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Copper based metal complexes have been studied extensively towards DNA interaction aspects, the possible
interactions being at the major or minor grooves, intercalation between base pairs, etc. The nature of the ligand
decides the binding mode of the complexes thereby exerting different biological significance. Based on this,
we have synthesized two mixed ligand copper(II) complexes, [Cu(meFtpy)(bpy)](NO3)2.2(H2O) (1) and
[Cu(meFtpy)(phen)](NO3)2.(H2O) (2) based on new furfuryl substituted tertiary pyridine ligand (meFtpy) and
ancillary ligands (phen, bpy). They are characterized by UV Visible, FT-IR, 1H & 13C NMR and mass spectroscopic
techniques. The structures of both the complexes are confirmed by single crystal XRD revealing triclinic crystal
system showing penta coordination possessing distorted square pyramidal geometry. The binding ability of
the complexes has been explored based on the results of DNA binding studies assessed by different spectroscopic
techniques likeUVabsorption titration,fluorescence displacement assay and circular dicroism and found to show
partial intercalative behaviour. The binding constant (Kb) values as obtained from UV absorption titration are
found to be 1.29 × 104M−1 for 1 and 1.46 × 104 M−1 for 2 and are comparedwith the values obtained for doxo-
rubicin, a partial intercalator drug. The binding affinities obtained fromabsorption titration are found in the order
as Kb(doxo) N Kb(2) N Kb(1) N Kb(meFtpy).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

DNA is an important target for the cancer therapy as it plays a pivotal
role at cellular level in the cell replication and cell differentiation pro-
cesses [1]. Hence, DNA binding agents are extensively studied [2,3]. As
the well-known platinum based anticancer and DNA crosslinking
agent, cisplatin suffer from limitations such as systemic toxicity and lim-
ited range of activity, therefore other alternatives with varying metal
cores have been explored to a greater extent [4,5]. In this regard, the bi-
ologically significant element, copper, has extensively been studied has
emerged as a novel chemotherapeutic agent under the category of ele-
mental medicines [6]. The efficiency with which copper(II) complexes
bind to DNA is influenced by the nature of coordinating ligand [7,8].
Terpyridine is one such ligand system and copper(II) complexes based
on that have gained importance in recent times. Their planar structure
facilitates intercalative ability between DNA base pairs [9]. Despite pla-
narity, copper complexes of different terpyridine derivatives, specifical-
ly imidazole terpyridine ligands, have shown a wide range of DNA
binding behaviours including non-covalent and intercalative interac-
tions susceptible to variations based on the nature of ancillary ligand
or coordinated ions [10]. Towards achieving the same, we have con-
sidered furan substituted terpyridine ligand with bipyridine or
phenanthroline as ancillary ligands and assessed their DNA binding
pattern.

2. Experimental

2.1. Materials and methods

All the chemicals were purchased from commercial sources and
used without further purification for the experimentation. 5-methyl
furfural, 2-acetyl pyridine, 2,2′-bipyiridine, 1,10-phenanthroline and
copper nitrate trihydrate were purchased from Sigma Aldrich. Sodium
hydroxide and aqueous ammonia were purchased from SD Fine
chemicals. All the solvents such as acetonitrile, methanol, ethanol, chlo-
roform and dimethyl sulphoxidewere purchased in A.R. grade andused.
Calf thymus DNA (CT-DNA) and Ethidium bromide (EtBr) were pro-
cured from Merck Genei (Bangalore, India).

Electronic spectra were recorded on a JASCO UV–VIS-NIR V-670
spectrophotometer. FTIR spectra were measured using KBr pellets on
a Shimadzu IR affinity-1CEmodel with resolution IV. Elemental analysis
was done on FLASH EZ 1112 series. The fluorescence spectra were re-
corded on a Hitachi F-7000FL spectrophotometer. Themolecularweight
of the ligandwas confirmed by GC–MS spectrometer (Perkin Elmer sys-
tem of GCmodel clarus 680 andMSmodel clarus 600(EI)) using helium
as carrier gas. 1H NMR and 13C NMR spectra for the ligand were record-
ed on Bruker 400 MHz FT-NMR using CDCl3 as a solvent and
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tetramethylsilane (TMS) as an internal standard. Circular dichroism
studies for DNAwere carried out using circular dichroism spectropolar-
imeter JASCO-J715 using 1 cm cell at 0.4 nm intervals, under nitrogen
flush over a wavelength range of 220-300 nm. X-ray diffraction data
for the complexes 1 and 2 was collected using a Bruker AXS Kappa
APEXII single crystal CCD diffractometer equipped with graphite-
monochromatedMo Kα radiation (λ=0.71073A) at room temperature
with crystal dimension of 0.35 × 0.30 × 0.30 mm3 [11]. The structure
was solved by direct methods procedure using SHELXS-97 programme
and the non-hydrogen atoms were subjected to anisotropic refinement
by full-matrix least squares on F2 using SHELXL-97 programme [12].
Sixty data frames were taken at widths of 0.5. These reflections were
used in the auto-indexing procedure to determine the unit cell. A suitable
cell was found and refined by nonlinear least squares and Bravais lattice
procedures. The unit cell was verified by examination of the h k l overlays
on several frames of data by comparing with both the orientation matri-
ces. UV absorbance of the commercial calf thymus DNA in a buffer gave
an absorption ratio (A260/A280) of about 1.9:1, indicating that the DNA
was sufficiently free from protein. The concentration of DNA was deter-
mined using molar extinction coefficient of 6600 M−1 cm−1 at λmax

260 nm. All the DNA experiments were carried out in a Tris–HCl buffer
at pH 7.2 which was prepared in Mili-Q triply deionized water.

2.2. Synthesis of substituted tertiary pyridine ligand 4′-(4-methylfuran-2-
yl)-2,2′:6′,2″-terpyridine (meFtpy)

Ethanolic solutions of 2-acetyl pyridine (24 mmol, 2.7 ml) and 5-
methyl furfural (12 mmol, 1.2 ml) were added to aqueous NH3 solution
(28–30%, 80mmol, 5ml). The aqueous solution of NaOH (25mmol, 1 g)
was added under stirring conditions until the reaction mixture became
deep brownish-yellow colour which eventually forms white precipitate
on stirring for 24h [13]. The product obtainedwaswashedwith distilled
water and recrystallized from CHCl3:CH3OH (4:1) mixture.

