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Oxoperoxovanadium (V) complexes [VO (O)2 (nf) (bp)] (1) and [VO (O)2 (ox) (bp)] (2) based on 5-nitro-2-furoic acid (nf),
oxine (ox) and 2, 2′ bipyridine (bp) bidentate ligands have been synthesized and characterized by FT-IR, UV-visible, mass, and
NMR spectroscopic techniques. 'e structure of complex 2 shows distorted pentagonal-bipyramidal geometry, as confirmed by a
single-crystal XRD diffraction study.'e interactions of complexes with bovine serum albumin (BSA) and calf thymus DNA (CT-
DNA) are investigated using UV-visible and fluorescence spectroscopic techniques. It has been observed that CT-DNA interacts
with complexes through groove binding mode and the binding constants for complexes 1 and 2 are 8.7×103M−1 and
8.6×103M−1, respectively, and BSA quenching constants for complexes 1 and 2 are 0.0628×106M−1 and 0.0163×106M−1,
respectively. 'e ability of complexes to cleave DNA is investigated using the gel electrophoresis method with pBR322 plasmid
DNA. Furthermore, the cytotoxic effect of the complexes is evaluated against the HeLa cell line using an MTT assay. 'e
complexes are subjected to density functional theory calculations to gain insight into their molecular geometries and are in
accordance with the results of docking studies. Furthermore, based on molecular docking studies, the intermolecular interactions
responsible for the stronger binding affinities between metal complexes and DNA are discussed.

1. Introduction

DNA interaction studies are the active research area at the
interface of biology and chemistry and play a key role in the
development of new anticancer medicines [1–3]. Small
molecules bind through covalent and noncovalent modes of
binding and bring about hydrolytic, oxidative, and photo-
lytic cleavage of DNA. It interferes with the replication and
transcription processes responsible for cell death [4]. Serum
albumin is the main protein in the blood plasma and it plays
a significant role in drug pharmacokinetics and pharma-
codynamics [5, 6]. Because of its capacity to bind reversibly
to a wide range of molecules, it is considered the major
transporter of regulatory mediators, metabolic products,

nutrients, and fatty acids. 'rough hydrogen bonding, hy-
drophobic, and electrostatic interactions, serum albumin
neutralizes endogenous and external poisons [7, 8]. Several
metal complexes are known to exert their anticancer action
through effective binding with nucleases and proteins. In
this context, vanadium complexes have been thoroughly
studied for their binding efficacies with DNA and BSA.
Vanadium forms complexes with many organic molecules
and is advantageous over vanadium salts with lesser toxic
effects and exerts greater biological efficacy at a very low
dosage level. In bioinorganic chemistry, their compounds
play a significant role in several enzyme-related biochemi-
cal responses like stimulating the functions of myosine
ATPase, adenylate kinase, choline esterase, dynein, and
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phosphofructokinase and also inhibiting the functions of ty-
rosine phosphatase, glycogen synthase, lipoprotein lipase, and
adenylate cyclase [9–13]. 'e inhibition of phosphatase en-
zymes instigated the interest in understanding the toxicity
profile of vanadium in humans [14]. Ligands containing het-
eroatoms bind to vanadium and form diverse natures of va-
nadium species including peroxovanadate, polyoxovanadate
monooxo, dioxo, and oxoperoxovanadium species [10].

Among these, peroxovanadium complexes represent an
important class of compounds extensively explored for their
wide spectrum of promising biological functions including
antidiabetic, antitumor, and catalytic activities. 'ey also play
an inhibitory role in the hydrolysis of phosphoproteins
[15–19]. Oxoperoxovanadium (V) complexes mimic the
catalytic action of vanadate-dependent haloperoxidases in
oxidizing the halides in the presence of hydrogen peroxide. It
also catalyzes the oxidation of hydrocarbons and organic
sulfides [20–22]. Besides, peroxovanadium complexes also act
as catalysts for many other organic reactions such as oxidation
of methyl benzenes, alkenes, tertiary amines, thioanisole, al-
cohols, and olefin epoxidations [23–25]. Recently, quite a few
studies are focused on their potential anticancer activity.'ese
compounds exert their action by generating ROS, interfering
in cell cycle arrest, and inhibiting the enzymatic functions
[26–28]. 'e redox behavior of vanadium (V) compounds in
biological systems is quite interesting. 'ese compounds are
reduced in the biological systems either enzymatically or
nonenzymatically and capable of getting reoxidized by O2
generating superoxide and peroxovanadyl moieties causing
damage to cell organelles causing apoptosis [29].

In this work, we have designed two peroxovanadium (V)
complexes based on two heteroligands, such as, 8-hydrox-
yquinoline (oxine) (ox) and 5-nitro-2-furoic acid (nf) li-
gands with 2, 2′ bipyridine (bp) ancillary ligand.'e ligands,
by themselves, possess excellent cytotoxic and antitumor
properties, apart from other applications [30–34]. Hence, it
is expected that the metal and the ligand exert their action
synergistically and bring about good therapeutic efficacy.
'e complexes are assessed for their DNA and BSA binding
potentials in addition to the evaluation of their cytotoxic
effect on HeLa cell lines. 'e geometry, bonding charac-
teristics, and binding propensity with DNA of the metal
complexes are evidenced through theoretical calculations
and molecular docking studies.

2. Experimental

2.1. Materials. All the compounds were obtained com-
mercially and utilized as such. Ammonium metavanadate,
2, 2′ bipyridine, oxine, 5-nitro-2-furoic acid, and hy-
drogen peroxide were obtained from Sigma Aldrich;
ethanol, methanol, and acetonitrile solvents in AR grade
were obtained from SD Fine Chemicals, and ethidium
bromide (EtBr), (Tris (hydroxymethyl) methylamine)
HCl, BSA, calf thymus DNA (CT-DNA), Tris-boric acid
ethylenediaminetetraacetic acid (TBE) buffer, pBR322,
agarose, bromophenol blue, and phosphate buffer saline
(PBS) from Merck Millipore were procured.

2.2. Instrumentation. A JASCO UV-VIS-NIR V-670 spec-
trophotometer was used to record electronic spectra. 'e
Hitachi F-7000 FL spectrophotometer was used to record the
fluorescence spectra. On a Shimadzu IR affinity-1CE model
with resolution IV, FT-IR spectra were obtained using KBr
pellets. 'e Waters Xevo G2-XS-QT high-resolution mass
spectrometer was used to record mass spectra (HRMS). 'e
Bruker (400MHz) spectrometer was used to record NMR
spectra with DMSO-d6 solvent.

2.3. Syntheses of the Complexes 1 [VO (O2) (nf ) (bp)] and 2
[VO (O2) (ox) (bp)]

2.3.1. Preparation of Complex 1. 1mmol NH4VO3 was
dissolved in 10ml H2O; then, we added, 1ml of 30% H2O2.
At the same time, we added the methanolic solution of
1mmol of 5-nitro-2-furoic acid (nf) and 1mmol of 2, 2′
bipyridine (bp) to the reaction mixture. After 3 h of stirring
at room temperature, it was filtered, and on slow evapo-
ration, yielded orange precipitate after 7 days. [VO (O2) (nf)
(bp)]: molecular formula: [C15H10N3O8V]; yield: 80%; or-
ange solid; m.p: 253°C; solubility: ethanol, methanol, ace-
tonitrile, DMSO, and DMF; UV-Vis (acetonitrile): λmax, nm
239, 279, 382; FT-IR (KBr): ʋ, cm−1 947 (V�O), 767 (O-O),
1598 (C�O), 1436 (C-N), 433 (M-N), 524 (M-O); ESI-MSm/
z� 411 [M]+.

