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ABSTRACT: This work describes the syntheses, structural characterization, and biological
profile of Mn(II)- and Zn(II)-based complexes 1 and 2 derived from the aroyl-hydrazone
Schiff base ligand (L1). The synthesized compounds were thoroughly characterized by
elemental analysis, Fourier transform infrared spectroscopy (FTIR), UV−vis, electron
paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), and single-crystal X-ray
diffraction (s-XRD). Density functional theory (DFT) studies of complexes 1 and 2 were
performed to ascertain the structural and electronic properties. Hirshfeld surface analysis was
used to investigate different intermolecular interactions that define the stability of crystal
lattice structures. To ascertain the therapeutic potential of complexes 1 and 2, in vitro
interaction studies were carried out with ct-DNA and bovine serum albumin (BSA) using
analytical and multispectroscopic techniques, and the results showed more avid binding of
complex 2 than complex 1 and L1. The antioxidant potential of complexes 1 and 2 was
examined against the 2,2-diphenyl picrylhydrazyl (DPPH) free radical, which revealed better
antioxidant ability of the Mn(II) complex. Moreover, the antibacterial activity of synthesized
complexes 1 and 2 was tested against Gram-positive and Gram-negative bacteria in which complex 2 demonstrated more effective
bactericidal activity than L1 and complex 1 toward Gram-positive bacteria. Furthermore, the in vitro cytotoxicity assessment of L1
and complexes 1 and 2 was carried out against MDA-MB-231 (triple negative breast cancer) and A549 (lung) cancer cell lines. The
cytotoxic results revealed that the polymeric Zn(II) complex exhibited better and selective cytotoxicity against the A549 cancer cell
line as was evidenced by its low IC50 value.

1. INTRODUCTION
The successful clinical translation of platinum complexes, viz.,
cisplatin, oxaliplatin, and carboplatin, as prospective anticancer
drugs has resulted in a significant dominance of platinum drugs
in the chemotherapeutic drug regime.1 Although cisplatin has
been phenomenal against solid malignancies including bladder,
ovarian, and testicular cancers, the severe side effects, intrinsic
drug resistance, and general toxicity have resulted in its limited
use.2 As a result, the past few decades have witnessed an
extensive exploration of non-platinum complexes especially
based on 3d-metal ions as potential therapeutic agents.3,4 The
first-row transition-metal elements have received special
consideration on account of their diverse features, which
include physiologically tunable oxidation states, rich redox
chemistry, lesser toxic behavior, and target specific interactions
with the biomolecules.5 Besides the variability in the oxidation
state and redox properties, the diverse molecular architecture
exhibited by first-row transition metals owing to their wide
range of geometries and coordination numbers often
modulates their kinetic (rates of ligand exchange) and
thermodynamic reactivity with the targeted biomolecules.6

The redox active metals of first-row transition elements,
especially Mn, Fe, Co, and Cu, comprise an integral part of

proteins and enzymes, thereby offering electron transfer as well
as catalytic and structural roles.7

Manganese is a bioessential trace element and offers a wide
range of stable oxidation states (0 to VII); nevertheless, in
biological systems, it is mostly present in II, III, and IV
oxidation states.8 Manganese is essentially present in the active
sites of specific enzymes like catalase (Mn-CAT) and
superoxide dismutase (Mn-SOD), thereby regulating the
scavenging of reactive oxygen species (ROS) in oxidative
stress.9 The catalase and superoxide dismutase enzymes exert
their antioxidant catalytic functions in a way of disproportio-
nation of detrimental H2O2 (into water and dioxygen) and
dismutation of superoxide ions, respectively.10 Notably, many
literature reports have revealed transferrin receptor (TfR)
proteins (which are highly expressed in tumor cells) essential
for the cellular uptake and transport of Mn(II) ions in vivo.11
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Therefore, it can be speculated that Mn(II) complexes could
exert their antitumor action by specifically impairing the
transport mechanism of TfR proteins.12 In recent years, various
binuclear Mn(II) complexes have been synthesized with
diverse ligand scaffolds and shown to exhibit remarkable
cytotoxic activity in vitro.13,14

Zinc features as the 2nd most prevalent trace-metal element
in the human body and is actively involved in the DNA
synthesis and repair mechanisms, cell metabolism, and defense
against oxidative damage.4 Zn(II) serves as the main
component of a large number of enzymes offering structural,
catalytic, and cocatalytic functions due to its unique
physicochemical properties, Lewis acid character, and ability
to stabilize various coordination geometries amenable to ligand
exchange.15 Many Zn(II) complexes have been exploited for
their potential pharmacological properties, viz., anticonvulsant,
antidiabetic, anti-inflammatory, and antimicrobial, besides
being used in the treatment of neurodegenerative diseases.16,17

Recent studies have shown that Zn(II) derivatives have proven
to be effective anticancer agents that typically exhibit lower in

vivo side effects apart from eliciting different modes of
anticancer action in contrast to classical metal-based chemo-
therapeutic drugs.18

The choice of an appropriate ligand framework in a metal
complex plays a decisive role in modulating pharmacological
properties by altering the reactivity or substitution inertness,
balancing lipid/water solubility, limiting the side effects of
metal-ion overload, and facilitating metal-ion distribution in
vivo.

Schiff bases feature as a special class of organic ligands on
account of their flexible entanglement, structural divergence,
and facile coordination to metal ions. Schiff base ligands have
gained significant importance because of azomethine (−C�
N−) linkages, which offer a supportive role in stability,
chelating ability, and favorable biological properties. A
rationally designed Schiff base ligand scaffold can improve
the therapeutic profile of metal complexes by favorably
modulating the hard/soft property of coordinating metal ions
and the lipophilic/hydrophilic balance of the resulting
complex.19 Hydrazone-based Schiff base ligands, especially

Scheme 1. Synthetic Route for the Formation of L1 and Complexes 1 and 2
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aroyl-hydrazones, which contain a basic unit of ArCH�
NNHC(�O)Ar′ (Ar = aromatic ring), belong to a special
class of chelating (bi- or tridentate) azomethine ligands.20

Apart from displaying versatility and flexibility in their
structures, aroyl-hydrazone compounds are known for their
efficient pharmacological properties including anticonvulsant,
antidepressant, analgesic, antimicrobial, antiviral, and anti-
tumor behaviors.21,22

Thus, it is imperative to modulate the pharmacological
properties of aroyl-hydrazone ligands by incorporating a lesser
toxic metal ion that could possibly amplify the therapeutic and
targeted properties of the prospective metal complex. Herein,
in this work, we report the synthesis of two novel Mn(II)/
Zn(II) complexes derived from the aroyl-hydrazone Schiff base
ligand (L1) as efficient and less toxic chemotherapeutic agents.
To validate the chemotherapeutic potential of ligand L1 and
Mn(II) and Zn(II) complexes, we carried out DNA/BSA
binding studies and examined their cytotoxicity against A549
and MDA-MB-231 cancer cells.

