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�We have synthesized biologically
active bivalent (where M = Co, Ni, Cu)
complexes.
� The DNA-binding modes of bivalent

complexes were studied by different
techniques.
� The DNA-photocleavage abilities of

bivalent complexes were studied on
pUC19 DNA.
� The Quantum yields of 1O2 generation

of bivalent complexes were
determined.
� The Cytotoxicity of bivalent

complexes was performed on A549
lung cancer cell lines.
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In the present investigation, a Schiff base N01,N03-bis[(Z)-(2-hydroxynapthyl)methylidene]benzene-1,3-
dicarbodihydrazide (L1) and its Co(II), Ni(II) and Cu(II) complexes have been synthesized and character-
ized as novel photosensitizing agents for photodynamic therapy (PDT). The interaction of these com-
plexes with calf thymus DNA (CT DNA) has been explored using absorption, thermal denaturation and
viscometric studies. The experimental results revealed that Co(II) and Ni(II) complexes on binding to
CT DNA imply a covalent mode, most possibly involving guanine N7 nitrogen of DNA, with an intrinsic
binding constant Kb of 4.5 � 104 M�1 and 4.2 � 104 M�1, respectively. However, interestingly, the Cu(II)
complex is involved in the surface binding to minor groove via phosphate backbone of DNA double helix
with an intrinsic binding constant Kb of 5.7 � 104 M�1. The Co(II), Ni(II) and Cu(II) complexes are active in
cleaving supercoiled (SC) pUC19 DNA on photoexposure to UV–visible light of 365 nm, through 1O2 gen-
eration with quantum yields of 0.28, 0.25 and 0.30, respectively. Further, these complexes are cytotoxic in
A549 lung cancer cells, showing an enhancement of cytotoxicity upon light irradiation.

� 2013 Elsevier B.V. All rights reserved.
Introduction ers (PSs) and light. During PDT, a photosensitizing agent is acti-
Photodynamic therapy (PDT) is an emerging field of medicine as
a treatment modality for variety of cancers, utilizes photosensitiz-
vated by light of specific wavelength and produces reactive
oxygen species (ROS) which oxidize cell components leading to cell
death [1–3]. A large number of PSs reported are the organic mole-
cules, such as dyes, porphyrins, phthalocyanines, and their deriva-
tives. However, many of the studied PSs are not much stable
against light, which alter their potential to absorb light during
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Scheme 1. Synthesis of N01,N03-bis[(Z)-(2-hydroxynapthyl)methylidene] benzene-1,3-dicarbodihydrazide (L1) and its metal complexes.
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illumination, resulting in a decreased efficiency of production of
excited molecules [4–7]. The coordination compounds have be-
come an integral part of many aspects of medicine today. Success
of cisplatin as a well-organized photosensitizer agent has drawn
the attention of many active bioinorganic chemists towards devel-
oping transition metal complexes with superior efficiency [8–12].
For example, the complexes of ruthenium(II) and platinum(II)
can be the proficient photosensitizers to induce singlet oxygen
[13,14]. So, design, synthesis of metal complexes and study of their
DNA photocleavage activity is of great scope in PDT [15–17].

In this direction, Schiff base complexes have played a major role
in the development of PSs [18–22]. Due to synthetic flexibility, selec-
tivity and sensitivity towards a variety of metal atoms, the Schiff
bases formed a number of metal complexes and they have been
extensively studied as PSs. It has been reported that the transition
metal complexes of different-donor Schiff base ligands are efficient
photo-cleavers of DNA on UV–visible light irradiation [23–25]. Fur-
thermore, numerous metal complexes of Schiff bases derived from
salicylaldehyde and amino acid [26–32] and reduced salicylidene
amino acid [33–35] were already reported and some of them have
been confirmed to be efficient DNA cleavers [36–38] and as novel tu-
mor chemotherapeutic and tumor radio imaging agents [39].

The present work stems from our interest in developing the
chemistry of transition metal complexes of various organic hetero-
cyclic ligands as binders and efficient photocleavers of DNA, consid-
ering the biocompatibility of both the metal and the ligands [40–42].
Recent report from our laboratory have shown that, Co(II), Ni(II) and
Cu(II) complexes derived from a Schiff base N’1,N’3-bis[(E)-(5-bro-
mo-2-hydroxyphenyl)methylidene]benzene-1,3-dicarbohydrazide
are efficient photocleavers of DNA via formation of 1O2 and exhibit-
ing significantly high photocytotoxicity upon irradiation with
visible light in A549 cells [43].

