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Herein, we report the synthesis and structural investigation of CuII-NaI heterobimetallic complex 1, which
comprises of the compartmental Schiff-base ligand (H2L) derived from DACH (1,2-Diaminocyclohexane)
and o-vanillin. B3LYP/TZVP DFT calculation was performed to get a deeper insight of the ground state
electronic structure, and quantitative analysis of non-covalent interactions was carried out using
Hirshfeld surface analysis to explore H-bonding, C-H���p, Cu���C-H and Cu���H-C interactions.
Furthermore, in vitro DNA binding studies with Complex 1 demonstrated the electrostatic mode of inter-
action at the major groove of the DNA. Complex 1 showed the oxidative damage of pBR322 DNA via ROS
generation. Additionally, in vitro cytotoxicity and genotoxicity of complex 1 were investigated on human
breast cancer cells (MCF-7), revealed concentration-dependent cell viability at micromolar concentration
level. Flow cytometric analysis confirmed the cytotoxic potential of complex 1 as the percentage of apop-
totic cells were increased in the treatment group. Genotoxicity was evident in the induction of micronu-
cleus and DNA fragmentation.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Cancer is one of the leading causes of morbidity and mortality,
with approximately 14 million new cases in 2012 and 8.8 million
cancer deaths globally in 2015 [1]. Altogether, nearly 1 in 6 deaths
is due to cancer. According to agencies, 21.7 million new cancer
cases can increase the global burden, and about 13 million cancer
deaths are expected by 2030 [2]. Therefore, a major challenge for
chemists is to develop new anticancer drugs with reduced toxicity
and superior chemical and pharmacological properties (viz., solu-
bility, cellular uptake, kinetically stable and metabolic clearance)
to increase the survival rates of patients [3]. Since Rosenberg’s
serendipitous discovery opened the pathway for the introduction
of metal complexes in antineoplastic chemotherapy, several Pt(II)
complexes (i.e., cisplatin, carboplatin, and oxaliplatin) have
become backbones in cancer treatment [4]. However, the
cross-resistance and severe side effects of platinum drugs have
limited their clinical application, to a great extent [5]. To search
for the answer of the above mentioned problems, many drug
design strategies have been used, and over the last 25 years, one
attractive procedure the so-called ‘‘metal-drug synergism” can be
achieved by combining a pharmacologically active organic scaffold
and a metal-based complex, searching for synergistic action
against several pathogens, including tumor cells [6]. These
chemotherapeutic agents act by inhibition of the synthesis of
DNA, the primary intracellular target for several anticancer drugs.
The interaction between small molecules and DNA can lead to DNA
damage in cancer cells by blocking the division of cancer cells and
causing cell death. Studies on the non-covalent interactions of
molecules with the major groove of DNA are promising as potential
new therapeutic agents [7] (See Scheme 1).

In continuation of our quest for robust design of alternative tar-
get specific metal-based anticancer agents, thus we considered
new approach towards the designing of potential metallo-drugs
by combining two different endogenous metal ions, copper, and
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Scheme 1. Schematic representation of the synthesis of complex 1.
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sodium into the pharmacologically active organic scaffold that are
biocompatible. Copper accumulates in tumors due to selective per-
meability of cancer cell membrane to copper compounds; thereby
they can act as ‘‘artificial nucleases” for the sequence-specific dis-
ruption of gene function [8]. While the role of sodium during apop-
tosis is essential, evidence in literature has supported that sodium
channels could be promising targets for cancer therapy in regards
to sensitizing tumor cells to die [9]. Sodium ions induce early apop-
tosis and play a significant role in essential cellular functions like
solute migration and differentiation, gene expression, excitation-
contraction coupling and intercellular communication, etc. [10].
We have demonstrated earlier in our previous studies that hetero-
bimetallic complexes of the copper exhibit a remarkable antiprolif-
erative profile and show preferential selectivity inside the cells,
inducing apoptosis. The strategic design and synthesis of heteronu-
clear complexes are quite challenging. The metal centers in
heteronuclear systems promote cooperative synergic interactions,
for example in biological systems, cooperative interactions are
commonly observed which accomplish an extraordinary range of
catalytic transformations [11].

Complex 1 structure was elucidated by single crystal X-ray
diffraction and other spectroscopic techniques. Although there
are a few literature reports of heteronuclear complexes incorporat-
ing sodium and copper, the aqua-soluble Cu/Na heteranuclear
complex examples remain very scant [12]. The binding affinity
towards DNA has been studied by using absorption, emission spec-
troscopy, and DNA electrophoresis. The anti-cancer potential of
complex 1 was evaluated in human breast adenocarcinoma MCF-
7 cells through cytotoxicity, apoptosis and DNA damage assays.

