improve the pharmacological 
profile of the established antineoplastic 
agents, a number of platinum based 
coumarin complexes were synthesized and 
evaluated for their in vitro antiproliferative 
activity by Kokotos et al [15]. Additionally, 
the in vitro cytotoxicity of coumarin 
complexes of cerium, using Burkitt 
lymphoma (P3HR1) and leukemic (THP-1) 

cell lines were investigated by Manalov et al 
[16]. They found that complexation resulted 
in a 40% increase in cytotoxicity, compared 
to the metal-free ligand. To design a metal-
based applicable anticancer drug, 
macrocyclic ligands hold promise as they 
are rigid enough to provide metal binding 
sites and orient functional groups 
stereoselectively, yet flexible enough to 
accommodate structural changes required 
for induced fit recognition of biological 
targets [17]. Enlightened by the 
aforementioned anticancer properties of 
metal-based derivatives of coumarins, we 
attempted to synthesize new potent 
antitumour coumarin based macrocyclic 
complexes of the biocompatible late 3d-
transition metal ions viz; Co(II), Cu(II) and 
Zn(II). Being essential elements they may be 
less toxic than non-essential metal ions such 
as platinum. It has been well established that 
copper plays a crucial role in cell physiology 
as a catalytic cofactor in the redox chemistry 
of mitochondrial respiration, free radical 
scavenging and DNA synthesis [18]. 
Moreover, elevated levels of copper have 
been found in many types of human cancers 
and a specific amount of local copper 
appears to be required for angiogenesis to 
occur [19]. Therefore, a number of copper 
complexes have been screened for their 
anticancer activity and some of them were 
found to be active both in vivo and in vitro 
[18]. Cobalt is a bioessential element present 
in the active center of vitamin B12 which 
regulates the synthesis of DNA indirectly. 
Many biologically active cobalt complexes 
have been synthesized, showing 
antiproliferative, antimicrobial, antifungal 
and antiviral activity [20]. The ligand of our 
interest was 3-acetoacetyl-7-methyl-pyrano-
[4,3-b]-pyran-2,5-dione which constitutes 
the lactone side chain and a 2,5-β-diketonate 
functional group. This ligand was combined 
to diaminocyclohexane to give Schiff base 
type macromolecule. In comparison to 



137 
ISSN: 2249 –4820 

Chemistry & Biology Interface, 2011, 1, 1, 135-160 
 

butyrolactone, the 7-hydroxyl group is 
eliminated which is not required for activity 
while diketo group facilitates 
macrocyclization and subsequent metal 
chelation. The in vitro binding studies of the 
coumarin ligand L and complexes 1-3 to the 
DNA−the primary pharmacological target of 
many anticancer drugs [21] have been 
performed by spectroscopic techniques. 
Furthermore, cytotoxicity activity of ligand 
and complexes were ascertained against a 
panel of human cancer cell lines. 
 
2. Materials and methods 
 
2.1. Chemistry 
 
2.1.1. Materials 
 
Reagent grade chemicals were used without 
further purification for all syntheses. 
Co(ClO4)2.6H2O, Ni(ClO4)2.6H2O, 
Cu(ClO4)2.6H2O and Zn(ClO4)2.6H2O, rac-
1,2- diaminocyclohexane, 
triethylorthoformate and dehydroacetic acid 
(Fluka) were used as received. Disodium 
salt of calf thymus DNA (highly 
polymerized stored at 4 °C), guanosine-5'-
monophosphatedisodium salt (5'-GMP), 
tris(hydroxymethyl)aminomethane, agarose, 
ascorbic acid, sodium azide (NaN3), DMSO, 
superoxide dismutase (SOD), H2O2, methyl 
green, DAPI (Sigma-Aldrich) and pBR322 
supercoiled plasmid DNA (Genei, 
Bangalore) were used as received. 
 
2.1.2. Physical measurements 
 
Microanalysis (%CHN) was performed on a 
Perkin Elmer elemental analyzer model 
2400. Molar conductances were measured at 
room temperature with a Eutech Instruments 
CON 510 digital conductometer. Infrared 
spectra were collected by using KBr pellets 
on a Perkin Elmer spectrum RX-1 FT-IR 
spectrometer. 1H and 13C spectra were 

recorded on a Bruker Avance-II 
spectrometer at 400 MHz and 100 MHz, 
respectively. Chemical shifts were reported 
on the δ scale in parts per million (ppm). 
The EPR spectrum of the copper complex 
was acquired on a Varian E 112 
spectrometer using X-band frequency 
(9.1GHz) at liquid nitrogen temperature in 
solid state. The electrospray mass spectra 
were recorded on a Micromass Quattro II 
triple quadrupol mass spectrometer. 
Emission spectra were recorded with a 
Hitachi F-2500 fluorescence 
spectrophotometer. Cleavage experiments 
were performed with the help of Axygen 
electrophoresis supported by Genei power 
supply with a potential range of 50-500 
Volts, visualized and photographed by 
Vilber-INFINITY gel documentation 
system. 
 
2.2. DNA binding experiments 
 
All the experiments involving the interaction 
of the complexes with CT DNA were 
conducted in aerated 5 mM Tris-HCl/50 mM 
NaCl buffer at pH 7.2. Solutions of calf 
thymus DNA in buffer gave a ratio of UV 
absorbance at 260 and 280 nm of ca. 1.9:1 
indicating that DNA was free from protein 
[22]. DNA concentration per nucleotide was 
determined by the extinction coefficient 
6600 dm3mol-1cm-1 at 260 nm. Absorption 
spectral titration experiments were 
performed by maintaining a constant 
concentration of the ligand L and the 
complexes 1-3 and varying the nucleic acid 
concentration. This was achieved by diluting 
an appropriate amount of the 
ligand/complex solutions and DNA stock 
solutions while maintaining the total volume 
constant. This results in a series of solutions 
with varying concentrations of DNA but a 
constant concentration of the compound. 
The absorbance (A) was recorded after 
successive additions of CT DNA on 
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Shimadzu UV-1700 pharmaspec UV/vis 
spectrophotometer using cuvettes of 1 cm 
path length. While measuring the absorption 
spectra an equal amount of DNA was added 
to both the compound solution and the 
reference solution to eliminate the 
absorbance of the DNA itself. The intrinsic 
binding constant Kb of the complex to CT 
DNA was determined from the eq (1) [23] 
through a plot of [DNA]/(εa –εf ) vs. [DNA] 
 