2.3.2. Preparation of Complex 2. 1 mmol NH4VO3 was
dissolved in 10ml H2O and then to it was added 1ml of 30%
H2O2. At the same time, we added themethanolic solution of
1mmol of oxine (ox) and 1mmol of 2, 2′ bipyridine to the
reaction mixture. After 5 h of stirring at room temperature,
the solution was filtered and on slow evaporation yielded
orange crystals of X-ray grade. 'e syntheses of both the
complexes are shown in Scheme 1. [VO (O2) (ox) (bp)]:
molecular formula: [C19H16N3O5V]; yield: 90%; orange
solid; m.p: 135°C; solubility: ethanol, methanol, acetonitrile,
DMSO, and DMF; UV-Vis (acetonitrile): λmax, nm 229, 301,
364; FT-IR (KBr): ʋ, cm−1 937 (V�O), 837 (O-O), 1282 (C-
O), 1463 (C-N), 484 (M-N), 540 (M-O); and ESI-MS m/
z� 417.06 [M]+.

2.4. X-Ray Structure Determination. 'e data collection for
the compound 2 crystal was done on a Bruker D8 Venture
equipped with a photon detector and graphite mono-
chromated CuKα radiation (λ�1.54178 Å). 'e APEX2
program was used to reduce the data, and SADABS was
used to compensate for absorption [35, 36]. 'e crystal
structures were solved using direct techniques in the SIR97
software and improved using full-matrix least-squares on
F2 with anisotropic displacement parameters in the
WINGX crystallographic tool [37, 38]. Anisotropic tem-
perature factors were applied to all atoms except hydrogen
atoms, which are riding their parent atoms with an an-
isotropic temperature factor arbitrarily set to be 1.2 times
that of the corresponding parent. Table 1 provides the final
R (F), wR (F2), and goodness of fit agreement factors, as
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well as information on data collection and analysis. 'e
crystallographic data for the structure presented in this
work (excluding structural factors) have been deposited
with the Cambridge Crystallographic Data Centre as
supplemental publication nos. CCDC 1950180 for com-
pound 2. Copies of the data are available for free upon
request to the Director, CCDC, 12 Union Road, Cam-
bridge, CB2 1EZ, U.K (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk).

2.5. DNA Interaction Studies. For all the studies, stock
solutions have been prepared by diluting water: buffer
10mM (Tris (hydroxymethyl) methylamine) HCl in a
ratio of 1 : 10 at pH 7.2. 'e UV absorbance ratio (A260/
A280) of commercial calf thymus DNA in a buffer is
roughly 1.9 : 1, showing that the DNA is adequately free of
protein. 'e molar extinction coefficient of 6600M−1 cm−1

at λmax 260 nm is used to calculate the concentration of
DNA. 'e electronic spectra of the compounds (20 µM) in
the presence of increasing CT-DNA concentrations
(0–10 µl) were monitored for absorption spectral titration.
'e fluorescence experiment was carried out with an EtBr
bound DNA reference solution and a complex concen-
tration ranging from 0 to 100 µM. Viscosity experiments
were carried out in an Ostwald viscometer at room
temperature. 'e flow time was noted and replicated three
times. DNA concentration (100 µM) was kept constant
and varied complex concentration (20–200 µM). 'e
viscosity values were calculated using the following
formula.

η �
t − t0

t0
, (1)

where t0 represents the buffer alone flows time and t rep-
resents the DNA containing solution flow time. A graph was
plotted (η/η0)1/3 versus (complex)/(DNA), where η0 is the
viscosity of DNA-complex and η is the viscosity of CT-DNA.
'e pBR322 plasmid was used in the agarose gel electro-
phoresis method. 'e samples were incubated for 2 h at

37°C. 'e samples with bromophenol blue were loaded onto
the ethidium bromide-containing gel and run for 2 h, in 1X
TBE buffer (pH 8) at 50V. 'e DNA-complex cleavage
bands were seen under the UV illuminator of the gel doc-
umentation system [39, 40].

2.6. BSA Interaction Studies

2.6.1. Fluorescence Quenching Studies. A tryptophan emis-
sion quenching study was used to assess the interaction of
complexes with BSA (bovine serum albumin). 'e con-
centration of BSA (2 μM) in PBS buffer was held constant,
while the complex concentration (0–30 μM) increased at
room temperature, and the quenching of emission signals at
345 nm (λex � 290 nm) was measured [41].

Table 1: Crystal data of complex 2.

Empirical formula C19H16N3O5V
Formula weight 417.29
Temperature 100K
Wavelength 1.54178
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a� 8.0268 (2) Å
α� 99.528 (1)°
b� 8.5512 (2) Å
β� 94.738 (1)°

c� 13.2344 (4) Å
c � 96.148 (1)°

Volume 886.03 (4) Å3

Z 2
Density (calculated) 1.564 g/cm3

F (000) 428.0
'eta 79.072°.
Index ranges h� 10, k� 10, l� 16
Reflections collected 48492
Independent reflections (R (int)� 0.0377)
Final R indices R1� 0.0378 (3317); wR2� 0.0992 (3769)
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Scheme 1: Synthesis of oxoperoxovanadium (V) complexes.
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2.6.2. UV-Visible Absorption Studies. 'e absorption titra-
tion was carried out with an increasing amount of the
complex concentration (0–10 µl) and the BSA (1 µM) con-
centration was kept constant.

2.7. DFT Study. 'e quantum chemical calculations were
carried out for complexes 1 and 2 by utilizing the density
functional 'eory (DFT). 'e wB97XD hybrid functional in
DFT was used for geometry optimization [42, 43]. 'e
6–311++g (2d, 2p), split valence basis set, is combined with
wB97XD hybrid functional for all the computational cal-
culations [44, 45]. 'e Gaussian 16 program was used for
quantum chemical calculations [46].

2.8.Molecular Docking Study. Molecular docking studies on
synthetic metal complexes were carried out to get a thorough
knowledge of the binding and orientation of metal com-
plexes with DNA [47, 48]. For docking investigations, the
X-ray structure of E2 binding DNA (PDB ID:423D) pro-
vided by the Brookhaven Protein Data Bank was used [49].
By eliminating the water molecules and magnesium ions, the
crystal structure was refined. Gasteiger-Marsili charges [50]
hydrogen atoms were added by using AutoDockTools-1.5.6
[51]. AutoDock 4.2 was used for docking calculations, and
AutoGrid was used to construct grid potential mappings
between the DNA and different atom types. For docking
calculations using default settings, a stochastic Lamarckian
genetic algorithm approach was applied. During docking
computations, AutoDock evaluates conformations using the
AMBER force field. 'e binding energy is calculated using
the following scoring function.

ΔG � ΔGvdw + ΔGhbond + ΔGelec + ΔGtor + ΔGdesolv, (2)

vdw stands for Van der Waal’s, hbond for the hydrogen
bonding, elec for the electrostatics (elec), ΔGtor for the ro-
tation and translation, and ΔGdesolv stands for the des-
olvation upon binding and the hydrophobic effect.

2.9. In Vitro Cytotoxic Activity. To measure cell viability, the
synthesized complexes were tested for cytotoxicity against
cervical cancer cells—HeLa cell line—using the MTT
method. 'e cell line was plated individually in 96-well
plates at a concentration of 1× 104 cells/well in DMEM
medium with 1X antibiotic antimycotic solution and 10%
fetal bovine serum (HiMedia, India) in a CO2 incubator at
37°C with 5% CO2. 'e cells were rinsed with 200 μl of 1X
PBS before being cultured for 24 h with various test con-
centrations of the chemical in a serum-free medium. After
the treatment period, the media was aspirated from the cells.
In a CO2 incubator, 0.5mg/ml MTTprepared in 1X PBS was
added and incubated at 37°C for 4 h. Following the incu-
bation time, the MTT-containing media was removed from
the cells and washed with 200 μl of PBS. 'e produced
crystals were properly mixed after being dissolved in 100 μl
of DMSO. 'e formazan dye turns purple-blue, and the
absorbance was measured at 570 nm with a microplate
reader.