Yield: 82%. Off-white solid. m.p.: 120 °C. UV–Vis (methanol):
λmax(MeOH)/nm (ε,dm−3 mol−1 cm−1) 211(69,000), 268(39,666),
285(41,666). FT-IR (KBr, νmax/cm−1): 3150 (Ar CH), 1616 (C = N),
1028 (C-O-C furan). 1H NMR (400 MHz, CDCl3): δH, ppm 2.42 (3H, s,
CH3 furan), 6.15 (1H, s, CH furan), 7.00 (1H, s, CH furan), 7.33–7.36 (2H,
dd, H5,5″), 7.85–7.88 (2H, d, H4,4″), 8.62–8.64 (2H, d, H6,6″), 8.73–8.74
(complex, 4H, H3, 3′, 5′,3″). 13C NMR (100 MHz, CDCl3): δC ppm 13.9
(aliphatic CH3 at furan), 108 (C3 furan), 110 (C4furan), 114.6 (C3’,5′),
121.3 (C3,3″), 123.8 (C5,5″), 136.8(C4,4″), 139.8 (C4’), 149.1 (C6,6″), 150.2
(C5 furan), 154.1 (C2furan), 155.8 (C2,2″), 156.2 (C2’,6′). GC–MS Calcd for
C20H15N3O: 313.35 Found: 313.20. Chromatogram: RT- 26.84, Purity:
99.19%.

2.3. Synthesis of Copper(II) complexes

2.3.1. Synthesis of [Cu(meFtpy)(bpy)](NO3)2.2(H2O) (1)
Methanolic solution of Cu(NO3)2. 3H2O (1 mmol, 241.60 mg) was

added dropwise to hot methanolic solution of meFtpy (1 mmol,
313.35 mg). To this, hot methanolic solution of 2,2′-bipyridine
(1 mmol, 156.19 mg) was added dropwise with continuous stirring
for 3 h at room temperature until the colour turned to dark green. The
resultant solutionwasfiltered and kept aside. Crystals suitable for single
crystal X-ray diffraction studies were grown by the diffusion of diethyl
ether through the methanolic solution of complex.

Yield: 72%. Dark green crystal. Anal Cald. For C30H27CuN7O9: C:
51.99, H: 3.93, N: 14.15, O: 20.77. Found: C: 51.63, H: 3.52, N: 14.08,
O: 20.57. UV–Vis (methanol): λmax(MeOH)/nm (ε,dm−3mol−1 cm−1):
214(34,650), 270(19,400), 286(19,950), 366(16,450), 648(140). FT-IR
(KBr, νmax/cm−1): 3452, 3174, 1639, 1531, 1384, 788.

2.3.2. Synthesis of [Cu(meFtpy)(phen)](NO3)2.(H2O) (2)
The procedure adopted was the same as mentioned in 2.3.1. The

added reagents were taken in the same mole ratios except that the
methanolic solution of 1,10-phenathroline (1 mmol, 198.22 mg) was
used instead of 2,2′-bipyridine.

Yield: 78%. Dark green crystal. Anal Cald. For C32H25CuN7O10: C:
52.57, H: 3.45, N: 13.41, O: 21.88. Found: C: 52.43, H: 3.28, N: 13.32,
O: 21.65. UV–Vis (methanol):λmax(MeOH)/nm(ε, dm−3mol−1 cm−1):
226(22,400), 268(14,800), 368(7900), 652(270). FT-IR (KBr, νmax/
cm−1): 3471, 3174, 1620, 1535, 1384, 850, 799, 727.

2.4. DNA binding studies

2.4.1. UV and fluorescence spectrophotometry
Electronic spectral titration experiments were performed in the

range of 200-600 nmasmaintaining the compound's concentration con-
stant (20 μM) and varying the CT-DNA concentrations from 0 to 140 μM
in 50 mM Tris–HCl buffer at pH 7.2. Ethidium bromide displacement
assay was carried out using EtBr bound CT-DNA solution (EB = 10 μM
and DNA= 200 μM) as the reference solution by fluorescence titration.
The excitationwavelengthwas 510 nm and the emitted fluorescence in-
tensity was observed at 610 nm at room temperature. The UV and fluo-
rescence spectral titrations were carried out for meFtpy, doxorubicin
(intercalator) and synthesized complexes to compare their binding be-
haviour. Further, the binding affinities of the compoundswere also com-
pared to assess their partial intercalative mode of binding.

2.4.2. Molecular docking tools
Molecular docking was performed in order to investigate the bind-

ing mode of complex to the DNA base pairs and to compare theoretical
predictions and experimental observations. The docking provides the
most stable and favourable orientation. All dockings were performed
as blind dockings (blind docking refers to the use of a grid box which
is large enough to encompass any possible ligand receptor complex)
using an AutoDock Vina and MGL tools of the Scripps research Institute
[14,15]. AutoDock Vina was chosen because of its ability to take advan-
tage ofmultiple core processors, efficiency in searching the potential en-
ergy surface and the high accuracy in predicting the conformation of
ligands with more than 20 rotatable bonds when compared to the
AutoDock 4.2. DNA (pdb ID: 2D55) was modified by adding polar hy-
drogens and by removing water molecules and then kept rigid through
the docking process. The docking area was defined by a box. The grid
points of 52 × 54 × 52 with 1.0 Å spacing were calculated around the
docking area for all the ligand atom types using default optimization pa-
rameters. The torsional bonds of complexes were set free by a ligand
module in AutoDock Tools-ADT. A PyMOL molecular viewer and MGL
tools were used to analyse the docking results of the chosen lowest en-
ergy conformer [16].

2.4.3. Circular dichroism (CD) studies
CD spectra were recorded with a JASCO J-7 spectropolarimeter at

using 0.1 cm quartz cell. The concentration of CT-DNA (100 μM) was
kept constant and the experiment was carried out using the [Com-
plex]/[DNA] ratios of 0.0, 0.25, 0.5, 1, 1.25 and 1.5. The experiment
was done in triplicates to get a final spectrum as an average of succes-
sive scans. The blank correction was done for each run.

3. Results and discussions

3.1. Synthesis and characterization

Substituted tertiary pyridine ligand (meFtpy) was synthesized using
2-acetyl pyridine and 5-methyl furfural as shown in Scheme 1 (Fig. S1,
ESI†). The ligand and the corresponding copper complexeswere synthe-
sized and characterized by elemental analyses and spectroscopic tech-
niques. The molecular structure of the copper complexes 1 and 2 were
confirmed by single crystal X-ray diffraction studies.