[DNA/( fa

εε − )=[DNA]/( fb εε − )+1/ bK ( fb εε − ) 

(1) 
 
Where [DNA] is the concentration of DNA 
in base pairs, εa, εf and εb are the apparent 
extinction coefficient (Aobs/[M]), the 
extinction coefficient of the free metal (M) 
complex and the extinction coefficient for 
the metal (M) complex in the fully bound 
form, respectively. In plots of [DNA]/(εa–εf) 
vs. [DNA], Kb is given by the ratio of the 
slope to the intercept. Fluorescence spectral 
measurements were carried out using 
Hitachi F-2500 spectrofluorometer. The 
Tris-buffer was used as a blank to make 
preliminary adjustments. The excitation 
wavelength was fixed and the emission 
range was adjusted before measurements. 
Fixed amount of ligand L and the complexes 
1-3 were treated with increasing amount of 
CT DNA in 5 mM Tris-HCl/50 mM NaCl 
buffer. The concentration of the free metal 
complex was obtained from the equation; 
 
Cf = Ct(F/F0 – P) (1-P)                              (2) 
 
Where Cf is the free probe concentration, Ct 
is the total concentration of the probe added, 
F and F0 are fluorescence intensities in 
presence and  in the absence of CT DNA, 
respectively and P is the ratio of the 
observed fluorescence quantum yield of the 
bound probe to that of the free probe. The 
value of P was obtained from the intercept 
by extrapolating a plot of F/F0 vs. 1/[DNA]. 

Binding data were plotted from the 
Scatchard equation of the form; 
 
r/Cf = K(n-r)                                              (3) 
 
r denotes ratio of Cb (=Ct-Cf) i.e., the bound 
probe concentration to the DNA 
concentration, K is the binding constant and 
n is the binding site number [24,25]. From 
the plot of r/Cf vs. r the binding constant K 
and binding site number n were obtained 
from the values of slope and intercept, 
respectively. 
 
2.3. DNA cleavage 
 
Cleavage experiments of supercoiled 
plasmid pBR322 DNA (300 ng) by complex 
1 and 2 (10.0-70.0 µM) in 5mM Tris-HCl/50 
mM NaCl, buffer at pH 7.2 were carried out 
and the reaction followed by agarose gel 
electrophoresis. The samples were incubated 
for 1h at 37 °C. A loading buffer containing 
25% bromophenol blue, 0.25% xylene 
cyanol, 30% glycerol was added and 
electrophoresis was carried out at 50 V for 
2h in Tris-HCl buffer using 1% agarose gel 
containing 1.0 µg/mL ethidium bromide. 
Reactions using pBR322 DNA in 5 mM 
Tris-HCl/50 mM NaCl buffer at pH 7.2 were 
treated with complex 1 and 2 (40.0 µM) and 
various radical inhibitors and/or activators 
such as ascorbic acid (Asc), DMSO, sodium 
azide (NaN3), superoxide dismutase (SOD), 
H2O2; groove binders-methyl green and 
DAPI. The samples were incubated for 1h at 
37 °C. The standard protocols were followed 
for these experiments [26,27]. 
 
2.4. In vitro anticancer assay 
 
The cell lines used for in vitro antitumor 
screening activity were, MIAPaCa2, MCF7, 
ZR-75-1, SiHa, Colo205, HOP62, DWD, 
K562, DU145, A549, A498, T24, HCT15, 
HT 29, HeLa and PC3. These human 
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malignant cell lines were procured and 
grown in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS) and 
antibiotics to study growth pattern of these 
cells. The proliferation of the cells upon 
treatment with the ligand L and the 
complexes 1-3 was determined using the 
sulphorhodamine-B (SRB) semi automated 
assay [28]. Cells were seeded in 96 well 
plates at an appropriate cell density to give 
optical density in the linear range (from 0.5 
to 1.8) and were incubated at 37 °C in CO2 
incubator for 24 h. Stock solution of the 
compounds was prepared as 100 mg/mL in 
DMSO and four dilutions i.e. 10 µL, 20 µL, 
40 µL, 80 µL, in triplicates were tested, each 
well receiving 90 µL of cell suspension and 
10 µL of the drug solution. Appropriate 
positive control (adriamycin) and vehicle 
controls were also run. The plates with cells 
were incubated in CO2 incubator with 5% 
CO2 for 24 hours followed by drug addition. 
The plates were incubated further for 48 h. 
Termination of experiment was done by 
gently layering the cells with 50 µL of 
chilled 30% TCA (in case of adherent cells) 
and 50% TCA (in case of suspension 
cultures) for cell fixation and kept at 4 °C 
for 1h. Plates were washed, air-dried and 
stained with 50 µL of 0.4% SRB in 1% 
acetic acid for 20 min. The bound SRB was 
eluted by adding 100 µL 10 mM Tris (pH 
10.5) to each of the wells. The absorbance 
was read at 540 nm with 690 nm as 
reference wavelength. All experiments were 
repeated 3 times. 
3. Synthesis 

 
3.1. Synthesis of 3-acetoacetyl-7-methyl –
pyrano-[4,3-b]- pyran-2,5- dione, L 
 
The ligand L was synthesized by a 
procedure as reported elsewhere [29]. 
 
3. 2. General procedure for the synthesis of 
macrocyclic complexes, 1-3. 

To a solution of an appropriate metal 
perchlorate (5.00 mmol) in 20 mL of 
methanol, 1.22 mL (10.00 mmol) of rac-1,2-
diaminocyclohexane was added dropwise. 
The reaction mixture was stirred at 35 °C for 
30 minutes and then 2.62 g (10.00 mmol) of 
ligand L dissolved in 30 mL of methanol 
was added, stirred for additional 1 h and 
heated under reflux for 6 h until peculiar 
color changes were observed. The reaction 
mixture was filtered and the filtrate was 
reduced under vacuum to remove the excess 
solvent. The product obtained was purified 
by repeated recrystallization from 
MeOH/CHCl3 and air dried. 
 