Herein, we present the synthesis and characterization of a Schiff
base ligand (L1) and its Co(II), Ni(II) and Cu(II) complexes
(Scheme 1). A series of physical methods like absorption spectral,
thermal denaturation studies, and viscosity measurements have
been used to probe the interactions of the bivalent metal com-
plexes with CT DNA. Furthermore, the photoinduced DNA cleavage
activity, quantum yield of singlet oxygen generation and the re-
lated photocytotoxicity against A549 cancer cell lines was experi-
mentally explored. The remarkable DNA binding affinity, efficient
photocleavage and significant photocytotoxicity were resulted that
the complexes would have potential application as new class of PSs
for PDT of cancer.
Experimental

Materials

All chemicals required for the synthesis were of analytical
grade, and procured from HiMedia Laboratories Pvt. Ltd. Metal
salts (CoCl2�6H2O, NiCl2�6H2O and CuCl2�2H2O), 2-hydroxynaph-
thalene-1-carbaldehyde, sodium azide (NaN3), 3-(4,5-Dimethylthi-
azol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) were purchased
from Sigma Chemical Co., U.S.A., E. Merck, Germany, Sarabhai
Merck Company, India and used without further purification.
Tris–HCl was purchased from Merck (India). Calf thymus (ds)DNA
and supercoiled (SC) pUC19 DNA were purchased from Bangalore
Genie (India), Agarose (molecular biology grade) and ethidium bro-
mide were purchased from Himedia. Tris–HCl buffer solution used
for binding and cleavage studies was prepared using deionised
double distilled water.

Physical measurements

The melting points were determined by open capillary methods
and are uncorrected. The UV–visible spectra were recorded on a Shi-
madzu model impact 1650 UV–visible double beam spectrometer
and the FT-IR spectra on a Shimadzu model impact 8400S FT-IR spec-
trometer (KBr pellets, 3 cm�1 resolution), 1HNMR spectra on a Bru-
ker 400 MHz. The EPR spectra was measured on a VARIAN, USA
E-112 ESR X-band Spectrometer and Mass spectra were recorded
on LCMS Shimadzu, Japan 800 MHz spectrometer. Magnetic mea-
surements were carried out by the Gouy method at room tempera-
ture (28 ± 2 �C) using Hg[Co(SCN)4] as calibrant. Elemental
analyses were done on Vario EL.CHNOS elemental analyser. Visco-
metric measurements were studied by semi micro dilution capillary
viscometer (Viscomatic Fica MgW) with a thermostated bath D40S.

Synthesis of Schiff base ligand (L1)

A solution of benzene-1,3-dicarbohydrazide (0.01 mol) in
anhydrous ethanol (50 mL) was added drop wise to the ethanolic
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solution (50 mL) of 2-hydroxynaphthalene-1-carbaldehyde
(0.02 mol) in presence of acetic acid catalyst and the mixture
was heated under reflux for 5–6 h (Scheme 1). The resulting solu-
tion was concentrated to half of its initial volume and then cooled
to room temperature. The obtained yellow precipitate was sepa-
rated by filtration, washed with ethanol and dried in a vacuum des-
iccator. Yield: 89%. Color: yellow. m.p: 306–308 �C. Anal. (%) Calc.
for [C30H22N4O4]: C, 71.70; H, 4.41; N, 11.15. Found: C, 71.72; H,
4.40; N, 11.17. LC–MS (m/z) 503 [M + H]+. IR (KBr, cm�1): 3483
(AOH), 1738 (C@O), 1650 (C@N), 3058 (NAH), 1270 (NAN); 1H
NMR (DMSO-d6, 400 MHz, d ppm): 12.72 (s, OAH, 2H), 12.41 (s,
NAH, 2H), 9.53 (s, ACH@N, 2H), 7.24–8.62 (m, ArA16H). UV–vis
in DMF [kmax/nm (e/M�1 cm�1)]: 378 (8630), 326 (9780), 312
(7140), 268 (8850).

Synthesis of Co(II), Ni(II) and Cu(II) complexes

An ethanolic solution of ligand (L1) (0.01 mol) and respective
metal chloride salt (0.01 mol) was refluxed for 2–3 h under nitro-
gen (Scheme 1). The complex was precipitated by adding distilled
water. The separated complex was filtered, washed with water,
then with hot alcohol and finally dried in vacuum desiccator over
P2O5.

Co(II) complex
Yield: 75%; Color: brown; m.p.:>360 �C; Anal. (%) Calc. for [C30-

H24CoN4O6]: C, 60.51; H, 4.06; N, 9.41. Found: C, 60.52; H, 4.05; N,
9.39; LC–MS (m/z) 596 [M + H]+. IR (KBr, cm�1): 3410 (OH coordi-
nated H2O), 1738 (C@O), 1638 (C@N), 545 (MAO), 435 (MAN);
UV–vis in DMF [kmax/nm (e/M�1 cm�1)]: 470 (7850), 436 (8260),
380 (5740), 342 (8633), 326 (8600), 278 (20140).

Ni(II) complex
Yield: 70%; Color: greenish; m.p.:>360 �C; Anal. (%) Calc. for

[C30H24NiN4O6]: C, 60.53; H, 4.06; N, 9.41. Found: C, 60.51; H,
4.07; N, 9.39; LC–MS (m/z) 597 [M + H]+. IR (KBr, cm�1): 3425
(OH coordinated H2O), 1737 (C@O), 1612 (C@N), 548 (MAO), 442
(MAN); UV–vis in DMF [kmax/nm (e/M�1 cm�1)]: 458 (5620), 424
(5965), 377 (8660), 362 (8630), 325 (9780), 270 (14740).