135P.R. Inamdar, A. Sheela / Journal of Photochemistry & Photobiology, B: Biology 159 (2016) 133–141
3.2. Characterization

UV absorption spectrum of ligand meFtpy shows intense bands in
the range of 200–400 nm. It shows the band at 211 nm indicating
π–π* transitions with the shoulder peaks at 268 and 285 nm. The free
ancillary ligands 2,2′-bipyridine (bipy) and 1,10-phenanthroline
(phen) show intense bands at 310 and 268 nm respectively. Fig. S2
(ESI†) shows the electronic spectra of the complex 1 and 2 (C1 and
C2)with the inset showing the visible spectra for the same. For the com-
plex 1, the strong shoulder peaks were observed at 270 and 286 nmdue
to intraligand transitions involved with meFtpy (Fig. S2, ESI†) and π–π*
transition of bipy was observed at 310 nm. In addition, the broad MLCT
band was observed at 366 nm. Complex 2 shows the small shoulder
peaks at 268 and 280 nm due to intraligand transition [17]. The broad
MLCT peak was observed at 368 nm for the same (Fig. S2, ESI†). The
characteristic phenanthroline absorption in the case of complex 2 was
not observed. It may be due to the overlapping of intense π–π* transi-
tion of tertiary pyridine ligand occurring in the samewavelength region.
Visible spectra of the complexes 1 and 2, attributed to d–d transitions,
were observed at 648 and 652 nm (Fig. S2, ESI†) respectively as broad
bands.

FT-IR spectra (Fig. S3, ESI†) of the ligand terpyridine (meFtpy) has
shown sharp stretching frequency of ν(C = N) observed at
1616 cm−1. In the case of complexes 1 and 2, this ν(C = N) stretch
got shifted to 1639 and 1620 cm−1 respectively proving the binding
of nitrogen atoms to copper metal. For complex 1, bipyridine ν(C = N)
stretching frequency was shifted to 1614 cm−1 (Fig. S4, ESI†) as com-
pared to 1579 cm−1 corresponding to the uncoordinated bipyridine li-
gand. In the case of complex 2, the characteristic stretching frequencies
for ν(C = C) and ν(C = N) of the phenanthroline ring observed
at 1504 and 1419 cm−1 (Fig. S4, ESI†) were shifted to wave-number
values as 1535 and 1477 cm−1 respectively [18]. The typical out of
plane H-bonding stretching frequencies of the free 1,10-phenathroline
were observed at 850 and 734 cm−1 which on binding with copper got
Fig. 1. ORTEP diagram representation o
shifted to 850 (less intense) and 727 cm−1 respectively [19]. The pres-
ence of the coordinated water molecule and nitrate ion was supported
by the appearance of IR stretching frequencies at 788 and 1384 cm−1

for the complex 1 and 799 and 1384 cm−1 for the complex 2, respective-
ly [20].

In the 1H NMR spectra of the ligand (meFtpy), protons from the
‘methylfuran’ structure substituted on the tertiary pyridine backbone
were observed at expected chemical shift values in the spectra
(Fig. S5, ESI†). Freemethyl (−CH3) group of the furan appears as singlet
at δ value 2.42 ppm. All the aromatic protons from the tertiary pyridine
ringwere observed at respective δ valueswith the precise number of in-
tegral protons [21]. On the other hand, 13C NMR of the ligand (meFtpy)
shows the presence of methyl carbon atom at 13.9 ppm indicating the
‘methylfuran’ ring substitution (Fig. S6, ESI†). Aromatic carbon atoms
of tertiary pyridine rings having similar magnetic environment such as
C6,6″, C3,3″, C5,5″, C4,4″, C2,2″, C2’,6′ and C3’,5′ have shown the peaks at similar
δ values.

The molecular weight of the ligand was confirmed by the GC–MS
spectrometry. Molecular ion peak was present at 313.20 m/z value as
shown in (Fig. S7, ESI†). The chromatogram shows a single peak at RT
26.85 min for the respective ligand with area under curve of about
99.19% (Fig. S8, ESI†)

3.3. X-Ray crystallographic studies

Complexes 1 and 2 were characterized structurally by single crystal
X-ray crystallography. The ORTEP diagrams for the complexes are
shown in Fig. 1 and the description of crystals and the important bond
angles and lengths are tabulated in Tables 1 and 2, respectively. Com-
plex 1 is penta-coordinated copper(II) complex with Cu-N5 system
showing distorted square pyramidal geometry. The three nitrogens of
tertiary pyridine ligand (meFtpy) and two nitrogens of bipyridine
and phenanthroline constitute N5 ligand system. For the complex 1,
apical position has been occupied by the central nitrogen atom (N2)
f a) complex 1 and b) complex 2.



Table 2
Important bond distance (Å) and bond angles (°) of the complex 1 and complex 2.

Bond distance 1 2

Cu(1)–N(1) 2.021 2.021
Cu(1)–N(2) 2223 2.223
Cu(1)–N(3) 2.035 2.035
Cu(1)–N(4) 1.919 1.919
Cu(1)–N(5) 2.035 2.035

Bond Angle 1 2

N(4)-Cu(1)-N(1) 160.71(11) 160.71(11)
N(4)-Cu(1)-N(3) 79.71(10) 79.71(10)
N(1)-Cu(1)-N(3) 100.37(10) 100.37(10)
N(4)-Cu(1)-N(5) 80.08(10) 80.08(10)
N(1)-Cu(1)-N(5) 98.39(10) 98.39(10)
N(3)-Cu(1)-N(5) 159.77(11) 159.77(11)
N(4)-Cu(1)-N(2) 120.66(11) 120.66(11)
N(1)-Cu(1)-N(2) 78.59(11) 78.59(11)
N(3)-Cu(1)-N(2) 96.73(10) 96.73(10)
N(5)-Cu(1)-N(2) 94.31(10) 94.31(10)

Table 1
Crystal data for complex 1 and 2.