3. Results and Discussion

3.1. Spectral Characterization. 'e electronic spectra of the
complexes were recorded in acetonitrile solution. Both the
complexes exhibited three bands. 'e spectrum showed a
strong absorption band at 239, 279 nm and 241, 304 nm for
complexes 1 and 2, respectively (Figures S1 and S2). 'ese
bands are assigned to π − π∗ intraligand transitions of the
aromatic ring. 'e absorption bands at 382 and 371 nm were
attributed to the presence of peroxo to vanadium
(O₂2−⟶V) ligand to metal charge transfer (LMCT) tran-
sition [52]. 'e spectrum was featureless beyond 400 nm
attributed to its d0 electronic configuration.

In the free ligand 5-nitro-2-furoic acid, (O-H)
stretching was observed at 3147 cm−1 and the stretching
frequencies corresponding to (C�O) appear at 1680 cm−1

(Figure S3). In complex 1, the absence of (O-H) stretching
frequency confirms the complex formation due to the
deprotonation of the (O-H) group. 'e (V�O) stretching is
observed at 947 cm−1 and the (O-O) at 819 cm−1. In
complex 1, the (COO−) asymmetric and symmetric
stretching frequencies were observed at 1598 cm−1 and
1436 cm−1 [53–55]. 'e (M-N) and (M-O) stretching occur
at 433 and 524 cm−1 (Figure S4).

In the free ligand oxine, stretching frequencies corre-
sponding to (O-H) and (C-N) appear at 3045 cm−1 and
1496 cm−1, respectively. Similar to complex 1, the complex
2 also shows the following characteristic stretching fre-
quencies, i.e., the disappearance of (O-H), (V�O):
937 cm−1; (O-O) and (C-O): 837 cm−1 and 1282 cm−1; (C-
N):1463 cm−1; and (M-N) and (M-O): 484 and 540 cm−1

(Figure S5) [56–58].
'e 1H and 13C NMR spectra of complexes 1 and 2 were

recorded in d6-DMSO solvent. In the 1H NMR spectra of
complexes 1 and 2, the observed chemical shift for the
aromatic proton occurs between δ 7.4–8.6 ppm and δ
7.0–8.8 ppm, respectively. In 13 C NMR spectra of complex
1, the carbonyl carbon appears at 155.62 ppm
(Figures S6–S9).

'e mass spectra of complexes 1 and 2 show their
molecular ion peaks (M+) at 411m/z and 417.06m/z, re-
spectively. 'e spectra confirm the molecular formula
[C15H10N3O8V] and [C19H16N3O5V] for the two complexes
(Figures S10 and S11).

3.2. X-Ray Crystallography. 'e MERCURY drawing of
complex 2 is shown in Figure 1. 'e structure, bond dis-
tances, and angles are given in Tables 1–3, respectively. 'e
mononuclear structure of the vanadium atom was sur-
rounded by the two bidentate (N, N) (N, O) ligands such as
bipyridine and oxine. 'e vanadium atom is coordinated to
two oxygen atoms (O2 and O3) from the peroxo group and
two bidentate ligands (N2, N3) and (O1, N1) of bipyridine
and oxine ligand, respectively. 'e geometry of the complex
is distorted pentagonal-bipyramidal. 'e crystal system of
complex 2 is triclinic and the space group is P-1.'e unit cell
dimensions are as follows: a� 8.0268 (2) Å, α� 99.528 (1)°,
b� 8.5512 (2) Å, β� 94.738 (1)°, c� 13.2344 (4) Å, c � 96.148
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(1)°. 'e oxovanadium (V) complex double bond V1–O4
bond length is 1.5968 (16) Å and the peroxo group V1–O2
and V1–O3 bond lengths are 1.8924 (15) and 1.8674 (16).
V1–O1 and V1–N1 bond lengths are 2.0414 (14) and 2.1414
(18), respectively. 'e bond angles O (3)-V (1)-O (2) and O
(4)-V (1)-O (1) are 44.41 (7), and 94.40 (7) ,respectively.
'ese compounds’ crystallographic data have been depos-
ited with the Cambridge Crystallographic Data Centre
(CCDC) as supplementary publication number of complex 2
is CCDC 1950180.

3.3. DNA Binding Study

3.3.1. Electronic Absorption Spectroscopy. 'e electronic
absorption spectral method is one of the best techniques for
DNA binding studies [59, 60].'e absorption spectra of the
complexes in the presence and absence of the CT-DNA
were recorded in Tris-HCl buffer (pH 7.2). 'e perox-
ocomplex 1 has shown two broad absorption bands at 235
and 278 nm, and complex 2 shows bands at 238 nm,
assigned to the π − π∗ intraligand transitions. In general,
any changes in the double helix structure of DNA on
binding to complexes are correlated to hyperchromic or
hypochromic effects.'e complex concentration (20 µM) is
kept constant and the concentration of DNA is varied.
Upon the incremental addition of DNA concentration
(0–10 µl) to the complexes, the intensity of absorbance
increases showing a hyperchromic shift due to the inter-
action between the DNA base pairs and aromatic chro-
mophore of vanadium complexes. 'e results reveal that
the groove binding mode was observed for both the
complexes (Figures 2 and 3). Besides, the spectrum for
complex 2 has shown the isosbestic point at 246 nm, im-
plying that the complex bound to DNA is homogeneous
[61, 62].

'e intrinsic DNA binding constant (Kb) is calculated
using the following equation:

[DNA]

εa − εf
�

[DNA]

εb − εf 
+

1
Kb εa − εf(  

, (3)

where (DNA) is the concentration ofDNA in the base pairs, the
absorption coefficients εa, εf, and εb correspond to Aobsd/[M],
the extinction coefficient of the free compound, and the
extinction coefficient of the compound when bound to the
DNA, respectively. On plotting the values of (DNA)/(εa−εf )
vs. (DNA), the Kb value is given by the ratio of slope to the
intercept (Figure 4). 'e binding constants (Kb) of com-
plexes 1 and 2 are 8.7 ×103M−1 and 8.6×103M−1, re-
spectively, and thus, complex 1 shows better binding
affinity than complex 2.

3.3.2. Fluorescence Studies of Competitive Displacement
Assay with Ethidium Bromide (EtBr). 'e binding affinity of
the complexes was examined using the fluorescence
quenching method. Ethidium bromide (EtBr) is an organic
cationic dye, a well-known DNA intercalator, and acts as a
fluorescent tag. 'e displacement assay was done using EtBr
bound CT-DNA solution (EtBr� 10 µM and DNA� 100 µM)
acting as a probe. 'e EtBr emission intensity was increased,

O1

O2

O3

O1W

O4

V1 N3

N1

N2

Figure 1: MERCURY drawing of complex 2. 'ermal ellipsoids
drawn at 30% probability level.

Table 2: Bond distances of complex 2.

Bond length Complex 2 (Å)
V (1)–O (1) 2.0414 (14)
V (1)–O (2) 1.8924 (15)
V (1)–O (3) 1.8674 (16)
O (2)–O (3) 1.421 (2)
V (1)–O (4) 1.5968 (16)
V (1)–N (1) 2.1414 (18)
V (1)–N (2) 2.2911 (19)
V (1)–N (3) 2.1346 (17)

Table 3: Bond angles of complex 2.