Cu(II) complex
Yield: 73%; Color: greenish; m.p.:>360 �C; Anal. (%) Calc. for

[C30H20CuN4O4]: C, 63.88; H, 3.57; N, 9.93. Found: C, 63.87; H,
3.55; N, 9.95; LC–MS (m/z) 565 [M + H]+. IR (KBr, cm�1): 1738
(C@O), 1600 (C@N), 550 (MAO), 448 (MAN); UV–vis in DMF [kmax/
nm (e/M�1 cm�1)]: 440 (7700), 419 (8690), 339 (7290), 325 (7140),
279 (11580).

DNA-binding experiments

The DNA-binding propensity and photoinduced cleavage exper-
iments of the complexes were performed at an ambient tempera-
ture. Calf thymus DNA binding experiments were performed
using Tris–HCl and phosphate buffers. The absorption spectral
and viscosity experiments were carried out in 5 mM Tris–HCl buf-
fer (5 mM Tris (hydroxymethyl)aminopropane, pH 7.2, 50 mM
NaCl). The DNA melting experiments were performed using phos-
phate buffer (1 mM phosphate, 2 mM NaCl, pH 7.0). The DNA was
found to be free of protein impurity, as evidenced from the ratio of
the absorbance values of the DNA at 260 and 280 nm in Tris–HCl
buffer as 1.9:1.8. The DNA concentration (in the base pairs) was
determined by electronic absorption spectroscopy using a molar
absorption coefficient value of 6600 M�1 cm�1 at 260 nm for CT
DNA [44]. UV–visible absorption titration experiments were
performed by varying the CT DNA concentration (0–50 lM) and
maintaining the complex concentration constant. Correction was
made for the absorbance of DNA itself. The spectra were recorded
after equilibration for 5 min, allowing the complexes to bind to the
CT DNA. The intrinsic binding constant (Kb) for interaction of the
complexes with CT DNA was determined from a plot of [DNA]/
(ea–ef) versus [DNA] using absorption spectral titration data and
the following equation (1).

½DNA�=ðea � ef Þ ¼ ½DNA�=ðeb � ef Þ þ 1=Kbðea � ef Þ ð1Þ

where [DNA] is the concentration of DNA, the apparent absorption
coefficients ea, ef and eb correspond to Aobsd/[complex], the extinc-
tion coefficients for the free metal complex and the extinction
coefficient for the metal complex in the fully bound form, respec-
tively. The Kb value is given by the ratio of the slope to the intercept.

Viscometric titration experiments were performed using a semi
micro dilution capillary viscometer at room temperature. The flow
time was measured with an automated timer, and each sample
was measured three times, and an average flow time was calcu-
lated. The resulting data are presented by plotting (g/g0) vs. [com-
plex]/[DNA], where g is the viscosity of DNA in the presence of
complex and go is the viscosity of DNA alone [41,45].

DNA thermal denaturation studies were carried out by monitor-
ing the absorption intensity of the CT DNA at 260 nm varying the
temperature from 40–80 �C, both in the absence and presence of
the complexes in 1 mM phosphate buffer (pH 7.0) [46,47].

DNA cleavage experiments

The cleavage of supercoiled pUC19 DNA (0.5 lL, 0.5 lg) to other
forms such as nicked circular and linear conformations was studied
by agarose gel electrophoresis using Co(II), Ni(II) and Cu(II) com-
plexes in a 50 mM Tris-(hydroxymethyl)methane–HCl (Tris–HCl)
buffer (pH 7.2) containing 50 mM NaCl. The DNA photocleavage
reactions were carried out by irradiating the complexes in micro
centrifuge tubes at 365 nm for 30 min. at room temperature. After
light exposure, each sample was incubated for 1.0 h at 37 �C and
analyzed for the photocleaved products using agarose gel electro-
phoresis. The samples after incubating in a dark chamber were
immediately added to the loading buffer containing 20% bromo-
phenol blue, 0.20% xylene cyanol, and 25% glycerol (2.5 lL), and
the solution was finally loaded on 0.7% agarose gel containing
1.0 lg/mL ethidium bromide. For quenching singlet oxygen the
mechanistic studies were carried out using different additives
(NaN3, 38 lM) and scavenging hydroxyl radicals (DMSO, 4 lL)
prior to the addition of the complexes. Using TBE (Tris–borate
EDTA) buffer electrophoresis was carried out for 2.5 h at 50 V. After
completion of the electrophoresis the separated bands were visual-
ized by UV light and then photographed. The amount of DNA cleav-
age exhibited by the complexes was calculated from the intensities
of the bands using a UVITEC Gel Documentation System [42,48].