2. Experimental section

2.1. Materials

Cu(ClO4)2�6H2O (Sigma-Aldrich), o-vanillin (Sigma-Aldrich),
1,2-Diaminocyclohexane (Alfa Aesar) and calf thymus DNA (CT
DNA) (Sigma–Aldrich), pBR322 DNA (Genei) used as received.
From Invitrogen (Carlsbad, CA, USA), FBS (Fetal bovine serum),
penicillin-streptomycin and trypsin/ EDTA were obtained. PBS
(phosphate buffered saline), dimethyl sulfoxide (DMSO), ethidium
bromide, acridine orange, Trypan blue, Cytochalasin-B, agarose for
electrophoresis and Dulbecco’s Modified Eagle’s medium (DMEM),
were obtained from Sigma-Aldrich (St Louis, MO, USA). The Cell
Titer 96� (Non-radioactive Cell Proliferation Assay kit), purchased
from Promega (Madison, WI, USA). All the culture wares and con-
sumables used in these experiments were from Nunc, Denmark.

2.2. Methods and instrumentation

Instruments used for Microanalysis was CE–440 elemental
analyzers (Exeter Analytical Inc.), FT-IR was carried out on
Perkin–Elmer Model 1320 spectrometer (KBr disk, 400–4000 cm–1),
Perkin-Elmer UV–vis spectrophotometer, Shimadzu RF–5301
PC spectrofluorophotometer. Axygen horizontal electrophoretic
assembly with power supply and Vilber-Infinity gel documenta-
tion system for imaging.
2.3. Synthesis of [CuIINaIL(DMF)(ClO4) (1)

A solution of o-vanillin (2 mmol, 10 mL MeOH) was mixed with
DACH (2 mmol, 0.24 mL). The mixture was allowed to stirring at
70 �C for a period of 3 h to give deep yellow clear solution. A
methanolic solution of Cu(ClO4)2�6H2O (0.37 g, 1 mmol) was added
to the above reaction mixture which was refluxed with constant
stirring for 2 h. After this was added, sodium azide (1 mmol, 65
mg) in a methanol-DMF (1:2) mixture (15 mL) to above reaction
mixture and stirred for 2 h. After 2–3 weeks crystals suitable for
X-ray were obtained on slow evaporation in a refrigerator of brown
color.

Yield 88%, M.P. 210 �C. Anal. Calc. for [C25H31ClCuN3NaO9] (%):
C, 46.95; H, 4.89; N, 6.57; Found: C, 46.84; H, 4.78; N, 6.51.
2.4. Single crystal X–ray crystallography

To obtain crystallographic data of complex 1, Bruker SMART
APEX CCD diffractometer at 100 K on a using graphite
monochromatic MoKa radiation (k = 0.71073 Å) [13–17] (for
details see SI). The refinement and crystal data are presented
in Table 1. Selective bond distances and angles are given in
Tables S1 and S2.
2.5. Theoretical calculations

The ORCA 3.0.1 programmed was used for theoretical calcu-
lations [18]. The quantum chemical calculations were per-
formed by applying the DFT method with Becke-3-Lee-Yang-
Parr (B3LYP) supplemented with the balanced polarized tri-
ple-zeta def2-TZVP basis set for all atoms [19]. The initial
coordinates was taken from the single crystal X-ray structural
data. The resolution of identity approximation with decon-
tracted auxiliary def2-TZV/J coulomb fitting basis set and the
chain-of-spheres approximation were subjected, to fasten the
calculations [20]. The Crystal Explorer software was used for
mapping the Hireshfeld surface by taking crystal structure data
from .cif file [21].

AutoDock Vina software package was utilized for the molecular
docking studies [22]. The Pre-docking preparation of the ligand
(complex 1) and receptor (DNA: PDB; 1BNA) was done by MGL
Tool-1.5.6. Discovery Studio 4.1 and Pymol molecular graphic visu-
alization programs were used for the imagining of most favorable
docked poses [23].



Table 1
Crystal and Structure Refinement Data for complex 1.

Parameters Complex 1

Formula C25H31ClCuN3NaO9

Fw (g mol–1) 639.51
Crystal System Monoclinic
Space Group P21/c
a (Å) 14.0488(15)
b (Å) 12.2202(13)
c (Å) 16.4625(16)
b(deg) 94.492(2)
U (Å3) 2817.6(5)
Z 4
qcalc (g/cm3) 1.508
l (mm–1) 0.942
F(0 0 0) 1324
Crystal size (mm) 0.28 � 0.20 � 0.15
Temp (K) 296(2)
Measured reflns 19,046
Unique reflns 3998
GOFa 1.030
Final Rb indices

[I > 2r(I)]
R1 = 0.0482
wR2 = 0.1297

Rb indices(all data) R1 = 0.0622
wR2 = 0.1409

CCDC 1,532,654

a GOF is defined as fP½wðF20 � F2c Þ�=ðn� pÞg1=2 where n is the number of
data and p is the number of parameters. bR = fP kF0j � Fcj kg;wR2 ¼
fPwðF20 � F2c Þ

2
=
P

wðF20Þ
2g

1=2
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2.6. DNA binding and cleavage experiments

The DNA binding and cleavage experiments were carried out by
using standard protocol with slight modification made by us (for
detail see ESI). [24,25]

2.7. Cell cultures

MCF breast cance cell line was obtained from ATCC, Rockville,
USA. The MCF cells were maintained under standard conditions
in DMEM along with PBS (10%) and antibiotics (1% penicillin/strep-
tomycin (for detail see ESI).