Bond angle Complex 2 (°)
O (4)-V (1)-O (3) 103.75 (9)
O (4)-V (1)-O (2) 101.08 (8)
O (3)-V (1)-O (2) 44.41 (7)
O (4)-V (1)-O (1) 94.40 (7)
O (3)-V (1)-O (1) 151.15 (7)
O (2)-V (1)-O (1) 152.48 (7)
O (4)-V (1)-N (3) 94.76 (7)
O (3)-V (1)-N (3) 122.50 (7)
O (2)-V (1)-N (3) 78.98 (7)
O (1)-V (1)-N (3) 77.16 (6)
O (4)-V (1)-N (1) 98.17 (7)
O (3)-V (1)-N (1) 78.93 (7)
O (2)-V (1)-N (1) 122.92 (7)
O (1)-V (1)-N (1) 76.41 (6)
N (3)-V (1)-N (1) 151.32 (7)
O (4)-V (1)-N (2) 167.16 (8)
O (3)-V (1)-N (2) 87.02 (8)
O (2)-V (1)-N (2) 81.61 (7)
O (1)-V (1)-N (2) 78.57 (6)
N (3)-V (1)-N (2) 73.30 (7)
N (1)-V (1)-N (2) 90.66 (7)
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when it was intercalated into DNA base pairs and the
emission wavelength was 601 nm (Figure 5). In addition, by
increasing the concentration of complexes (0–100 µM)
gradually to EtBr-DNA, the fluorescent intensity decreased
due to the displacement of EtBr by complexes [63–65]. 'e
quantum yield of complexes 1 and 2 was 1.2 and 1.5, re-
spectively. 'e fluorescence spectra are shown in Figures 6
and 7. 'e extent of binding is quantified by calculating the
Stern–Volmer constant, KSV.

'e linear Stern–Volmer equation is

F0

F
� 1 + KSV[DNA], (4)

where F and F0 are the emission intensities in the presence
and absence of the quencher and KSV is the Stern–Volmer
constant.'eKsv is calculated from the slope of the plot F0/F
versus Q (Figure 8). 'e KSV value of complexes 1 and 2 are
9.7×103M−1 and 5.4×104M−1, respectively.

3.3.3. Viscosity Study. 'e viscosity experiment is one of the
effective methods to determine the binding mode between
the DNA and complexes. Small molecules interact with
DNA, and the intercalative binding mode changes the DNA
conformation resulting in increasing the length of DNA and
thereby increasing the relative viscosity of DNA. In contrast,
electrostatic and groove binding modes would rather show
no significant effect or less change in DNA viscosity [66, 67].
Ethidium bromide (EtBr) with DNA and buffer shows a
marked increase in viscosity inferring intercalative binding
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Figure 2: UV-absorption titration of complex 1 (20 µM) with 0.2
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mode; whereas, complexes 1 and 2 show only marginal
changes in viscosity with an increase in concentration
suggesting the complexes bind with DNA through groove
binding mode (Figure 9).

3.4. DNA Cleavage

3.4.1. Gel Electrophoresis Method. 'e pBR322 plasmid
DNA cleavage activity of peroxovanadium complexes was
studied by using the agarose gel electrophoresis method.'e

molecules migrate in the gel as a function of their mass,
charge, and shape. DNA cleavage shows supercoiled circular
(form I) changed into nicked circular (form II) and linear
(form III) [68–70]. 'e fastest migration was observed for
form I and the slowest migration for form II, and the pace of
migration for form III was in between form I and form II.
'e results are shown with supercoiled circular, nicked, and
linear forms without adding light or reducing agents. 'e
complexes bring about pBR322 DNA cleavage hydrolyti-
cally. 'e gel picture of the complexes containing the bands
is shown in Figure 10.

3.5. BSA Binding Study

3.5.1. Fluorescence Quenching Studies. Protein is one of the
primary molecular targets of anticancer medicines. Fluo-
rescence spectroscopy is the best technique to evaluate the
interaction between BSA and metal complexes. 'e protein
binding ability of complex can be studied using tryptophan
fluorescence quenching experiments using BSA as the
substrate in PBS (phosphate-buffered saline) (pH 7.4).
Protein contains three aromatic amino acid residues such as
tryptophan, tyrosine, and phenylalanine, but the fluores-
cence of BSA arises mainly due to two tryptophan residues,
Trp-134 and Trp-212. Trp-212 is located within a hydro-
phobic binding pocket in subdomain IIA and Trp-134 is
located on the surface of subdomain IB. 'e absorption and
fluorescence emission wavelength maxima are observed at
280 nm and 345 nm, respectively.'e fluorescence spectra of
BSA were recorded in the absence and the presence of in-
creasing concentrations of complexes. 'e fluorescence
intensity of the protein, observed at around 345 nm, de-
creases as the complex concentration increases without any
shifts towards lower or higher wavelengths [71] (0–30 µM)
(Figures 11 and 12). 'is indicates that there is no alteration
in the local dielectric environment of BSA, which would
otherwise cause shifts in emission maxima. 'is quenching
effect may be caused by subunit associations, protein con-
formational transitions, denaturation, or substrate binding.

50

40

30

Em
iss

io
n 

In
te

ns
ity

20

10

550 600 650
Wavelength (nm)

700
0

EtBr-DNA
EtBr-DNA + complex 1 10μM
EtBr-DNA + complex 1 20μM
EtBr-DNA + complex 1 30μM
EtBr-DNA + complex 1 40μM
EtBr-DNA + complex 1 50μM

EtBr-DNA + complex 1 60μM
EtBr-DNA + complex 1 70μM
EtBr-DNA + complex 1 80μM
EtBr-DNA + complex 1 90μM
EtBr-DNA + complex 1 100μM
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'e Stern–Volmer equation is used to calculate the
quenching constant (KBSA). Stern–Volmer graphs of I0/I vs.
(complex) (Figure 13) are created using corrected fluores-
cence data that takes dilution into account.'e equation can
be used to create a linear fit of the data.

I0
I

� 1 + KBSA(Q) � 1 + kqτ0(Q), (5)

where I and I0 are the emission intensities of BSA in the
presence and absence of a quencher of concentration (Q),
respectively, which gave the quenching constant (KBSA)
using Origin Pro 8.5 software. τ0 is the average lifetime of the
tryptophan in BSA without quencher reported as 1× 10−8s,
and kq is the quenching rate constant.

'e mechanism of fluorescence quenching is classified
into different types such as static quenching, dynamic
quenching, and combined static and dynamic quenching.
'e formation of a fluorophore quencher complex is a part
of the static quenching process. Dynamic quenching refers
to the mechanism through which the quencher and fluo-
rophore come into contact during the transient existence of
the excited state. 'e kq quenching rate constants of the
complexes 1 and 2, 6.28M−1S−1 and 1.6M−1S−1, are higher
than the maximum scattering collision quenching constant,
2×1010M−1S−1, suggesting a static fluorescence quenching
mechanism.

'e binding propensity of the quenchers with respective
serum proteins is expressed by the Scatchard equation
[72, 73]:

log I0 − I( 

I
� log K + nlog(Q). (6)

For such static quenching interaction, the binding
constant (K) and the number of binding sites (n) can be
determined.
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Figure 9: Effect of increasing amounts of EtBr and complexes 1
and 2 (20–200 µM) on the relative viscosities of CT-DNA (100 µM)
in Tris-HCl buffer at room temperature.
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Figure 10: Cleavage pattern of pBR322 DNA by complexes 1 and 2.
Lane 1, control; lane 2, complex 1+ DNA; lane 3, complex 2+ DNA.
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'e linear fitting of the log (I0−I)/I vs. log (Q) plot gives
the values of n and K from the slope and the intercept
(Figure 14). 'e quenching constants are 0.0628×106M−1

and 0.0163×106M−1; quenching rate constants are
6.28×1012M−1S−1 and 1.6×1012M−1S−1 for complexes 1
and 2, respectively. 'e binding constants (K) and binding
sites (n) are 0.06×106M−1 and 0.9 for complex 1 and
0.01× 106M−1 and 1 for complex 2. 'e value n indicates the
binding sites for the complex on the BSA molecule. 'e
binding constant of complex 1 shows a greater value than
complex 2 (Table 4).

3.5.2. UV-Visible Absorption Studies. UV-Vis absorption
method is a simple method to examine the possible
quenching mechanisms. 'e spectrum was recorded in the
absence and the presence of the increasing concentration of
the vanadium complexes (Figures 15 and 16). 'e spectrum
of BSA shows a band at 279 nm, due to the aromatic amino
acid residues (Trp, Tyr, and Phe). Upon the addition of the
complex concentration (0–10 µl) gradually to BSA, the

absorbance value increases with a blue shift confirming the
interaction between BSA and vanadium complexes. 'e
results reconfirm the static quenching mechanism of the
complexes, forming a complex-BSA in the ground state
[74–76].
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Table 4: KSV, Kq, (n), and K values of complexes 1 and 2.