2. RESULTS AND DISCUSSIONS
2.1. Synthesis and Characterization. The aroyl-

hydrazone Schiff base ligand (L1) was synthesized by earlier
reported methods by refluxing the methanolic solutions of
indole-3-carboxaldehyde and isonicotinic hydrazide in a 1:1
stoichiometric ratio.23 The complexation of L1 was carried out
by adding methanolic solutions of respective Mn(II) (complex
1) and Zn(II) (complex 2) acetate as a metal precursor salt in
a 2:1 stoichiometric ratio, as described in Scheme 1. The
molecular structure of L1 and the corresponding metal
complexes 1 and 2 were validated by analytical and
spectroscopic methods, viz., FTIR, EPR, UV−vis, and NMR,
which are supported well by single-crystal X-ray structures.
Moreover, complexes 1 and 2 were found to be fairly soluble in
CH3OH, DMSO, and DMF solvents and partially soluble in
water. The solution stability studies of complexes 1 and 2 were
ascertained against varied time intervals (0−72 h) under
physiological conditions by employing electronic absorption
spectroscopy (Figure S1). Notably, even after a period of 72 h,
no discernible shift in the intensity or position of absorbance
bands was observed, thereby validating the solution stability of
complexes 1 and 2 for a substantial period of time.

Electronic spectrum of the ligand L1 revealed intraligand
transition bands at 265 and 327 nm, which are ascribed to
π−π* and n−π* transitions of aromatic chromophore and
azomethine groups, respectively, and were subsequently shifted
upon coordination with the metal ions (Figure S2). Moreover,
no d−d band was observed for complexes 1 and 2 because
Mn(II) is in the d5 electronic configuration with 6A1g−4T1g
spin-forbidden transition, while the Zn(II) ion has a complete
d10 electronic configuration.24,25 The effective magnetic
moment value of complex 1 was evaluated using the equation
μeff = 2.82[χmT]1/2, and the value was found to be 5.49 B.M,
validating the high spin nature of complex 1 with five unpaired
electrons.26

2.2. FTIR Spectroscopy. The comparative FTIR spectral
data of L1 and complexes 1 and 2 were used to validate the
coordination mode of the free ligand with the metal ions. In
the FTIR spectrum of free ligand L1, the characteristic IR
bands exhibited at 3396, 1657, and 1602 cm−1 were attributed
to ν(N−H), ν(C�O), and ν(C�N) stretching vibrations,
respectively (Figure S3). However, coordination of ligand L1
with metal complexes was validated by observing a prominent

shift in the diagnostic azomethine ν(C�N) stretching
vibration peak at 1580−1570 cm−1.26 Moreover, a significant
shift was observed in the ν(C�O) stretching vibrations to
1605 and 1598 cm−1 in complexes 1 and 2, respectively,
supporting the coordination of the carbonyl group (C�O) of
hydrazone with the metal ion. In addition, the moderate-
intensity peaks in the regions 550−540 and 500−480 cm−1

correspond to νM−O and νM−N stretching vibrations,
respectively, thereby validating the coordination of O and N-
atoms of L1 with metal ions in complexes 1 and 2.27

2.3. 1H and 13C NMR Studies. To ascertain the molecular
structure of ligand L1 and its diamagnetic complex 2, 1H and
13C NMR studies were recorded in DMSO solution (Figures
S4−S7). The 1H NMR spectrum of ligand L1 and complex 2
displayed the characteristic singlet peaks centered at 11.5 and
11.8 ppm, which were attributed to the imine proton (NH) of
the hydrazide unit (H8) and the indole ring (H6), respectively.
However, in the 1H spectrum of complex 2, the disappearance
of the peak at 11.5 ppm suggested the coordination of ligand
L1 (possibly in the enolic form) via deprotonation.28 The
diagnostic azomethine (−HC�N) singlet peak observed at
8.52 ppm (H1) in the spectrum of L1 was found deshielded
and shifted to 8.75 ppm in the spectrum complex 2, thereby
confirming its coordination with the Zn(II) ion. Moreover, the
signature peaks of aromatic protons of L1 and complex 2 were
visible in the characteristic region of 6.8−8.2 ppm.29

The 13C NMR spectrum of L1 revealed characteristic
carbonyl (C9) and azomethine (C1) carbon peaks at 161 and
147 ppm, respectively. However, in complex 2, these diagnostic
peaks were found shifted and appeared at 177 and 145 ppm,
respectively, thereby validating the coordination of carbonyl
oxygen and azomethine nitrogen of L1 with the Zn(II) ion.28

In addition, the corresponding spectra of L1 and complex 2
displayed signature peaks of aromatic carbons in the region
110−140 ppm.
2.4. EPR Spectroscopy. The X-band EPR spectrum of

complex 1 was recorded on a powdered sample at both room
temperature (RT) and liquid nitrogen temperature (LNT)
(Figure S8). The EPR spectrum revealed an isotropic signal,
which signifies the paramagnetic nature of complex 1 due to
the presence of five unpaired electrons. Moreover, the g values
at RT and LNT were found to be 2.08 and 2.16, respectively,
evidencing that the Mn ion in complex 1 is in the +2 oxidation
state.30

2.5. Single-Crystal X-Ray Diffraction Studies. The
structures of L1 and complexes 1 and 2 were authenticated
by single-crystal XRD studies. However, the single crystallo-
graphic data of L1 was found similar to an earlier reported
Schiff base by Xia et al. (Figure S9 and Table S1).23

Furthermore, all other bond parameters (bond angles and
bond lengths) are also found within the range of reported
hydrazide Schiff bases (Table S2).28

Suitable crystals of metal complexes 1 and 2 for single-
crystal XRD analysis were isolated from the corresponding
reaction mixtures by a slow evaporation process. The s-XRD
data revealed that complex 1 crystallized as a binuclear metal
complex with a monoclinic system of space group I2/a. The
cell parameters for complex 1 were measured as a =
15.0287(7) Å, b = 24.1629(8) Å, c = 16.1272(9) Å, and α =
γ = 90° and β = 90.127°(2). In the crystal X-ray structure of
complex 1, both Mn(II) ions adopted a distorted octahedral
geometry around metal ions in which each Mn(II) ion is
coordinated to two bidentate Schiff base ligands via an
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azomethine N-atom and a carbonyl O-atom in a usual
bidentate mode (Figure 1).31 The bond lengths, Mn−O
(Mn1−O1 = 1.952(3) Å, Mn1−O2 = 1.969(4) Å) and Mn−N
(Mn1−N3 = 1.987(4) Å, Mn1−N7 = 1.997(4) Å) bonds with
two L1 moieties, are in close approximation with reported
Mn(II) Schiff base complexes.32 Furthermore, the other two
coordination sites of each Mn(II) ion are completed via two
μ−oxo bridgings with bond lengths Mn1−O3 = 1.819(4) and
Mn1−O3 = 1.835(3), respectively.33 In addition, the
respective bite angles (N3−Mn1−O1 and N7−Mn1−O2)
formed by L1 ligands with the center metal ion were measured
as 78.76° (15) and 78.39° (16), respectively, which are fairly
different from the regular pentagonal bond angle of 72°.
Notably, all of the measured bond parameters were found
within the range of reported binuclear Mn(II) complexes
(Table S3).34