2.8. Cytotoxicity assay

The colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) Assay was carried out with slight
modification to study the cytotoxicity of the complex 1 against
MCF7 human breast cancer cells. (for detail see ESI).

2.9. Morphological changes analysis

To observe morphological changes in cells (MCF-7) induced
upon treatment with complex 1 for 24 h are visualized under
100X a phase contrast inverted microscope (for detail see ESI).

2.10. Detection of apoptosis by flow cytometry

The Apoptosis of the cells was examined in MCF-7 cells by
Annexin V-Propidium Iodide (PI) double staining method using
the annexin V-FITC apoptosis detection kit (BD Biosciences, San
Diego, USA). Briefly, 1 � 105 cells/mL were grown for overnight
and exposed to complex 1 (2.5 and 5.0 mM) in 6-well plates for
24 h. At the end of the exposure, cells were washed with cold
PBS, trypsinized and centrifuged at 1000 rpm; the cell pellet was
rewashed with PBS and re-suspended in 100 mL of 1X binding buf-
fer (1 � 106 cells/mL). Then, annexin V–FITC and PI, 5 mL each was
added to the cell suspension, and the cells were gently vortexed.
Then, the cells were incubated for 20 min at room temperature
(25 �C) in the dark. Then, the samples were diluted by adding
400 mL 1X binding buffer. Annexin-V/ PI fluorescence was studied
on BD FACSCalibur flow cytometer for the samples. By the help
of Cell Quest Pro software (BD Biosciences), samples data was ana-
lyzed and approximately 10,000 events were acquired in a total/
sample
2.11. Cytokinesis-block micronucleus (CBMN) assay

The CBMN assay was carried out using the protocol described
by Fenech, (2007). Briefly, the MCF-7 cells were seeded in Lab-
Tek-II chamber slides (Nunc, Denmark) at a density of (1 � 105

cells/ml). Then cells were exposed to different concentrations of
complex 1 (2.5 and 5.0 mM) for 24 h. At the end of treatment, the
culture medium was removed, and cells were washed twice with
PBS and cytochalasin-B at a final concentration of 4 lg/mL (dis-
solved in fresh medium) was added to the cells, and cultured the
cells for another 24 h to block the cytokinesis after mitosis. Then,
PBS has been used to wash the cells and fixed in fresh and cold fix-
ative solution (MeOH: CH3COOH, 3:1, v/v) for 20 min at room tem-
perature. The cells were stained with acridine orange (125 lg/mL
in phosphate buffer, pH 7.4). The chambers were removed, and
slides were observed at 400�magnification under a compound
microscope (Olympus BX41, Japan) equipped with fluorescence
unit accompanied with digital camera. The micronucleus fre-
quency was determined for 1000 binucleated MCF-7 cells (BNCs)
in each treatment and control group.
2.12. Detection of DNA fragmentation by agarose gel electrophoresis

Apoptotic DNA fragmentation was analyzed by using Apoptosis
DNA ladder kit (Roche Diagnostics, Mannheim, Germany). Briefly,
1x105 cells/ ml were grown for overnight and exposed to complex
1 (2.5 and 5.0 mM) in 6-well plates for 24 h. The manufacturer’s
protocol was employed to extract DNA. The quantity and purity
of extracted DNA were checked by measuring optical density
(OD) in a Nanodrop UV-spectrophotometer (Thermo Fisher Scien-
tific, USA). For DNA ladder analysis, an equal amount of DNA
(1 mg) and 100 bp DNA ladder marker was loaded and run on a
1.0% agarose gel containing 20 lg/mL ethidium bromide at 90 V,
and the DNA fragments were visualized by exposing the gel to UV
light and images were captured in a gel-doc system (Bio-Rad, USA).
2.13. Statistical analysis

All the experiments were carried out in triplicate. The values
obtained are ±standard error of the mean (SEM). The Student’s t-
test was applied at a level of significance of P < 0.05.
3. Results and discussion

The DACH and o-vanillin in 1:1 M ratio, condensation reaction
in situ resulted in the formation of ligand (H2L) (deep yellow)
and successively its Heterobimetallic CuII-NaI salen complex
[CuL1Na(DMF)(ClO4)] (1) was synthesized. The complex 1 was
characterized using%CHN, FTIR, UV-vis, and single X-ray crystallog-
raphy. The complex is quite stable in air and soluble in H2O, MeOH,
DMF, MeCN, and DMSO. Complex 1 was pre-designed to endorse
its recognition with DNA helix at a specific point. In the present
study, we observed elevated annexin V binding to phos-
phatidylserine at the cell membrane through flow cytometric
apoptosis assay. The clastogenic mode of action for complex 1
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was confirmed by micronucleus induction in MCF-7 cells that
resulted from DNA damage during anaphase nuclear division.
3.1. Structure description

Heterobimetallic CuII-NaI salen complex [CuIINaIL(DMF)(ClO4)]
(1) was structurally described by the help of X-ray crystallography.
The crystallographic data and refinement parameters details are
briefly presented in Table 1. Some of the important bond angles
and bond distances are also listed in Tables S1 and S2 (see ESI).

