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ABSTRACT: A new ligand, 2-oxo-1,2-dihydroquinoline-3-carbaldehyde semicarbazone
(OQsc-H) (1);, its N(4)-phenyl derivative (OQsc-Ph) (2); and their corresponding
copper(II) complexes [CuCl2(OQsc-H)]·H2O·CH3OH (3), [CuCl2(OQsc-Ph)-
(H2O)]·CH3OH (4), and [CuNO3(OQsc-Ph)(H2O)]NO3·H2O·C2H5OH (5) have been
synthesized and characterized by structural, analytical, and spectral methods, in order to
investigate the influence of N(4)-phenyl substitution on structure and pharmacological
properties. In all of the complexes, the ligands coordinated to the Cu(II) ion in a neutral
fashion via ONO donor atoms. The single-crystal X-ray structures of neutral complex (3)
and cationic complex (5) exhibit a slightly distorted square-pyramidal structure, while
neutral complex (4) revealed an octahedral structure. The interaction of the compounds
with calf thymus DNA (CT-DNA) has been explored by absorption and emission titration
methods, which revealed that compounds 1−5 could interact with CT-DNA through
intercalation. A gel electrophoresis pictogram demonstrated the ability of the complexes
(3−5) to cleave the pBR322 plasmid DNA through a hydrolytic process. The interactions
of the compounds with bovine serum albumin (BSA) were also investigated using UV−visible, fluorescence, and synchronous
fluorescence spectroscopic methods. The results indicated that all of the compounds could quench the intrinsic fluorescence of
BSA in a static quenching process. Investigations of antioxidative properties showed that all of the compounds have strong radical
scavenging potencies against hydroxyl radicals, 2,2-diphenyl-1-picrylhydrazyl radicals, nitric oxide, and superoxide anion radicals.
Further, the cytotoxic effect of the compounds examined on cancerous cell lines such as human cervical cancer cells (HeLa),
human laryngeal epithelial carcinoma cells (HEp-2), human liver carcinoma cells (Hep G2), human skin cancer cells (A431), and
noncancerous NIH 3T3 mouse embryonic fibroblasts cell lines showed that all three complexes exhibited substantial cytotoxic
activity. Further, all of the pharmacological investigations support the fact that there exists a strong influence of N(4)-phenyl
substitution in semicarbazone.

■ INTRODUCTION

Cancer is one of the main health concerns confronting
humanity and one of the primary targets in therapeutic
chemistry. So, the most rapidly developing area of pharma-
ceutical research is the discovery of drugs for cancer therapy. In
this regard, cisplatin (cis-diamminedichloroplatinum(II)) is a
promising and well-known metal-based drug for cancer therapy,
but it has its own limitations because of the development of
resistance in tumor cells and serious side effects such as nausea
and kidney and liver failure typical of heavy metal toxicity.1−5

So, more-efficient, less toxic, and target-specific noncovalent
DNA binding anticancer drugs are to be developed. In general,
anticancer agents that are approved for clinical use are
molecules which damage DNA, block DNA synthesis indirectly
through inhibition of nucleic acid precursor biosynthesis, or
disrupt hormonal stimulation of cell growth.6 Therefore,
considerable attempts are being made to replace this drug
with suitable alternatives, and hence numerous transition metal

complexes have been synthesized and tested for their anticancer
activities. Copper(II) complexes are regarded as the most
promising alternatives to cisplatin as anticancer drugs; an idea
supported by a considerable number of research articles
describing the synthesis, DNA binding, and cytotoxic activities
of numerous copper(II) complexes.7−10 In addition, copper
complexes which possess biologically accessible redox poten-
tials and demonstrate high nucleobase affinity are potential
reagents for the cleavage of DNA.11−15 The ability of copper
complexes to cleave DNA under physiological conditions has
also received considerable attention because of the possible
utility in highly targeted photodynamic therapeutic applica-
tions.16−18 In the field of photodynamic therapy, Chakravarty
and his co-workers have reported that the ternary Schiff base
copper(II) phenathroline, which binds strongly to the minor
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groove of bacterial DNA, exhibited both photonuclease (312
and 532 nm) and chemical nuclease activity under aerobic
conditions without an additional oxidant.18,19 Extending this
approach, excitation into sulfur-to-Cu(II) charge transfer
transitions, and, remarkably, weak Cu(II) ligand-field bands
(600−750 nm), results in the formation of 1O2 and generation
of a relaxed circular DNA product.18 Analogous compounds
containing planar heterocyclic bases also show hydrolytic DNA
cleavage activity under dark conditions,20,21 indicating that the
continued development of such constructs may lead to
multifunctional metallonuclease models.
On the other hand, drug interactions at the protein binding

level significantly affect the apparent distribution volume and
their elimination rate. Therefore, the interactions of metal
complexes with serum albumins have received much attention
in the scientific community by studying antitumoral metallo-
pharmaceutical pharmacokinetics and structure−activity rela-
tionships.22 Bovine serum albumin (BSA) is the most
extensively studied serum albumin, due to its structural
homology with human serum albumin (HSA). This fact further
supports the value of studying the interaction behavior of the
metal complexes with bovine serum albumin (BSA) protein,
while evaluating their anticancer properties.
On moving into the ligand point of view, it can be said that

the semicarbazones as well as their derivatives are a class of
ligands presenting a wide range of biological applications.
Specifically, the semicarbazones have been screened for their
antibacterial, antioxidant, antiproliferative, antimalarial, anti-
trypanosomal, anticonvulsant, and antitumoral activities.23−28

Interestingly, the activity of these ligands might be enthused by
coordination to some metal ions.29 Particularly, copper(II)
complexes containing semicarbazone ligands have displayed a
wide spectrum of biological properties.30−32

Though there have been a large number of metal complexes
reported along with their pharmacological properties, any
attempt made to explain the factors that are responsible or
affect their activity is relatively less existent. In this regard, we
have recently found and reported that the N(4)-phenyl
substitution not only altered the mode of coordination of 2-
oxo-1,2-dihydroquinoline-3-carbaldehyde thiosemicarbazone
but also enhanced the activities such as protein binding, radical
scavenging, and cytotoxicity of its Cu(II) complex.32 Moreover,
only a little attention has been paid to the coordination
chemistry of copper(II) with 2-oxo-quinoline-3-carbaldehyde
Schiff base ligands recently. These Cu(II) complexes have been
shown to have interesting pharmacological properties such as

DNA binding, DNA cleavage, protein binding, antioxidation,
and cytotoxicity.33−36 And also, no attempts were made to
explore the biological properties of 2-oxo-1,2-dihydroquinoline-
3-carbaldehyde semicarbazones and their metal complexes. All
of the above facts have stimulated our interest in the present
work on synthesizing the new ligand, 2-oxo-1,2-dihydroquino-
line-3-carbaldehyde semicarbazone, and its N(4)-phenyl
derivative to better understand their coordination behavior
toward Cu(II) ions and to evaluate the biological properties of
the resulted Cu(II) complexes. The synthetic routes of the
ligands and the Cu(II) complexes are shown in Scheme 1.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All starting precursors were of

analytical grade, and double-distilled water was used throughout the
experiments. 2-Oxo-1,2-dihydroquinoline-3-carbaldehyde was pre-
pared according to the literature procedure.37 The reagents and
solvents were purchased commercially and used without further
purification unless otherwise noted. Calf thymus DNA (CT-DNA),
bovine serum albumin (BSA), and ethidium bromide (EB) were
obtained from Sigma-Aldrich and used as received. Elemental analyses
(C, H, N) were performed on Vario EL III Elemental Analyzer
instrument. IR spectra (4000−400 cm−1) were recorded on a Nicolet
Avatar Model FT-IR spectrophotometer. 1H NMR spectra of the
ligands were recorded on a Bruker AMX 500 at 500 MHz. Melting
points (Mp) of the compounds were determined with a Lab India
instrument. Electronic absorption spectra were recorded using a Jasco
V-630 spectrophotometer. Emission spectra were measured with a
Jasco FP 6600 spectrofluorometer. The EPR spectra were recorded on
a Bruker spectrometer operating at the X-band using 100 kHz
magnetic field modulation. Solid state magnetic susceptibility
measurements were carried out at room temperature on a Faraday
balance calibrated using mercury(II) tetrathiocyanatocobaltate(II) as a
calibrant under a magnetic field of 1.0 T. Diamagnetic corrections
were estimated from Pascal tables.38 Molar conductivity (ΛM)
measurements have been carried out on a Systronic conductivity
bridge with a dip-type cell, using 1 mM solution of complexes in 5%
aqueous DMSO.
Preparation of the Ligands. 2-Oxo-1,2-dihydroquinoline-3-