Quantum yield of 1O2 generation

The reaction of 1O2 with 1,3-diphenylisobenzofuran (DPBF,
Scheme 2) was adopted to evaluate the quantum yield of 1O2 gen-
eration by Co(II), Ni(II) and Cu(II) complexes. A sequence of 2 mL of
air-saturated DMSO solutions containing DPBF (20 lM) and com-
plexes, of which the absorbance at 470, 458 and 440 nm originat-
ing from the absorption of Co(II), Ni(II) and Cu(II) complexes was
adjusted to the same (OD470 nm, OD458 nm and OD440 nm = 0.22),
were separately charged into an opened 1 cm path quartz cuvette
and illuminated with light of 470 nm, 458 nm and 440 nm (ob-
tained from a Shimadzu model impact 1650 UV–visible double
beam spectrophotometer, 2.0 nm of slit width). The consumptions
of DPBF were followed by monitoring its loss of absorbance at
417 nm (k of irrradiation = 470, 458 and 440 nm) at different
irradiation time. [Ru(bpy)3]2+ (bpy = 2,20-bipyridine) was used as



Scheme 2. The reaction of DPBF with singlet oxygen.
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standard, whose 1O2 generation quantum yield was determined to
be 0.81 in air saturated methanol [49].

Antitumor activity

Antitumor activity in vitro was evaluated using a system based
on the tetrazolium salt 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-
tetrazolium bromide (MTT). Lung cancer A549 cell line was cul-
tured in Dulbecco’s modified Eagle’s medium (Thermo Scientific
HyClone, Logan, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS) in 5% CO2 atmosphere at 37 �C, respectively. For cell
viability assay, the cancer cells were plated at a density of
104 cells/well in 96-well plates and incubated for 24 h. The med-
ium was removed, and complex solutions were added into a new
medium without FBS to the required final concentrations between
5 lM and 200 lM. The untreated A549 cells were used as a control.

After 72 h of incubation, 10 lL of a stock MTT solution was
added to give a final concentration of 0.5 mg/mL and incubated
for a further 4 h. Then, the medium was replaced with 100 lL of
pure dimethyl sulfoxide and the absorbance of the dark blue for-
mazan was measured with an ELISA plate reader at 550 nm. Cell
viability = (Asample/Acontrol) � 100%. After 72 h of incubation with
complexes, 30 lL of washed cell suspension was mixed thoroughly
with 30 lL of trypan blue solution (0.4%) and allowed to stand for
3 min. at room temperature. The total number of cells and the
number of blue-stained cells (dead cells) were counted using a
microscope [50].

Results and discussion

A Schiff base ligand (L1) was obtained by the reaction of 2-
hydroxynaphthalene-1-carbaldehyde (0.02 mol) and benzene-1,3-
dicarbohydrazide (0.01 mol) in ethanol in presence of acetic acid
as catalyst. The metal complexes were prepared by a direct reac-
tion of respective metal salts and the ligand in 1:1 M ratio, using
methanol as the reaction medium (Scheme 1). The Schiff base li-
gand (L1) and its complexes were characterized using IR, UV–visi-
ble, 1HNMR, EPR and mass spectral studies. The compositions of
the complexes were confirmed by elemental analysis, conductivity
measurements and mass spectral studies. The experimentally cal-
culated analytical data of compounds are consistent with their pro-
posed molecular formulae. The molar conductivity measurement
in DMF at 10�3 M concentration gave a Ko value in the range of
67–73 ohm�1 mol�1 cm�1 at 300 k, suggesting that the complexes
are non-electrolytic in nature. The complexes are stable towards
air, light and moisture and soluble in DMSO, DMF and in buffer
solution.

Spectroscopic studies

In the IR spectra of complexes, the observed band at 3483 cm�1,
is due to phenolic AOH and the band at 1650 cm�1, is due to C@N
group of the free Schiff base ligand (L1), disappeared upon com-
plexation, indicates that phenolic AOH and C@N of the ligand coor-
dinate to the metal through oxygen via deprotonation and through
azomethine nitrogen. The presence of broad stretching vibrations
in the range of 3402–3452 cm�1 can be attributed to coordinated
water molecules [51–55], in Co(II) and Ni(II) complexes, respec-
tively. The unaltered position of the t(C@O) (carbonyl) and
t(NAH) confirms non-involvement of these groups in coordina-
tion. The new bands observed in the region 545–550 cm�1 and
435–450 cm�1, have been assigned for t(MAO) and t(MAN) bonds,
respectively.

The electronic spectra of the free dihydrazone ligand (L1) in
DMF solution exhibit characteristic bands at 268 nm (emax,
8850 M�1 cm�1), 312 nm (emax, 7140 M�1 cm�1), 326 nm (emax,
9780 M�1 cm�1) and 378 nm (emax, 8630 M�1 cm�1). The bands
present at 268–326 nm is assigned to intraligand p–p� transition
while the band at 378 nm is assigned to the n–p� transition which
is characteristic of azomethine (C@N) function of the Schiff base
[56]. The electronic spectra of the complexes show two to four
bands in the region 270–470 nm. While the band in the region
420–440 nm is assigned to ligand band at 378 nm, the additional
bands in the region 270–380 nm are assigned to another ligand
bands appearing in the region 268–326 nm. On the other hand,
the appearance of a new bands with high molar extinction coeffi-
cient in the region 470–440 nm for Co(II), Ni(II) and Cu(II) com-
plexes, may be assigned to ligand to metal charge transfer
(LMCT) transitions [57].