Single-crystal X-ray structural study revealed that complex 1
crystallized in the monoclinic P21/c space group with a = 14.0488
(15) Å, b = 12.2202(13) Å, c = 16.4625(16) Å, b = 94.492� (2) per
unit cell lattice parameters. Fig. 1 exhibited the asymmetric unit
for [[CuL1Na(DMF)(ClO4)] (1) comprises of Cu(II) metal ion bonded
to a tetra-dentate di-anionic ligand (L2�), i.e., -NNOO- donor. This
Cu(II) center with four coordination sites displayed a square-planar
geometry, [Cu1-N1 1.929(3) Å; Cu1-N2 1.921(3) Å; Cu1-O1 1.876
(2) Å and Cu1-O2 1.892(2) Å] from the deprotonated Schiff base
ligand (L2�). Thus, the arrangement around the central metal Cu
(II) is slightly distorted square-planar arrangement. The sodium
ion is located in open compartment, being surrounded by seven
oxygen atoms: two phenolate and two methoxy oxygen atoms
arising from the Schiff base [ Na1-O1 2.348(2) Å; Na1-O2 2.330
(3) Å; Na1-O3 2.721(3) Å; Na1-O4 2.664(3) Å;] and two oxygen
atoms from the bidentate perchlorate ions [Na1-O6 2.537(4) Å;
Na1-O8 2.545(4) Å] and one from the DMF moiety [Na1-O9
2.321(4) Å]. All the observed Cu–N, Cu–O, and Na-O bond distances
are within the range of the previously reported heterobimetallic
CuII-NaI complexes [26].

At the supramolecular level, the heterobimetallic units interact
through hydrogen bonds (C-H� � �O) established between the oxy-
gen atom of the coordinated perchlorate ligand (O5) and the
hydrogen atom (H7) of the L�2 ligand with the symmetry related
(-x,-1/2 + y,1/2-z) belonging to a neighboring molecular unit,
resulting in a supramolecular Zig-Zag 1D-chain (Fig. S1). Further,
Fig. 1. The structure of the complex 1 is presented in thermal ellipsoids with 50%
probability.
these Zig-Zag 1D-chains again communicated to each other and
form inter-chain hydrogen bond (C-H24� � �O9) with the symmetry
(1-x, 1-y,-z) to generate a Kagome-type 2D-supramolecular sheet
(Fig. S2).
3.2. Spectral characterization

The distinct band at 1626 cm�1 due to the azo-methine (C=N)
group are noticed in the IR spectra of complex 1 (Fig. S3) [27].
Another band at 1080 cm�1 indicates the presence of coordinated
perchlorate moiety. The band in the range 2928–2935 cm�1 are
due to C-H stretching vibrations.27 Moreover, a sharp and strong
band is observed at 1244 cm�1, indicative of aliphatic C-N stretch-
ing vibrations.

The electronic spectrum of complex 1 was observed in
methanolic solution which give rise to two prominent absorption
signals at 231 nm and 277 nm corresponding to p–p⁄ intraligand
transition. However a broad absorption maximum at 368 nm was
ascribed for LMCT transition (see ESI, Fig. S4). A single absorption
band at 534 nm are consistent with the observed square-based
geometry around the Cu(II) center [27].

The ESI-MS spectrum of complex 1 exhibited a fragmentation
peak at m/z 467 was observed for [C22H24CuN2NaO4 + H+] which
gives evidence of the formation of the heterobimetallic complex
1 (Fig. S5).

The emission spectrum of complex 1 are studied im methanolic
solution at 25 �C, exhibits fluorescence at 325 nm when it is being
excited at 277 nm, whereas a weak signal appeared at 445 nm
upon excitation at 368 nm (see ESI, Fig. S6). This band may be
attributed to the intra-ligand charge transfer (ILCT) or ligand-
ligand charge transfer (LLCT) or both of them.