3.2.1. Analytical data for complex 
C38H44N4O18Cl2Co, (1) 
 
Yield: 42.2%, Colour: reddish brown; M.Pt. 
280 °C; Anal. calc. for C38H44N4O18Cl2Co; 
C 46.83, H 4.55, N 5.75; found C 46.77, H 
4.67, N 5.64; IR (KBr, cm-1) 1685 
ν(C=O)lactonic; 1649 ν(C=N); 1619 ν(C=O); 
1474 δ(CH2)dach; 2934, 2861 ν(CH2)dach; 
3431 ν(NH+OH); 3085 ν(=CH)vinyl; 589 
ν(Co-N); 550 ν(Co-O): UV/vis (DMF, 10-3, 
25 °C, nm) 255, 340, 520. ESI MS, m/z 
973.7 [M]+, 959.0 [M-H2O], 937.8 [M-
2H2O]. Molar conductance (λM, Scm2mol-1, 
10-3, 25 °C, MeOH) 192.1 (1:2 electrolyte). 
 
3.2.2. Analytical data for complex 
C38H44N4O18Cl2Cu, (2) 
 
Yield: 39.0%, Colour: purple; M.Pt. 240 °C; 
Anal. calc. for C38H44N4O18Cl2Cu; C 46.61, 
H 4.53, N 5.72; found C 46.59, H 4.50, N 
5.68; IR (KBr, cm-1) 1715, 1610 
ν(C=O)lactonic; 1645 ν(C=N);1619 ν(C=O); 
1467 δ(CH2)dach; 2920, 2858 ν(CH2)dach; 
3487 ν(NH+OH)H2O; 3070 ν(=CH)vinyl; 567 
ν(Cu-N); 539 ν(Cu-O).UV/vis (CHCl3, 10-3, 
25 °C, nm) 252, 320, 588. ESI-MS, m/z 
979.0 [M]+, 961.2 [M-H2O], 942.7 [M-
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2H2O]. Molar conductance (λM, Scm2mol-1, 
10-3, 25 °C, DMF) 142.5 (1: 2 electrolyte).  
 
3.2.3. Analytical data for complex 
C38H44N4O18Cl2Zn, (3) 
 
Yield: 47.0%, Colour: Brown; M.Pt. 202 °C; 
Anal. calc. for C38H44N4O18Cl2Zn; C 46.52, 
H 4.52, N 5.71; found C 46.56, H 4.47, N 
5.85; IR (KBr, cm-1) 1653 ν(C=O)lactonic; 
1653 ν(C=N); 1612 ν(C=O); 1464 
δ(CH2)dach; 2935, 2861 ν(CH2)dach; 3329 ν 
(NH+OH); 3120 ν(=CH)vinyl; 566 ν(Zn-N); 
527 ν(Zn-O): UV/vis (CHCl3, 10-3, 25 °C, 
nm) 242, 320. Molar conductance (λM, 
Scm2mol-1, 10-3, 25 °C, MeOH) 205.3 (1:2 
electrolyte). 1H NMR (δ CDCl3, 400 MHz, 
25 °C, ppm) 1.88-1.92, 1.96-2.18 (CH2)dach; 
2.11-2.35 (CH3)acetyl; 2.44-2.54 (CH3)exo; 
4.83-4.85 (=CH)vinyl; 7.16, 8.14 (CH)ring; 
5.61-5.70 (-NH). 13C NMR (δ CDCl3, 100 
MHz, 25 °C, ppm) 175.33 (C=N); 28.94, 
24.38 (CH3); 20.09 (CH2)dach; 162.64 
(C=O)ring. ESI-MS, m/z 981.2 [M]+, 964.1 
[M-H2O], 946.3 [M-2H2O]. 
 
4. Results and discussion 

 
4.1. Chemistry 

The macrocyclic Co(II) (1), Cu(II) (2) and 
Zn(II) (3) complexes were prepared in situ 
by refluxing a methanolic solution of metal 
perchlorates, diaminocyclohexane and the 
coumarin ligand 3-acetoacetyl-7-methyl–
pyrano-[4,3-b]-pyran-2,5-dione (L) in a 
1:2:2 molar ratio, respectively (Scheme 1. 
Synthesis of macrocyclic complexes). The 
synthesis of the ligand L has been reported 
elsewhere [29]. The complexes 1-3 were 
recrystallized from chloroform/methanol 
mixture and pure complexes were obtained 
by separating the compound by preparatory 
TLC (CHCl3/CH3OH, 95:5). The yield of 
the complexes was < 50%. The complexes 
are air stable and insoluble in water, 
sparingly soluble in MeOH, CHCl3, readily 
soluble in DMSO and DMF. The repeated 
attempts to grow single crystals of X-ray 
quality failed. However, the formation of 
complexes was ascertained by elemental 
analysis, which serves as a basis for the 
determination of their empirical formulae, 
confirmed by IR spectroscopy, 1H, 13C NMR 
spectroscopy and mass spectral data. All 
these spectroscopic data support the 
presented formulae and the proposed 
structure of the complexes. 
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4.2. Characterization 
 