The magnetic moments of the complexes were recorded at
room temperature. The magnetic measurement for Co(II) complex
showed magnetic moment value of 5.12 BM which is well within
the range of 4.3–5.2 BM and Ni(II) complex showed the magnetic
moment value of 3.17 BM within the range of 2.8–3.5 BM suggest-
ing [58,59] consistency with their octahedral environment. The
magnetic moment value of 1.87 BM for Cu(II) complex suggests
the four coordinated square planar geometry [60–63], which fur-
ther supported by their electronic spectral data.

The mass spectrum of L1 supported the suggested structure of
the ligand, revealing a molecular ion [M + H]+ peak at m/z at 503,
consistent with the molecular weight of the ligand (Supplementary
file, Fig. S1). Further, the mass spectral result of the complexes pro-
vide good evidence for their proposed molecular formulae, by
observing the [M + H]+ peaks at m/z 596, 597 and 565 equivalent
to its molecular weight of 595, 596 and 564 for Co(II), Ni(II) and
Cu(II) complexes respectively, confirms the stoichiometric compo-
sition of [M(L1)(H2O)2] type for Co(II) and Ni(II) complexes and
[M(L1)] type for Cu(II) complex respectively (Supplementary file,
Figs. S2–S4).

1H NMR spectra
The 1H NMR spectra of Schiff base ligand (L1) was recorded in

dimethylsulfoxide (DMSOd6) solution using Me4Si (TMS) as inter-
nal standard. The down field shift of the AOH proton in the Schiff
base ligand (L1) resonates at 12.72 ppm in its 1H NMR spectrum
indicates that the AOH proton of the ligand are probably involved
in the formation of strong intramolecular hydrogen bonding. The
1H NMR spectrum of the ligand exhibits characteristic azomethine
proton signal at 9.53 ppm. The ligand [L1] showed ANH proton at
12.41 ppm, aromatic ring protons at 7.24–8.62 ppm. The 1H NMR
spectra of the complexes cannot be obtained due to interference
in their paramagnetic properties.

EPR studies

The solid state EPR spectra of the Cu(II) complex was recorded
in X-band frequencies as shown in Fig. 1. At liquid nitrogen tem-
perature the complex exhibits well defined single isotropic feature
near g = 2.08. Such isotropic lines are usually the results of inter-
molecular spin exchange, which broaden the lines. This intermo-
lecular type of spin exchange is caused by the strong spin
coupling which occurs during a coupling of two paramagnetic spe-
cies. The anisotropic g-values have been calculated by kneubuhl’s
method [64–66]. The G = (gk � 2)/(g\ � 2), which measure the



Fig. 1. Solid state X-band EPR spectra of Cu(II) complex at room temperature.
Fig. 2b. Absorption spectral traces of [Ni(L1)(H2O)2] complex in Tris–HCl buffer
upon the addition of CT-DNA. [Ni(L1)(H2O)2] = 0.5 lM. Arrow shows the absorbance
changing upon increase of DNA concentration. The inner box representing the
concentration corresponding to each curve. The inner plot of [DNA]/(ea � ef) vs
[DNA] for the titration of DNA with Ni(II) complex, Kb = 4.2 � 104 M�1.
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exchange interaction between the copper centers in polycrystalline
samples, have been calculated. According to Hathaway [67], if
G > 4, the exchange interaction is negligible. A value of G < 4, indi-
cates considerable exchange interaction in the solid complexes.
Therefore, the intermolecular spin exchange has happened by the
strong spin coupling of two paramagnetic species of the Cu(II)
complex.
DNA binding properties of the complexes

Electronic absorption spectroscopy is widely employed to
determine the DNA binding affinity of metal complexes. It is well
known that the transition metal based complexes can bind to
DNA via covalent and/or non-covalent interactions [68]. Generally,
covalent interactions include coordination to the DNA base, sugar,
and phosphate moieties [69]. Non-covalent interactions include
binding to minor groove, major groove, sugar–phosphate back-
bone, and intercalation between the bases and three way junction
[70]. It has been reported that, the two labile chloride ions (or one
or more water molecules) of the transition metal complexes are re-
placed by a nucleophile on DNA, usually a nitrogenous base such as
guanine N7, leading to a strong covalent bonding of the complexes
Fig. 2a. Absorption spectral traces of [Co(L1)(H2O)2] complex in Tris–HCl buffer
upon the addition of CT-DNA. [Co(L1)(H2O)2] = 0.5 lM. Arrow shows the absorbance
changing upon increase of DNA concentration. The inner box representing the
concentration corresponding to each curve. The inner plot of [DNA]/(ea � ef) vs
[DNA] for the titration of DNA with Co(II) complex, Kb = 4.5 � 104 M�1.

Fig. 2c. Absorption spectral traces of [Cu(L1)] complex in Tris–HCl buffer upon the
addition of CT-DNA. [Cu(L1)] = 0.5 lM. Arrow shows the absorbance changing upon
increase of DNA concentration. The inner box representing the concentration
corresponding to each curve. The inner plot of [DNA]/(ea � ef) vs [DNA] for the
titration of DNA with Cu(II) complex, Kb = 5.7 � 104 M�1.
with DNA [69]. On the other hand, structurally complete intercala-
tion of complexes of dihydrazone type ligands between a set of
adjacent base pairs is sterically impossible [71], but have the po-
tential to bind to DNA non-covalently, via major/minor groove.