The single-crystal XRD data of complex 2 revealed that
complex 2 crystallizes as a 2D polymer with a monoclinic
crystal system of the P21/n space group. The lattice
parameters were measured as a = 12.4274(10) Å, b =
13.3512(5) Å and c = 12.4653(10) Å, α = γ = 90° and β =
118.981° (10). In the crystal structure of complex 2, each
Zn(II) atom in one asymmetric unit is coordinated with L1 via
the N-atom of azomethine and the O-atom of the carbonyl
group. The Zn−O (Zn1−O1 = 2.059 Å) bond lengths are
identical, while the Zn−N (Zn1−N1 = 2.069 Å) bond lengths
are also similar but slightly longer than the Zn−O bond
distances (Table S4).35 In complex 2, the Zn(II) ion adopted a

distorted octahedral geometry in which the basal plane is
occupied by N2O2 atoms of two L1 ligands and is elongated in
the axial direction by Zn−N (Zn1−N2 = 2.344 Å). The axial
interactions between the Zn(II) atom of one asymmetric unit
and the terminal N-atoms of the pyridine moiety of ligand L1
with an adjacent molecule lead to an infinite 2D structure
along the x and y crystallographic axes (Figures 2 and S10).36

2.6. Density Functional Theory (DFT) Studies. DFT
studies have been widely employed to predict the molecular
geometry, relative conformational energy, electron affinity, and
other thermodynamic parameters.37 From the calculated
Frontier molecular orbitals (FMOs), it was evident that the
imine and hydrazide moieties of L1 are chemically more
reactive because the electron density of HOMO and LUMO is
mostly dispersed over the imine bond and partially localized on
the isonicotinic hydrazide moiety of L1 (Figure S11).
However, in complexes 1 and 2, the HOMO electron density
was localized over the metal ions, while the electron density of
LUMO was mostly delocalized over the ligands, with partial
distribution on metal ions (Figures S12 and S13). The FMOs
of L1 and complexes 1 and 2 were further used to determine
the chemical reactivity and kinetic stability by evaluating the
universal indices of reactivity, viz., electronic potential (μ),
global electrophilicity index (ω), electronegativity (χ), and
chemical hardness (η), from their corresponding HOMO−
LUMO energy gaps (Figure 3).38 From the values of these
parameters described in Tables S5 and S6, it could be inferred
that complex 2 is more electrophilic than complex 1 and L1

Figure 1. Single-crystal X-ray structure of complex 1 and its respective asymmetric unit with partial numbering. For clarity, water molecules and
hydrogen atoms have been omitted.

Figure 2. Single-crystal X-ray structure of complex 2 and its asymmetric unit with partial numbering of non-hydrogen atoms.
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and the chemical hardness increases on the order of L1 >
complex 2 > complex 1.39 Moreover, the calculated bond
parameters, viz., bond angles and bond lengths of ligand L1
and complexes 1 and 2, were found to be in good agreement
with that of s-XRD data.
2.7. Hirshfeld Surface Analysis. Hirshfeld surface

analyses were employed to investigate the characteristics of
various noncovalent interactions that occur within the crystal
lattice (Figure 4). This study provides a detailed representation
of these intermolecular interactions in terms of three-
dimensional (3D) and two-dimensional (2D) fingerprint
plots of crystal packing diagrams.40 An additional advantage
of Hirshfeld surface analysis is that it allows one to decipher
the molecular contacts in the form of 2D graphical plots
between di and de. In our surface analysis, the 3D dnorm
surfaces were plotted in the range of 0.5−1.5 Å, which portrays
surfaces of red, blue, and white colors. Deep-red spherical
regions are indicative of hydrogen-bonding interactions (O···
H/N···H), blue color represents long intermolecular inter-

actions, while white-colored regions correspond to weak
intermolecular contacts whose radii are equal to van der
Waals radii.41 Moreover, the adjoining red- and blue-colored
regions on the 3D Hirshfeld surface of the shape index indicate
that the molecules are connected to one another through π−π
stacking interactions (Figures S14 and S15).42

Furthermore, 2D fingerprint plots offer a quantitative
account of different intermolecular interactions, viz., O−H···
H, N−H···H, and C−H···H, and essentially stabilize the crystal
supramolecular structure.40 Interestingly, the H−H contacts
showed the highest percentage contributions of 43.2 and
44.7%, out of all of the intermolecular interactions in
complexes 1 and 2, respectively, which substantiates the fact
that the stability of crystals within the lattice is due to
hydrogen-bonding interactions. The N···H and O···H inter-
actions contribute equally to crystal packing in all compounds,
which significantly increases the stability of their crystal
lattices. Moreover, in complex 2, sufficient contribution of
Zn−N interactions (5.2%) was found due to its polymeric
structure, while in the case of complex 1, Mn−N interactions
were found to be less than 1% (Figures 5 and S16).

3. IN VITRO DNA BINDING STUDIES
Most potential anticancer drugs exert their anticancer activity
by targeting DNA via covalent or noncovalent binding
interactions (intercalative, electrostatic, and groove binding).43

Thus, it was imperative to perform DNA binding interaction
studies of the synthesized complexes with ct-DNA using
multispectroscopic techniques to predict and validate their
preferential binding mode.
3.1. Electronic Spectroscopy Titrations. Electronic

spectroscopy is one of the most frequently used techniques
to investigate the nature and preferential mode of binding
between metal complexes and nucleic acids. In our experi-
ments, when the static concentration of L1 (3 μM) and
complexes 1 and 2 (5 μM) was titrated by adding aliquots of
ct-DNA (1−8 μM), the spectral bands displayed hyperchromic
change in the absorbance with a minor blue shift of 2−4 nm
(Figure 6). The observed “hyperchromic effect” without any

Figure 3. HOMO−LUMO energy gap of L1 and complexes 1 and 2
(a−c) generated at the B3LYP hybrid functional.

Figure 4. 3D Hirshfeld surface mapping of binuclear complex 1, (a) dnorm, (b) de, (c) di, (d) shape index, and (e) curvedness.
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significant shift in the wavelength serves as the first possible
evidence of the electrostatic mode of binding.44 In addition,
the isosbestic point exhibited at ∼290 nm during the binding
interaction indicates a single binding mode and the existence
of an equilibrium between the DNA-bound and free form of
metal complexes.45 Moreover, the stability of the binding
interaction between synthesized compounds and DNA could
be further contributed by forming a hydrogen bond between
nitrogen and oxygen atoms of ligand L1 and complexes 1 and
2 with the accessible nucleobases.