4.2.1. IR spectroscopy 
 
IR spectra of the ligand L and the complexes 
1-3 were recorded in solid state as KBr discs 
in the range 500-3800 cm-1. The ligand L 
exhibits the characteristic stretching 
vibrations of the carbonyl groups of lactone 
rings at 1760 cm-1 and 1724 cm-1 and low 
frequency sharp band observed at 1626 cm-1 
was assigned to stretching vibration of the –
C=O of the β-diketonate residue which was 
in resonance with the lactone ring [30-32]. A 
broad band at 3431 cm-1 characteristic of 
ν(OH) vibration was attributed to the enolic 
OH vibrations implying that the ligand 
exhibits keto-enol tautomerisation [33,34]. 
This was confirmed by the presence of a 
vinylic ν(=CH) stretch at 3073 cm-1. Other 
medium intensity bands in the range 1300-
1400 cm-1 due to the in plane bending modes 
of ν(CH3) and ν(=CH) groups were also 
observed. Absorption maxima found at 1554 
cm-1 and 1197 cm-1 were attributed to the 
ν(C=C) and ν(C–O) stretching modes of the 
pyran rings, respectively. The IR spectra of 
the macrocyclic complexes 1-3 revealed 
some notable features. Disappearance of 
ν(C=O) at 1724 cm-1 and 1626 cm-1 and the 
appearance of a strong band in the range 
1641-1653 cm-1 assigned to ν(C=N) 
provided strong evidence for the conversion 
of ketonic groups into the azomethine 
groups of the Schiff base residues [35]. The 
macrocyclic formation through Schiff base 
condensation was supported by the 
appearance of new bands in the range 2920-
2935 cm-1 and 2857-2861 cm-1 due to 
symmetric and asymmetric ν(CH2) 
vibrations of the dach moieties.  
Additionally, the IR spectra of the 
complexes also display a wide band at 3329-
3487 cm-1 associated with the stretching 
vibrations of the water molecules and the 

coordinated ν(NH) groups. This 
substantiates the fact that both the ligand 
and the metal complexes show tautomerism. 
However, bands belonging to –OH bending 
vibrations could not be assigned, owing to 
the overlay with very intense ν(C=N). The 
conclusive evidence for the coordination 
mode of metal complexes was deduced by 
the observation of new ν(M-N) bands 
around 513-527 cm-1 in the far IR region 
[36,37]. Similarly, the presence of 
uncoordinated perchlorate anions was 
depicted by the lack of splitting of ν(Cl-O) 
bands observed in the range 1055-1114 cm-1 
and 624-649 cm-1 [38]. 
 
4.2.2. NMR Spectroscopy 
 
The identification of ligand L and the metal 
complexes was further obtained from NMR 
spectroscopy. The 1H NMR spectrum of the 
ligand L displayed a broad signal at 15.75 
ppm, characteristic of enolic proton [39]. 
Peaks with chemical shifts near 6.25-8.76 
ppm were ascribed to –C=CH and –CH=C-
C ring protons. The signals for the alkyl –
CH3 protons and the vinylic =CH protons 
were detected at 2.09-2.31 ppm, 2.41-2.45 
ppm and 4.09-4.12 ppm. Similar chemical 
shifts were observed for the corresponding 
protons in 1H NMR spectra of the 
diamagnetic complex 3. The –OH resonance 
disappears while a new peak at 5.61-5.70 
ppm emerges due to the coordinated –NH 
proton. Additional peaks in the range 1.88-
1.92 and 1.96-2.18 ppm absent in the 
spectrum of the ligand L was attributed to 
different cyclohexyl ring protons. 
 
The 13C NMR spectra of the ligand L and 
the complex 3 corroborated well with the 
proposed structures. In the spectrum of L, 
the 13C NMR signals for the two lactonic 
carbonyl carbons appear at 156.13 and 
159.31 ppm [40]. Resonance due to –C=O 
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and =CH-OH of the diketone residue appear 
at 199 ppm and 168 ppm, respectively [41]. 
However, significant changes were observed 
in the spectrum of complex 3. A new signal 
appeared at 175.33 ppm due to C=N, 
confirming the cyclization of the ligand with 
the dach moieties. Resonances at 20.09 and 
24.38-28.94 were ascribed to the cyclohexyl 
ring carbons and the CH3 groups, 
respectively. Other peaks remained almost 
undisturbed in the spectrum of complex 3. 
 
4.2.3. Electronic spectra 
 
The electronic spectrum of the ligand L in 
DMF shows intense absorption bands at 279 
nm and 385 nm. The strong bands appearing 
at the low energy side were assigned to n→ 
π* associated with the C=O group. The 
bands at the higher energy arise from π→ π* 
transitions within the lactonic rings or 
exocyclic carbonyl groups [42]. These 
absorption bands in complexes 1-3 were 
shifted to longer wave numbers. A 
prominent band at 320-341 nm was ascribed 
to n→ π* transition of the azomethine 
chromophore [43]. In the visible region, 
complexes 1 and 2 revealed bands at 520 nm 
and 588 nm ascribed to d-d transitions of the 
Co(II) and Cu(II) ions, respectively in an 
octahedral coordination geometry [44,45]. 
 
4.2.4. Mass spectroscopy 
 
Electrospray ionization mass spectra of the 
ligand L and the metal complexes 1-3 were 
obtained to confirm their proposed 
molecular formulae. The ligand L displayed 
the molecular ion peak at m/z 262.3. The 
mass spectra of complexes 1-3 recorded 
molecular ion peaks at m/z 973.7, 979.0 and 
981.2, respectively. Fragments obtained by 
the successive expulsion of the coordinated 
water molecules were also depicted in the 
mass spectra of the complexes 1-3, 

supporting the proposed molecular 
formulae. 
 
4.2.5. EPR spectrum 
 
Solid state X-band EPR spectrum of the 
paramagnetic Cu(II) complex 2 obtained at 
LNT at 9.1 GHz, recorded an isotropic 
signal at 2.04 with the unpaired electron 
located in dz2 orbital having an octahedral 
geometry [46]. 
 
5. In vitro DNA binding studies 
 
DNA is generally regarded as the primary 
pharmacological target of many anticancer 
drugs, [47] which can bind with the DNA 
duplex mainly through covalent, non-
covalent and electrostatic interactions. 
Among the non-covalent binding modes 
intercalation is an important binding mode 
as many naturally derived compounds are 
known to exhibit their anti-proliferative 
activity and apoptosis effect on tumor cells 
involving intercalation [48]. The DNA 
intercalators are required to possess an 
approximately planar structure, with a 
medium-sized planar area and some 
hydrophobic character. So, in order to 
evaluate the DNA binding propensity of the 
ligand and its metal complexes, we carried 
out various biophysical studies as described 
below. 
 