1 2

Empirical formula C30 H23 Cu N7 O8.50 C32 H25 Cu N7 O10

Formula weight 681.09 731.13
Temperature 293(2) K 296(2) K
Wavelength 0.71073 A° 0.71073 A
Crystal system, space group Triclinic, P-1 Triclinic, P-1
Unit cell dimensions a = 7.3711(3) A° a = 7.4232(3) A°

alpha = 89.0680(10) deg. alpha = 84.437(2) deg.
b = 12.1545(5) A° b = 11.6169(4) A°
beta = 85.352(2) deg. beta = 87.402(2) deg.
c = 16.8738(7) A° c = 18.2539(6) A°
gamma = 79.4970(10) deg. gamma = 82.801(2) deg.

Volume 1481.54(11) A3 1553.48(10) A3

Z, Calculated density 2, 1.527 Mg/m3 2, 1.563 Mg/m3

Absorption coefficient 0.804 mm−1 0.776 mm−1

F(000) 698 750
Crystal size 0.35 × 0.30 × 0.30 mm 0.35 × 0.30 × 0.30 mm
Theta range for data collection 2.09° to 26.00° 2.01° to 26.00°
Limiting indices −9 ≤ h≤9, −14 ≤ k ≤ 14, −20 ≤ l ≤20 −9 ≤ h ≤ 9, −14 ≤ k ≤ 14, −22 ≤ l ≤ 22
Reflections collected/unique 27,628/5803 [R(int) = 0.0301] 35,139/6096 [R(int) = 0.0408]
Completeness to theta 26.00 99.9% 26.00 100%
Max. and min. transmission 0.7987 and 0.7356 0.8047 and 0.7710
Refinement method Full-matrix least squares on F2 Full-matrix least squares on F2

Data/restraints/parameters 5803/21/449 6096/109/495
Goodness-of-fit on F^2 1.021 1.109
Final R indices [I N 2sigma(I)] R1 = 0.0385, wR2 = 0.1057 R1 = 0.0493, wR2 = 0.1283
R indices (all data) R1 = 0.0528, wR2 = 0.1153 R1 = 0.0733, wR2 = 0.1515
Largest diff. peak and hole 0.547 and −0.362 e.A−3 1.231 and −0.518 e.A−3
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(as shown in Fig. 1) of the tertiary pyridine system. It is situated at
2.22 Å from the Cu(II) metal centre. The other nitrogen N4 (Fig. 1)
atom of the bipyridine is located at the equatorial position with a dis-
tance of 1.92Å from the copper ion. Remaining three nitrogen atoms sit-
uated at precisely similar distances as 2.021 Å (N1), 2.035 Å (N3) and
2.035 Å (N5) from the copper ion making equatorial plane. A
few reports have suggested that the shortening of Cu-N equatorial
bond compared to Cu-N apical bond is common [22]. The coor-
dination bond angles in the complex 1 are 78.59(11)° (N1-Cu-N2),
96.73(10)°(N2-Cu-N3), 79.71(10)° (N3-Cu-N4), 80.08(10)° (N4-Cu-
N5) and 98.39(10)° (N5-Cu-N1). In the case of complex 2, similar
distorted square pyramidal geometry has been observed.

The apical position is occupied in the complex 2 by N2 from
phenanthroline ligand systemwith a distance of 2.22 Å from the central
metal ion. The equatorial nitrogen N4 of meFtpy ligand (Fig. 1) is posi-
tioned at a distance of 1.91 Å. Other three nitrogen atoms N1, N3 and
N5 are situated in such a way to make equatorial plane at the distances
of 2.02 Å, 2.035 Å and 2.035 Å respectively from the copper ion (Fig. 1).
The coordination bond angles are observed as 78.59(11)° (N1-Cu-N2),
94.31(10)° (N2-Cu-N5), 80.08(10)° (N5-Cu-N4), 79.71(10)° (N4-Cu-
N3) and 100.37(10)°(N3-Cu-N1).

In complex 2, meFtpy (Fig. 1) ligand is almost planar and the phen li-
gand is perpendicular to meFtpy as the angle N(5)-Cu-N(2) measures
94.31. The crystal packing of the complex 2 shows that the meFtpy li-
gands are stacked one over other and the phen ligands too are stacked
in the sameway, because of the planarity of the tertiary pyridine ligand.
Crystallographic data (without structure factors) for the structures re-
ported in this article have been depositedwith the Cambridge Crystallo-
graphic Data Centre (CCDC) as supplementary publication no. CCDC
1027189 for the complex 1 and CCDC 1027190 for the complex 2.

Copies of the data can be obtained free of charge from the CCDC via
http://www.ccdc.cam.ac.uk/data_request/cif.

3.4. DNA binding studies

UV absorption and EtBr displacement assay determines themode of
binding of the complexes with DNA. This is further supported bymolec-
ular docking and circular dichroism studies.
3.4.1. UV absorption titration
The binding modes of complexes 1 and 2 were assessed by UV ab-

sorption titration with calf thymus (CT) DNA. The binding affinities of
both of the complexes were compared with partial intercalator drug
doxorubicin and the planar ligand meFtpy. The UV spectra of 20 μM so-
lutions of complexes 1 and 2 in the absence and with successive incre-
ments of CT-DNA are shown in Fig. 2. The isosbestic point observed in
UV titration curves is indicative of equilibrium between the free and
bound forms.

UV spectral titration of doxorubicin and meFtpy were carried out at
the same concentration as that of the complexes for comparing the
binding mode precisely. On binding to the complex, DNA perturbs the
ligand centred bands in the UV region [23]. The complexes have
shown hypochromism with the increasing amounts of DNA indicating
the probable intercalative binding mode completely ruling out the pos-
sibility of groove binding. Intercalative mode is exhibited due to cou-
pling of π* orbital of the intercalated ligand and π orbital of DNA base

http://www.ccdc.cam.ac.uk/data_request/cif


Fig. 2. UV Absorption spectra of the compounds (20 μM) in the absence and presence of increasing amounts of CT-DNA (0–140 μM) at 25 °C in 50 mM Tris–HCl (pH 7.2); a) Complex 1,
b) Complex 2, c) meFtpy and d) Doxorubicin.
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pairs, which reducesπ–π* transition energy resulting in bathochromism
(red shift) [24]. Percentage of hypochromicity for the complexes, ligand
and the standard drug doxorubicinwere calculated. The binding affinity
of both the complexes can be differentiated quantitatively by calculat-
ing the intrinsic binding constant Kb from the absorbance spectra of
the same. Kb was calculated using the formula,

DNA½ �= εa � ε fð Þ ¼ DNA½ �= εb � ε fð Þ þ 1=Kb εb � ε fð Þ ð1Þ

where, εa, εf and εb correspond to Aobsd/[Cu2+], the extinction
coefficients for free copper complex and that of copper complex in
fully bound form, respectively. [DNA]/(εa − εf) vs [DNA] values were
Table 3
DNA binding and molecular docking parameters of the complexes 1 and 2.