Furthermore, the magnitude of binding interaction of L1
and complexes 1 and 2 was quantified by calculating the
binding constant values using the Wolfe−Shimmer equation
(as described in eq 5).46 The calculated binding constant
values for L1 and complexes 1 and 2 were found to be
8.89(±0.04) × 103, 4.54(±0.17) × 104, and 6.78(±0.11) × 104

M−1, respectively, which substantiates the more avid binding of
complex 2 than complexes 1 and Ls1. The better binding

profile of complex 2 could be attributed to its polymeric nature
and the specific topology, which facilitates multiple binding
interactions with DNA.47

3.2. Fluorescence Spectroscopy. Fluorescence spectra of
complexes 1 and 2 showed a considerable increase in intensity
at ∼425 nm upon adding aliquots of ct-DNA (0.1−0.5 × 10−5

M) (Figure S17). The more nonpolar character of metal
complexes in the presence of DNA could be the cause for the
observed increase in the emission intensity, which also
validated the substantial binding interaction between ct-DNA
and metal complexes.42 Moreover, the binding constant values
for complexes 1 and 2 were assessed from the Stern−Volmer
equation (as described in eq 6) and were found to be 2.54 ×
104 and 4.29 × 104 M−1, respectively.48 The obtained binding
constant values substantiate the strong binding propensity of
complex 2 and are consistent with the results of electronic
spectroscopy.

Figure 5. Pie-chart diagrams illustrating the percent contribution of various noncovalent interactions within the crystal lattices of (a) L1, (b)
complex 1, and (c) asymmetric unit of complex 2.

Figure 6. Absorption titration curves of L1 and complexes 1 and 2 (a−c) at different concentrations of ct-DNA. Inset: Plots of [DNA]/εa−εf (M2

cm) vs [DNA]. [DNA] = 0.1−0.8 × 10−5 M, [L1] = [Complexes 1 and 2] = 0.5 × 10−5 M.
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3.3. Ethidium Bromide (EB) Assay. EB competitive
analysis was used to assess the preferential mode of interaction
between ct-DNA and metal complexes. EB is a conjugate
planar cationic dye and exhibits a weak emission in Tris-HCl
buffer; however, it displays an intense luminescence in addition
with DNA due to its strong insertion within DNA base pairs at
580 nm.49 In our experimental study, upon adding aliquots of
complexes 1 and 2 to a static concentration of the EB-DNA
system, moderate quenching was observed, which suggests that
complexes 1 and 2 have a poor ability to displace EB within the
DNA base pairs and hence ruled out the intercalative mode of
binding (Figure S18). These results further validated that
complexes 1 and 2 possibly interact with DNA via the
electrostatic mode of interaction. According to the Stern−
Volmer equation, Ksv values were determined for complexes 1
and 2 (as described in eq 6) and the values were found to be
4.69(±0.14) × 104 and 9.43(±0.17) × 104 M−1.50 Moreover, it
is evidenced from respective Ksv values that complex 2 showed
a better binding efficiency toward ct-DNA than complex 1 and
corroborates well with the results of electronic spectroscopy.
3.4. Electrochemical Studies. Electrochemical studies of

complexes 1 and 2 were performed at room temperature in the
scan range of −1.5 to +1.5 V in a Tris-HCl buffer solution of
pH 7.3. These studies were used to examine the electro-
chemical behavior of metal complexes and also to further
complement spectroscopic studies (Figure S19).51 It is
documented that a positive shift in the electrode potential
signifies intercalative mode of interaction while negative
electrode potential shift validates groove binding or electro-
static mode of interaction.52 In our experimental studies, the
cyclic voltammogram curves of complexes 1 and 2 displayed a
quasi-reversible redox peak with an anodic potential in the

range of 595−650 mV, while a cathodic peak potential was
observed in the range of 620−614 mV corresponding to redox
couples of Mn(II)/Mn(I) and Zn(II)/Zn(I), respectively.53

The differences between cathodic and anodic peak potentials
for complexes 1 and 2 were found to be −24 and −36 mV,
respectively (Table S7). Moreover, the ratio of anodic and
cathodic currents in both complexes is approximately unity,
which indicates a single electron-transfer mechanism in
complexes 1 and 2. However, upon gradual additions of ct-
DNA, no new redox peak was observed in the voltammogram
of complexes 1 and 2, while a considerable decrease in current
was observed, which suggested that metal complexes 1 and 2
have considerable binding interaction with ct-DNA. The
significant reduction in the magnitude of current is due to
the equilibrium mixing of the DNA-bound and free form of the
metal complexes.54 Moreover, the significant negative shift in
anodic and cathodic electrode potentials upon increasing
aliquots of ct-DNA to the constant concentration of metal
complexes further validated the electrostatic mode of
interactions between complexes 1 and 2 and ct-DNA.51

3.5. Circular Dichroism (CD). CD studies were employed
to examine the structural and morphological changes in the
secondary structure of B-DNA, upon interaction of metal
complexes with DNA. Native DNA existing in the B-DNA
form displayed two distinctive signature bands at 275 nm
(positive band) and 245 nm (negative band) attributed to the
right-handed helicity and base stacking, respectively.55 It is
documented that upon interaction of complexes via the
intercalative mode, the intensity of both signature bands is
enhanced significantly, while in the case of a simple groove or
electrostatic binding mode of interaction, minor or no change
is observed. In our CD experiments, when complexes 1 and 2

Figure 7. Absorption titration curves of BSA (dotted line) upon incremental additions of L1 and complexes 1 and 2 (a−c). Arrows represent the
corresponding change in spectra upon increasing concentrations of L1 and complexes 1 and 2 (0.1−0.7 × 10−5 M).
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were added to ct-DNA, the intensity of the signature band at
275 nm increased significantly, while at 245 nm, a decrease in
intensity was observed due to DNA helix unwinding, which
eventually resulted in a loss of DNA helicity, thereby validating
the electrostatic mode of interaction.56 However, alterations in
the CD spectrum clearly indicated the noncovalent contacts
between the metal complexes and ct-DNA, which conse-
quently ruled out the intercalative mode of binding (Figure
S20).

4. PROTEIN BINDING STUDIES
Serum albumin proteins play a key role in effectively delivering
the therapeutic drugs to their respective biological targets.49

The apparent stability and therapeutic efficacy of metallodrugs
are often determined by their interaction with serum albumin
proteins.57 To explore the binding potential and a consequent
therapeutic effect of synthesized metal complexes, interaction
studies with the BSA protein were performed by employing
spectroscopic methods.
4.1. Absorption Titration Studies. In the UV−vis

spectrum of BSA, a characteristic band was displayed at 280
nm assigned to π−π* transitions of amino acid residues, viz.,
Trp-135 and Trp-214.58 Upon the gradual addition of ligand
L1 and complexes 1 and 2 (1−7 μM) to a static concentration
of BSA (4 μM), a progressive increase in absorbance
(hyperchromism) was observed at λmax = 280 nm (Figure 7).
This observed hyperchromic change in the protein absorption
band of BSA suggested the noncovalent binding mode of
interaction between the ligand (L1) and complexes 1 and 2
within the hydrophobic environment of BSA. However, more
alterations in the BSA conformation in the case of complex 2
were inferred by observing shifts in the characteristic protein
band and percent hyperchromism (29% for L1, 32% for
complex 1, and 47% for complex 2). Binding constant (Kb)
values were calculated (using eq 8) to further determine the
extent of binding strength and were found to be 3.83(±0.25) ×