5.1. Absorption titration with CT DNA 
 
Electronic absorption spectroscopy is one of 
the most useful techniques for DNA binding 
studies of metal complexes. The absorption 
spectra of the ligand L and complexes 1-3 in 
the absence and presence of CT DNA are 
presented in Fig. 1-4. The ligand exhibits the 
absorption maxima at 279 nm and 385 nm 
attributed to π→π* and n→π* transitions, 
respectively. In presence of CT DNA, both 
the absorption bands exhibited 
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hyperchromism and the band at 279 nm also 
undergoes a red shift (bathochromic shift) of 
5 nm (Fig. 1). The hyperchromicity implies 
that some interaction other than intercalation 
has occurred between ligand and DNA, 
because intercalation would lead to 
hypochromism and bathochromic shift in 
UV absorption spectra [49]. It appears that 
the hyperchromism occurs due to the 
aggregation of the planar ligand molecules 
on the DNA surface and/or intimate surface 
binding of the lactone rings along the DNA 
backbone, resulting in the breakage of the 
secondary structure of DNA [50,51]. The 
intrinsic binding constant Kb for ligand to 
CT DNA was calculated to be 1.47 •104 M-1, 
a value lower than that obtained for typical 
intercalator (EB-DNA ≈107). The complex 2 
exhibits intraligand transitions at 279 nm 
and 320 nm attributed to π→ π* and n→ π* 
transitions, respectively and a d-d transition 
maximum at 588 nm. In presence of CT 
DNA, there are interesting changes in 
absorption spectra. Unlike the ligand L, the 
complex exhibits hypochromism at 320 nm 
absorption band attributed to n→ π*, while 
as the d-d transition at 588 nm undergoes 
hyperchromism with no red shift (Fig. 2). 
This pattern reveals that while the UV 
absorption band undergoes hypochromism 
suggesting that the complex has intimate 
association with CT-DNA and binds to the 
helix via the intercalative mode, [52,53] at 

the same time electrostatic interaction due to 
the presence of strong Lewis acid copper 
centre of the complex with the negatively 
charged phosphate backbone of the DNA 
helix cannot be ruled out which is evidenced 
by ‘hyperchromism’ of d-d absorption 
maxima [54-56]. 
Complexes 1 and 3 in a similar fashion to 
complex 2 recorded an initial hypochromism 
and then hyperchromism at the intraligand 
absorption bands (Fig. 3 & 4). The observed 
‘hypo’ and ‘hyperchromic’ effects reveal 
that the complexes 1-3 possess more than 
one DNA binding mode. Also, the 
hypochromicity observed in our complexes 
is much weaker than reported in the 
literature [57]. The hypochromicity is 
mainly decided by the interaction between 
the electronic states of the planar 
chromophore and nucleobases which can 
stabilize the DNA duplex; stronger 
hypochromicity always indicates a larger 
binding strength towards DNA. We 
therefore, used the hypochromicity to 
calculate the quantitative binding affinity of 
the complexes 1-3 with DNA. The Kb values 
were found to be 3.63 .104 M-1, 2.18 .105 M-

1 and 2.72 .104 M-1 for 1, 2 and 3, 
respectively. The much larger Kb value of 2 
in comparison to 1 and 3 suggested a 
stronger and multiple binding interactions 
between 2 and DNA double helix. 
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Figure 1 

Absorption spectral traces of ligand L in 5 mM Tris-HCl/50 mM NaCl buffer upon addition of 
CT DNA. Arrow shows the absorbance change upon increasing concentration of the CT DNA. 
Inset: Plot of [DNA]/ εa-εf vs [DNA] for the titration of CT DNA with ligand L; [L] = 6.60 µM, 
[DNA] = 6.60-20.00 µM; (■) experimental data points; full lines, linear fitting of the data 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2 
Absorption spectral traces of complex 2 in 5 mM Tris-HCl/50 mM NaCl buffer upon addition of 
CT DNA. Arrow shows the absorbance change upon increasing concentration of the CT DNA. 
Inset: Plots of [DNA]/ εa-εf vs [DNA] for the titration of CT DNA with complex; [Complex 2] = 
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1.60 µM, [DNA] = 0.55-2.77 µM; (■) experimental data points; full lines, linear fitting of the 
data 
 

 
Figure 3 

Fig.  3. Absorption spectral traces of complex 1 in 5 mM Tris-HCl/50 mM NaCl buffer upon 
addition of CT DNA. Arrow shows the absorbance change upon increasing concentration of the 
CT DNA. Inset: Plots of [DNA]/ εa-εf vs [DNA] for the titration of CT DNA with complex 1; 
[Complex 1] = 33.30 µM, [DNA] = 11.0-88.0 µM; (■) experimental data points; full lines, linear 
fitting of the data.  

 
Figure 4 

Fig. 4. Absorption spectral traces of complex 3 in 5 mM Tris-HCl/50 mM NaCl buffer upon 
addition of CT DNA. Arrow shows the absorbance change upon increasing concentration of the 
CT DNA. Inset: Plots of [DNA]/ εa-εf vs [DNA] for the titration of CT DNA with complex 3; 
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[Complex 3] = 33.30 µM, [DNA] = 11.0-88.0 µM; (■) experimental data points; full lines, linear 
fitting of the data 

 
5.2. Absorption titration with 5′GMP 
 
To identify the specific DNA binding 
site/mode of the metal complexes 1-3, 
interaction studies with the nucleotide 
5′GMP were examined by absorption 
titration. The recognition of 5′GMP is 
crucial because it acts as an intermediate in 
the synthesis of nucleic acids and plays 
important roles in several metabolic 
pathways [58]. Late transition metal ions 
(borderline Lewis acids) are known to bind 
with the phosphate groups as well with the 
nitrogenous DNA bases [59]. The N7 of the 
guanine is considered as the dominant 
binding site [60,61]. On increasing the 
concentration of the nucleotide there was a 

sharp increase in intensity of the UV 
absorption bands of complexes 1 and 2, 
while hypochromism was observed for 
complex 3 as shown in Fig. 5. ‘Hyper’ and 
‘hypochromism’ at the UV absorption bands 
is thus, consistent with the DNA binding of 
the complexes involving hydrophobic 
interactions between the ligand and the 
DNA via partial intercalation and the 
electrostatic binding of the metal ions 
towards the sugar phosphate backbone [62]. 
No significant changes were observed at the 
d-d absorption maxima. Therefore, 
coordination of the central metal ions 
towards the N7 atom of guanine was 
precluded. 