Parameters 1 2

UV Spectroscopic DNA binding parameters
aKb (1.29 ± 0.10) × 104 M−1 (1.46 ± 0.23) × 104 M
b% H 35% 38%
cΔG −24.41 kJ/mol −24.69 kJ/mol

Fluorescence spectral parameters (EtBr quench)
dKapp 1.48 × 106 M−1 2.2 × 106 M−1

eKsv (2.23 ± 0.33) × 104 M−1 (2.98 ± 0.13) × 104 M
% Quench 65% 70%

Molecular docking parameter
BE −8.2 kcal/mol −9.6 kcal/mol

aKb = Binding constant, b %H = Percentage of hypochromicity, c ΔG = Gibb's Free energy, dKa
plotted and Kb was obtained from the ratio of the slope to the intercept.
Intrinsic binding constants (Table 3) for complex 1 and complex
2 were found to be (1.29 ± 0.10) × 104 M−1 and (1.46 ±
0.23) × 104 M−1 respectively [24,25]. Kb values were found in order of
Kb(doxo) N Kb(2) N Kb(1) N Kb(meFtpy). The DNA binding affinities of
reported terpyridine-copper complexes along with ethidium bromide
have been compared and shown in Table. 4 [26–32]. It has been ob-
served that the binding affinity of the synthesized complexes is appar-
ently lower than that of classical intercalator ethidium bromide and
comparable to that of values obtained for doxorubicin thus indicating
partial intercalation mode of binding. It may be postulated that meFtpy
on binding to DNA may get stacked between the base pairs in such a
meFtpy Doxorubicin

−1 (1.21 ± 0.6) × 104 M−1 (2.06 ± 0.31) × 104 M−1

25% 43%
−24.21 kJ/mol −25.60 kJ/mol

1.28 × 106 M−1 3.11 × 106 M−1

−1 (1.94 ± 0.12) × 104 M−1 (3.27 ± 0.31) × 104 M−1

58% 78%

– −9.8 kcal/mol

pp = Apparent constant, eKsv = Stern–Volmer constant.



Table 4
Intrinsic binding affinity constants (Kb) of reported mixed ligand tertiary pyridine Cu(II) complexes.

Compound λmax (nm) Mode of binding Red shift (nm) Kb (M−1) Ref

Ethidium bromide 285 Hypochromism +1 5.35 × 106 Ref [26]
[Cu(NFL)(4′(3-chlorophenyl)-2,2′:6′,2″-terpyridine)Cl] 290 Hypochromism 0 7.19 × 104 Ref [27]
[Cu(dppz)(tpy)] (PF6)2 360 Hypochromism 0.5 – Ref [28]
[Cu(py-tpy)](NO3)2 275 Hypochromism 0.5 1.7 × 106 Ref [29]
[Cu(Fctpy)(phen)] (ClO4)2 270 Hypochromism 0.7 1.4 × 104 Ref [30]
[Cu(Itpy)(NO3)(H2O)] (NO3)·2H2O 350 Hypochromism + Hyperchromism 0.5 4.23 × 104 Ref [10]
[Cu(Atpy)(NO3)(H2O] (NO3)·3H2O 300 Hypochromism 0.5 4.25 × 104 Ref [31]
[Cu(Meotpy)(dmp) (NO3)2 275 Hypochromism 0.7 7.1 × 104 Ref [32]
[Cu(benzimidtpy)(dmp) (NO3)2 350 Hypochromism 0.7 1.8 × 105

[Cu (meFtpy) (bpy)](NO3)2. 2(H2O) (1) 365 Hypochromism 0.3 1.23 × 104 This work
[Cu (meFtpy) (phen)](NO3)2. (H2O) (2) 290 Hypochromism 0.4 1.46 × 104 This work

138 P.R. Inamdar, A. Sheela / Journal of Photochemistry & Photobiology, B: Biology 159 (2016) 133–141
way favouring secondary interactions of ancillary ligands with DNA
base pairs ruling out classical intercalation bindingmode [33,34]. In ad-
dition, Gibbs free energy change (ΔG) gives an idea of spontaneity/
nonspontaneity of complex-DNA binding. ΔG was calculated using Kb,
binding constant values, obtained from UV absorption titration as [35];

ΔG ¼ −2:303 RT log10Kbð Þ kJ=mol½ � ð2Þ

Free energy changes for both complexes 1 and 2 were found to be
−24.41 kJ/mol and −24.69 kJ/mol respectively favouring the sponta-
neous binding ability of complexes with DNA. Thus, the synthesized
complexes, herein, have shown the stacking behaviour comparable to
doxorubicin rather than ethidium bromide, a classical intercalator.
Fig. 3. Emission spectra (λex = 510 nm) of EB-DNA in Tris–HCl buffer in the absence and pre
d) Doxorubicin (0–100 μM).
3.4.2. Fluorescence based EtBr displacement assay
Further, in order to prove intercalating behaviour of the metal com-

plexes, displacement assay was carried using Ethidium bromide. It has
planar phenanthridine rings which get stacked between base pairs of
DNA emitting intense fluorescence [36]. The enhanced fluorescence
can be quenched by a quencher molecule based on which this study
was carried out [37]. The fluorescence spectra of the EB bound DNA in
the presence of increasing concentrations of the metal complex is
shown in Fig. 3. The decrease in the intensity of EB-DNA was noted as
the concentration of the complexes 1 and 2was increased substantially
indicating the competitive binding. Similar quenching experiment was
carried out for the doxorubicin as it is partial intercalator drug and
meFtpy, a planar tertiary pyridine ligand. The extent and propensity of
sence of; a) Complex 1 (0–110 μM), b) Complex 2 (0–110 μM), c) meFtpy (0–100 μM),
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the binding is measured by calculating Ksv (Stern–Volmer constant),
using the Stern–Volmer equation [38],