103, 4.18(±0.13) × 104, and 9.78(±0.22) × 104 M−1 for L1
and complexes 1 and 2, respectively. The higher Kb value of
complex 2 validates its more efficient binding toward the BSA
protein in contrast to L1 and complex 1.
4.2. Fluorescence Quenching Studies. Interaction

studies of complexes 1 and 2 were further performed by
observing the change in the emission spectra of BSA upon
adding aliquots of complexes 1 and 2. The tryptophan residue
(Trp-214) emission is primarily responsible for the strong
intrinsic fluorescence of the BSA protein, thereby making it
subtle to changes in the microenvironment of a protein
fluorophore.59 From the recorded emission spectra, a regular
decrease in fluorescence maxima at 342 nm was observed upon
cumulative addition of complexes 1 and 2 (0.1−0.5 μM),
indicating significant binding interaction of metal complexes 1
and 2 with BSA. In addition, significant quenching effect was
observed in the emission spectra of complex 2, thereby
suggesting its stronger binding affinity toward the BSA.
Moreover, the higher binding efficiency of complex 2 was
further quantified by calculating the Kb values of complexes 1
and 2 using the Stern−Volmer equation (as described in eq 6),
and the values were found to be 2.18 × 104 and 6.78 × 104

M−1, respectively.
4.3. Circular Dichroism. CD spectra of native BSA

exhibited two distinctive bands in the far-UV region at 222
and 208 nm, which are attributed to π−π* and n−π*
transitions of the peptide bond, respectively (Figure S22).60

However, a considerable increase in intensity was observed
after adding aliquots of complexes 1 and 2 to the constant
concentration of BSA, validating the significant interaction of
BSA with metal complexes. However, upon addition of
complexes 1 and 2, no obvious shift in the position of the
characteristic BSA bands was observed, validating that the
structure of the BSA protein was primarily in an α helical
shape.61

Figure 8. Docked model of complex 1 with DNA illustrating (a) complex 1 fitted within the G−C base pair region of DNA; (b) interaction of
complex 1 with different nucleotides in 3D view; and (c) ligand nucleotide interaction in 2D view.
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5. MOLECULAR DOCKING
Molecular docking studies were employed to comprehend the
drug−macromolecular interactions and predict the specific
binding sites that are available at the molecule target.62 The
docked structure of ligand L1 with DNA revealed that L1 was
located in the vicinity of Ade5, Ade6, Gua22, Cyt21, and
Thy20 base pairs, and notably, hydrogen bonds were formed
between the nitrogen and oxygen atoms of the hydrazine and
indole moieties with the hydrogen atoms of Ade5 (2.81 Å) and
Cyt21 (2.54 Å), respectively (Figure S23). However, in the
docked models of complexes 1 and 2, it was observed that the
complexes preferred an A−T-rich region of the DNA (Figures
8 and S24). Since electronegative A−T base pair sequences are
smaller than G−C base pair sequences, they provide better
fitting for small molecules and generally provide superior van
der Waals interactions than G−C base pairs.63 Complex 1 was
found in the close vicinity of Ade5, Ade6, Gua4, Gua16, Cyt3,
and Thy19 base pairs, while complex 2 was found closer to
Ade6, Cyt9, Thy8, and Thy20 base pairs. The stability of the
complex DNA docked model may also be influenced by the
hydrogen bonding between the N-atom of the hydrazide and
indole moiety with the hydrogen atoms of the minor groove
base pairs Thy19 (2.150 Å), Ade6 (2.158 Å), Cyt9 (2.945 Å),
and Thy8 (3.679 Å). The binding strengths of L1 and
complexes 1 and 2 were quantified by their respective free
binding energy values, which were found to be −8.72, −7.1,
and −6.8 kcal mol−1. The more efficient binding strength of
complex 2 than complex 1 and L1 is indicated by its less
negative binding energy value.

Complexes 1 and 2 were further docked with the BSA
protein, and the resulting docked model showed that L1 and
complexes 1 and 2 were localized in subdomain IIA of BSA
(Figures 9, S25, and S26). Complex 1 exhibited preferential
binding affinity near the amino acid residues, viz., Asp 172, Ala
176, Ala 510, Glu 182, Glu 664, His 603, Leu 176, Pro 117,
and Pro 173, and is located in the hydrophobic binding pocket

of BSA. Interestingly, complex 2 was also found in a similar
binding site within the close proximity of amino acid residues,
viz., Asp 617, Asp 561, Asp 582, Arg 427, Glu 182, Glu 664,
and Lys 431. The complex 1−BSA docked model was typically
stabilized by hydrogen bonding with adjoining amino acid
residues of the specific binding site, viz., Asp 561 (2.348 Å)
and Glu 182 (2.985 Å), whereas the complex 2−BSA docked
model forms hydrogen bonds with Glu 664 (2.469 Å) and Glu
182 (2.784 Å) amino acid residues with the nitrogen atom of
the indole moiety. Moreover, the existence of a strong
aquaphobic interaction between metal complexes and BSA
correlated well with the results obtained from the various
biophysical investigations. Free binding energies for L1 and
complexes 1 and 2 with BSA were determined to be −7.9,
−7.4, and −6.9 kcal mol−1, respectively. These values further
substantiate that complex 2 has a better binding affinity than
L1 and complex 1 and are consistent with the spectroscopic
results.

6. ANTIOXIDANT ACTIVITY
Oxidative stress involves the persistent accumulation of
oxygen-based free radicals (superoxide, peroxide, hydroxyl,
etc.) and eventually leads to several diseased conditions.64

These free radicals can be effectively scavenged by various
redox active complexes before affecting the electron-rich
biomolecules. We have validated the antioxidant activity of
complexes 1 and 2 via the DPPH free radical assay by
employing electronic spectroscopy.65 Upon progressive
additions of L1 and complexes 1 and 2 (5−35 μM) to a
fixed concentration of DPPH (2 μM), an obvious decrease in
the absorbance intensity at 517 nm was observed. However, in
the case of complex 1, a prominent decrease in absorbance
(38%) indicated its more efficient antioxidant potential against
the DPPH free radical than L1 and complex 2. Furthermore,
the antioxidant nature of complexes 1 and 2 was measured by
calculating IC50 values and the corresponding percent radical

Figure 9. (a) Docked model of complex 2 within subdomain IIA of BSA; (b) interaction of complex 2 with various amino acid residues displayed
in 3D view; and (c) interactions of complex 2 with amino acid residues in 2D view.
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scavenging activity values (Table S8). The calculated results
were found in the following decreasing order: AA (80.59%) >
complex 1 (78.14%) > complex 2 (61.44%) > L1 (49.66%)
(Figure 10), which further validates that complex 1 has a
significantly higher antioxidant nature than complex 2 and the
free ligand.66