The electronic absorption spectra of Co(II), Ni(II) and Cu(II)
complexes in aqueous buffer media both in the absence and the
presence of CT-DNA are given in Fig. 2a–c, respectively. The pres-
ent bivalent complexes do not exhibit any intense d–d transition
band to monitor their interaction with DNA. So, the intense ligand
based (p–p�) absorption bands are used to monitor the interaction
of the complexes with calf thymus DNA. On the addition of CT
DNA, the bivalent complexes show a red and blue shift (3–5 nm)
accompanied by a change in intensity of the bands at 270–
280 nm. The absorption band of Co(II) complex at 278 nm, exhib-
ited hypochromism of about 18%, with no red/blue shift. Similarly,
Ni(II) complex exhibits an evident hypochromism of about 23.6%
with significant red shift of 5 nm at 270 nm and Cu(II) complex



Fig. 3. View of the energy minimized docked structures of Cu(II) complex, with d(CGCGAATTCGCG)2.

Fig. 4. Effects of increasing amount of Co(II), Ni(II) and Cu(II) complexes on the
relative viscosity of CT-DNA at 25 ± 0.1 �C.

Fig. 5. Melting curves of CT-DNA in the presence and absence of Co(II), Ni(II) and
Cu(II) complexes.
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exhibits an evident hyperchromism of about 25% with a slight blue
shift of 3 nm at 279 nm, respectively. This reveals that the Co(II)
and Ni(II) complexes are coordinated presumably to DNA base
such as guanine (N7) forming a metal-nitrogen chromophore and
are more distorted obviously, due to the presence of octahedral
geometry with coordinated water molecules. While the spectral
changes exhibited by Cu(II) complex are typical of complexes
bound to DNA through non-covalent interaction presumably
through groove binding, mainly because of the square planar
geometry associated with no coordinated labile groups.

In order to quantify the extent of DNA binding the intrinsic
binding constant Kb of the bivalent complexes were determined
and it is found to be 4.5 � 104 M�1, 4.2 � 104 M�1, 5.7 � 104 M�1

for Co(II), Ni(II) and Cu(II) complexes, respectively. The observed
Kb values are much lower than those observed for typical classical
intercalator (EthBr, Kb, 1.4 � 106 M�1 in 25 mM Tris–HCl/40 mM
NaCl buffer, pH 7.9) and partially intercalating metal complexes
([Ru(bipy)2(dppz)]2+, dppz = dipyrido-[3,2-d: 20,30-f]-phenazine,
Kb > 106 M�1) bound to CT DNA suggests that the Co(II) and Ni(II)
complexes bound to DNA via covalent whereas Cu(II) through
non-covalent interactions.
An explanation for higher Kb value of Cu(II) complex is appar-
ently that copper is ‘borderline’ metal which show high affinity
for both nucleobases and phosphate, but the steric clashes with
DNA exterior caused by the ligand bound to Cu(II) dictates its
DNA-binding mode to be surface binding to minor groove [72–77].

Due to the variations observed in the absorption spectral study
of Cu(II) complex, the molecular docking calculations have been
carried out in order to gain further insight into the binding of Cu(II)
complex with d(CGCGAATTCGCG)2 [78]. The docking studies
showed that, the Cu(II) complex possess interaction with phos-
phate backbone with additional hydrogen bonding (2.9–2.7 Å)
which might play a key role in the enhanced binding constant of
Cu(II) complex as compared to other complexes. Furthermore,
the Cu(II) complex showed highest affinity �22.10 kcal/mol dock-
ing energy, 2.3 � 10�16 estimated inhibition constants with an
RMSD of 0.4. As depicted in Fig. 3, the Cu(II) complex is completely
enfolded in the entire binding pocket of ds-DNA and interact along
the minor groove of DNA. This is possibly due to the absence of any
coordinated water molecules. Thus, the results obtained from
molecular docking studies were paralleled to the above UV–visible
spectroscopic data such as hyperchromism and blue-shift of Cu(II)
complex in the presence of DNA.



Fig. 6. Gel electrophoresis diagram of the control experiments using SC pUC19 DNA (0.5 lg), metal complexes and other additives at 365 nm for an exposure time of 1 h. Lane
1: DNA control; lane 2: DNA + NaN3 (38 lM) + Co(II)/Ni(II)/Cu(II) complexes; lane 3: DNA + D2O (14 lL) + Co(II)/Ni(II)/Cu(II) complexes; lane 4: DNA + DMSO (4 lL) + Co(II)/
Ni(II)/Cu(II) complexes; lane 5: DNA + 40 lM Co(II) complex; lane 6: DNA + 60 lM Co(II) complex; lane 7: DNA + 40 lM Ni(II) complex; lane 8: DNA + 60 lM Ni(II) complex;
lane 9: DNA + 40 lM Cu(II) complex; lane 10: DNA + 60 lM Cu(II) complex.