The stability of the complex 1 in solution phase (tris-HCl buffer
at pH = 7.4) was studied at various times till 48 h using UV-vis
spectrophotometer (Fig. S7). The recorded UV-Vis spectra doesn’t
exhibits any considerable intensity or positional changes in the
absorption bands indicating their stability under experimental
conditions.
3.3. Hirshfeld surface analyses

The Hirshfeld surfaces mapped with dnorm range of �0.5–1.5 Å,
shape index (�1.0–1.0 Å) and curvedness (�4.0–0.4 Å) for complex
1 were illustrated in Fig. 2. The dnorm surface displayed a red-
white-blue color arrangement. The deep red spots show shorter
contacts e.g. hydrogen bonding. The white areas correspond to
contacts around the van der Waals separation like H. . .H, and the
blue regions are devoid of such close contacts. The dominant inter-
action between O. . .H, C. . .H and H. . .N atoms can be seen in the
Hirshfeld surface as the bright red areas in dnorm surface. Other vis-
ible spots in the dnorm surface correspond to H. . .H. the small extent
of area and light color on the dnorm surface indicates weaker and
longer interactions other than hydrogen bonds. In the shape index
surface red regions corresponding to C-H. . .p interactions and
‘bow-tie patterns’ indicated the presence of aromatic stacking
(p. . .p) interactions. The curvedness surface specified the electron
density of surface curves around the molecular contacts

The 2D-fingerprint plots of complex 1 are presented in Fig. 3,
counterpart to above described surfaces which quantitatively sum-
marized the nature and type of intermolecular contacts experi-
enced by the molecules in the crystal. The fingerprint plots can
be decomposed to highlight particular atom pair close contacts.
This decomposition enables parting of contributions from different
interaction types, which overlap in the full fingerprint. The amount
of H. . .H, C. . .H and C. . .C interactions covers 47%, 18.6% and 1.9% of
the total Hirshfeld surface for complex 1. Moreover, O. . .H, H. . .N,



Fig. 2. Hirshfeld surfaces mapped with dnorm (left), shape index (middle) and curvedness (right) for complex 1.

Fig. 3. The 2D fingerprint plots of interatomic interactions for complex 1 showing the percentages of contacts contributed to the total Hirshfeld surface area of the molecules.
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and CAH. . .Cu interactions comprise 24.0%, 1.46%, and 1% of the
total Hirshfeld surface for complex 1, respectively.

3.4. DNA binding and cleavage studies

The absorption bands of the complex 1 originating in the
regions 231, 277 and 368 nm are attributed to interaligand transi-
tions and LMCT, respectivily. The equilibrium binding constant (Kb)
of the complex 1 to CT-DNA was determined by UV-vis titration
experiments. On addition of CT-DNA to the complex solution, the
UV-vis absorption bands in the regions 231 and 277 nm showed
a hyperchromism with a blue shift of 2–8 nm (see ESI, Fig. S8)
for complex 1. The hyperchromic shift due to the interaligand tran-
sition for complex 1 was taken to calculate the binding affinity of
complex 1with CT-DNA. The resulting hyperchromicity of complex
1 in the interaligand transition band is possibly due to outersphere
contact with DNA via an electrostatic mode of interaction [28]. This
kind of binding may lead to an apparent modification in the confor-
mation of DNA expected the cleavage of its secondary structure.
Further, the binding strength of complex 1 towards the CT-DNA
was found to be (2.05 ± 0.11) � 104 M�1.

In the fluorescence spectra, a significant emission intensity at
ca.330 nm was exhibited by the complex 1, upon excitation with
a wavelength of 277 nm light (kex). Further enrichment in the flu-
orescence intensity was perceived upon concomitant adding CT-
DNA (0–1.8 � 10�4 M) with no significant shift, (see ESI, Fig. S9).
The increase of emission intensity demonstrated that complex 1
interacts with DNA and can be efficiently protected into the
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interior hydrophobic environment of the DNA helix, which can
inhibit quenching and increases the fluorescence intensity of the
complex 1 when binds to it. Accordingly, the binding of complex
1 to DNA, restricted the complex flexibility at the binding cavity
owing to the inaccessibility of the solvent water molecules to enter
the hydrophobic environment inside the DNA helix, contributing to
a reduction in the vibrational mode of relaxation and there-
fore vanishing the quenching effect of solvent molecules. Further-
more, the binding strength of complex 1 with CT-DNA was
determined by calculating binding constant (K) value with the help
of the Scatchard equation [24d] which were found to be (1.90 ±
0.15) � 104 M�1.

Upon addition of increasing concentration of complex 1 to DNA-
EB adduct ([DNA]/[EB] = 1) solution, the emission signal at 596 nm
displayed quenching up to 70% fluorescence intensity, upon vary-
ing the molar ratio of the complex to DNA (r = [complex]/[DNA])
from 1.6 to 15.0 (see ESI, Fig. S10). The quenching of DNA–EB flu-
orescence infers the displacement of the EB molecule by complex
1 from their DNA-EB adduct. However, the displacement of the
EB was not 100%, therefore partial intercalation as well as the elec-
trostatic binding of the complex 1 are possible [29]. The quenching
efficiency (KSV) was calculated, and the quenching parameters are
in close proximity with the Stern–Volmer equation,

Io=I ¼ 1þ Ksv½Q �
where, Io and I are the fluorescence intensities without and with the
complex 1(quencher), respectively. Kq quenching constant (Stern-
Volmer constant) and Q is the concentration of the complex 1
(quencher). The slope of the plot of Io/I versus [Q] gave Ksv value
of (1.25 ± 0.17) � 104 M�1 for complex 1, indicating the strong affin-
ity to DNA.