7. ANTIBACTERIAL ACTIVITY
The antibacterial studies of L1 and complexes 1 and 2 were
performed against four bacterial strains, viz., Staphylococcus
aureus and Bacillus subtilis (Gram-positive bacteria) and
Escherichia coli and Pseudomonas aeruginosa (Gram-negative
bacteria). In our experiments, minimum inhibitory concen-
tration (MIC) and the zone of inhibition values were used to
measure the antibacterial activities of L1 and complexes 1 and
2 (Figure S27).67 Our results revealed that complexes 1 and 2
showed significant antibacterial activity against Gram-positive

bacteria, which was evidenced from the maximum zone of
inhibition and their low MIC values (Tables S9 and S10).68

However, in ligand L1, moderate bactericidal action was
observed at the same concentration. The better antibacterial
activity of metal complexes against Gram-positive bacteria
could be ascribed to the structural alteration of ligand L1 upon
complexation with the metal ions.69 Moreover, the higher
antibacterial activity of complexes 1 and 2 can be explained
with respect to the overtone theory, according to which the
ligand metal coordination results in a significant increase of the
lipophilicity of metal complexes and a consequently high
cellular permeability.70 The facile transport of metal complexes
across the bacterial cell membrane causes their potential to
interfere with the cellular metabolism and organelles with an
eventual bactericidal effect.71 In addition, the antibacterial
activity of complexes 1 and 2 was compared with similar
reported Mn(II)/Zn(II) aroyl-hydrazone complexes, and the
results were found to be consistent with earlier reported
results.68,72

8. IN VITRO CYTOTOXIC ACTIVITY
In vitro cytotoxic evaluation of L1 and complexes 1 and 2 was
carried out against A549 (lung) and MDA-MB-231 (triple
negative breast) cancer cell lines using the MTT assay.73 In our
experiments, the cytotoxic effect of L1 and complexes 1 and 2
was evaluated against the viability of these cells at different
concentrations after an exposure of 48 h (Figure 11). The
results of the percent growth inhibition experiments revealed
that L1 and complex 1 exhibit poor cytotoxic activity as
compared to that of the control (DMSO) and complex 2
(Tables S11 and S12). However, complex 2 demonstrated
selective cytotoxic activity against the A549 cell line with a
fairly low IC50 value of 17.54 μM (Figure 11). The selective
cytotoxic activity of complex 2 against A549 cancer cells may

Figure 10. Free radical scavenging activity of L1 and complexes 1 and
2 in comparison with ascorbic acid (as standard).

Figure 11. In vitro cell viability of A549 and MDA-MB-231 cancer cells when treated with different concentrations of L1 (a, d), complex 1 (b, e),
and complex 2 (c, f). Data represent mean ± SEM of three independent trials (n ≥ 3).
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be attributed to its polymeric structure, which facilitates
multiple binding interactions between the target and complex
2.47,74 Additionally, the cytotoxicity of polymeric complex 2
against the A549 cancer cell line was compared with previously
reported similar zinc hydrazone Schiff base complexes, and
cisplatin. Complex 2 demonstrated better cytotoxicity against
the tested cancer cell line in comparison to the previously
reported zinc hydrazone Schiff base complexes and cisplatin,
which was evidenced from their IC50 value (Table S13).75,76

Therefore, it may be speculated that complex 2 is a promising
chemotherapeutic agent not only for better cytotoxic efficiency
but also for its low toxicity.

9. EXPERIMENTAL SECTION
9.1. Materials, Reagents, and Instrumentation. The

commercially obtained solvents and reagents are used without
any additional purification. Indole-3-carboxaldehyde, isonico-
tinic hydrazide, calf thymus deoxyribonucleic acid (ct-DNA),
2,2-diphenyl picrylhydrazyl (DPPH), Tris-buffer (Tris-
(hydroxymethyl)aminomethane), bovine serum albumin
(BSA), manganese acetate, and zinc acetate were bought
from commercial sources (Sigma-Aldrich and Alfa Aesar) and
were utilized as received.

A Perkin-Elmer 240C elemental analyzer was utilized for
carbon, hydrogen, and oxygen elemental analyses. Perkin-
Elmer was used to perform Fourier transform infrared (FTIR)
of L1 and complexes 1 and 2 in the mid-IR range of 400−4000
cm−1. Electron paramagnetic resonance (EPR) spectra of
complex 1 were recorded by a Varian E112 EPR spectrometer
operating at 9.5 GHz in the X-band. Using a LABMAN
conductivity meter of model LMCM-20, measurements of the
molar conductivity of complexes 1 and 2 were performed.
Quartz cuvettes with a 1 cm path length were used to perform
UV−vis spectra on the Perkin-Elmer Lambda 35, and data
were recorded in λmax (nm). A spectrofluorophotometer
(Shimadzu RF-5301PC) was employed throughout the
experiments for emission studies. For the purpose of measuring
circular dichroism, a Jasco J-815-CD spectropolarimeter
equipped with a Peltier temperature control mechanism was
employed. Using the Evans method and magnetic susceptibility
balance (Sherwood Scientific), magnetic studies were
performed. On a JEOL resonance model JNM-ECZ400S/L1
spectrometer operating at 400 MHz, NMR experiments were
carried out. At the electrochemical analyzer for the CH
instrument, cyclic voltammetry was performed in a single
compartment cell with a three-electrode setup; all electro-
chemical tests were carried out. Pt wire, Ag/Ag+, and Pt
spheres were used as working, reference, and auxiliary
electrodes in this investigation, respectively. Throughout the
experiment, 0.4 M potassium nitrate in Milli-Q water was
employed as the supporting electrolyte. The cathodic (Epc) and
anodic (Epa) peak potential values for the synthesized
complexes were used to compute the half-wave redox potential
(E1/2) using the equation (Epa + Epc)/2.
9.2. Synthesis of Ligand L1. An equimolar methanolic

solution of indole-3-carboxaldehyde (2 mM, 0.290 g) was
added dropwise to the methanolic solution of isonicotinic
hydrazide (2 mM, 0.275 g) under continuous stirring and
reflux, resulting in the formation of the aroyl-hydrazone Schiff
base ligand (L1) as a bright-yellow solid. The resulting yellow
solid was filtered off and washed with cold methanol. After 2
days of evaporation, yellow-colored needle-shaped crystals
suitable for single-XRD studies were obtained from the filtrate.