Fig. 7. The DPBF consumption percentage as a function of irradiation time in the
air-equilibrated DMSO solution of Co(II) (d), Ni(II) (J) and Cu(II) (j). [Ru(bpy)3]2+

(I) as standard (UDs = 0.81) in air equilibrated CH3OH.
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Viscosity measurements

Viscometric titration experiments further clarified the binding
modes of complexes with CT-DNA. Hydrodynamic measurements
that are perceptive to length change (for example, viscosity, sedi-
mentation) are regarded as the most decisive tests of binding in
solution in the absence of crystallographic structure data [79].
The viscosity of DNA is enhanced significantly due to complete or
partial intercalation of drugs into the DNA base stacking but it is
slightly reduced or shows no effect on the relative viscosity by
electrostatic/groove or covalent binding of molecules [80–82]. Fur-
ther, an intercalator like ethidium bromide shows a significant in-
crease in the relative viscosity of the CT DNA solution due to an
increase in the overall DNA contour length on binding to DNA
[83]. To throw further light on the DNA binding mode, the visco-
metric titration experiments were carried out on CT DNA by vary-
ing the concentration of added complex. The relative viscosity of
DNA is decreases strongly and then remains constant with the
addition of increasing amounts of Co(II) and Ni(II) complexes,
which parallels the highest DTm values observed for them. Thus,
the extensive diadduct formation by these complexes, as discussed
above, shortens the effective length of DNA by forming bends or
kinks on the DNA double helix [84]. However, interestingly, a slight
increase in the viscosity of the DNA is observed for Cu(II) complex,
which parallels the highest Kb and lowest DTm values observed for
it, indicating groove binding nature of the complex to CT DNA
(Fig. 4). It appears that the effective lengthening of DNA duplex oc-
curs on groove binding of the Cu(II) complex as illustrated above. A
comparison of the viscosity data with intercalator ethidium bro-
mide indicates a covalent binding mode for Co(II) and Ni(II) com-
plexes and a groove binding mode for Cu(II) complex, respectively.

Thermal denaturation studies

The DNA melting experiments were carried out to investigate
the effect of DNA duplex stability due to binding of the complexes.
Duplex DNA at its melting temperature unwinds to give single-
strand DNA, thus increasing its absorbance at 260 nm [85]. Thus,
the helix to coil transition temperature can be determined by mon-
itoring the absorbance of DNA at 260 nm as a function of temper-
ature. The thermal denaturation profile of DNA in the absence and
presence of Co(II), Ni(II) and Cu(II) complexes is provided in Fig. 5.
A change in the DNA melting temperature (DTm) was observed on
addition of the complexes to CT DNA and the absorbance of the
solutions at 260 nm monitored. The observation of DNA melting
curves with high DTm values for Co(II) and Ni(II) complexes [Co(II),
5.5 ± 1 �C; Ni(II), 6.1 ± 1 �C; Fig. 5) reveals that these complexes are
involved in strong binding to DNA implying that the complex
bound DNA is more difficult to melt than the unlabelled DNA
[86]. Certain mononuclear [Ru(L)(H2O)2] complexes are known to
exhibit positive DTm values, suggesting stronger covalent cross-
linking of two DNA strands by the difunctional diaquo complexes.
A similar higher positive DTm values observed for Co(II) and Ni(II)
complexes, indicating primarily DNA covalent-binding property of
the complexes. Further, interestingly, the Cu(II) complex possesses
a DTm value (DTm = 2.5 ± 1 �C) lower than the Co(II) and Ni(II) com-
plexes. It is also possible that the large difference in DTm values
may be due to a difference in binding geometry of the complexes.
This suggest groove and/or electrostatic binding of the Cu(II) com-
plex to CT DNA stabilizing the DNA double-helix structure in pref-
erence to an intercalative mode of binding to DNA that normally
gives large positive DTm values [87,88].
DNA Photocleavage studies

The ability of Co(II), Ni(II) and Cu(II) complexes to cleave super-
coiled (SC) pUC19 DNA (0.5 lg) in Tris–HCl/NaCl buffer has been
studied by incubating the complexes for 1 h at different concentra-
tions (40–60 lM) and after photoexposure at 365 nm using aga-
rose gel electrophoresis. The resulting electrophoretic pattern is
shown in Fig. 6.

The electrophoretic pattern showed the formation of an open
circular DNA (form II) and linear DNA (Form III) from the super-
coiled DNA (form I) by the effect of various concentrations of the
complexes (40–60 lM) on constant DNA concentration at 37 �C,
it indicates that under similar experimental conditions, the com-
plexes appreciably exhibits a time/concentration dependent DNA
cleavage activity.

As presented in Fig. 6, no perceptible DNA cleavage was ob-
served for negative control (lane 1). At the concentration of
40 lM of the Co(II), Ni(II) and Cu(II) complexes (lanes 5, 7 and 9),
the amount of Form I of supercoiled DNA diminish gradually, with
increase of nicked circular DNA (Form II) whereas, at the concen-
tration of 60 lM, (lanes 6, 8 and 10) significant amounts of linear
DNA (Form III) are clearly visible for all the complexes.



Fig. 8a. Cytotoxicity of Co(II), Ni(II) and Cu(II) complexes to A549 cells in the absence of irradiation.