To assess the nuclease activity of the complex 1 against pBR322
DNA as substrate in 5 mM Tris-HCl/50 mM NaCl,pH = 7.4 buffer. A
pBR322 DNA is characterized by showing the supercoiled (SC), the
open circular (OC), and the linear (L) forms. Differences in elec-
trophoretic mobility of any of the mentioned forms are generally
drawn as evidence of direct metal-DNA interactions. In Fig. 4, the
gel electrophoretic observed, the mobility of pBR322 DNA changes
when complex 1/pBR322 DNA proportion increases due to the con-
version of SC from to OC form of pBR322 DNA. With the increase in
complex 1/pBR322 DNA proportion, the amount of SC form gradu-
ally diminished with the appearance of OC form (Lane 2–6). How-
ever, at a concentration of 10 lM of complex 1 displayed potent
DNA nuclease activity, significant conversion of SC into OC was
observed, without the presence of LC (Lane 2–6) suggestive of sin-
gle-strand cleavage [27].

To analyze the mechanism of action of complex 1 for it potential
nucleolytic activity and generation of type of ROS, the elec-
trophoretic pattern was studied in the presence of standard radical
scavengers Fig. 4b,(lane 6 and 7) it was observed that DNA cleavage
was inhibited significantly in the presence of NaN3 and SOD, con-
Fig. 4. (a) The electrophoretic patterns depicting the concentration dependent cleavage:
Mechanistic pathway for the cleavage: Lane 1, DNA control; Lane 2, DNA + 1 + Asc; Lane 3
NaN3; Lane 7, DNA + 1 + SOD; Lane 8, DNA + 1 + DMSO; Lane 9, DNA + 1 + tBuOH; (ii) G
firms singlet oxygen as well as superoxide anion are responsible
species for cleavage. However, presence of DMSO and alcohol does
not significantly quenches cleavage of DNA (lane 8 and 9) ascer-
tains that freely diffusible hydroxyl radical was not involved in
the cleavage process (Lane 8 and 9). Since, complex 1 was able to
cleave DNA in the absence of any reducing agent, which implies
that DNA might be cleaved by oxidative pathway [30].

Moreover, to ascertain the binding propensity of the complex 1
with DNA, the reaction in the presence of DAPI (a minor groove
binder) and Methyl Green (a major groove binder) were carried
out (Lane 10 and 11). No deceptive inhibition was noticed in pres-
ence of DAPI whereas in the presence of MG significant inhibition
was observed. Thus it implicates the major groove binding affinity
of the complex 1 towards pBR322 DNA. The above findings corrob-
orates well with molecular docking studies.

3.5. Density functional theory

The HOMO-LUMO energy gap play a significant role in the
analysis of chemical properties e.g. reactivity, kinetic stability
and electrical transport. The electrons of outer most orbitals are
taking part in the building HOMOs and behave as an electron
donor while inmost low energy empty orbitals which behave as
an electron acceptor. This HOMO-LUMO energy gap considered
as a quantum mechanical descriptor (QM) in creating a correla-
tion between molecular activity and structure for many chemical
and biochemical systems. Lately, this QM descriptor has also been
applied to explore the bioactivity from the intermolecular transfer
of charge which correlated with many biological activities e.g.
DNA binding strength, antibacterial and antioxidant [31]. The
intra-molecular charge transfer (ICT) from electron rich groups
to electron deficient groups via p-conjugated path is facilitated
by small HOMO-LUMO energy gap whereas the stability and
low reactivity of molecules related to the large HOMO-LUMO
energy gap [32a]. For complex 1, HOMO-LUMO energy gap was
calculated 3.44 eV (Fig. 5).

In the complex 1, significant part of LUMO and LUMO + 1 was
centered on Schiff base donor atoms and o-vanillin moiety along
with a significant amount on copper ion, while LUMO + 2 mainly
delocalized in between the Cu(II) and Na(I) and LUMO + 3 was cen-
tered on dimethylformide (DMF) and some part on o-vanillin moi-
ety of the Schiff base ligand coordinated to Na(I). The lower LUMO
energy of the interacting molecule to the DNA results greater DNA
binding strength. N. Kurita et. al. revealed that HOMO and HOMO-1
of DNA were occupied on base pairs and HOMO - x (x = 2–3) on
phosphate backbone [32b]. Hence, on interaction with DNA
lower ELUMO of complex 1 provides accommodation for an incom-
ing electronic charge from HOMO of the DNA base pairs. Therefore,
transfer of charge density from HOMO, HOMO-2, and HOMO-3 of
DNA to LUMO, LUMO + 1, LUMO + 2, and LUMO + 3 of complex 1,
occurred.
lane 1: control, lane 2–6 (increasing concentration of DNA from 5 to 25 lM) (b) (i)
, DNA + 1 + H2O2; Lane 4, DNA + 1 + GSH; Lane 5, DNA + 1 + MPA; Lane 6, DNA + 1 +
roove binding affinity: Lane 10, DNA + 1 + MG; Lane 11, DNA + 1 +DAPI.