Fo=F ¼ 1þ Ksv Q½ � ð3Þ

where Fo and F indicate the fluorescence intensities in the absence
and presence of quencher (complex), respectively whereas Ksv is a
linear Stern–Volmer quenching constant, [Q] is the concentration
of the quencher. Ksv values for the complex 1, 2, meFtpy and
doxorubicin were found to be (2.23 ± 0.33) × 104 M−1, (2.98 ±
0.13) × 104 M−1, (1.941 ± 0.12) × 104 M−1 and (3.27 ±
0.31) × 104 M−1, respectively. It can be observed from the quenching
constant (Ksv) values that the EtBr displacement was achieved to a
greater extent by doxorubicin. Quenching constant values were ob-
served as Ksv(doxo) N Ksv(2) N Ksv(1) N Ksv(meFtpy). The above order
correlates well with the Kb values obtained. The low binding affinities
of the complexes have made them to displace less amount of ethidium
bromide from DNA base pairs suggesting their partial intercalation be-
haviour. Binding affinity [Kapp] of the metal complexes in comparison
with the ethidium bromide can be calculated as;

KEB EB½ � ¼ Kapp complex½ � ð4Þ

In this expression, [complex] is the concentration of the complex re-
quired for the 50% reduction in the fluorescence intensity of EB and
KEB = 1.0 × 107 M−1. The apparent binding constants (Kapp) at room
temperature are found to be 1.48 × 106 M−1 for the complex 1 and
2.2 × 106 M−1 for 2, less than the binding constant of the classical
intercalators as Ethidium bromide (1.0 × 107M−1) indicating the partial
mode of intercalation [39]. Thus, Kb, Kapp and Ksv values obtained for the
complexes, ligand and doxorubicin correlate well with each other.

3.4.3. Molecular docking
Molecular docking throws light on the binding efficacy of complexes

to DNAproving their DNA stackingbehaviour. The studywas carried out
Fig. 4. Molecular docking poses with DNA; a) Doxo
using a selected DNA sequence (PDB ID: 2D55). Based on the study, it
was observed that the complexes interact with DNA through semi
intercalative mode. Minimum energy conformer of each complex was
selected and investigated for the bindingmodes. Best possible conform-
er for both the complexeswas generated fromAutoDock Vina and stud-
ied thoroughly for docking. It has been noted that the complexes have
shown the partial intercalation mode of binding (Fig. 4). The docked
pose of doxorubicin shows the proper intercalation behaviour between
the base pairs, as the anthraquinone ring of the drug facilitates the bind-
ing (Fig. 4a) [40].

It may be possible that hydrophobicity and planar ring structure of
phenanthroline may have favoured better insertion at the base pairs
for the complex 1. Presence of the phenanthroline ring has made the
“furan ring” of meFtpy non-interactive with the base pairs pushing it
outside the helix as seen in Fig. 4b. In the case of complex 2, meFtpy
ring is more planar than bipyridine, as bipyridine has the ‘nonstacking’
nature. Neither meFtpy nor Bipy ring gets inserted between base pairs
of DNA showing its partial insertion (Fig. 4c). Theminimumbinding en-
ergies of the best conformer of each of the complexes are−8.2 kcal/mol
and−9.6 kcal/mol, respectively for the complexes 1 and 2which are in
correlation with the binding constant (Kb) values of the same.

3.4.4. Circular dichroism studies
Binding of the metal complexes perturbs the confirmation of the

DNA helix. To find out the binding mode of the complexes, CD spectra
of the CT-DNA were recorded in the presence and absence of the com-
plexes. Typical right handed B-DNA shows the positive cotton effect at
277 nm because of base stacking property and negative stacking effect
at 246 nm due to helicity [41].

It is considered that classical intercalators increase the intensities of
both the bands of DNA along with red shift. As classical intercalator
stacks axially between the base pairs of DNA consequently leading to in-
crease in the DNA chain length and hence changes the helicity. Groove
binding agents on the other hand, do not exhibit any kind of shifts and
changes in the intensities of both the bands [26].
rubicin with DNA, b) complex 1, c) complex 2.



Fig. 5. CD Spectra of CT-DNA in the presence of increasing concentrations (0–150 μM) of the; a) Complex 1, b) Complex 2.

140 P.R. Inamdar, A. Sheela / Journal of Photochemistry & Photobiology, B: Biology 159 (2016) 133–141
In the presence of increased concentration of the complexes 1 and 2,
the decrease in the positive as well as negative bands alongwith the re-
markable blue shift of 2-3 nm was observed relative to the position of
the standard DNA band (Fig. 5). Partial intercalation of the complexes
from the sides of groove towards the base pairs may serve as ‘wedge’.
It does not affect the conformation and helicity of the DNA as it does
not fully separate the base pair stack as shown by the classical
intercalators [42]. The blue shift observed in this case may be due to
the same reason. Thus, complexes 1 and 2 clearly rule out the standard
intercalative mode of binding.

4. Conclusions

Mixed ligand based copper complexes were prepared from novel
furan substituted terpyridine ligand system and ancillary −N-N− li-
gands. The structures of the complexes are confirmed by single crystal
XRD analyses. The binding constant from UV absorption titration and
apparent binding constant values obtained from EtBr competitive bind-
ing assay favour partial intercalation behaviour comparable to antican-
cer drug, doxorubicin, a partial intercalator. This is further supported by
circular dichroismandmolecular docking studies. Based on the observa-
tions, complex 2 is found to have stronger binding propensity as com-
pared to complex 1 attributed to the hydrophobicity and planarity of
ancillary ligand.

Acknowledgements

The authors thank VIT University for providing the necessary facili-
ties to carry out the research work and CSIR project Ref No. 01(2742)/
13/EMR-II for the financial assistance. The authors are sincerely
thankful to Dr. R. Vijayaraghavan, SAS VIT University Vellore and
Dr. Balachandran Unni Nair, CLRI Chennai for their constant support
and encouragement. The authors are thankful to SAS VIT-SIF for the
UV, Fluorescence spectrophotometer instrument, NMR and GCMS facil-
ity. The authors are thankful to SAIF IITM-SXRD facility for Single crystal
XRD measurements. The authors thank to AIF Facility, SBST VIT Vellore
for Circular dichroism studies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jphotobiol.2016.03.007.
References

[1] S.M. Cohen, S.J. Lippard, Cisplatin: from DNA damage to cancer chemotherapy, Prog.
Nucleic Acid Res. Mol. Biol. 67 (2001) 93–130.