 
Figure 5a 
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Figure 5b 
 
 
 

 
Figure 5c 

Absorption spectral traces of a) complex 1 b) complex 2 c) complex 3 in 5 mM Tris-HCl/50 mM 
NaCl buffer upon addition of 5′GMP Arrows show the absorbance changes upon increasing 
concentration of the 5′GMP 
 
5.3. 1H and 31P NMR studies with 5′GMP 
 
The interaction of complexes 1-3 with 
guanosine-5′-monophosphate was evaluated 
by using 1H and 31P NMR technique. The 1H 
NMR spectrum of 5′GMP in D2O solvent 
recorded the proton resonance of guanine 
H8 at 8.10 ppm and ribose H1′-H5′ at 3.8-
5.8 ppm, respectively. For paramagnetic 
complexes, the chemical shift of proton 
adjacent to the metal center will be 
perturbed resulting in line broadening. On 
interaction of complexes 1-3 with 5′GMP 
the H8 signal of guanine does not alter 
significantly (8.12 ppm) (Fig. 6). At 
different time intervals the spectra remained 
unaltered, revealing the non-participation of 

N7 of guanine in covalent binding with the 
metal ion [63]. 
Furthermore, there is line broadening of H8 
and H1′-H5′ signals of ribose sugar which 
indicate the presence of paramagnetic 
Cu(II)/Co(II) center in the proximity of 
these protons. The 31P NMR spectrum of 
5′GMP reveals a signal at 3.67 ppm. Upon 
interaction of complexes 1-3 with 5′GMP, 
the resonance shifts upfield to 3.60 ppm 
indicative of electrostatic binding mode of 
the complexes to the phosphate group of 
5′GMP. Since there is no large upfield shift, 
it implies that the complex involves other 
non-covalent DNA binding modes in 
addition to electrostatic binding. These 
observations are in corroboration with UV-
vis and fluorescence spectral data. 
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Figure 6a 
 

 
 

Figure 6b 
1H NMR spectra of a) 5′GMP and b) the reaction of complex 2 (2.5 mM) with 5′GMP (5 mM) in 
D2O at 25 °C 
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5.4. Emission titration 
 
The ligand L and the complex 2 emit 
luminescence in Tris-buffer with a 
maximum appearing at 567 nm and 525 nm, 
respectively. Upon the addition of increasing 
concentrations of DNA, the emission 
intensity of both the ligand L and the 
complex 2 enhances gradually (Fig. 7). The 
emission enhancement is usually correlated 
with the extent to which the compounds 
penetrate into the hydrophobic pockets of 
DNA, thereby avoiding the quenching 
effects of solvent water molecules [64]. Due 
to the reduced solvent mobility at the 
binding site by the hydrophobic DNA 
macromolecule, a decrease in vibrational 
modes of relaxation results and hence 
quenching efficiency, especially in case of 
intercalation [65,66]. Our emission titration 
results, thus, support the idea that both the 
ligand as well as the complex are protected 

from the solvent water molecules and can 
insert deeply into the DNA helix [67]. 
However, complexes 1 and 3 can emit 
luminescence in Tris-HCl buffer around 450 
nm at room temperature, when excited at 
378 nm. The result of the emission titration 
for the complexes 1 and 3 upon addition of 
DNA is displayed in Fig. 8. The emission 
intensity decreases due to the collisional 
quenching mode of the complexes to CT 
DNA by the partial release of the 
coordinated H2O molecules and deprotection 
by the whole complex [68]. To compare the 
binding affinity of the ligand and the 
complexes 1-3 the binding data obtained 
from the emission spectra were fitted in the 
Scatchard equation to acquire the binding 
parameters. A plot of r/Cf vs. r gave the 
binding constants as 3.00•104 M-1, 1.51•105 
M-1, 6.50•105 M-1 and 6.0•104 M-1 for the 
ligand L and the complexes 1-3, 
respectively. 
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Figure 7b 

 
Emission spectra of a) ligand L b) complex 2 in absence and presence of DNA in 5 mM Tris-
HCl/50 mM NaCl buffer. Arrows show the intensity changes upon increasing concentration of 
the DNA. Inset: Plot of r/Cf vs r; [L/Complex 2] = 3.30 µM, [DNA] = 3.30-16.60 µM; (■) 
experimental data points; full lines, linear fitting of the data 
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Figure 8b 

Emission spectra of a) complex 1 b) complex 3 in absence and presence of DNA in 5 mM Tris-
HCl/50 mM NaCl buffer. Arrows show the intensity changes upon increasing concentration of 
the DNA. Inset: Plot of r/Cf vs r; [Complex 1/3] = 66.00 µM, [DNA] = 11.70-40.97 µM; (■) 
experimental data points; full lines, linear fitting of the data. 
 