carbaldehyde Semicarbazone (OQsc-H; 1). Semicarbazide hydro-
chloride (1.12 g, 0.01 mol) dissolved in warm methanol (50 mL) was
added to a methanol solution (50 mL) containing 1.73 g (0.01 mol) of
2-oxo-1,2-dihydroquinoline-3-carbaldehyde. The mixture was refluxed
for 30 min, during which a pale yellow precipitate was formed. The
reaction mixture was then cooled to room temperature, and the solid
compound was filtered off. It was then washed with methanol and
dried under vacuum conditions. Yield = 89%. Mp: 287 °C. Anal. Calcd
for C11H10N4O2: C, 57.39; H, 4.38; N, 24.34%. Found: C, 57.41; H,
4.38; N, 24.31%. IR (KBr disks, cm−1): 3173(ms) ν(NH); 1648(s)
ν(CO); 1576(s) ν(CN). UV−visible (solvent, 5% DMSO and

Scheme 1. Preparation Routes of the Ligands (1, 2) and Copper(II) Complexes (3, 4, and 5)
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95% Tris−HCl buffer, nm) (ε, M−1 cm−1): 318 (18000); 355 (19464).
1H NMR (DMSO−D6, ppm): 11.92 (s, 1H, N(3)H); 11.43 (s, 1H,
N(1)H); 8.59 (s, 1H, C(1)H); 8.07 (s, 1H, C(6)H); 7.63−7.65 (d,
1H, C(10)H); 7.46−7.51 (t, 1H, C(9)H); 7.29−7.31 (d, 1H, C(7)H);
7.17−7.22 (t, 1H, C(8)H); 6.56 (s, 2H, N(4)H2).

2-Oxo-1,2-dihydroquinoline-3-carbaldehyde N-Phenylsemicar-
bazone (OQsc-Ph; 2). Compound 2 was prepared using the same
procedure as described for 1 using 1.88 g (0.01 mol) of 4-
phenylsemicarbazide hydrochloride and 1.73 g (0.01 mol) of 2-oxo-
1,2-dihydroquinoline-3-carbaldehyde. The yellow compound obtained
was separated. Yield = 91%. Mp: 306 °C. Anal. Calcd for C17H14N4O2:
C, 66.66; H, 4.61; N, 18.29%. Found: C, 66.59; H, 4.65; N, 18.31%. IR
(KBr disks, cm−1): 3374(ms) ν(NH); 1657(s) ν(CO); 1538(s)
ν(CN). IR (solvent, 5% DMSO and 95% Tris−HCl buffer, nm; ε,
M−1 cm−1): 362 (19356). 1H NMR (DMSO−D6, ppm): 11.99 (s, 1H,
N(3)H); 10.93 (s, 1H, N(2)H); 8.93 (s, 1H, N(4)H); 8.75 (s, 1H,
C(1)H); 8.20 (s, 1H, C(6)H); 7.01−7.73 (m, 9H, aromatic). Yellow
colored single crystals suitable for X-ray diffraction studies were
obtained from slow evaporation of a solution of 2 in a DMF/methanol
mixture.
Synthesis of Cu(II) Complexes. Complexes [CuCl2(OQsc-

H)]·H2O·CH3OH (3), [CuCl2(OQsc-Ph)(H2O)]·CH3OH (4), and
[CuNO3(OQsc-Ph)(H2O)]NO3·H2O·C2H5OH (5) were synthesized
by refluxing an equimolar amount of ethanolic solutions of appropriate
metal salts CuCl2·2H2O (85 mg, 0.5 mmol) or Cu(NO3)2·3H2O (121
mg, 0.5 mmol) with the methanolic solutions of respective ligands,
OQsc-H (1) (115 mg, 0.5 mmol) or OQsc-Ph (2) (153 mg, 0.5
mmol), for 30 min (Scheme 1). Green colored crystals suitable for X-
ray studies were obtained on slow evaporation of the reaction mixture
for several days in all three cases. They were filtered off, washed with
cold methanol, and dried under vacuum conditions.

Complex 3. Yield = 87%. Mp: 311 °C. Anal. Calcd for
C12H16Cl2CuN4O4: C, 34.75; H, 3.89; N, 13.51%. Found: C, 34.72;
H, 3.86; N, 13.49%. IR (KBr disks, cm−1): 3172(ms) ν(NH); 1638(s)

ν(CO); 1551(s) ν(CN). UV−visible (solvent, 5% DMSO and
95% Tris−HCl buffer, nm; ε, M−1 cm−1): 368 (23820). EPR (300K,
‘g’ value): 2.11 (solid), 2.09 (5% aq. DMSO). μ eff (300K): 1.73 μ B.
ΛM (S mol−1 cm2): 1.21.

Complex 4. Yield = 90%. Mp: 312 °C. Anal. Calcd for
C18H20Cl2CuN4O4: C, 44.05; H, 4.11; N, 11.41%. Found: C, 44.12;
H, 4.10; N, 11.46%. IR (KBr disks, cm−1): 3377(ms) ν(NH); 1630(s)
ν(CO); 1499(s) ν(CN). UV−visible (solvent, 5% DMSO and
95% Tris−HCl buffer, nm; ε, M−1 cm−1): 372 (23700). EPR (300K,
‘g’ value): 2.15 (solid), 2.17 (5% aq. DMSO). μ eff (300K): 1.69 μ B.
ΛM (S mol−1 cm2): 0.76.

Complex 5. Yield = 88%. Mp: 316 °C. Anal. Calcd for
C19H24CuN6O11: C, 39.62; H, 4.20; N, 14.59%. Found: C, 39.71; H,
4.18; N, 14.58%. IR (KBr disks, cm−1): 3373(ms) ν(NH); 1633(s)
ν(CO); 1510(s) ν(CN). UV−visible (solvent, 5% DMSO and
95% Tris−HCl buffer, nm; ε, M−1 cm−1): 395 (23152). EPR (300K,
‘g’ value): 2.19 (solid), 2.14 (5% aq. DMSO). μ eff (300K): 1.71 μ B.
ΛM (S mol−1 cm2): 103.52.
Single Crystal X-Ray Diffraction Studies. Single-crystal X-ray

diffraction data of compounds 2·CH3OH, 3, 4, and 5 were collected
on BRUKER GADDS 1000 X-ray (three-circle) diffractometer.
Integrated intensity information for each reflection was obtained by
reduction of the data frames with the program APEX2.39 In 3, the
thermal ellipsoid of C50 was elongated, suggesting disorder. Efforts to
model this disorder did not decrease the reliability factors; hence C50
and O51 were restrained to have the same thermal ellipsoids. In 5,
thermal parameters of O4, O6, and O30 were found elongated,
suggesting disorder. While the disorder in O6 was successfully
modeled, two other oxygen atoms were not effective (trials of disorder
on O4 and O30 not only increased the number of parameters and
restraints but also did not improve on the reliability factors; also the
thermal ellipsoids remained elongated in the disordered model).
Hydrogen atoms attached to N and O were located from the Fourier
difference maps and were set riding on the respective parent atom. All