[2] K. Erkkila, D. Odom, J. Barton, Recognition and reaction of metallointercalators with
DNA, Chem. Rev. 99 (1999) 2777–2796.

[3] R. Nagane, T. Koshigoe, M. Chikira, Interaction of Cu(II)-Arg-Gly-His-Xaa
metallopeptides with DNA: effect of C-terminal residues, Leu and Glu, J. Inorg.
Biochem. 93 (2003) 204–212.

[4] D. Wang, S. Lippard, Cellular processing of platinum anticancer drugs, J. Nat. Rev.
Drug Dis. 4 (2005) 307–320.

[5] P.R. Inamdar, A. Sheela, Exploration of DNA binding mode, chemical nuclease, cyto-
toxic and apoptotic potentials of oxovanadium(IV) complexes, Int. J. Bio. Macromol.
76 (2015) 269–278.

[6] B. Bales, T. Kodama, Y.Weledji, M. Pitie, B. Meunier, M. Greenberg,Mechanistic stud-
ies on DNA damage by minor groove binding copper–phenanthroline conjugates,
Nucleic Acids Res. 33 (2005) 5371–5379.

[7] L. Zhu, K. Zheng, Y.T. Li, Z.Y. Wu, C.W. Yan, Synthesis and structure elucidation of
new μ-oxamido-bridged dicopper(II) complex with in vitro anticancer activity: a
combined study from experiment verification and docking calculation on DNA/
protein-binding property, J. Photochem. Photobiol. B 155 (2016) 86–97.

[8] V. Muniyandi, N. Pravin, P. Subbaraj, N. Raman, Persitent DNA binding, cleavage per-
formance and eco-friendly catalytic nature of novel complexes having 2-
aminobenzophenone precursor, J. Photochem. Photobiol. B. 156 (2016) 11–21.

[9] V.M. Manikandamathavan, B.U. Nair, DNA binding and cytotoxicity of copper(II) im-
idazole terpyridine complexes: role of oxyanion, hydrogen bonding and pi-pi inter-
action, Eur. J. Med. Chem. 68 (2013) 244–252.

[10] V.M. Manikandamathavan, T. Weyhermuller, R.P. Parameswari, M. Sathishkumar, V.
Subramanian, B.U. Nair, DNA/protein interaction and cytotoxic activity of imidazole
terpyridine derived Cu(II)/Zn(II) metal complexes, Dalton Trans. 43 (2014)
13018–13031.

[11] APEX2 “Program for Data Collection on Area Detectors” BRUKER AXS Inc., 5465 East
Cheryl Parkway, Madison, WI (53711–5373, USA).

[12] G. Sheldrick, A short history of SHELX, Acta Crystallogr. A 64 (2008) 112–122.
[13] E. Constable, E. Dunphy, C. Housecraft, M. Neuburger, S. Schaffner, F. Schaper, S.

Batten, Expanded ligands: bis(2,2′:6′,2″-terpyridine carboxylic acid) ruthenium(II)
complexes as metallosupramolecular analogues of dicarboxylic acids, Dalton
Trans. 38 (2007) 4323–4332.

[14] O. Trott, A. Olson, AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading, J. Comput.
Chem. 31 (2010) 455–461.

[15] M.F. Sanner, Python: a programming language for software integration and devel-
opment, J. Mol. Graph. Model. 57 (1999) 57–61.

[16] T. Scior, H. Mack, J. García, W. Koch, Antidiabetic bis-Maltolato-oxovanadium(IV):
conversion of inactive trans to bioactive cis-BMOV for possible binding to target
PTP-1B, Drug Des. Devel. Ther. 2 (2008) 221–231.

[17] V. Manikandamathavan, R. Parameswari, T. Weyhermuller, H. Vasanti, B. Nair, Cyto-
toxic copper(II) mixed ligand complexes: crystal structure and DNA cleavage activ-
ity, Eur. J. Med. Chem. 46 (2011) 4537–4547.

[18] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Com-
pounds, Wiley, New York, 1986 243.

[19] A. Schilt, R. Taylor, Infra-red spectra of 1:10-phenanthroline metal complexes in the
rock salt region below 2000 cm−1, J. Inorg. Nucl. Chem. 9 (1959) 211–221.

[20] N. Raman, S. Ravichandran, C. Thangaraja, Copper(II), cobalt(II), nickel(II) and
zinc(II) complexes of Schiff base derived from benzil-2,4-dinitrophenylhydrazone
with aniline, J. Chem. Sci. 116 (2004) 215–219.

doi:10.1016/j.jphotobiol.2016.03.007
doi:10.1016/j.jphotobiol.2016.03.007
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0005
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0005
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0010
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0010
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0015
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0015
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0015
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0020
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0020
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0025
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0025
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0025
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0030
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0030
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0030
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0035
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0035
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0035
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0035
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0040
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0040
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0040
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0045
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0045
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0045
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0050
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0050
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0050
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0050
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0055
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0060
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0060
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0060
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0060
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0065
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0065
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0065
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0070
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0070
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0075
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0075
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0075
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0080
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0080
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0080
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0085
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0085
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0090
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0090
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0090
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0090
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0095
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0095
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0095


141P.R. Inamdar, A. Sheela / Journal of Photochemistry & Photobiology, B: Biology 159 (2016) 133–141
[21] M. Patel, H. Joshi, C. Patel, DNA interaction, in vitro antimicrobial and SOD-like activ-
ity of copper(II) complexes with norfloxacin and terpyridines, J. Organomet. Chem.
701 (2012) 8–16.

[22] C. Furlani, Ligand field interpretation of some cases of pentacoordination, Coord.
Chem. Rev. 3 (1968) 141–167.

[23] T. Sarwar, M.A. Hussain, S.U. Rehman, H.M. Ishqi, M. Tabish, Multi-spectroscopic and
molecular modelling studies on the interaction of esculetin with calf thymus DNA,
Mol. BioSyst. 11 (2015) 522–531.

[24] Q.Y. Chen, Synthesis, characterization, bioactivities of copper complexes with N-allyl
di(picolyl)amine, Spectrochim. Acta A Mol. Biomol. Spectrosc. 75 (2010) 355–360.

[25] P. Reddy, A. Shilpa, N. Raju, P. Raghavaiah, Synthesis, structure, DNA binding and
cleavage properties of ternary amino acid Schiff base-phen/bipy Cu(II) complexes,
J. Inorg. Biochem. 105 (2011) 1603–1612.