5.5. Competitive binding experiment 
 
To have a better understanding of the 
binding mode of the ligand L and the 
complexes 1-3 with DNA a competitive 
binding experiment was carried out using 
EB as a probe. EB shows weak 
luminescence in buffer solution due to 
fluorescence quenching of the free EB by 
solvent molecules [69]. However, upon 
intercalation between the adjacent DNA 
base pairs, EB emits strongly at 585-590 nm 
when excited at λ = 525 nm [70]. A 
competitive binding of another DNA 
binding molecule could result in the 
displacement of EB and hence fluorescence 
quenching [71]. Upon addition of L and 
complexes 1-3 to DNA pretreated with EB, 
the emission intensity of DNA-EB system 
decreases, which indicated that the L and 
complexes 1-3 could bind to CT DNA and 
replace EB, a feature typical of intercalative 

DNA interactions [72]. The quenching is in 
agreement with the linear Stern-Volmer 
equation, which also implies that the L and 
complexes 1-3 bind to DNA (Fig. 9). 
 From the Stern-Volmer equation; 
                       I0/I = 1+ KSV.r 
Where I0 and I represent the fluorescence 
intensities in the absence and the presence of 
the compound, respectively; r is the 
concentration ratio of the complex to DNA 
and KSV is the quenching constant obtained 
as the slope of I0/I vs r. The KSV values for L 
and complexes 1-3 are 0.67, 0.94, 1.92 and 
1.38, respectively suggesting a strong DNA 
interaction (Fig 10). Moreover, if the 
compound intercalates in between the DNA 
base pairs by EB replacement, a new 
emission peak would emerge at its 
characteristic wavelength in addition to 
emission quenching of EB. The emission 
intensity of the new peak will increase due 
to the protection from solvent quenching by 
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the hydrophobic region of the DNA. As 
depicted in Fig. 9b and 9d complexes 1 and 
3 behave similarly with the emergence of 
new emission peak at 570 nm. The emission 
intensity of EB is decreased where as the 
emission band at 570 nm is increased, 
although slightly. These observations imply 
that the hexa coordinated complexes and the 
two axial H2O ligands may lead to rapid 
electron exchange by electrostatic 

attractions. The interaction of 1 and 3 with 
CT DNA may be more classical intercalative 
binding mode as compared to L and 2 which 
do not exhibit such spectral behavior. The 
two H2O ligands of 1 and 3 exert their 
hydrogen binding affinity to the other 
regions of the CT DNA helix, facilitating 
intercalation and also alter the binding 
capability and electronic transitions [73]. 

 
Figure 9a 

 
Figure 9b 
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Figure 9c 

 
Figure 9d 

Emission spectra of EB bound to DNA in the absence and presence of a) ligand L b) complex 1 
c) complex 2 d) complex 3 in 5 mM Tris-HCl/50 mM NaCl buffer. Arrows show the intensity 
changes upon increasing concentration of the complexes. [L/Complex] = 3.30 -23.30 µM, [DNA] 
= 33.00 µM; [EB] = 3.30 µM 
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Figure 10 
Plots of I0/I against complex concentration. Experimental data points (■, ligand L; ●, complex 1; 
, complex 2;  ▲, complex 3); full lines, linear fitting of the data 
 
6. DNA cleavage 
 
The chemical nuclease activity of the 
complexes 1 and 2 (Fig 11 &12) has been 
studied using supercoiled pBR322 plasmid 
DNA as a substrate in a medium of 5 mM 
Tris-HCl/50 mM NaCl buffer, at pH 7.2 in 
the absence of an external agent employing 
gel electrophoresis. The double-stranded 
plasmid pBR322 exists in a compact 
supercoiled conformation (SC) Form I.  
 When subjected to electrophoresis the 
supercoiled form of DNA is converted into 
the nicked circular form (NC) Form II and 
the linear circular (LC) Form III through a 
single and double strand cleavage, 
respectively. The fastest migration is 
observed for supercoiled form while the 
nicked circular form migrates slowly and the 
linear form migrates between SC and NC 
[74]. Hence, the binding of the complexes 1 
and 2 with pBR322 plasmid DNA was 
determined by its ability to change the 
conformation of DNA from supercoiled 
(SC) to nicked open circular (NC) form. 
Different concentrations of complexes 1 and 
2 were mixed with the pBR322 plasmid 
DNA and the mixtures were incubated at 37 
ºC for 1h. As depicted in Fig.11a & 12a in 
absence of any external agents the 
complexes 1 and 2 scarcely catalyzed the 
cleavage of plasmid DNA at 10 µM and at 
20 µM. When the concentration of the 
complex was upto 40 µM, the cleavage of 
SC plasmid DNA into NC form was 
observed, showing that the cleavage process 
was concentration dependent. However, no 
linearized form was observed suggesting a 
single strand DNA breakage. 
To explore the mechanistic pathway of the 
cleavage activity, comparative DNA 
cleavage experiments of 1 and 2 were 

carried out in presence of different additives 
like ascorbate (Asc) and H2O2; standard 
radical scavengers, DMSO as hydroxyl 
radical scavenger (HO·), sodium azide 
(NaN3) as singlet oxygen (1O2) quencher and 
superoxide dismutase as superoxide anion 
radical (O2

·─) scavenger. Figure 11b & 12b 
indicate little effect on the cleavage 
efficiency of 1 & 2 in presence of ascorbic 
acid , DMSO or NaN3 ( lane 2, 4 and 5); 
suggestive of non-involvement of diffusible 
(·OH) hydroxyl radicals and singlet oxygen 
for DNA cleavage. However, superoxide 
dismutase SOD (lane 6) enhances/promotes 
the cleavage efficiency in both the 
complexes. In presence of SOD complex 2 
also displayed concomitant conversion of 
Form II to Form III. The appearance of 
linearized Form III indicates that the 
complex 2 is capable of performing double–
strand scission of DNA while complex 1 
cleaves DNA randomly since linearized 
DNA was not formed [75]. These 
observations indicate that O2

·─ might be an 
inhibitor in the plasmid cleavage and 
reducing the amount of O2

·─ can improve the 
cleavage efficiency [76]. The above 
observations suggest that the complexes 
could cleave DNA hydrolytically. Therefore, 
we propose that the octahedral complexes 
after intercalation in between the DNA base 
pairs induce direct coordination of metal ion 
with the oxygen of the phosphodiester 
backbone. Subsequently, the electrophilicity 
of the phosphorus is enhanced making it a 
suitable target for nucleophilic attack. The 
activated phosphorus is then attacked by one 
of the metal-bound water molecules 
(nucleophile). Due to the intramolecular 
charge transfer one of the ester bonds of the 
phosphodiester backbone is broken leading 
to DNA cleavage [77]. Besides this, the 
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cleavage activity was enhanced in presence 
of excess of H2O2, which suggests that the 
behavior of the complexes is different from 
the traditional Fenton-like catalysis as 
observed for [Cu(OP)2]2+ [78]. Hence, we 
conclude that the complexes are capable of 
cleaving DNA by hydrolytic mechanism in 
absence of H2O2 while in presence of the 
activator H2O2 an oxidative pathway may 
also be operative. 