Yield 72%, MP: 145 °C, Anal. calc. for C15H12N4O (%):
calc. C, 68.44; H, 4.56; N, 21.29; found: C, 68.08; H, 4.37; N,
21.34: UV−vis (1 × 10−3 M, λmax nm) in DMSO: 263 (π−π*),
327 (n−π*): FTIR data on KBr pellet (ν/cm−1): ν(N−H)
3396 cm−1; ν(C�O) 1675 (s); ν(C�N) 1602 (s); ν(C�C
aromatic) 1551 (m); ν(C−N pyridine) 1297 (m); 1H NMR
(DMSO-d6, 400 MHz), δ (ppm): 3.20 (s, 6H, DMSO), 6.8 (d,
1H, ArH), 7.10 (m, 1H, ArH), 7.41 (s, 1H, indole-H), 7.83
(m, 2H, pyridine-H), 8.21 (d, 1H, ArH), 8.52 (s, 1H,
azomethine), 8.74 (m, 2H, pyridine-H), 11.61 (s, 1H, NH),
11.80 (s, 1H, indole-NH): 13C NMR (DMSO-d6, 400 MHz), δ
(ppm): 111.04 (indole-C2), 112 (Ar-C6), 120−125 (Ar-C3,
C4, C5), 131 (indole C7 and C8), 138 (pyridine-C11), 142.14
(pyridine-C10), 147 (azomethine-C1), 151.23 (pyridine-C12),
161.04 (carbonyl-C9); CCDC: 2191272.
9.3. Synthesis of Complexes 1 and 2. The synthesis of

complexes 1 and 2 was accomplished by adding a methanolic
solution of manganese acetate tetrahydrate (1 mM, 0.245 g)/
zinc acetate dihydrate (1 mM, 0.221 g) to the Schiff base
ligand solution, L1 (2 mM, 0.264 g), under reflux conditions,
which yielded complexes 1 and 2 as dark-black and orange-
colored solutions. The resulting reaction mixtures of
complexes 1 and 2 were filtered and left for crystallization by
a slow evaporation process at room temperature.

9.3.1. Complex 1. Yield 78%, MP 290 °C, Anal. calc. for
C60H56Mn2N16O12 (%), calc. C, 55.29; H, 4.30; N, 17.20;
found: C, 56.15; H, 4.38; N, 17.61: UV−vis (1 × 10−3 M, λmax
nm): 261 (π−π*), 323 (n−π*); FTIR data on KBr pellet (ν/
cm−1): ν(N−H) 3258 (m); ν(C�N) 1593 (s); ν(C�C)
1548 (m); υ(C−N) 1227; ΛM (Ω−1 mol−1 cm2) in DMSO:
13.15; μeff = 5.49 BM; CCDC: 2191274.

9.3.2. Complex 2. Yield 72%, MP 275 °C, Anal. calc. for
C34H38ZnN4O4 (%), calc. C, 63.40; H, 6.32; N, 9.24; found: C,
63.44; H, 6.34; N, 9.25: UV−vis (1 × 10−3 M, λmax nm) in
DMSO: 265 (π−π*), 335 (n−π*); FTIR data on KBr pellet
(ν/cm−1): ν(N−H) 3421 cm−1; ν(C�O) 1657 (s); ν(C�N)
1597 (s); ν(C�C aromatic) 1521 (m); ν(C−N pyridine)
1230 (m); 1H NMR (DMSO-d6, 400 MHz), δ (ppm): 3.20 (s,
6H, DMSO), 7.2 (m, 2H, ArH), 7.5 (d, 1H, ArH), 7.8 (s, 1H,
indole-H), 8.1 (m, 2H, pyridine-H), 8.2 (d, 1H, ArH), 8.75 (s,
1H, azomethine-H), 8.96 (m, 2H, pyridine-H), 11.9 (s, 1H,
indole-NH), 13C NMR (DMSO-d6, 400 MHz), δ (ppm):
108.04 (Ar-C), 113 (Ar-C), 118 (Ar-C), 118 (pyridine-C5),
122(C3, C4), 128 (C7, C8), 135 (C11), 137 (C10), 145 (C1),
150 (C12), 177 (C9), ΛM (Ω−1 mol−1 cm2) in DMSO: 11.83;
CCDC: 2191272.
9.4. Single-Crystal XRD Description. An XtaLAB

Synergy-1 diffractometer with a dual microfocus, sourced
from Rigaku corporation, Japan, was used to collect the
crystallographic details of complexes 1 and 2 at room
temperature by employing monochromated (Mo Kα)
radiation (0.7107 Å). The international tables of X-ray
crystallography were consulted for the atoms and anomalous
dispersion corrections.77 Reduction and data integration were
done on SAINT software.78 The collected reflections were
subjected to empirical absorption using SADABS, and the
space group was identified using XPREP.79 Furthermore,
Olex2 software with the Olex2 solve structure solution
program using charge flipping was used to solve the X-ray
crystal structure of L1 and complexes 1 and 2. The data were
refined with the Olex2 refine refinement package using Gauss−
Newton (G−N) minimization.80 All of the non-hydrogen
atoms of synthesized complexes were refined anisotropically. A
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detailed summary of selected crystallographic parameters is
described in Table 1.
9.5. DFT Studies. The ORCA 3.0.1 software package was

employed for the DFT calculations of L1 and complexes 1 and
2.81 The CIF files of synthesized compounds were directly
utilized to obtain optimized geometries by utilizing the B3LYP
hybrid functional method. The optimized structures of L1 and
complexes 1 and 2 were used to obtain the HOMO and
LUMO electron density with their corresponding energies by
employing Aldrich’s def-2TZVP and def2-SVP basis sets to
perform the single point energy calculations. The resolution of
identity (RI) was employed in conjunction with the auxiliary
def2TZV/J or def2-SVP/J Coulomb fitting basis sets to speed
up calculations.82 Avagadro software version 4.1 was used to
generate HOMO−LUMO contour plots of various molecular
orbitals. The following equations were used to calculate the
various thermodynamic parameters from the respective
HOMO−LUMO gaps of synthesized compounds.83

= = +E E( )/2HOMO LUMO (1)

= +E E( )/2HOMO LUMO (2)

= E E( )/2HOMO LUMO (3)

= /22 (4)

9.6. Hirshfeld Surface Analysis. The Crystal Explorer 17.
5.27 software program was utilized to examine the
intermolecular interactions in the crystal lattice. The s-XRD
files of L1 and complexes 1 and 2 were directly used as the

input file in this calculation.38 The properties of the Hirshfeld
surface include di, de, dnorm, curvedness, and shape index. di
denotes the distance from the Hirshfeld surface to the closest
atom internal to the surface, de denotes the distance from the
Hirshfeld surface to the adjoining atom external to the surface,
and dnorm is the normalized sum of di and de. Curvedness is a
function dependent on Hirshfeld surface concavity or
convexity, and shape index is the function dependent on the
flatness or curvature of the Hirshfeld surface.

10. IN VITRO DNA AND PROTEIN BINDING STUDIES
All of the binding analyses for L1 and complexes 1 and 2 were
performed at RT in Tris-HCl buffer (pH 7.3) and conformed
to the standard procedures used in our lab previously.84

To quantify the binding strength of synthesized compounds,
the Wolfe−Shimmer equation was used.46

[ ] = [ ] + KDNA /( ) DNA /( ) 1/ ( )a f b f b b f
(5)

where εa, εb, and εf represent the apparent (Aabs/[complex]),
bound, and free complex extinction coefficients, respectively,
and [DNA] represents the concentration of ct-DNA. The
intrinsic binding constant (Kb) value of the synthesized
compounds was evaluated from the ratio of the slope of 1/
(εb − εf) to the intercept 1/Kb(εb − εf) in a plot of [DNA]/(εa
− εf) vs [DNA].