Table 1. Experimental Data for Crystallographic Analyses

compound 2·CH3OH 3 4 5

empirical formula C18H18N4O3 C12H16Cl2CuN4O4 C18H20Cl2CuN4O4 C19H24CuN6O11

fw 338.36 414.73 490.82 575.98
temp (K) 110(2) 110(2) 110(2) 110(2)
wavelength (Å) 1.5418 1.54178 0.71073 0.71073
cryst syst monoclinic monoclinic orthorhombic orthorhombic
space group P2(1)/c C2/c Pccn P2(1)2(1)2(1)
unit cell dimensions
a (Å) 16.1489(9) 19.295(4) 29.236(15) 8.2583(13)
b (Å) 5.5421(3) 10.3068(16) 10.077(5) 11.2714(17)
c (Å) 22.5087(13) 17.634(4) 13.690(7) 25.413(4)
α (deg) 90 90 90 90
β (deg) 126.698(3) 118.340(19) 90 90
γ (deg) 90 90 90 90
volume (Å3) 1615.22(16) 3086.4(10) 4033(4) 2365.5(6)
Z 4 8 8 4
density(calcd) (Mg/m3) 1.391 1.785 1.617 1.617
abs. coeff. (mm−1) 0.801 5.430 1.381 0.996
F(000) 712 1688 2008 1188
cryst size (mm3) 0.50 × 0.06 × 0.06 0.20 × 0.06 × 0.03 0.50 × 0.40 × 0.20 0.33 × 0.18 × 0.10
θ range for data collection (deg) 3.41 to 60.00 5.02 to 59.99 1.39 to 27.50 1.60 to 27.50
reflns collected 14419 5788 43011 27333
independent reflns 2326 [R(int) = 0.0545] 2144 [R(int) = 0.0547] 4605 [R(int) = 0.0683] 5402 [R(int) = 0.0362]
absorption correction semiempirical from equivalents
max. and min transmission 0.9535 and 0.6902 0.8541 and 0.4098 0.7697 and 0.5451 0.9105 and 0.7347
refinement method full-matrix least-squares on F 2

data/restraints/params 2326/0/227 2144/0/204 4605/0/263 5402/0/345
goodness-of-fit on F 2 0.965 0.954 1.052 1.039
final R indices [I > 2σ(I)] R1 = 0.0367, wR2 = 0.0899 R1 = 0.0482, wR2 = 0.1269 R1 = 0.0338, wR2 = 0.0846 R1 = 0.0261, wR2 = 0.0685
R indices (all data) R1 = 0.0471, wR2 = 0.0940 R1 = 0.0663, wR2 = 0.1359 R1 = 0.0405, wR2 = 0.0886 R1 = 0.0281, wR2 = 0.0696
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non-hydrogen atoms were refined with anisotropic thermal parame-
ters. The structures were refined (weighted least-squares refinement
on F2) to convergence.40 Relevant data concerning data collection and
details of structure refinement are summarized in Table 1.
DNA Binding Studies. All of the experiments involving the

binding of compounds with CT-DNA were carried out in double
distilled water with tris(hydroxymethyl)-aminomethane (Tris, 5 mM)
and sodium chloride (50 mM) and adjusted to pH 7.2 with
hydrochloric acid. A solution of CT-DNA in the buffer gave a ratio
of UV absorbance of about 1.9 at 260 and 280 nm, indicating that the
DNA was sufficiently free of protein. The DNA concentration per
nucleotide was determined by absorption spectroscopy using the
molar extinction coefficient value of 6600 M−1 cm−1 at 260 nm. The
compounds were dissolved in a mixed solvent of 5% DMSO and 95%
Tris−HCl buffer for all of the experiments. Absorption titration
experiments were performed with a fixed concentration of the
compounds (25 μM) while gradually increasing the concentration of
DNA (5−25 μM). While measuring the absorption spectra, an equal
amount of DNA was added to both the test solution and the reference
solution to eliminate the absorbance of DNA itself. The same
experimental procedure was followed for emission studies also. The
emission spectra were monitored by keeping the excitation of the test
compounds at 380 nm. EB-DNA experiments were conducted by
adding our compounds to the Tris-HCl buffer of EB-DNA. The
change in the fluorescence intensity was recorded. The excitation and
the emission wavelengths were 515 and 607 nm, respectively.
DNA Cleavage Experiment. The cleavage of DNA was

monitored using agarose gel electrophoresis. Supercoiled pBR322
DNA (100 μM) in 5% DMSO and 95% Tris buffer (5 mM, pH 7.2)
with 50 mM NaCl was incubated at 37 °C in the absence and presence
of compounds. The DNA, compound, and sufficient buffer were
premixed in a vial, and the reaction was allowed to proceed for 2 h at
37 °C before the addition of ethylene glycol and loading onto an
agarose gel. Agarose gel electrophoresis of plasmid DNA was
performed at 50 V in 1% slab gels containing 0.5 μg mL−1 ethidium
bromide in Tris buffer. DNA was visualized by photographing the
fluorescence of intercalated ethidium bromide under a UV illuminator.
The cleavage efficiency was measured by determining the ability of the
compounds to convert the supercoiled (SC) DNA to the nicked
circular (NC) form and linear circular (LC) form. After electro-
phoresis, the proportion of DNA in each fraction was estimated
quantitatively from the intensities of the bands using the ALPHA
IMAGERTM 2200 Gel Documentation System. The fraction of the
original supercoiled DNA converted to NC and LC at the end of the
reaction was calculated.
Protein Binding Studies. The excitation wavelength of BSA at

280 nm and the emission at 345 nm were monitored for the protein
binding studies. The excitation and emission slit widths and scan rates
were maintained constant for all of the experiments. A stock solution
of BSA was prepared in 50 mM phosphate buffer (pH = 7.2) and
stored in the dark at 4 °C for further use. A concentrated stock
solution of the compounds was prepared as mentioned for the DNA
binding experiments, except that the phosphate buffer was used
instead of a Tris-HCl buffer for all of the experiments. Titrations were
manually done by using a micropipet for the addition of the
compounds. For synchronous fluorescence spectra also, the same
concentrations of BSA and the compounds were used, and the spectra
were measured at two different Δλ values (difference between the
excitation and emission wavelengths of BSA), such as 15 and 60 nm.
Antioxidant Assays. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)

radical scavenging activity of the compounds was measured according
to the method of Blois.41 The DPPH radical is a stable free radical
having a λmax at 517 nm. A fixed concentration of the experimental
compound was added to a solution of DPPH in methanol (125 μM, 2
mL), and the final volume was made up to 4 mL with double distilled
water. The solution was incubated at 37 °C for 30 min in the dark.
The decrease in absorbance of DPPH was measured at 517 nm.
The hydroxyl radical scavenging activity of the compounds has been

investigated using the Nash method.42 In vitro hydroxyl radicals were
generated with the Fe3+/ascorbic acid system. The detection of

hydroxyl radicals was carried out by measuring the amount of
formaldehyde formed from the oxidation reaction with DMSO. The
formaldehyde produced was detected spectrophotometrically at 412
nm. A mixture of 1.0 mL of an iron−EDTA solution (0.13% ferrous
ammonium sulfate and 0.26% EDTA), 0.5 mL of EDTA solution
(0.018%), and 1.0 mL of DMSO (0.85% DMSO (v/v) in 0.1 M
phosphate buffer, pH 7.4) was sequentially added in the test tubes
containing test solutions. The reaction was initiated by adding 0.5 mL
of ascorbic acid (0.22%) and incubated at 80−90 °C for 15 min in a
water bath. After incubation, the reaction was terminated by the
addition of 1.0 mL of ice-cold trichloroacetic acid (17.5% w/v).
Subsequently, 3.0 mL of Nash reagent was added to each tube and left
at room temperature for 15 min. The intensity of the color formed was
measured spectrophotometrically at 412 nm against a reagent blank.

The assay of nitric oxide scavenging activity was based on the
method43 where sodium nitroprusside in aqueous solution at
physiological pH spontaneously generates nitric oxide, which interacts
with oxygen to produce nitrite ions that can be estimated using the
Greiss reagent. Scavengers of nitric oxide compete with oxygen,
leading to reduced production of nitrite ions. For the experiment,
sodium nitroprusside (10 mM) in phosphate buffered saline was
mixed with a fixed concentration of the compound and incubated at
room temperature for 150 min. After the incubation period, 0.5 mL of
the Griess reagent containing 1% sulfanilamide, 2% H3PO4, and 0.1%
N-(1-naphthyl) ethylenediamine dihydrochloride was added. The
absorbance of the chromophore formed was measured at 546 nm.

The superoxide anion radical scavenging assay was based on the
capacity of the compounds to inhibit formazan formation by
scavenging the superoxide radicals generated in a riboflavin−light−
nitroblue tetrazolium system.44 Each 3 mL reaction mixture contained
50 mM sodium phosphate buffer (pH 7.6), 20 μg of riboflavin, 12 mM
EDTA, 0.1 mg of nitroblue tetrazolium, and 1 mL of test solution
(20−100 μg/mL). The reaction was started by illuminating the
reaction mixture with different concentrations of the compounds for
90 s. Immediately after illumination, the absorbance was measured at
590 nm. The entire reaction assembly was enclosed in a box lined with
aluminum foil. Identical tubes with the reaction mixture kept in the
dark served as blanks.