[26] A. Meenongwa, R.F. Brissos, C. Soikum, P. Chaveerach, P. Gamez, Y. Trongpanich, U.
Chaveerach, DNA-interacting and biological properties of copper(II) complexes
from amidino-O-methylurea, New J. Chem. 39 (2015) 664–675.

[27] M. Patel, H. Joshi, C. Patel, Copper(II) complexes with norfloxacin and neutral
terpyridines: cytotoxic, antibacterial, superoxide dismutase and DNA-interaction
approach, Polyhedron 40 (2012) 159–167.

[28] K. Abdi, H. Hadadzadeh, M. Weil, M. Salimi, Mononuclear copper(II) complex with
terpyridine and an extended phenanthroline base, [Cu(tpy)(dppz)]2+: synthesis,
crystal structure, DNA binding and cytotoxicity activity, Polyhedron 31 (2012)
638–648.

[29] S. Roy, S. Saha, R. Majumdar, R.R. Dighe, A.R. Chakravarty, DNA photocleavage and
anticancer activity of terpyridine copper(II) complexes having phenanthroline
bases, Polyhedron 29 (2010) 2787–2794.

[30] B. Maity, M. Roy, B. Banik, R. Majumdar, R.R. Dighe, A.R. Chakravarty, Ferrocene pro-
moted photoactivated DNA cleavage and anticancer activity of terpyridyl copper(II)
phenanthroline complexes, Organometallics 29 (2010) 3632–3641.

[31] P. Shi, M. Lin, J. Zhu, Y. Zhang, Q. Jiang, DNA-binding affinity and nuclease activity of
two cytotoxic copper terpyridine complexes, J. Biochem. Mol. Toxicol. 23 (2009)
295–302.
[32] S. Rajlakshmi, T. Weyhermuller, M. Dinesh, B. Nair, Copper (II) complexes of
terpyridine derivatives: a footstep towards development of antiproliferative agent
for breast cancer, J. Inorg. Biochem. 117 (2012) 48–59.

[33] W.Y. Lee, Y.K. Yan, P.P.F. Lee, S.J. Tan, K.H. Lim, DNA binding and nucleolytic proper-
ties of Cu(II) complexes of salicyaldehyde semicarbazones, Metallomics 4 (2012)
188–196.

[34] E. Grueso, G. López-Pérez, M. Castellano, R. Prado-Gotor, Thermodynamic and struc-
tural study of phenanthroline derivative ruthenium complex/DNA interactions:
probing partial intercalation and binding properties, J. Inorg. Biochem. 106 (2012)
1–9.

[35] V. Uma, M. Kanthimathi, T. Weyhermuller, B. Nair, Oxidative DNA cleavage mediat-
ed by a new copper(II) terpyridine complex: crystal structure and DNA binding
studies, J. Inorg. Biochem. 99 (2005) 2299–2307.

[36] J. Kelly, A. Tossi, D. McConnell, C. Ohuigin, A study of the interactions of some
polypyridylruthenium (II) complexes with DNA using fluorescence spectroscopy,
topoisomerisation and thermal denaturation, Nucleic Acids Res. 13 (1985)
6017–6034.

[37] F. Meyer-Almes, D. Porschke, Mechanism of intercalation into the DNA double helix
by ethidium, Biochemistry 32 (1993) 4246–4253.

[38] A. Wolfe, G. Shimer Jr., T. Meehan, Polycyclic aromatic hydrocarbons physically in-
tercalate into duplex regions of denatured DNA, Biochemistry 26 (1987)
6392–6396.

[39] J. Lakowicz, G. Weber, Quenching of fluorescence by oxygen. Probe for structural
fluctuations in macromolecules, Biochemistry 12 (1973) 4161–4170.

[40] C.A. Frederick, L.D. Williams, G. Ughetto, G.A. Van der Marel, J.H. Van Boom, A.H.
Wang, Structural comparison of anticancer drug-DNA complexes: adriamycin and
daunomycin, Biochemistry 29 (1990) 2538–2549.

[41] V.I. Ivanov, L.E. Minchenkova, A.K. Schyolkina, A.I. Poletayev, Different conforma-
tions of double-stranded nucleic acid in solution as revealed by circular dichroism,
Biopolymers 12 (1973) 89–110.

[42] M. Patel, H. Joshi, C. Patel, Cytotoxic, DNA binding, DNA cleavage and antibacterial
studies of ruthenium–fluoroquinolone complexes, J. Chem. Sci. 126 (2014) 739–749.

http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0100
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0100
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0100
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0105
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0105
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0110
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0110
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0110
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0115
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0115
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0120
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0120
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0120
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0125
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0125
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0125
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0130
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0130
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0130
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0135
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0140
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0140
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0140
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0145
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0145
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0145
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0150
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0150
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0150
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0155
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0155
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0155
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0160
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0160
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0160
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0165
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0165
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0165
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0165
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0170
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0170
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0170
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0175
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0175
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0175
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0175
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0180
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0180
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0185
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0185
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0185
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0190
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0190
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0195
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0195
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0195
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0200
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0200
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0200
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0205
http://refhub.elsevier.com/S1011-1344(15)30128-7/rf0205

	Spectroscopic investigations on partial intercalative binding behaviour of terpyridine based copper(II) complexes with DNA
	1. Introduction
	2. Experimental
	2.1. Materials and methods
	2.2. Synthesis of substituted tertiary pyridine ligand 4′-(4-methylfuran-2-yl)-2,2′:6′,2″-terpyridine (meFtpy)
	2.3. Synthesis of Copper(II) complexes
	2.3.1. Synthesis of [Cu(meFtpy)(bpy)](NO3)2.2(H2O) (1)
	2.3.2. Synthesis of [Cu(meFtpy)(phen)](NO3)2.(H2O) (2)

	2.4. DNA binding studies
	2.4.1. UV and fluorescence spectrophotometry
	2.4.2. Molecular docking tools
	2.4.3. Circular dichroism (CD) studies


	3. Results and discussions
	3.1. Synthesis and characterization
	3.2. Characterization
	3.3. X-Ray crystallographic studies
	3.4. DNA binding studies
	3.4.1. UV absorption titration
	3.4.2. Fluorescence based EtBr displacement assay
	3.4.3. Molecular docking
	3.4.4. Circular dichroism studies


	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