Fig. 8b. Cytotoxicity of Co(II), Ni(II) and Cu(II) complexes to A549 cells in the presence of irradiation.
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The photocleavage activity of supercoiled (SC) pUC19 DNA at
365 nm, is expected to occur through the photoexcitation of the
charge-transfer bands of the complexes, leading to the creation
of an excited singlet state through the triplet state activates molec-
ular oxygen to form reactive hydroxyl or singlet oxygen species.
Experiments with different scavenging agents were carried out to
identify the intermediate reactive oxygen species (ROS) that might
be formed in the DNA cleavage reaction (Fig. 6). In order to witness
the role of singlet oxygen in the cleavage pathway, an experiment
was conducted in presence of sodium azide (NaN3), a singlet oxy-
gen quencher. The NaN3 completely inhibited the cleavage reaction
(lane 2) indicating 1O2 generation plays a key role in photocleavage
of pUC19 DNA. Hydroxyl radical scavenger, such as DMSO did not
show any inhibitory effect, thus excluding the possibility of a type-
I pathway forming hydroxyl radical (�OH) (lane 4). This can be fur-
ther confirmed by testing the cleavage of supercoiled (SC) pUC19
DNA, in the presence of D2O. Due to the longer lifetime of singlet
oxygen in D2O solvent the expected strand scission would be more
in D2O [89,90]. The formation of singlet oxygen is supplementary
supported by the enhancement of the percentage of SC DNA cleav-
age in D2O solvent (lane 3).

It is obvious from the above results that, the photocleavage
activity of SC pUC19 DNA at 365 nm is much efficient in all the
complexes studied. The motive for the enhanced cleavage ability
of these complexes may be accredited to the generation of 1O2

during the cleavage process.
Quantum yield of 1O2 generation

Plentiful organic compounds can react with reactive oxygen
species such as 1O2, leading to the changes of absorbance and/or
fluorescence intensity, and consequently can be utilized to quanti-
tatively assess the 1O2 generation quantum yields of photosensitiz-
ers by simply monitoring the fluorescence or UV–visible spectrum
[91]. 1,3-Diphenylisobenzofuran (DPBF, Scheme 2) with a reported
b value of about 10�4 is presently one of the most reactive with
1O2. The consumptions of DPBF were followed by monitoring its
loss of absorbance at 417 nm and be articulated as a function of
photosensitizers 1O2 generation quantum yield (UD) according to
the literature method [92,93]. Using [Ru(bpy)3]2+ as standard
(UDs = 0.81), the UD of Co(II), Ni(II) and Cu(II) complexes in DMSO
were determined to be 0.28, 0.25 and 0.30, respectively (Fig. 7),
implying their prospective application in 1O2-involving processes,
such as photocleavage of DNA.
Anti-tumor study on A549 (lung carcinoma) cell

The cytotoxicity assays of Co(II), Ni(II) and Cu(II) complexes to
human lung tumor cells of A549 were measured by MTT reduction
assay [94]. Fig. 8a and b shows the result of the cell viability exper-
iments intended at determining the dose dependent, dark cytotox-
icity and photocytotoxicity of complexes to human lung carcinoma
cells of A549.

In the present investigation, it was notable that the ligand was
almost inactive against A549 cancer cell lines. However, all of the
complexes exhibited considerable cytotoxic specificity towards
the A549 cancer cell lines. At all concentration, in the absence of
irradiation the complexes moderately reduced the viable A549
cells after staining with trypan blue at 72 h (effects on cell prolif-
eration), which was slightly more at higher concentrations
(50–100 lM) (Fig. 8a). Under similar experimental conditions but
with irradiation, the complexes (except Ni(II)) show enhanced
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cytotoxicity and reduced maximum number of viable A549 cells at
both lower and higher concentrations (Fig. 8b). Furthermore, Cu(II)
complex showed much superior antitumor activity to other
complexes on A549 cell lines. The cytotoxicity displayed by Co(II)
complex was similar with Cu(II) complex, but the Ni(II) complex
exhibited negligible cytotoxicity towards A549 cancer cell lines.
These results further support the conclusion reached by MTT
reduction assay that these complexes showed considerable dose
dependent cytotoxicity to A549 cells in presence of light irradia-
tion. Hence, it can be concluded that the generation of 1O2, upon
light irradiation may account for the fine photocytotoxicity of
these complexes.

Conclusion

In summary, three bivalent metal complexes of Schiff base li-
gand (L1) have been synthesized and structurally characterized.
In concurrence with UV–visible absorption, thermal denaturation
and viscosity measurements, all the complexes display efficient
DNA binding propensity. The observed intrinsic binding constant
(Kb) together with structural analysis, imply a covalent mode of
DNA binding for Co(II) and Ni(II) complexes and a surface binding
to minor groove for Cu(II) complex. When irradiated by UV–visible
light, the complexes are found to be proficient photocleaving
agents of DNA. The mechanism reveals that the singlet oxygen
(1O2) play an important role in the DNA photocleavage and pos-
sessed significant cytotoxic activities, especially Cu(II) complex
had an obviously superior inhibitory rate than ligand (L1) and other
two complexes. Hence, these complexes may be useful as potential
PDT agents in photochemical therapy.
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