Compound (KSV)×

106M−1
(Kq)× 1012

M−1S−1
(K)×

106M−1 (n)

Complex 1 0.0628 6.28 0.06 0.9
Complex 2 0.0163 1.6 0.01 1
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Figure 15: UV absorption titration of complex 1 (0–10 µl) with
BSA (1 µM) in PBS buffer (pH 7.4).
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Figure 16: UV absorption titration of complex 2 (0–10 µl) with
BSA (1 µM) in PBS buffer (pH 7.4).
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Figure 17: Optimized geometry of complexes (a) 1 and (b) 2 obtained at wb97xd/6–311++g (2d, 2p) level of theory.

Table 5: Comparison between experimental and calculated bond lengths for complex 2.

Bonds Experimental (X-ray crystallography) Calculated (density functional theory)
V (1)–O (1) 2.0414 (14) 2.03
V (1)–O (2) 1.8924 (15) 1.84
V (1)–O (3) 1.8674 (16) 1.86
V (1)–N (1) 2.1414 (18) 2.15
V (1)–N (2) 2.2911 (19) 2.37
V (1)–N (3) 2.1346 (17) 2.17

LUMO

HOMO

Complex 1

(a) (b)

Complex 2

Figure 18: Frontier molecular orbitals density plots of complexes 1 (a) and 2 (b) obtained at wb97xd/6–311++g (2d, 2p) level of theory.
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3.6. DFT Study. 'e optimized geometry of complexes 1
and 2 was obtained at wb97xd/6–311++g (2d, 2p) level of
theory as shown in Figure 17. 'e coordination bonding
pattern and other geometrical parameters are depicted and
are comparable with experimental observations (Table 5).
'e vanadium atom is coordinated with seven atoms and
the geometry of the complex is distorted pentagonal-bi-
pyramidal. 'e calculated bond lengths of V (1)–O (1), V
(1)–O (2), and V (1)–O (3) are 2.03, 1.84, and 1.86, re-
spectively. 'ere are only a few minor differences in the
structural features of the complexes when the data obtained
from DFT calculations and X-ray crystallography are
compared [77].

'e frontier molecular orbitals are the highest occupied
molecular orbital (HOMO) associated with electron-do-
nating potential and the lowest unoccupied molecular or-
bital (LUMO) related to electron affinity [78, 79]. 'e
frontier molecular orbital density plots shown in Figure 18
would dictate the reactivity and stability of metal complexes.
In complex 1, HOMO is distributed over the oxygen atom

and LUMO is distributed over the bipyridine molecule. In
complex 2, HOMO is distributed over the oxine molecule
and oxygen atom and LUMO is distributed over the
bipyridine molecule. 'e EHOMO-LUMO energy gaps of
complexes 1 and 2 are calculated to be 0.253 eV and
0.242 eV, respectively.

3.7.MolecularDocking Studies onMetalComplexesBinding to
E2 Binding Region of DNA. Molecular docking calculations
are carried out with both the major groove and the minor
groove as binding sites for the metal complexes. It has been
observed that the complexes bind to the major groove of
double-stranded DNA. 'e binding (∆GBE) and intermo-
lecular energies (∆Gintermol) of complexes 1 and 2 are given
in Table 6. 'e best-docked conformations of complexes 1
and 2 obtained by docking calculations are shown in Fig-
ure 19. 'e docked complexes of 1 and 2 possess binding
energy in the range of−7.35 and−7.0 kcal/mol. 'is is due to
the strong contribution of intermolecular van der Waals,

Table 6: 'e binding (∆GBE) and intermolecular energies (∆Gintermol) of complexes 1 and 2 with DNA.

Parameter (kcal/mol) Complex 1 Complex 2
Binding energy −7.35 −7.00
Intermolecular energy −7.65 −7.90
Vdw_hd −7.51 −6.81
Electrostatic energy −0.31 −1.09
Total internal energy −0.61 −0.94
Torsional energy +0.30 +0.89
All the energies are reported in kcal/mol.

Complex 1

Complex 2

Figure 19: Docked conformations of the complexes complex 1 (top) and complex 2 (bottom) with the crystal structure of the E2 binding
region of DNA (PDB ID: 423D). 'e compounds are represented in the ball and stick model. 'e green dotted line represents the hydrogen
bonds between the metal complex and DNA.
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hydrogen bonding, and desolvation energies. It can also be
observed that complex 1 forms three explicit hydrogen
bonds with DG7, DA17, and DG19 residues, while complex
2 has only one hydrogen bond with DC18 residue which
could be the reason for the stronger interaction observed in
the case of complex 1 over complex 2.

'e binding ability of complexes to DNA is investigated
through molecular docking procedures. Here, the E2 reg-
ulatory protein binding DNA targets (PDB ID: 423D) are
considered for the calculations [80, 81]. 'e regulatory
signals of the virus are dependent on the nucleotides that are
involved in protein binding along with the deformation
ability of the corresponding target DNA region.'erefore, it
is proposed that blocking the above region through the
introduction of inhibitory metal complexes that can strongly
bind to the key oligonucleotides can consequently inhibit the
regulatory signals of the DNA. 'e binding energy of
complex 1 is greater as shown by its high binding constant
value of 8.7×103M−1.

3.8. In Vitro Cytotoxic Activity. 'e cytotoxicity of com-
plexes 1 and 2 was tested against the HeLa cell line by using
the MTT assay method. Cisplatin cytotoxic activity is the
standard reference for the comparison purpose and the IC50
value is 24± 1.46 µM. 'e plot of the percentage of the cell
viability versus complex concentration is shown in Fig-
ure 20. 'e cell viability decreases with increased complex
concentration indicating a dose-dependent growth inhibi-
tory effect (Figures 21 and S12). Furthermore, the IC50 value
for complexes 1 and 2 against the HeLa cell line is calculated
and is found to be 512± 4.27 µM and 788± 26.57 µM, re-
spectively, showing a moderate cytotoxic effect. From the
result, cisplatin shows higher cytotoxic activity, but the
vanadium complexes exhibit a lower cytotoxic effect. Per-
oxovanadate complexes exert their probable mode of anti-
cancer action through the inhibition of protein tyrosine
phosphatase, lipoperoxidation, DNA cleavage, and strand

breakage associated with ROS and act as potential cytotoxic
agents [10].

4. Conclusion

'e oxoperoxovanadium (V) complexes have been synthe-
sized and characterized by spectral techniques and single-
crystal X-ray diffraction studies. 'e crystal system of com-
plex 2 is triclinic and the geometry is found to be distorted
pentagonal-bipyramidal. 'e complexes have shown groove
binding mode with DNA and the binding constant values are
assessed and supported by a molecular docking study. 'e
strong binding interactions with BSA are evaluated, and the
complexes have shown a moderate cytotoxic effect on HeLa
cell lines. Based on the results obtained, it is observed that
complex 1 shows stronger DNA/BSA binding ability than
complex 2. Further studies are required to assess the probable
mechanism through which the complexes exert their cyto-
toxic activity and are underway.
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[4] M. M. Aleksić and V. Kapetanovic, “An overview of the
optical and electrochemical methods for detection of DNA-
drug interactions,” Acta Chimica Slovenica, vol. 61, no. 3,
pp. 555–573, 2014.

[5] V. D. Suryawanshi, L. S. Walekar, A. H. Gore, P. V. Anbhule,
and G. B. Kolekar, “Spectroscopic analysis on the binding
interaction of biologically active pyrimidine derivative with
bovine serum albumin,” Journal of Pharmaceutical Analysis,
vol. 6, no. 1, pp. 56–63, 2016.