For the above four assays, all of the tests were run in triplicate, and
various concentrations of the compounds were used to fix a
concentration at which the compounds showed in and around 50%
of activity. In addition, the percentage of activity was calculated using
the formula, % of suppression ratio = [(A0 − AC)/A0] × 100. A0 and
AC are the absorbance in the absence and presence of the tested
compounds, respectively. The 50% activity (IC50) can be calculated
using the percentage of activity.

In Vitro Anticancer Activity Evaluation by MTT Assays.
Cytotoxicity studies of the compounds along with cisplatin were
carried out on human cervical cancer cells (HeLa), human laryngeal
epithelial carcinoma cells (HEp-2), human skin cancer cells (A431),
human liver carcinoma cells (Hep G2), and NIH 3T3 normal cells
(mouse embryonic fibroblasts), which were obtained from National
Centre for Cell Science, Pune, India. Cell viability was carried out
using the MTT assay method.45 The HeLa, HEp-2, A431, and Hep G2
cells were grown in Eagles minimum essential medium containing 10%
fetal bovine serum (FBS), while NIH 3T3 fibroblasts were grown in
Dulbeccos modified Eagles medium (DMEM) containing 10% FBS.
For the screening experiment, the cells were seeded into 96-well plates
in 100 μL of the respective medium containing 10% FBS, at a plating
density of 10 000 cells/well, and incubated at 37 °C, under conditions
of 5% CO2, 95% air, and 100% relative humidity for 24 h prior to the
addition of compounds. The compounds were dissolved in DMSO
and diluted in the respective medium containing 1% FBS. After 24 h,
the medium was replaced with the respective medium with 1% FBS
containing the compounds at various concentrations and incubated at
37 °C under conditions of 5% CO2, 95% air, and 100% relative
humidity for 48 h. Triplication was maintained, and the medium not
containing the compounds served as the control. After 48 h, 10 μL of
MTT (5 mg/mL) in phosphate buffered saline (PBS) was added to
each well and incubated at 37 °C for 4 h. The medium with MTT was
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then flicked off, and the formed formazan crystals were dissolved in
100 μL of DMSO. The absorbance was then measured at 570 nm
using a microplate reader. The percentage of cell inhibition was
determined using the following formula, and a graph was plotted with
the percentage of cell inhibition versus concentration. From this, the
IC50 value was calculated: % inhibition = [mean OD of untreated cells
(control)/mean OD of treated cells (control)] × 100

■ RESULTS AND DISCUSSIONS

Synthesis and Chacterization. The ligands 1 and 2 were
synthesized from the condensation reaction of 2-oxo-1,2-
dihydroquinoline-3-carbaldehyde with hydrochloride salt of
semicarbazide or 4-phenylsemicarbazide in a methanol medium
as described in the Experimental Section. The structures of the
ligands were confirmed by elemental analysis, IR and 1H NMR
(spectral techniques), and single crystal X-ray studies.
Corresponding copper(II) complexes were obtained by the
direct reaction of the ligand (1 or 2) with copper(II) salts,
CuCl2·2H2O or Cu(NO3)2·3H2O, in a mixture of methanol and
ethanol under reflux conditions, as mentioned in Scheme 1
(under the Experimental Section). Single crystals of the new
copper(II) complexes were isolated by slow evaporation of the
respective reaction mixture for several days. The complexes
were obtained in a good yield and characterized by IR,
elemental analysis, UV−visible, fluorescence spectroscopy, and

EPR (see Experimental Section). All of the compounds are air-
stable for extended periods and remarkably soluble in
methanol, ethanol, DMF, and DMSO. Unlike, the other four
compounds, complex 5 is highly soluble in water. The
experimental μ eff values of 1.73, 1.69, and 1.71 μ B for
complexes 3, 4, and 5, respectively, revealed the presence of
a +2 oxidation state of copper. In the X-band EPR spectra of
the complexes at room temperature, a single isotropic
resonance with “g” value of 2.11 and 2.09 for 3, 2.15 and
2.17 for 4, and 2.19 and 2.14 for 5 appeared for the powdered
and for 5% aqueous DMSO solution of the complexes,
respectively, indicating that the Cu(II) complexes retained
their solid state structures in the aqueous solutions also.
Moreover, the molar conductivities of copper(II) complexes in
5% aqueous DMSO have also been measured to find the labile
nature of the coordinated chloride and nitrate in aqueous
solution. The conductance values measured (ΛM = 1.21 and
0.76 S mol−1 cm2 for 3 and 4, respectively) for 3 and 4 were too
low to account for any dissociation. Hence, the two Cu(II)
complexes 3 and 4 were considered nonelectrolytes and are
quite stable in aqueous solution. However, a ΛM of 103.52 S
mol−1 cm2 for 5 (103.52 S mol−1 cm2) showed that the
complex acts as a 1:1 electrolyte in aqueous solution. The

Figure 1. ORTEP diagram of 2·CH3OH. The thermal ellipsoids are drawn at 50% probability, and the methanol molecule has been omitted for
clarity.

Figure 2. ORTEP diagram of 3. The thermal ellipsoids are drawn at the 50% probability level. Methanol and water solvate molecules have been
omitted for clarity.
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structures of the new copper(II) complexes were finally
confirmed by single crystal X-ray crystallographic studies.
Crystallography. An ORTEP representation of 2 is shown

in Figure 1. The bond lengths and bond angles for 2·CH3OH
are given in Table S1 (Supporting Information). The
compound crystallizes in a monoclinic space group P21/c.
The oxygen (O1) atom and the hydrazine nitrogen N1 are in a
trans position with respect to the C11−N2 bond. The bond
distances in the semicarbazone side chain agree well with the
values observed for other semicarbazones where the C(11)
O(2) group is present in the keto form (1.2430(19) Å), and no
large charge delocalization was detected, as shown by the clean
double bond character of the C(1)−N(1) distance of 1.281(2)
Å. In the crystal structure of 2, though the molecule appears
planar, the dihedral angle between the quinoline ring and
phenyl ring is about of 8.52°, suggesting that the molecule has
slight distortion in its planarity. A molecule of solvated
methanol in the crystal lattice plays an important role in
making the dimeric form of 2 through hydrogen bonding
involving N2 and N3 nitrogen atoms and O1 and O2 oxygen
atoms of the of 2, along with the participation of oxygen (O31)
of the methanol molecule. And there is no other hydrogen
bonding between the dimeric units (Figure S1, Supporting
Information).

The perspective ORTEP view of 3 with an atom numbering
scheme is shown in Figure 2. Selected bond lengths and angles
are summarized in Table S1 (Supporting Information). OQsc-
H is coordinated to the copper ion in a neutral manner via
ONO donor atoms, and the rest of the two coordination sites
are occupied by chloride ions completing a square pyramidal
geometry around the Cu(II) ion in 3. A molecule of water and
methanol as solvate molecules were also found in the
asymmetric unit of the crystal lattice of 3. Analysis of the
shape determining angles α and β (the two largest angles
around a Cu(II) ion) yields a value for the trigonality index, τ
[τ = (α − β)/60], of 0.0842. According to it (τ = 0 and 1 for
perfect square pyramidal and trigonal bipyramidal geometries,
respectively), the geometry around Cu(II) can be described as a
slightly distorted square pyramid. The copper(II) ion lies at
about 0.187 Å above the average basal plane toward the axial
Cl2 atom. The dihedral angle between the mean planes of the
five-membered chelate ring and the six-membered one is 8.40°.
In addition, there is an appreciable Jahn−Teller effect
highlighted by an axial Cu−Cl2 distance (2.6473(18) Å)
significantly longer than that observed for equatorial Cu−Cl1
distance (2.2273(16) Å). Since the semicarbazone moieties
possess both the hydrogen bond donors as well as acceptors,
the species provide the possibility of forming hydrogen bonds
in the crystal. In fact, the crystal lattice of the complex showed a

Figure 3. ORTEP diagram of 4. The thermal ellipsoids are drawn at the 50% probability level, and the methanol molecule has been omitted for
clarity.