Fig. 5. The Diagrammatic representation of complex 1 showing Frontier Molecular Orbitals.

Table 2
Non-covalent interactions of the complex 1 with DNA.

Name Distance (Å) Category Type

1: O7 - A: DG10: N7 2.53 Hydrogen Bond C-Hydrogen Bond
1: O5 - B: DG14: O6 2.75 Hydrogen Bond C-Hydrogen Bond
1: H22A - B: DG14: N7 3 Hydrogen Bond C-Hydrogen Bond
A: DC9: C5 - 1 3.62 Hydrophobic p-r
A:DT8 - 1 4.55 Hydrophobic p – p, T-shaped
A: DC9 - 1 4.98 Hydrophobic p – p, T-shaped
B: DG14 -1 4.3 Hydrophobic p – p, T-shaped
B: DC15 -1 5.51 Hydrophobic p - p, T-shaped
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3.6. Molecular docking

Since the complex 1 possesses significantly good DNA binding
propensity and nuclease activity, the molecular docking study have
been carried out to examine the favorable binding site of heterod-
inuclear Cu-Na salen complex to DNA helix. Moreover, molecular
docking investigations give visual illustration of the promising
binding mode and site of interaction of the potential drug candi-
date with their target biological molecule [33]. The resulting bind-
ing affinity determined for the minimum energy favorable docked
pose of complex 1 with the DNA target was found to be �8.32
kcal/mol which showed that complex 1 interacts with DNA
Fig. 6. The Molecular docked model of complex 1 with the major groove of DNA.

Fig. 7. Cytotoxicity of complex 1 against MCF-7 cells upon treatment with
indicated concentrations for 24 h and analyzed by MTT assay. Data is reported as
± SE.* Significant (p < 0.05).
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through an electrostatic mode including an inside edge hydrogen
bonding contacts with the oxygen and nitrogen atoms of the gua-
nine base or fitted best into the curve counter of major groove of
DNA in the slim and to some extent deeper G-C region of the major
groove in vicinity of G-10, G-14, C-9, C-15 and T-8 DNA base pairs
(Fig. 6). While o-vanillin moiety of Schiff base ligand scaffold pla-
narity is more compatible to forming p-p stacking exchanges,
which gives a partial match of complex 1 inside the DNA strand.
A detailed description of formed non-covalent interactions which
stabilized the complex 1-DNA aggregate is given in Table 2.
Fig. 9. Flow cytometric analysis (annexin V-FITC/PI assay) of MCF-7 cells exposed to
Representative dot plots showing the viable cells (%), early apoptosis (%), late apoptosis (
(D) Bar diagrams are showing the percentage of apoptosis observed by flow cytometric
controls.

Fig. 8. Morphological changes analysis of MCF-7 cells by phase contrast inverted microsc
3.7. Cytotoxicity on MCF-7 cell

To study the cytotoxicity of complex 1 in MCF-7 cells, MTT
assay was performed. Fig. 7 displays the percent cells viability
exposed to different concentrations of 1 (0.1–10 mM). The IC50

value observed at 24 h after the treatment of MCF-7 with complex
1 is found to be 6.75 mM which is significantly good in comparison
to positive control cisplatin (IC50 = 5.40 mM) and doxorubicin (IC50

= 12.01 mM, a standard drug) and the ligand (IC50 = 21.30 mM),. The
fall in the cell viability was detected significant (p < 0.05) which
indicated concentrations of complex 1 including an untreated control for 24 h.
%) and necrotic cells (%) (A) Control, (B) Complex 1 (2.5 mM) (C) Complex 1 (5.0 mM).
analysis of MCF-7 cells. Data presented in ±SE. * Significant (p < 0.05) compared with

opy. (A) Control (B) complex 1 (2.5 mM) (C) complex 1 (5.0 mM), Magnification: 100X.
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was also concentration dependent. At the highest concentration of
10 mM cell proliferation was reduced to 79% while at the lower
concentration of 0.1 mM 93% cell growth was registered.

3.8. Morphological changes analysis

To evaluate the cytotoxicity at the morphological level, cells
were treated with two concentrations of complex 1 (2.5 and 5.0
mM) below IC50 value for 24 h. Fig. 8, depicts the representative
image observed morphological changes of MCF7 cells. In control,
the morphology was undisturbed (Fig. 8A) with normal shape,
attached with the surface and 95–100% confluence was noticed.
Conversely, in the treated groups the cells lost their normal epithe-
lial cell morphology, becoming longer, and swelled. A decreased
cell density was witnessed upon treatment with complex 1 of
MCF-7 cells (Fig. 8B, C). More detached and round cells were
observed at a higher concentration of 5.0 mM.