[6] Z. Tian, F. Zang, W. Luo et al., “Spectroscopic study on the
interaction between mononaphthalimide spermidine (MINS)
and bovine serum albumin (BSA),” Journal of Photochemistry
and Photobiology B: Biology, vol. 142, pp. 103–109, 2015.

[7] T. Janek, L. R. Rodrigues, E. J. Gudina, and Z. Czyznikowska,
“Metal-biosurfactant complexes characterization: binding,
self-assembly and interaction with bovine serum albumin,”
International Journal of Molecular Sciences, vol. 20, no. 12,
p. 2864, 2019.

[8] M. Kongot, N. Dohare, D. S. Reddy et al., “In vitro apoptosis-
induction, antiproliferative and BSA binding studies of a
oxidovanadium (V) complex,” Journal of Trace Elements in
Medicine and Biology, vol. 51, pp. 176–190, 2019.

[9] S. Trevino, A. Diaz, E. Sanchez-Lara, B. L. Sanchez-Gaytan,
J. M. Perez-Aguilar, and E. Gonzalez-Vergara, “Vanadium in
biological action: chemical, pharmacological aspects, and
metabolic implications in diabetes mellitus,” Biological Trace
Element Research, vol. 188, no. 1, pp. 68–98, 2019.

[10] E. Kioseoglou, S. Petanidis, C. Gabriel, and A. Salifoglou, “'e
chemistry and biology of vanadium compounds in cancer
therapeutics,” Coordination Chemistry Reviews, vol. 301-302,
pp. 87–105, 2015.

[11] B. Fernandez, A. Gomez-Vilchez, C. Sanchez-Gonzalez et al.,
“Novel anti-diabetic and luminescent coordination com-
pounds based on vanadium,” New Journal of Chemistry,
vol. 40, no. 6, pp. 5387–5393, 2016.

[12] M. Krosniak, J. Szklarzewicz, R. Grybos et al., “'e influence
of chronic supply of vanadium compounds on organ weights
and body mass in animal diabetes model (NZO),” Science,
Technology and Innovation, vol. 4, no. 1, pp. 63–72, 2019.

[13] J. Korbecki, I. Baranowska-Bosiacka, I. Gutowska, and
D. Chlubek, “Biochemical and medical importance of vana-
dium compounds,” Acta Biochimica Polonica, vol. 59, no. 2,
pp. 195–200, 2012.

[14] D. C. Crans, M. L. Tarlton, and C. C. McLauchlan, “Trigonal
bipyramidal or square pyramidal coordination geometry?
investigating the most potent geometry for vanadium phos-
phatase inhibitors,” European Journal of Inorganic Chemistry,
vol. 2014, no. 27, Article ID 201402306, 4468 pages, 2014.

[15] R. Gyepes, P. Schwendt, J. Tatiersky et al., “Stereochemistry of
vanadium peroxido complexes: the case of the quinoline-2-
carboxylato ligand,” Inorganic Chemistry, vol. 59, no. 23,
pp. 17162–17170, 2020.

[16] P. Schwendt, J. Tatiersky, L. Krivosudsky, and
M. Simunekova, “Peroxido complexes of vanadium,” Coor-
dination Chemistry Reviews, vol. 318, pp. 135–157, 2016.

[17] R. Bystricky, P. Antal, J. Tatiersky, P. Schwendt, R. Gyepes, and
Z. Zak, “Peroxido complexes of vanadium (V) as ligands. Crystal
structures of [Cd (NH3)6] [{VO (O2)2 (OH)}2 {μ-Cd (NH3)4}]
and [{VO (O2)2 (im)}2 {μ-Cu (Im)4}](Im�imidazole),” Inorganic
Chemistry, vol. 53, no. 10, pp. 5037–5043, 2014.

[18] K. H. 'ompson and C. Orvig, “Vanadium in diabetes: 100
years from phase 0 to phase I,” Journal of Inorganic Bio-
chemistry, vol. 100, no. 12, pp. 1925–1935, 2006.

[19] J. C. Pessoa, S. Etcheverry, and D. Gambino, “Vanadium
compounds in medicine,” Coordination Chemistry Reviews,
vol. 301-302, pp. 24–48, 2015.

[20] M. R. Maurya, A. Kumar, and J. Costa Pessoa, “Vanadium
complexes immobilized on solid supports and their use as
catalysts for oxidation and functionalization of alkanes and
alkenes,” Coordination Chemistry Reviews, vol. 255, no. 19-20,
pp. 2315–2344, 2011.

[21] T. K. Si, S. S. Paul, M. G. B. Drew, and K. K. Mukherjea,
“Synthesis, structural characterization and catalytic activity of
a multifunctional enzyme mimetic oxoperoxovanadium (v)
complex,” Dalton Transactions, vol. 41, no. 19, pp. 5805–5815,
2012.

[22] M. R. Maurya, A. Arya, A. Kumar, and J. C. Pessoa, “Poly-
styrene bound oxidovanadium (IV) and dioxidovanadium
(V) complexes of histamine derived ligand for the oxidation of
methyl phenyl sulfide, diphenyl sulfide and benzoin,” Dalton
Transactions, vol. 12, pp. 2185–2195, 2009.

[23] H. Adhikari and K. K. Mukherjea, “Mononuclear oxidodi-
peroxido vanadium (V) complex: synthesis, structure, VHPO
mimicking oxidative bromination, and potential detection of
hydrogen peroxide,” Journal of Coordination Chemistry,
vol. 71, no. 4, pp. 542–555, 2018.

[24] M. R. Maurya, “Probing the synthetic protocols and coor-
dination chemistry of oxido-dioxido-oxidoperoxido-vana-
dium and related complexes of higher nuclearity,”
Coordination Chemistry Reviews, vol. 383, pp. 43–81, 2019.

[25] G. B. Shulpin and L. S. Shulpina, “Oxidation of organic
compounds with peroxides catalyzed by polynuclear metal
compounds,” Catalysts, vol. 11, no. 2, p. 186, 2021.

[26] C. Rozzo, D. Sanna, E. Garribba et al., “Antitumoral effect of
vanadium compounds in malignant melanoma cell lines,”
Journal of Inorganic Biochemistry, vol. 174, pp. 14–24, 2017.

[27] C. C. McLauchlan, B. J. Peters, G. R. Willsky, and D. C. Crans,
“Vanadium–phosphatase complexes: phosphatase inhibitors
favor the trigonal bipyramidal transition state geometries,”
Coordination Chemistry Reviews, vol. 301-302, pp. 163–199,
2015.

[28] A. Morinville, D. Maysinger, and A. Shaver, “From vanadis to
atropos: vanadium compounds as pharmacological tools in
cell death signalling,” Trends in Pharmacological Sciences,
vol. 19, no. 11, pp. 452–460, 1998.

[29] M. Valko, C. J. Rhodes, J. Moncol, M. Izakovic, andM.Mazur,
“Free radicals, metals and antioxidants in oxidative stress-
induced cancer,” Chemico-Biological Interactions, vol. 160,
no. 1, pp. 1–40, 2006.

[30] C. Kirilmis, M. Ahmedzade, S. Servi, M. Koca, A. Kizirgil, and
C. Kazaz, “Synthesis and antimicrobial activity of some novel
derivatives of benzofuran: part 2. 'e synthesis and antimi-
crobial activity of some novel 1-(1-benzofuran-2-yl)-2-
mesitylethanone derivatives,” European Journal of Medicinal
Chemistry, vol. 43, no. 2, pp. 300–308, 2008.

Bioinorganic Chemistry and Applications 13



[31] N. Zanatta, S. H. Alves, H. S. Coelho et al., “Synthesis, an-
timicrobial activity, and QSAR studies of furan-3-carbox-
amides,” Bioorganic and Medicinal Chemistry, vol. 15, no. 5,
pp. 1947–1958, 2007.

[32] S. M. Badr and R. M. Barwa, “Synthesis of some new [1, 2, 4]
triazolo [3, 4-b] [1, 3, 4] thiadiazines and [1, 2, 4] triazolo [3, 4-b]
[1, 3, 4] thiadiazoles starting from 5-nitro-2-furoic acid and
evaluation of their antimicrobial activity,” Bioorganic and Me-
dicinal Chemistry, vol. 19, no. 15, pp. 4506–4512, 2011.