Figure 4. ORTEP diagram of 5. The thermal ellipsoids are drawn at the 50% probability level. The nitrate ion, water, and ethanol molecules have
been omitted for clarity.
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two-dimensional array in which each unit of the complex is
hydrogen bonded to the other involving N2, N3, and N4
nitrogen atoms; O2, O20, and O51 oxygen atoms; and the Cl1
and Cl2 chlorine atoms (Figure S2, Supporting Information).
The molecular structure of complex [CuCl2(OQsc-Ph)-

(H2O)]·CH3OH (4) together with the atom labeling scheme is
depicted in Figure 3. The selected bond lengths and bond
angles are listed in Table S1 (Supporting Information). The
crystal structure of 4 consists of discrete neutral [CuCl2(OQsc-
Ph)(H2O)] complex molecules and methanol solvate molecules
in which six donor atoms in an octahedral fashion (4 + 2)
surround the copper(II) ion in the complex. The basal plane is
made up from the O, N, and O atoms of the neutral tridentate
semicarbazone ligand OQsc-Ph and one chloride ion, while the
other chloride ion has taken one of the apical vertices; the
remaining apical vertex has been occupied by the oxygen of the
water molecule. The Cu(II) ion lies at about 0.086 Å slightly
above the average basal plane toward the apical chloride ion.
The dihedral angle between the mean planes of the five-
membered chelate ring and the six-membered one is 5.47°,
which ensures that the planarity of square should be
appreciable. The axial Cu−Cl2 bond length (2.7088(14) Å)
is significantly longer than that of the basal Cu−Cl1 bond
length (2.2395(9) Å), which can be ascribed to Jahn−Teller
distortion in 4. The molecular packing suggests that the
stabilization of the lattice must have been due to several
hydrogen bonds, mainly involving the N2, N3, N4, O20, O30,
Cl1, and Cl2 atoms (Figure S3, Supporting Information).
An ORTEP view of 5 together with the atom labeling

scheme is depicted in Figure 4. The crystal building of 5 is
made up of discrete monomeric entities containing a five-
coordinated Cu(II) ion and nitrate ions. The quinoline oxygen
and azomethine nitrogen together with the semicarbazide
oxygen from the ligand OQsc-Ph coordinated as a neutral
ONO chelating set form the basal plane. The fourth basal
position is occupied by oxygen of the water molecule. The
oxygen from a nitrate ion has taken the apical vertex. A slightly
disordered square pyramidal geometry around the central
copper cation has been observed, which is confirmed by the
value for the trigonality index (τ) of 0.0568. A nitrate ion, one
molecule of water, and ethanol have also been found in the
asymmetric unit of the crystal lattice of 5. The dihedral angle
between the mean planes of the five-membered chelate ring and
the six-membered one is 1.95°, which indicates that 5 has a
more planar basal plane around the Cu(II) ion than those of
complexes 3 and 4. The crystal packing diagram of 5 presents a

three-dimensional hydrogen-bond network, mainly involving
the N2, N3, N4, O5, O6, O21, O22, O23, O30, and O31 atoms
(Figure S4, Supporting Information).
It is to be noted that the free ligand OQsc-Ph shows that the

O1 and N1 atoms are in a trans position with respect to the
C11−N2 bond, but the rotation of 180° about the C11−N2
bond occurred in order to place the ONO functional groups on
the same side, so as to coordinate as tridentate in the complex
formation of 4 and 5. In addition, the dihedral angle between
the quinoline ring and the mean plane of the five- and six-
membered chelate ring has been found to be 6.94, 6.26, and
0.63° for 3, 4, and 5, respectively, which clearly suggested that
the phenyl substitution at the N(4) position increases the
planarity of the resulting Cu(II) complexes of 4 and 5. The
selected bond distances and bond angles of compounds 2−5
are given in Table S1 (Supporting Information) and agree well
with those in related copper(II) complexes.33−36

CCDC 842872, CCDC 795275, CCDC 795276, and CCDC
842873 contain the supplementary crystallographic data for
2·CH3OH, 3, 4, and 5, respectively. The data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, U.K.; fax (+44)1223−336−
033 or e-mail deposit@ccdc.cam.uk).
DNA Binding Properties. It is a well-known fact that

DNA is the primary pharmacological target of many antitumor
compounds, and hence, the interaction between DNA and
metal complexes is of paramount importance in understanding
the mechanism. Thus, the mode and propensity for binding of
compounds 1−5 to CT-DNA were studied with the aid of
different techniques.
Absorption Spectral Studies. Electronic absorption spec-

troscopy is one of the most common ways to investigate the
interaction of compounds with DNA. A compound binding to
DNA through intercalation usually results in hypochromism
with or without a small red or blue shift, due to the intercalative
mode involving a strong stacking interaction between the
planar aromatic chromophore and the base pairs of DNA.33,34

The extent of hypochromism is commonly consistent with the
strength of the intercalative binding interaction. The absorption
spectral traces of compounds 1−5 (25 μM) with an increasing
concentration of CT-DNA (0−25 μM) are shown in Figure
S5A and B (Supporting Information), Figure 5A, Figure S5C
(Supporting Information), and Figure 5B, respectively. Upon
incremental additions of DNA to the test compounds, the
following changes were observed. In the presence of DNA, the

Figure 5. Changes in the electronic absorption spectra of 3 (A) and 5 (B) (25 μM) with increasing concentrations (0−25 μM) of CT-DNA. The
inset shows a fitting of the absorbance data used to obtain the binding constants.
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absorption bands of OQsc-H (1) exhibited a hypochromism of
about 33.2% and 32.1% with a hypsochromic shift of 2 and 1
nm, respectively, at 318 and 355 nm, whereas the absorption
band of 2 at 362 nm exhibited the same phenomenon of
hypochromism of about 37.5% with a hypsochromic shift of
about 2 nm. However, complexes 3 at 368 nm, 4 at 372 nm,
and 5 at 395 nm exhibited a hypochromism of about 55.5%,
65.4%, and 71.4% with a hypsochromic shift of 3, 3, and 5 nm,
respectively. These results suggested an intimate association of
the test compounds with CT-DNA, and it is also likely that
these compounds bind to the DNA helix via intercalation.33,36

After the compounds intercalate to the base pairs of DNA, the
π* orbital of the intercalated compounds could couple with π
orbitals of the base pairs, thus decreasing the π→ π* transition
energies, hence resulting in hypochromism.36 The complexes
(3−5) showed more hypochromicity than the ligands (1 and
2), indicating that the binding strength of the copper(II)
complexes is much stronger than that of the free ligands. In
order to compare quantitatively the binding strength of the
compounds, the intrinsic binding constants (Kb) of them with
CT-DNA were determined from the following equation:

where [DNA] is the concentration of DNA in base pairs and
the apparent absorption coefficient ε a, ε f, and ε b correspond to
Aobs/[compound], the extinction coefficient of the free
compound, and the extinction coefficient of the compound
when fully bound to DNA, respectively. The plot of [DNA]/
(ε a− ε f) versus [DNA] gave a slope and intercept which are
equal to 1/(ε b − ε f) and 1/Kb(ε b − ε f), respectively; Kb is the
ratio of the slope to the intercept. The magnitudes of intrinsic
binding constants (Kb) were calculated to be 2.28(±0.11) ×
104 M−1, 4.92(±0.09) × 104 M−1, 2.98(±0.13) × 105 M−1,
4.08(±0.10) × 105 M−1, and 6.72(±0.17) × 105 M−1 for
compounds 1, 2, 3, 4, and 5, respectively. The observed values
of Kb revealed that the ligands and the Cu(II) complexes bind

to DNA via the intercalative mode.8,33,35 From the results
obtained, it has been found that complex 5 strongly bound with
CT-DNA relative to that with 4 and 3, and the order of binding
affinity is 3 < 4 < 5. From the electronic absorption studies,
though it has been found that the compounds can bind to DNA
by intercalation, the binding mode needs to be proved through
some more experiments.
Fluorescence Spectral Studies. To further confirm the