3.9. Detection of apoptosis by flow cytometry

Using flow cytometry, the percentages of apoptotic and necrotic
cells via double staining with Annexin V and PI were analyzed. The
Fig. 10. Induction of micronuclei in MCF-7 human cancer cells observed by fluoresce
Binucleated cells; MC: Mononucleated cells; arrow head showing micronucleus. Magnifi
in each experimental group. Data represented as ±SE. * Significant (p < 0.05) compared w
positioning of quadrants on dot plots was labelled, and displayed
living cells (Annexin V�/PI�), early apoptotic cells (Annexin V+/
PI�), late apoptotic cells (Annexin V+/PI+), and necrotic cells
(Annexin V�/PI+). Representative results were presented in
Fig. 9. These data demonstrate that incubation of MCF-7 cells with
complex 1 reduces the number of the viable cells and apoptotic
cells increases. However, the apoptotic cells were relatively negli-
gible in control. As exhibited from the Fig. 9 MCF-7 cells when
exposed to complex 1, the early apoptosis cells increases to 11%
at 2.5 mM to 23.2% at 5.0 mM concentrations. While, the percentage
of late apoptosis cells reached to 9.5% and 7.8% in 2.5 mM and 5.0
mM, respectively. About 2.5% to 2.8% necrotic cells were also
observed in both the concentrations used.

3.10. Effect of complex 1 in micronucleus formation

The genotoxic effects of complex 1 were studied on MCF-7 cells
using cytokinesis-block micronucleus (CBMN) assay after 24 h of
treatment. Micronuclei were scored in 1000 binucleated MCF-7
cells as micronucleated binucleated cells. Fig. 10 presents the pho-
tomicrographs of the MCF-7 cells in the CBMN assay including con-
trol and treatment group. The number of micronuclei scored per
nce microscopy. (A) Control (B) Complex 1 (2.5 mM) (C) Complex 1 (5.0 mM). BC:
cation: 400X. (D) Quantitative estimation of micronucleus in 1000 binucleated cells
ith control.



Fig. 11. Apoptotic effect of complex 1 in MCF-7 cells assessed by agarose gel
electrophoresis. DNA ladder pattern was evident in all treated groups while control
cells are showing a normal single band of DNA. Lanes: M- 100 bp DNA ladder
marker, C- control, lane 1 – Complex 1 (2.5 mM), lane 2 – complex 1 (5.0 mM).
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1000 binucleated MCF-7 cells increased significantly (p < 0.05) in a
concentration-dependent manner. The data indicated that complex
1 was a potential inducer of MN causing a 3.1 and 6-fold increases
in the frequency of MN at concentrations 2.5 mM and 5.0 mM,
respectively.
3.11. Effect of complex 1 on DNA fragmentation in MCF-7 cells

Genomic DNA fragmentation resulting in a ladder formation on
an agarose gel is a characteristic feature of apoptosis. For the anal-
ysis of the endonuclease cleavage products of apoptosis, DNA lad-
dering is a valued technique. To elucidate whether complex 1
decreased cell survival by induction of DNA fragmentation, geno-
mic DNA was extracted from MCF-7 cells following exposure to
2.5 and 5.0 mM for 24 h and analyzed by agarose gel electrophore-
sis. Fig. 11 (Lane 1 and 2) indicated multiple fragmentations of
DNA shown as the DNA-laddering pattern in MCF-7 cells treated
with complex 1 while in control DNA (Lane C) normal band of
genomic DNA was observed. The formation of DNA ladder corre-
lates with the early morphological signs of apoptosis which was
also evident in the abnormal morphology of MCF-7 cells
(Fig. 10B, C).
4. Conclusions

Herein, we have synthesized and characterized new [CuII-NaI]
hetero-binuclear complex. DFT and Hirshfeld surface analysis
revealed the various noncovalent atom-pairwise contacts responsi-
ble for the stabilization of Kagome-type 2D supramolecular assem-
bly. The in vitro DNA binding experiments of complex 1 exhibited
electrostatic binding with DNA by Kb value (2.05 ± 0.11) � 104 M�1.
The gel electrophoresis assay demonstrated concentration-depen-
dent cleavage pattern of pBR322 DNA with complex 1 and mecha-
nistic exploration revealed that the ROS are responsible for
cleavage activity. In vitro study with MCF-7 cells provides evidence
that complex 1 has significant potential to induce cytotoxic activity
and apoptosis. It’s endonuclease activity was confirmed by nucleo-
somal fragment (50-200kbp) observed as DNA ladder. These
results are in line with the DNA cleavage study where complex 1
exhibited potent cleavage activity. Altogether, the above findings
suggest that complex 1 induced cell death through ROS generation,
oxidative DNA damage, and DNA fragmentation.
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