 The potential interacting site of complexes 
1 and 2 was further explored in presence of 
the minor groove binder, DAPI and the 
major groove binder, methyl green. The 
DNA cleavage activity of 1 and 2 is 
inhibited in presence of methyl green while 
it remains unaffected in the presence of 
DAPI indicating major groove-binding 
preference of the complexes. 

 
 

Figure 11a 
 

 
 

Figure 11b 
Gel electrophoresis diagram showing cleavage of pBR322 supercoiled plasmid DNA (300 ng) by 
(a) complex 1, control DNA (lane 1),10 µM 1 + DNA, (lane 2), 20 µM 1 + DNA (lane 3), 30 µM 
1 + DNA (lane 4), 40 µM 1 + DNA (lane 5), 50 µM 1 + DNA (lane 6), 60 µM 1 + DNA (lane 7), 
70 µM 1 + DNA (lane 8); (b) Complex 1 (40 µM) in presence of Asc + DNA, (lane 2), H2O2 + 
DNA (lane 3), DMSO + DNA (lane 4), NaN3 + DNA (lane 5), SOD + DNA (lane 6), DAPI  + 
DNA (lane 7), MG  + DNA (lane 8), control DNA (lane 1).  

 
 

Figure 12a 
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Figure 12b 
Gel electrophoresis diagram showing cleavage of pBR322 supercoiled plasmid DNA (300 ng) by 
(a) complex 2, control DNA (lane 1), 10 µM 2 + DNA, (lane 2), 20 µM 2 + DNA (lane 3), 30 
µM 2 + DNA (lane 4), 40 µM 2 + DNA (lane 5), 50 µM 2 + DNA (lane 6), 60 µM 2 + DNA 
(lane 7), 70 µM 2 + DNA (lane 8); (b) Complex 2 (40 µM) in presence of Asc + DNA, (lane 2), 
H2O2 + DNA (lane 3), DMSO + DNA (lane 4), NaN3 + DNA (lane 5), SOD + DNA (lane 6), 
DAPI + DNA (lane 7), MG + DNA (lane 8), control DNA (lane 1) 
 
7. In vitro cytotoxicity 
 
The in vitro cytotoxic and/or the growth 
inhibitory activity of the ligand L and the 
complexes 1-3 was screened against 14 
different human carcinoma cell lines viz; 
MIAPACA2 (Pancreas), MCF7 (Breast), 
ZR-75-1 (Breast), SiHa (Cervix), Colo205 
(Colon), HOP-62 (Lung), DWD (Oral), 
K562 (Leukemia), DU145 (Prostrate), A549 
(Alveolar), A498 (kidney), A2780 (Ovary), 
T24 (bladder) and PC-3 (Prostrate). The 
sulforhodamine-B (SRB) assay was used to 
assess cellular proliferation [28,79]. The 
results in terms of GI50 values are 
summarized in the Table 1. The cobalt 
complex 1 showed the remarkable cytotoxic 
activity against all cancer cell lines with 
GI50 value <10, while the zinc complex 3 
exhibited high cytotoxic activity against 
MCF7, T24, 
MIAPACA2 and DWD cell lines. In 
comparison to complexes 1 and 3, the free 
ligand L did not show any significant 
activity with GI50 values > 80 which 
indicates that the cytotoxicity is enhanced 
manifold on complexation with metal ions. 

Surprisingly, the cytotoxicity results do not 
correlate with DNA binding measurements, 
where it was found that the complex 2 
exhibited higher binding propensity for 
DNA in terms of intrinsic binding constant 
Kb and quenching constant Ksv than complex 
1. Similarly, complex 2 revealed better 
cleavage activity. It implicates that the 
extent of DNA binding and higher cleavage 
activity is not necessarily the criteria for 
higher cytotoxicity [80]. 
Therefore, we propose a hypothesis that 
complex 1 could induce the conformational 
change of DNA responsible for its higher 
cytotoxicity or possibly the complex may 
bind to the other non-DNA based 
pharmacological targets viz., proteins or 
enzymes involved in the cancer profile, [81] 
which proceed by a different mechanistic 
pathway involving retardation of different 
enzymes indispensable for important cellular 
functions. It is well documented in literature 
report that conformational changes induced 
by platinum complexes are directly related 
to DNA-repair systems and cytotoxic 
profiles [82]. Our efforts to investigate these 
possibilities are currently underway. 
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Table 1. 

Cytotoxicity against different tumor cells in terms of of GI50 values of ligand L and the 
complexes 1-3. GI50 ≤ 10 is considered to demonstrate activity 
 
(a) 
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• GI50 Growth inhibition of cancer cell, GI50 value was determined from dose–response curve 

and obtained from three independent experiments 
• Yellow highlighted tests indicate activity. 
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8. Conclusion 

In this work, we have synthesized and 
thoroughly characterized metal-based 
potential drugs possessing 
pharmacologically active and well-tailored 
pharmacophore derived from the ligand 3-
acetoacetyl-7-methyl-pyrano-[4,3-b]-pyran-
2,5-dione. Unlike the ligand, its complexes 
show a higher binding affinity towards CT 
DNA. In particular, complex 2 exhibited 
higher binding propensity with DNA than 
the complexes 1 and 3. Surprisingly, 
complex 1 displayed highest anti-
proliferative activity against different human 
cancer cell lines, while complex 3 was 
selective for MCF7, T24, MIAPACA2 and 
DWD cell lines. Thus, the cytotoxicity data 
did not correlate with simple measurements 
of DNA binding. Understanding the 
variation of therapeutic potential in vitro, in 
cellulo and in vivo is crucial for the 
development of potential lead antitumour 
drugs. Alternatively, the profile of 
complexes on carrier proteins viz. HAS 
transferrin etc. could throw light on other 
possibilities of the molecular target (which 
is currently underway). Furthermore, the 
complexes warrant in vivo testing. 
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