interaction between the test compounds and CT-DNA,
emission experiments were carried out. The results of
fluorescence titration spectra have also been confirmed to be
effective for characterizing the binding mode of the metal
complexes to DNA.33 Compounds 1−5 exhibited weak
luminescence in the Tris−HCl buffer with a maximum
wavelength of about 435, 439, 437, 430, and 468 nm,
respectively, when excited at 380 nm. The results of the
emission titration for the ligands and its corresponding Cu(II)
complexes with CT-DNA that are illustrated in the titration
curves are shown in Figure 6.
An increase in DNA concentration increases the emission

intensity of the compounds. Upon incremental additions of
CT-DNA, the emission intensity of ligands 1 and 2 at 435 and
439 nm increased by around 1.49 and 1.74 times, respectively,
in comparison to the same in the absence of DNA, whereas
with their corresponding complexes 3, 4, and 5 at 437, 430, and
468 nm, the intensities were increased by around 2.12, 2.95,
and 3.62 times, respectively. This phenomenon is related to the
extent to which the compound penetrates into the hydrophobic
environment inside the DNA, thereby avoiding the quenching
effect of solvent water molecules. The binding of free ligands
and complexes to CT-DNA leads to a marked increase in the
emission intensity, which also agrees with those observed for
other intercalators.33,34,36 These results showed that the
complexes bound more strongly than the free ligands. The
higher binding affinity of the Cu(II) complexes is attributed to
the extension of the π system of the intercalated ligand due to
the coordination with the Cu(II) ion. Since the complexes have
greater planar area than that of the free ligand, the complexes

Figure 6. Emission enhancement spectra of compounds 1 (A), 2 (B), 3 (C), 4 (D), and 5 (E) (25 μM) in the presence of increasing amounts of
CT-DNA (0, 5, 10, 15, 20, 25 μM; subsequent spectra). The arrow shows the emission intensity increases upon increasing the DNA concentration.
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penetrate more deeply into and stack more strongly with the
base pairs of the DNA.
Competitive Binding between Ethidium Bromide and

Compounds 1−5 for CT-DNA. Steady-state competitive
binding experiments using compounds 1, 2, 3, 4, and 5 as
quenchers were undertaken to get final proof for the binding of
the compounds to DNA via intercalation. Ethidium bromide
(EB) is a planar cationic dye which is widely used as a sensitive
fluorescence probe for native DNA. EB emits intense
fluorescent light in the presence of DNA due to its strong
intercalation between the adjacent DNA base pairs. The
displacement technique is based on the decrease of
fluorescence resulting from the displacement of EB from a
DNA sequence by a quencher, and the quenching is due to the
reduction of the number of binding sites on the DNA that are
available to the EB. The fluorescence quenching spectra of
DNA-bound EB by compounds 1, 2, 3, 4, and 5 shown in
Figure 7 illustrate that, as the concentration of the compounds
increases, the emission band at 602 nm exhibited hypochrom-
ism up to 35.5, 41.2, 47.4, 60.8, and 69.1% of the initial
fluorescence intensity for 1, 2, 3, 4, and 5, respectively. The
observed decrease in the fluorescence intensity clearly indicates
that the EB molecules are displaced from their DNA binding
sites and are replaced by the compounds under investigation.46

Quenching data were analyzed according to the following
Stern−Volmer equation:

where I0 is the emission intensity in the absence of a quencher,
I is the emission intensity in the presence of a quencher, Kq is
the quenching constant, and [Q] is the quencher concentration.
The Kq value is obtained as a slope from the plot of I0/I

versus [Q]. The quenching plots illustrate that the quenching
of EB bound to CT-DNA by free ligands and the copper(II)
complexes are in good agreement with the linear Stern−Volmer
equation. In the Stern−Volmer plots of I0/I versus [Q] (Figure

7F), the Kq values for 1, 2, 3, 4, and 5 were found to be
1.78(±0.19) × 104 M−1, 2.52(±0.15) × 104 M−1, 8.32(±0.21)
× 104 M−1, 3.94(±0.24) × 105 M−1, and 8.96(±0.33) × 105

M−1, respectively. Further, the apparent binding constant (Kapp)
values obtained for the compounds using the following
equation

(where the compound concentration has the value at a 50%
reduction of the fluorescence intensity of EB, KEB = 1.0 × 107

M−1 and [EB] = 5 μM) were found to be 2.17(±0.14) × 104

M−1, 4.53(±0.29) × 104, 2.91(±0.23) × 105 M−1, 4.12(±0.16)
× 105 M−1, and 6.67(±0.21) × 105 M−1 respectively for 1, 2, 3,
4, and 5, respectively. These data suggested that the interaction
of the copper(II) complexes with CT-DNA is stronger than
that of the free ligand, which is consistent with the above
absorption and emission spectral observations. Since these
changes indicate only one kind of quenching process, it may be
concluded that all of the compounds bind to CT-DNA via the
same mode. Furthermore, such quenching constants and
binding constants of the ligands and Cu(II) complexes suggest
that the interaction of all of the compounds with DNA should
be intercalation.33,34,36

On the basis of all of the spectroscopic studies, we concluded
that the free ligands and copper(II) complexes can bind to CT-
DNA in an intercalative mode and that the Cu(II) complexes
bind to CT-DNA more strongly than the free ligands. Among
the two ligands, the one which has relatively more planar area
and aromatic conjugation due to the presence of a phenyl ring
in the N(4) position of OQsc-Ph showed greater binding
affinity to DNA over the other ligand, OQsc-H. The same
phenomenon has also been used to obtain the reason for the
higher binding activity of complexes 4 and 5 over 3, because the
ligand coordinated as a neutral tridentate to Cu(II) in all three
complexes, whereas the cationic complex nature of 5 is likely to

Figure 7. Fluorescence quenching curves of ethidium bromide bound to DNA: 1 (A), 2 (B), 3 (C), 4 (D), and 5 (E). [DNA] = 5 μM, [EB] = 5 μM,
and [compound] = 0−20 μM. (F) Stern−Volmer plots of the fluorescence titrations of 1, 2, 3, 4, and 5.
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be the reason for the observed highest affinity of 5 with DNA
over 4.
DNA Cleavage Studies. To assess the DNA cleavage

ability of complexes 3−5, supercoiled (SC) pBR322 DNA was
incubated with two different concentrations of the compounds
in a 5 mM Tris-HCl/50 mM NaCl buffer at pH 7.2 for 2 h
without the addition of a reductant (Figure 8). Control

experiments showed that the ligands (OQsc-H and OQsc-Ph)
and copper salts (CuCl2·2H2O and Cu(NO3)2·3H2O) were
cleavage inactive. Upon gel electrophoresis, a concentration-
dependent DNA cleavage was observed for all of the
complexes; the SC DNA was converted into nicked circular
(NC) DNA and linear circular (LC) DNA. Complex 5 showed
greater DNA cleavage ability than the other two (3 and 4). In
the case of 5, when the concentration was increased from 10
μM to 20 μM, the production of the NC form of DNA was also
increased from 72.4% to 73.7%, whereas the production of the
LC form of DNA was increased from 15.1% to 18.1% (Figure
8). Similar types of cleavage behavior have also been observed
for complexes 3 and 4. The involvement of reactive oxygen
species (hydroxyl, superoxide, singlet oxygen, and hydrogen
peroxide) in the nuclease mechanism can be inferred by
monitoring the quenching of the DNA cleavage in the presence
of radical scavengers in solution. Complexes 3−5 did not show
inhibition of DNA cleavage in the presence of scavengers of
hydroxyl radicals (DMSO and mannitol), singlet oxygen
(sodium azide and L-histidine), and superoxide radical
scavengers (SOD). This indicates that the cleavage of DNA
probably follows a hydrolytic cleavage mechanism. In addition,
inhibition or promotion of DNA cleavage is not observed
appreciably under aerobic and anaerobic conditions. This
suggested that oxidative cleavage is not a factor. Hence, the
DNA cleavage observed here is expected to occur through a
hydrolytic process.47