Moreover, in the competitive binding studies (EB studies)
performed using emission spectroscopy, the magnitude of

Table 1. X-ray Crystallographic Details and Single-Crystal Structure Refinement Parameters of Complexes 1 and 2

parameters complex 1 complex 2

CCDC no. 2191274 2191275
empirical formula C60H56Mn2N16O12 C30H22N8O2Zn
formula weight 1303.08 591.92
temperature, K 293 293
crystal system monoclinic monoclinic
space group I2/a P21/n
a, Å 15.0287 (7) 12.4274(10)
b, Å 24.1629(8) 13.3512(5)
c, Å 16.1272(9) 12.4653(9)
α, deg 90 90
β, deg 90.127(4) 118.981(10)
γ, deg 90 90
Z 4 4
volume, Å3 5856.4(5) 1809.3(3)
ρcalc, g/cm3 1.451 1.087
μ, mm−1 0.510 0.712
F(000) 2696.0 608.0
crystal size, mm3 0.30 × 0.16 × 0.20 0.21 × 0.18 × 0.15
radiation Mo Kα (0.71073) Mo Kα (0.71073)
2Θ range for data collection, deg 3.04−62.28 3.798−54.332
index ranges −15 ≤ h ≤ 21, −31 ≤ k ≤ 35, −22 ≤ l ≤ 13 −15 ≤ h ≤ 15, −16 ≤ k ≤ 16, −15 ≤ l ≤ 15
reflections collected 26 812 26 455
independent reflections 8494 [Rint = 0.0773, Rsigma = 0.0951] 3825 [Rint = 0.0675, Rsigma = 0.0696]
data/restrains/parameters 8494/0/505 3825/0/187
goodness-of-fit on F2a 1.163 1.049
final R indexes [I > = 2σ(I)] R1 = 0.1119, wR2 = 0.3077 R1 = 0.1119, wR2 = 0.2142
final R indexes (all data)b R1 = 0.1831, wR2 = 0.3790 R1 = 0.1144, wR2 = 0.2412
large diff. peak/hole, E å−3 5.34/−1.30 0.64/−0.33

aGoF = {∑[w(Fo
2 − Fc

2)]/(n − p)}1/2, where p and n denote the number of parameters and number of data, respectively. bR = {∑||Fo| − |Fc||/∑|
Fo|}, wR2 = {∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2}1/2.
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binding affinity was calculated by employing the Stern−Volmer
equation as described below.49

= + [ ]I I K Q/ 10 sv (6)

where I0 and I are the intensities in the absence and presence
of EB, respectively, [Q] is the concentration of quencher, and
Ksv is the Stern−Volmer binding constant.

The protein (BSA) concentration was measured after the
stock solution was prepared in Tris-HCl buffer (pH 7.3) at RT
using the absorption coefficient of 35 219 M−1 cm−1 280 nm.58

Using the following equations and considering that BSA and
metal complexes have only one type of binding interaction, the
value of Kb was quantitatively determined.complex + BSA =
complex:BSA

=K
C

C C C C( )( )
B

BSA B complex B (7)

where CBSA is the concentration of BSA, Ccomplex is the
analytical concentration of synthesized compounds, K is the
binding constant, and CB represents the amount of [complex:-
BSA] present in the solution. According to the Beer−Lambert
law

= =C
A

l
C

A A
l

,BSA
0

BSA
B

0

BSA

where εBSA is the molar extinction coefficient of BSA, l is the
path length of the cuvette in cm, and A and A0 are the
absorbances of BSA in the presence and absence of a complex
at 280 nm, respectively.

Now, putting the value of CB and CBSA in eq 7, we get the
following equation

=
A

A A K C
10

0

BSA

B complex (8)

From eq 8, the double reciprocal plot of 1/A − A0 vs 1/Ccomplex
is linear, and Kb can be calculated from the ratio of the slope to
that of the intercept.

The molecular docking studies of L1 and complexes 1 and 2
were performed by employing AutoDock Vina and AutoDock
tools 1.5.6.85 From the protein data bank (https://www.rcsb.
org/pdb), the structure of the receptor molecules B-DNA
(PDB ID: 1BNA) and BSA (PDB ID: 4F5S) was collected.
During docking studies, when 100% output was done,
Autodock vina produced nine types of binding conformations
with different binding energies, and the docked model having
the lowest energy was chosen for studies. The docked poses of
L1 and complexes 1 and 2 were visualized by the Discovery
studio 3.5 molecular graphic program.

11. ANTIOXIDANT ACTIVITY
The 2,2-diphenyl-picrylhydrazyl (DPPH) free radical scaveng-
ing activity of L1 and complexes 1 and 2 was evaluated using
spectrophotometry.86 Different concentrations (5−35 μM) of
ascorbic acid (as standard), L1, and complexes 1 and 2 were
used for the study. This solution was then added with a DPPH
solution (0.2 mM in ethanol), and then, the resulting solution
was incubated for 30 min at RT in the dark. At 517 nm, the
absorbance of the various solutions and the control (DPPH)
was measured, and eq 9 was used to quantify the percent
inhibition of the DPPH radical scavenger.

=
×

% scavenging activity

(Abs of control Abs of sample)/(Abs of control)

100 (9)

12. ANTIBACTERIAL ACTIVITY
The antibacterial activities of L1 and complexes 1 and 2 were
assessed by the agar well diffusion method.87L1 and complexes
1 and 2 were dissolved in DMSO, and the stock solution was
prepared. DMSO solvent was used as a control. The
antibacterial activity of compounds was confirmed by
calculating the MIC values using the broth dilution method
containing the concentrations of 2, 5, 10, and 15 mM in
DMSO.88 These measurements were carried out in triplicate
for each compound, and their average values are reported.

13. IN VITRO CYTOTOXICITY ASSESSMENT
In this current study, we have used MDA-MB-231 and A549
cell lines derived from breast cancer and lung cancer cells for
screening the anticancer activity of synthesized compounds.
MDA-MB-231 and A549 cells were grown into 96-well tissue
culture plates at a density of 103 cells per well in a growth
medium containing 5% serum. Incubation of cancer cells was
done overnight at 37 °C in a CO2 incubator. The next step was
to treat the adhered cells for 48 h with a vehicle containing
DMSO and various substances at concentrations ranging up to
20 μM. After 48 h of treatment, the tetrazolium salt 3[4,5-
diethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay was used to evaluate the viability of the cells. Optical
densities of all of the samples were evaluated at 450 nm
spectrophotometrically, and the results were evaluated in terms
percentage of cell viability in comparison to the control. Prism
software version 5.0 was used to analyze the data (Graph Pad
software, San Diego, CA). All results were presented as mean
± SEM. Following a one-way analysis of variance (ANOVA),
Turkey’s post hoc test for multiple comparisons was used to
establish the significance of the difference. Statistical
significance was defined as a value of p < 0.05.89
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