[33] K. Choroba, L. R. Raposo, J. Palion-Gazda et al., “In vitro
antiproliferative effect of vanadium complexes bearing 8-
hydroxyquinoline-based ligands–the substituent effect,”
Dalton Transactions, vol. 49, no. 20, pp. 6596–6606, 2020.

[34] Y. Lu, W. Cheng, X. Meng, and H. Hou, “Synthesis, crystal
structures and fluorescent properties of two new 7-iodo-8-
hydroxyquinoline-5-sulfonic acid-containing polymers,”
Journal of Molecular Structure, vol. 875, no. 1-3, pp. 183–188,
2008.

[35] R. J. Butcher, H. S. Yathirajan, B. K. Sarojini, B. Narayana, and
K. K. Vijaya Raj, “1, 5-Bis (4-chlorophenyl) penta-1, 4-dien-3-
one,” Acta Crystallographica Section E Structure Reports
Online, vol. 62, no. 5, pp. 1973–1975, 2006.

[36] G. M. Sheldrick, “SADABS, Program for Empirical Adsorption
Correction”, Institute for Inorganic Chemistry, University of
Gottingen, Germany, Europe, 1996.

[37] A. Altomare, M. C. Burla, M. Camalli et al., “SIR97: a new tool
for crystal structure determination and refinement,” Journal
of Applied Crystallography, vol. 32, no. 1, pp. 115–119, 1999.

[38] G. M. Sheldrick, SHELX-2014, Program for Crystal Structure
Refinement, University of Gottingen, Gottingen, Germany,
2014.

[39] P. R. Inamdar and A. Sheela, “Exploration of DNA binding
mode, chemical nuclease, cytotoxic and apoptotic potentials
of diketone based oxovanadium (IV) complexes,” Interna-
tional Journal of Biological Macromolecules, vol. 76,
pp. 269–278, 2015.

[40] P. R. Inamdar and S. Angappan, “DNA binding behaviour of
mixed ligand vanadium (V) complex based on novel tri-
dentate hydrazone and benzhydroxamic acid ligand systems,”
Applied Organometallic Chemistry, vol. 31, no. 3, p. 3573,
2017.

[41] M. K. Prashanth, M. Madaiah, H. D. Revanasiddappa, and
K. N. Amruthesh, “Synthesis, characterization, and BSA
binding studies of some new benzamides related to schiff
base,” ISRN Organic Chemistry, vol. 2013, Article ID 791591,
12 pages, 2013.

[42] J. D. Chai and M. Head-Gordon, “Systematic optimization of
long-range corrected hybrid density functionals,”Qe Journal
of Chemical Physics, vol. 128, no. 8, Article ID 084106, 2008.

[43] J. D. Chai and M. Head-Gordon, “Long-range corrected
hybrid density functionals with damped atom-atom disper-
sion corrections,” Physical Chemistry Chemical Physics,
vol. 10, no. 44, pp. 6615–6620, 2008.

[44] R. Krishnan, J. S. Binkley, R. Seeger, and J. A. Pople, “Self-
consistent molecular orbital methods. XX. A basis set for
correlated wave functions,” Qe Journal of Chemical Physics,
vol. 72, no. 1, pp. 650–654, 1980.

[45] T. Clark, J. Chandrasekhar, G. W. Spitznagel, and
P. V. R. Schleyer, “Efficient diffuse function-augmented basis
sets for anion calculations. III. 'e 3-21+G basis set for first-
row elements, Li-F,” Journal of Computational Chemistry,
vol. 4, no. 3, pp. 294–301, 1983.

[46] M. J. Frisch, G. W. Trucks, and H. B. Schlegel, Gaussian 16
Revision B.01, Gaussian Inc, Wallingford, CT, USA, 2016.

[47] J. Lin, C. Gao, and R. Liu, “Interaction mechanism of trp-arg
dipeptide with calf thymus DNA,” Journal of Fluorescence,
vol. 23, no. 5, pp. 921–927, 2013.

[48] D. Lahiri, R. Majumdar, D. Mallick, T. K. Goswami,
R. R. Dighe, and A. R. Chakravarty, “Remarkable photo-
cytotoxicity in hypoxic hela cells by a dipyridophenazine
copper (II) Schiff base thiolate,” Journal of Inorganic Bio-
chemistry, vol. 105, no. 8, pp. 1086–1094, 2011.

[49] H. Rozenberg, D. Rabinovich, F. Frolow, R. S. Hegde, and
Z. Shakked, “Structural code for DNA recognition revealed in
crystal structures of papillomavirus E2-DNA targets,” Pro-
ceedings of the National Academy of Sciences, vol. 95, no. 26,
pp. 15194–15199, 1998.

[50] J. Gasteiger and M. Marsili, “Iterative partial equalization of
orbital electronegativity—a rapid access to atomic charges,”
Tetrahedron, vol. 36, no. 22, pp. 3219–3228, 1980.

[51] G. M. Morris, D. S. Goodsell, R. S. Halliday et al., “Automated
docking using a Lamarckian genetic algorithm and an em-
pirical binding free energy function,” Journal of Computa-
tional Chemistry, vol. 19, no. 14, pp. 1639–1662, 1998.

[52] L. L. Justino, M. L. Ramos, M. M. Caldeira, and V. M. Gil,
“Peroxovanadium (V) complexes of glycolic acid as studied by
NMR spectroscopy,” Inorganica Chimica Acta, vol. 311, no. 1-2,
pp. 119–125, 2000.

[53] M. Singh, B. L. Mathur, and A. Kachhawaha, “Hetero-
carboxylates of Al (III),” Inorganica Chimica Acta, vol. 34,
pp. 25–27, 1979.

[54] C. Turta, S. Melnic, M. Bettinelli et al., “Synthesis, crystal
structure, magnetic and luminescence investigations of new
2Ln3+-Sr2+ heteronuclear polymers with 2-furoic acid,”
Inorganica Chimica Acta, vol. 360, no. 9, pp. 3047–3054, 2007.

[55] F. Bu, Q. Lin, Q. G. Zhai, X. Bu, and P. Feng, “Charge-tunable
indium–organic frameworks built from cationic, anionic, and
neutral building blocks,” Dalton Transactions, vol. 44, no. 38,
pp. 16671–16674, 2015.

[56] C. Gabriel, M. Kaliva, J. Venetis et al., “Aqueous V (V)-
peroxo-amino acid chemistry. Synthesis, structural and
spectroscopic characterization of unusual ternary dinuclear
tetraperoxo vanadium (V)-glycine complexes,” Inorganic
Chemistry, vol. 48, no. 2, pp. 476–487, 2009.

[57] C. R. Waidmann, A. G. Di Pasquale, and J. M. Mayer,
“Synthesis and reactivity of oxo-peroxo-vanadium (v)
bipyridine compounds,” Inorganic Chemistry, vol. 49, no. 5,
pp. 2383–2391, 2010.

[58] J. J. Boruah, D. Kalita, S. P. Das, S. Paul, and N. S. Islam,
“Polymer-anchored peroxo compounds of vanadium (V) and
molybdenum (VI): synthesis, stability, and their activities with
alkaline phosphatase and catalase,” Inorganic Chemistry,
vol. 50, no. 17, pp. 8046–8062, 2011.

[59] R. Manikandan, N. Chitrapriya, Y. J. Jang, and
P. Viswanathamurthi, “Evaluation of DNA-binding, radical
scavenging and cytotoxic activity of five coordinated Cd (ii)
complexes containing 2-acetylpyridine-N 4-substituted thi-
osemicarbazone,” RSC Advances, vol. 3, no. 29,
pp. 11647–11657, 2013.