Protein Binding Studies. Fluorescence Quenching of
BSA by Compounds 1−5. Qualitative analysis of the binding
of chemical compounds to BSA is usually detected by
inspecting the fluorescence spectra. Generally, the fluorescence
of BSA is caused by two intrinsic characteristics of the protein,
namely tryptophan and tyrosine. Changes in the emission
spectra of tryptophan are common in response to protein
conformational transitions, subunit associations, substrate
binding, or denaturation. Therefore, the intrinsic fluorescence
of BSA can provide considerable information on their structure
and dynamics and is often utilized in the study of protein
folding and association reactions. The interaction of BSA with
our compounds (1−5) was studied by fluorescence measure-
ment at room temperature. A solution of BSA (1 μM) was
titrated with various concentrations of the compound (0−50
μM). Fluorescence spectra were recorded in the range of 290−
450 nm upon excitation at 280 nm. The effects of the
compound on the fluorescence emission spectrum of BSA are
shown in Figure 9.
The addition of the above compounds to the solution of BSA

resulted in a significant decrease of the fluorescence intensity of
BSA at 345 nm, up to 45.7, 51.9, 65.5, 71.7, and 78.7% from the
initial fluorescence intensity of BSA accompanied by a
hypsochromic shift of 4, 5, 5, 4, and 5 nm for 1, 2, 3, 4, and
5, respectively. The observed blue shift is mainly due to the fact
that the active site in protein is buried in a hydrophobic
environment. This result suggested a definite interaction of all
of the compounds with the BSA protein.35,36

Quenching can occur by different mechanisms, which are
usually classified as dynamic quenching and static quenching;
dynamic quenching refers to a process in which the fluorophore
and the quencher come into contact during the transient
existence of the excited state. Static quenching refers to
fluorophore−quencher complex formation in the ground state.
A simple method to explore the type of quenching is UV−
visible absorption spectroscopy. UV−visible spectra of BSA in
the absence and presence of the compounds (Figure 10) show
that the absorption intensity of BSA was enhanced as the
compounds were added, and there was a little blue shift of
about 1, 1, 2, 2, and 3 for the compounds 1, 2, 3, 4, and 5,
respectively. It revealed that there exists a static interaction
between BSA and the added compounds due to the formation
of the ground state complex of the type of BSA-compound
reported earlier.48

To study the quenching process further, fluorescence
quenching data were analyzed with the Stern−Volmer equation
and Scatchard equation. The quenching constant (Kq) can be
calculated using the plot of I0/I versus [Q] (Figure 11A). If it is
assumed that the binding of compounds with BSA occurs at
equilibrium, the equilibrium binding constant can be analyzed
according to the Scatchard equation:

where Kbin is the binding constant of the compound with DNA
and n is the number of binding sites.
From the plot of log(I0 − I)/I versus log [Q] (Figure 11B),

the number of binding sites (n) and the binding constant (Kbin)
have been obtained. The calculated Kq, Kbin, and n values are
given in Table 2. The calculated value of n is around 1 for all of
the compounds, indicating the existence of just a single binding
site in BSA for all of the compounds. The values of Kq and Kbin
for all of the compounds suggested that the complexes interact
with BSA more strongly than the ligands. Among the three

Figure 8. Gel electrophoresis diagram showing the hydrolytic cleavage
of supercoiled pBR322 DNA by complexes 3−5 in 5% DMSO and
95% 5 mM Tris−HCl/50 mM NaCl buffer at pH 7.2 and 37 °C with
an incubation time of 2 h. Lane 1: control. Lanes 2 and 3: 3 (10 and 20
μM). Lanes 4 and 5: 4 (10 and 20 μM). Lanes 6 and 7: 5 (10 and 20
μM). Relative amounts of the different DNA forms present in each
lane are given in the lower part of the figure. Forms SC, NC, and LC
are supercoiled, nicked circular, and linear circular DNA, respectively.
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Cu(II) complexes, the cationic complex (5) has better
interaction with BSA than the other two neutral complexes
(3 and 4).
Characteristics of Synchronous Fluorescence Spec-

tra. To investigate the structural changes that occurred for

Figure 9. The emission spectrum of BSA (1 μM; λ exi = 280 nm; λ emi = 345 nm) in the presence of increasing amounts of compounds 1 (A), 2 (B),
and 3 (C) (0, 10, 20, 30, 40, and 50 μM). The arrow shows the fluorescence quenching upon increasing the concentrations of the compounds.

Figure 10. Absorption spectra of BSA (10 μM) and BSA with
compounds 1, 2, 3, 4, and 5 (3 μM).

Figure 11. Stern−Volmer plots (A) and Scatchard plots (B) of the fluorescence titration of 1, 2, 3, 4, and 5 with BSA.

Table 2. Quenching Constant (Kq), Binding Constant (Kbin),
and Number of Binding Sites (n) for the Interactions of
Compounds with BSA

compound Kq (M
−1) Kbin (M

−1) n

1 1.68(±0.09) × 104 4.85(±0.14) × 104 0.89
2 2.16(±0.11) × 104 7.76(±0.10) × 104 0.92
3 8.81(±0.10) × 104 4.18(±0.12) × 105 0.90
4 2.01(±0.13) × 105 8.31(±0.18) × 105 0.96
5 5.90(±0.19) × 105 2.63(±0.24) × 106 1.02
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BSA upon the addition of our compounds, synchronous
fluorescence spectra of BSA were measured before and after the
addition of test compounds to get valuable information on the
molecular microenvironment, particularly in the vicinity of the
fluorophore functional groups.49 According to Miller,50 in
synchronous fluorescence spectroscopy, the difference between
excitation and emission wavelength (Δλ = λ emi − λ exc) reflects
the spectra of a different nature of chromophores. If the Δλ
value is 15 nm, the synchronous fluorescence of BSA is
characteristic of tyrosine residue, whereas a larger Δλ value of
60 nm is characteristic of tryptophan.51

The synchronous fluorescence spectra of BSA with various
concentrations of test compounds were recorded at Δλ = 15
nm and Δλ = 60 nm and are shown in Figures 12 and 13,
respectively. In the synchronous fluorescence spectra of BSA at
Δλ = 15, the addition of the compounds to the solution of BSA
resulted in a small decrease of the fluorescence intensity of BSA
at 302 nm, up to 9.1 and 11.6% of the initial fluorescence
intensity of BSA for ligands 1 and 2, respectively, with no shift
in their emission wavelength maxima, but for complexes 3, 4,
and 5, the decrease in the intensity of the above mentioned
band of about 30.6, 40.7, and 54.2% from the initial

Figure 12. Synchronous spectra of BSA (1 μM) in the presence of increasing amounts of compounds 1 (A), 2 (B), 3 (C), 4 (D), and 5 (C) (0, 10,
20, 30, 40, and 50 μM) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity changes upon the increase in
concentration of the compounds.

Figure 13. Synchronous spectra of BSA (1 μM) in the presence of increasing amounts of compounds 1 (A), 2 (B), 3 (C), 4 (D), and 5 (C) (0, 10,
20, 30, 40, and 50 μM) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity changes upon the increase in
concentration of the compounds.
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fluorescence intensity of BSA was accompanied by a blue shift
of 2, 3, and 5 nm, respectively. At the same time, in the case of
synchronous fluorescence spectra of BSA at Δλ = 60, the
addition of the compounds to the solution of BSA resulted in a
significant decrease of the fluorescence intensity of BSA at 342
nm, up to 45.9, 52.1, 65.6, 75.2, and 78.7% of the initial
fluorescence intensity of BSA accompanied with a blue shift of
3, 4, 3, 5, and 5 nm for compounds 1, 2, 3, 4, and 5,
respectively. The synchronous fluorescence spectral studies
clearly suggested that the fluorescence intensity of tyrosine was
not affected much with an increasing concentration of the
ligands 1 and 2, but the significant decrease along with a blue
shift of fluorescence intensity of tryptophan has been observed.
The results suggest that the interaction of ligands (1 and 2)
with BSA affects the conformation of tryptophan only and not
the tyrosine microregion. In the case of Cu(II) semicarbazone
complexes 3, 4, and 5, the fluorescence intensities of both the
tryptophan and tyrosine were affected with an increasing
concentration of the complexes, which clearly indicated that the
interaction of complexes with BSA affects the conformation of
both the tryptophan and tyrosine microregions.
Overall, the results of BSA protein binding experiments of

our compounds revealed that the binding of compounds with
BSA is mainly due to the hydrophobic and electrostatic
interactions. The order of binding strength of the compounds
with BSA is found to be 5 > 4 > 3 > 2 > 1. This can explained
by the fact that the hydrophobicity of 2 having phenyl
substitution in its terminal nitrogen is greater than that of 1;
among the Cu(II) complexes, the complexes of N-phenyl
substituted semicarbazone (4 and 5) have more hydrophobicity
over that of complex 3. In the case of binding strength of 4 and
5, the electrostatic interaction has come into the picture; the
cationic nature of 5 clearly has an edge over the neutral
complex 4. So, the strong interaction between the compounds
and BSA suggested that these compounds can easily be stored
in protein and will be released in desired targets; moreover, it
could be interesting to study the pharmacological properties
such as antioxidation and cytotoxicity of the compounds
further.
Evaluation of Radical Scavenging Ability. Since the

experiments conducted so far revealed that the ligands and its
Cu(II) complexes exhibit good DNA and protein binding
affinity, it is considered worthwhile to study the antioxidant
activity of these compounds. The antioxidant properties of
quinoline derivatives have attracted a lot of interest and have
been extensively investigated, mainly in the in vitro systems.52,53