[60] N. Vamsikrishna, M. P. Kumar, G. Ramesh, N. Ganji,
S. Daravath, and Shivaraj, “DNA interactions and biocidal
activity of metal complexes of benzothiazole schiff bases:
synthesis, characterization and validation,” Journal of
Chemical Science, vol. 129, no. 5, pp. 609–622, 2017.

[61] M. Mohamadi, S. Yousef Ebrahimipour, M. Torkzadeh-
Mahani, S. Foro, and A. Akbari, “A mononuclear diketone-
based oxido-vanadium (IV) complex: structure, DNA and
BSA binding, molecular docking and anticancer activities

14 Bioinorganic Chemistry and Applications



against MCF-7, HPG-2, and HT-29 cell lines,” RSC Advances,
vol. 5, no. 122, pp. 101063–101075, 2015.

[62] A. Bhattacharyya, A. Jameei, A. Garai, R. Saha, A. A. Karande,
and A. R. Chakravarty, “Mitochondria-localizing BODI-
PY–copper (ii) conjugates for cellular imaging and photo-
activated cytotoxicity forming singlet oxygen,” Dalton
Transactions, vol. 47, no. 14, pp. 5019–5030, 2018.

[63] R. Raj Kumar, M. K. Mohamed Subarkhan, and R. Ramesh,
“Synthesis and structure of nickel (II) thiocarboxamide
complexes: effect of ligand substitutions on DNA/protein
binding, antioxidant and cytotoxicity,” RSC Advances, vol. 5,
no. 58, pp. 46760–46773, 2015.

[64] L. Zarei, Z. Asadi, E. Samolova, M. Dusek, and
Z. Amirghofran, “Pyrazolate as bridging ligand in stabiliza-
tion of self-assemble cu (II) schiff base complexes: synthesis,
structural investigations, DNA/protein (BSA) binding and
growth inhibitory effects on the MCF7, CT-26, MDA-MB-231
cell lines,” Inorganica Chimica Acta, vol. 509, Article ID
119674, 2020.

[65] M. A. Neelakantan, C. Balakrishnan, V. Selvarani, and
M. 'eetharappan, “DNA/BSA binding interactions and
VHPO mimicking potential of vanadium (IV) complexes:
synthesis, structural characterization and DFT studies,” Ap-
plied Organometallic Chemistry, vol. 32, no. 3, p. 4125, 2018.

[66] S. Mehran, Y. Rasmi, H. R. Karamdel, R. Hossinzadeh, and
Z. Gholinejad, “Study of the binding interaction between
wortmannin and calf thymus DNA: multispectroscopic and
molecular docking studies,” Evidence-Based Complementary
and Alternative Medicine, vol. 2019, Article ID 4936351,
7 pages, 2019.

[67] B. Heidary Alizadeh, G. Dehghan, V. Derakhsh Ahmadi,
S. Moghimi, A. Asadipour, and A. Foroumadi, “Spectroscopic
andmolecular docking studies on DNA binding interaction of
podophyllotoxin,” Journal of Sciences, Islamic Republic of
Iran, vol. 29, no. 2, pp. 121–127, 2018.

[68] S. Doniz Kettenmann, Y. Nossol, F. R. Louka et al., “Copper
(II) complexes with tetradentate piperazine-based ligands:
DNA cleavage and cytotoxicity,” Inorganics, vol. 9, no. 2, 2021.

[69] J. Liu, T. Zhang, T. Lu et al., “DNA-binding and cleavage
studies of macrocyclic copper (II) complexes,” Journal of
Inorganic Biochemistry, vol. 91, no. 1, pp. 269–276, 2002.

[70] V. Uma, M. Kanthimathi, T. Weyhermuller, and B. U. Nair,
“Oxidative DNA cleavage mediated by a new copper (II)
terpyridine complex: crystal structure and DNA binding
studies,” Journal of Inorganic Biochemistry, vol. 99, no. 12,
pp. 2299–2307, 2005.

[71] M. Sankarganesh, J. D. Raja, N. Revathi, R. V. Solomon, and
R. S. Kumar, “Gold (III) complex from pyrimidine and
morpholine analogue Schiff base ligand: synthesis, charac-
terization, DFT, TDDFT, catalytic, anticancer, molecular
modeling with DNA and BSA and DNA binding studies,”
Journal of Molecular Liquids, vol. 294, Article ID 111655,
2019.

[72] Q. Guo, L. Li, J. Dong, H. Liu, T. Xu, and J. Li, “Synthesis,
crystal structure and interaction of l-valine Schiff base
divanadium (V) complex containing a V2O3 core with DNA
and BSA,” Spectrochimica Acta Part A: Molecular and Bio-
molecular Spectroscopy, vol. 106, pp. 155–162, 2013.

[73] H. F. Jeremias, D. Lousa, A. Hollmann et al., “Study of the
interactions of bovine serum albumin with amolybdenum (II)
carbonyl complex by spectroscopic and molecular simulation
methods,” PLoS One, vol. 13, no. 9, Article ID 0204624, 2018.

[74] K. Zheng, F. Liu, X. M. Xu, Y. T. Li, Z. Y. Wu, and C. W. Yan,
“Synthesis, structure and molecular docking studies of

dicopper (II) complexes bridged by N-phenolato-N′-[2-
(dimethylamino) ethyl] oxamide: the influence of terminal
ligands on cytotoxicity and reactivity towards DNA and
protein BSA,” New Journal of Chemistry, vol. 38, no. 7,
pp. 2964–2978, 2014.

[75] M. Kongot, D. Reddy, V. Singh, R. Patel, N. K. Singhal, and
A. Kumar, “Potent drug candidature of an ONS donor
tethered copper (II) complex: anticancer activity, cytotoxicity
and spectroscopically approached BSA binding studies,”
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 212, pp. 330–342, 2019.

[76] Y. Li, Y. Li, N. Wang et al., “Synthesis, DNA/BSA binding
studies and in vitro biological assay of nickel (II) complexes
incorporating tridentate aroylhydrazone and triphenylphos-
phine ligands,” Journal of Biomolecular Structure and Dy-
namics, vol. 38, no. 17, pp. 4977–4996, 2020.

[77] A. Hasnaoui, I. Hdoufane, A. Alahyane et al., “Di-μ-oxido-
vanadium (V) di-nuclear complexes: synthesis, X-ray, DFT
modeling, Hirshfeld surface analysis and Antioxidant activ-
ity,” Inorganica Chimica Acta, vol. 501, Article ID 119276,
2020.

[78] S. Andotra, A. Syed, S. Kumar et al., “Analysis of newly
synthesized disulfides of aryldithiocarbonates and vanadium
(V) and niobium (V) complexes of aryldithiocarbonates based
on spectroscopic, thermogravimetric, SEM and DFT studies,”
Molecular Physics, vol. 118, no. 1, Article ID 1580395, 2020.

[79] M. Alikhani, M. Hakimi, K. Moeini, M. Mashreghi, V. Eigner,
and M. Dusek, “Spectral, structural, biological and molecular
docking studies of a new mixed-valence V (IV)/V (V)
ofloxacin complex,” Journal of Molecular Structure, vol. 1216,
Article ID 128300, 2020.

[80] X. L. Wang, K. Zheng, L. Y. Wang, Y. T. Li, Z. Y. Wu, and
C. W. Yan, “Synthesis and structure of a new ternary mon-
ocopper (II) complex containing mixed ligands of 2, 2’-dia-
mino-4, 4’-bithiazole and picrate: in vitro anticancer activity,
molecular docking and reactivity towards DNA,” Applied
Organometallic Chemistry, vol. 30, no. 9, pp. 730–739, 2016.

[81] K. Rajeshwari, P. Vasantha, B. S. Kumar, B. Shekhar, and
P. V. Lakshmi, “Water soluble nickel–metformin ternary
complexes: thermal, DNA binding and molecular docking
studies,” Applied Organometallic Chemistry, vol. 34, no. 3,
p. 5351, 2020.

Bioinorganic Chemistry and Applications 15