The radical scavenging activities of our compounds along with
standards such as butylated hydroxyanisole (BHA) and
butylated hydroxytoluene (BHT) in a cell free system have
been examined with reference to hydroxyl radicals (OH•),
DPPH radicals (DPPH•), nitric oxide (NO), and superoxide
anion radicals (O2

−•), and their corresponding IC50 values have
been tabulated in Table 3. It is to be noted that no significant
radical scavenging activities were observed in all of the
experiments carried out with CuCl2 and Cu(NO3)2, even up
to 1.0 mmol of concentration under the same experimental
conditions. The IC50 values (Table 3) indicated that the
compounds showed antioxidant activity in the order of 5 > 4 >
3 > 2 > 1 in all of the experiments. In general, the O2

−•

scavenging power of the tested compounds was the greatest,
and the NO scavenging was the least. The ligands (1 and 2)
displayed almost comparable radical scavenging activity with
respect to standard antioxidants (BHA and BHT) except in the

case of DPPH•. But the three Cu(II) complexes exhibited
nearly 5 to 100 times higher activity when compared to their
corresponding ligands as well as the standards, which clearly
indicated that the Cu(II) chelation plays a vital role in
determining the antioxidative properties. Among the three
Cu(II) complexes having the neutral ONO coordinated ligand,
the more electron withdrawing nature and the planarity of the
phenyl group should be the reason for the superior activity of 4
and 5 over 3, whereas the highest activity for 5 might be due to
the cationic nature of the square pyramidal complex (5) over
the neutral octahedral complex (4).

In Vitro Cytotoxic Activity Evaluation of the Com-
pounds. The positive results obtained from the previous
biological studies, namely, DNA binding and cleavage, BSA
binding, and antioxidative studies for compounds 1, 2, 3, 4, and
5, encouraged us to test their cytotoxicity against a panel of
human cancer cell lines, human cervical cancer cells (HeLa),
human laryngeal epithelial carcinoma cells (HEp-2), human
skin cancer cells (A431), human liver carcinoma cells (Hep
G2), and normal NIH 3T3 cells (mouse embryonic fibroblasts
cells). Compounds were dissolved in DMSO, and blank
samples containing same volume of DMSO were taken as
controls to identify the activity of the solvent in this cytotoxicity
experiment. Cisplatin was used as a positive control to assess
the cytotoxicity of the test compounds. The results were
analyzed by means of cell inhibition expressed as IC50 values
and are shown in Table 4. It is to be noted that the ligands and
the Cu(II) salts did not show any significant activity even up to
a 500 μM concentration on all of the cells, which confirmed the
chelation of the ligand with the Cu(II) ion being the only
responsible factor for the observed cytotoxic properties of the
new complexes. The IC50 values for 5 demonstrated a much
higher inhibitory effect than that of 3 and 4. The results of in
vitro cytotoxic activity studies have also indicated that the IC50
value of three Cu(II) complexes against NIH 3T3 mouse
embryonic fibroblasts (normal cells) is found to be above 250
μM, which confirmed that the complexes are very specific on
cancer cells. In all of the cases, the activity of the three
complexes has been found to be significantly lower than that of
the well-known anticancer drug cisplatin. In general, Table 4
indicates that the three complexes have more cytotoxic
specificity on human skin cancer cells over the other three
cancer cells. Surprisingly, on comparison of the IC50 value of 5
with that of cisplatin against A431, the inhibitory activity of 5
against A431 is about three times higher than that of cisplatin.
The Cu(II) complexes which possess superior cytotoxic
properties over the ligands may be attributed to the extended
planar structure induced by the π → π* conjugation resulting
from the chelating of the Cu(II) with the ligand. The overall
cytotoxic behavior of the complexes is very similar to that of the

Table 3. IC50 Values (in μM) Calculated from Various
Radical Scavenging Assays of the Compounds (1, 2, 3, 4, and
5) and Standards (BHA and BHT)

compound OH• NO DPPH• O2
−•

1 321 ± 12 581 ± 5 161 ± 5 151 ± 8
2 273 ± 6 497 ± 9 123 ± 7 112 ± 3
3 49.8 ± 0.9 108 ± 3 48.9 ± 1.4 26.1 ± 1.5
4 19.2 ± 1.1 21.4 ± 0.7 10.3 ± 0.3 8.37 ± 0.14
5 8.23 ± 0.11 7.97 ± 0.16 5.21 ± 0.45 2.58 ± 0.97
BHA 315 ± 9 623 ± 10 9.89 ± 0.52 299 ± 7
BHT 277 ± 5 722 ± 9 9.17 ± 0.71 281 ± 9
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DNA binding activity by them discussed earlier, indicating
better activity for 5.

■ CONCLUSION

The new ligand, 2-oxo-1,2-dihydroquinoline-3-carbaldehyde
semicarbazone, its N(4)-phenyl derivative, and their three
new copper(II) complexes have been prepared and well
characterized by structural, analytical, and spectral methods.
The presence of a phenyl group in the terminal nitrogen did
not alter the coordination mode of semicarbazone, but the
geometry of the copper(II) chloride complexes has been
changed from square pyramidal to octahedral. The change of
counterion (Cl− to NO3

−) in Cu(II) salts did not alter the
coordination mode of the semicarbazone ligand (2), but there
was a change in the geometry from octahedral to a square
pyramidal one along with a change from the neutral to the
cationic form of the resulting Cu(II) complexes. The DNA-
binding properties of the free ligands and three Cu(II)
complexes were investigated by absorption and fluorescence
measurements. The results supported the fact that the
compounds bind to CT-DNA via intercalation. The binding
constants showed that the DNA binding affinity increased in
the order 1 < 2 < 3 < 4 < 5. The gel electrophoresis assay
demonstrated that the complexes have been found to promote
the cleavage ability of the pBR322 plasmid DNA by a
hydrolytic cleavage mechanism. The protein binding properties
of the compounds examined by the fluorescence spectra
suggested that the binding affinity increases in the phenyl
substitution at the terminal nitrogen of the semicarbazone
moiety as well as the change of counterion (Cl− to NO3

−) in
Cu(II) complexes, which could be explained on the basis of the
hydrophobic and electrostatic interactions of the compounds
with BSA. In addition, the complexes also exhibited excellent
radical scavenging activities over the ligands, and the activity of
5 is better than that of 4 and 3, which showed that the cationic
nature of the complex increases the activity of the square
pyramidal complex (5). Moreover, all three complexes showed
considerable cytotoxic activity against HeLa, HEp-2, Hep G2,
and A431 cancer cell lines without affecting the normal NIH
3T3 cells much. In particular, complex 5 showed excellent
cytotoxic specificity against A431 cells. So, the overall structural
and the pharmacological investigations strongly support the fact
that the N(4) phenyl substitution in semicarbazone and the
change of the counterion (Cl− to NO3

−) in Cu(II) salts have
not only affected the structure and the nature of the complexes
but also the various pharmacological properties of the resulting
Cu(II) complexes. All encouraging chemical and biological
findings indicate that complex 5 looks like a promising
candidate as a live-cell imaging reagent that could contribute
to the understanding of cellular uptake of metal complexes.
Further studies are needed to assess their pharmacological
properties in vivo and to elucidate the actual mechanism of the
biological activity of 5.
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