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Evaluation of cytotoxic potential of structurally
well-characterized RNA targeted ionic non-
steroidal anti-inflammatory (NSAID) Cu(u) & Zn(u)
DACH-mefenamato drug conjugates against
human cancer cell linest

*

Huzaifa Yasir Khan, Sartaj Tabassum ) and Farukh Arjmand

New RNA targeted ionic [Cu(DACH),(H,O0),]l(mef),, 1 and [Zn(DACH),(H,0),l(mef),, 2 drug conjugates were
synthesized and characterized by spectroscopic techniques FT-IR, UV-vis, EPR in case of 1 and *H and **C
NMR in case of 2, ESI-MS, thermogravimetric analysis and single-crystal X-ray structure determination in
case of 1. The interaction studies of 1 & 2 with most likely drug targets like ctDNA and tRNA were
performed which demonstrated that the complexes 1 and 2 exhibited strong preferential binding to tRNA
as compared to ctDNA, K, = 2.52(+0.04) x 10°> M7, 7.85(+0.02) x 10* M™%, respectively. Scanning
electron microscopy analyses of complex-ctDNA/tRNA condensates suggested the interaction of
complexes with ctDNA/tRNA had occurred, followed by lengthening of DNA double helix and bulge
region of tRNA. Cytotoxic activity of 1 and 2 against human cancer cell lines namely; MCF-7 (breast),
Hela (cervical), MIA-PA-CA 2 (pancreatic), A-498 (kidney), Hep-G2 (hepatoma) was evaluated by SRB
assay. The obtained results showed that copper complex 1 was an outstanding cytotoxic agent with
remarkably good Glso value (<10 pg ml™1) against the tested cancer cell lines except for MIA-PA-CA 2,
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Introduction

Recently, NSAIDs have emerged as a new prominent class of
anticancer pharmaceuticals attenuating their significance as
anti-inflammatory drugs."® Most of the NSAIDs such as aspirin,
diclofenac, flufenamic acid, indomethacin, naproxen, tolmetin
exhibit similar pharmacological (antibacterial, anti-
inflammatory, anticancer) behavior,”> mechanism of action
via COX-independent cell inhibition® and similar adverse effects
specifically risk of gastrointestinal (GI) and cardiovascular
complications.” Typically, NSAIDs contain hydrophilic groups
(carboxylic acid or enolic groups) and lipophilic ones, aromatic
ring with/without halogen atom which favour amphiphilic
properties and on complexation with metal ions prefer to
remain in anionic form at physiological pH.*

Ionic NSAIDs have attracted considerable research focus
owing to their application in medicinal therapy as an estimated
50% of the drugs molecules are administered as salts.
Furthermore, ionizable functional groups can overcome the
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while zinc complex 2 revealed moderate cytotoxicity against all the tested cancer cell lines.

undesirable effect of the parent drug. Metallo-drugs® can facil-
itate the muting of toxicity of organic ligands. Additionally, they
exhibit synergistic activity when administered with free organic
NSAIDs and previous researches demonstrate that on
complexation, NSAIDs have proven as more active drug candi-
dates than the parent compounds. Although, there are number
of reports describing the interaction of NSAIDs with DNA/serum
protein by Psomas et al.'®** and some earlier reports from our
research group.*>** However, fewer reports are available on RNA
targeted metallo-NSAID drug conjugates.

Targeting RNAs is a newer concept which open avenues for
pharmaceutical development to treat many chronic diseases.™
Unlike many proteins, biochemical functions or expressions of
RNAs has been directly linked to various diseases. RNA is an
indispensable drug target, an essential biopolymer of human
genome (~90%) that regulates many vital functions of cell.
RNAs play critical roles in transcription or translation, splicing
processes, protein synthesis and retroviral replication and RNA
structure is accessible to small molecules binding."®

Looking at combinatorial libraries of molecular structures
suitable for targeting RNAs, metal complexes are more suitable
for the recognition of RNA motifs as they satisfy the criteria; (i)
exhibit non-covalent interactions such as vander Waals, elec-
trostatic or hydrogen bonding (ii) are coordinatively saturated
(iii) possess rigid planar framework.” Additionally these

This journal is © The Royal Society of Chemistry 2020
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complexes have ability to induce RNA scission by different
mechanistic pathways and the most plausible mechanism for
ionic NSAIDs would be electrostatic interaction. 3D folding of
an RNA chain into a scaffold of spatially placed anionic groups
creates ‘‘electronegative” pocket that can selectively get bonded
by compounds such as metallated drug molecules which exhibit
structural electrostatic complementarity.*®

Copper - an essential redox metal ion is endowed with
unique properties such as Lewis acidity, redox activity, anti-
tumor and apoptosis inducing capabilities. It has been estab-
lished from previous literature reports that copper plays
a significant role in angiogenesis.” Tumors are dependent on
angiogenesis for their growth, invasion and metastasis.”®
Copper was found to be a co-factor for several angiogenesis
mediators including vascular endothelial growth factor
(VEGF),** basic fibroblast growth factor (bFGF),** interleukin-1
(IL-1) and IL-8 (ref. 23) essential for tumor angiogenesis.
Recent studies have demonstrated that copper(u) phenanthro-
line complexes containing NSAID, indomethacin were potent
against breast cancer stem cells (CSC) which are known to
maintain low level of ROS." Based on these facts, copper
complexes have been listed as new class of anticancer metal-
lodrugs and have appeared in many research and review arti-
cles.”* Zinc, an endogenously biocompatible metal ion is
redox inert exists as a divalent cation in the biological system
and is actively involved in DNA synthesis, apoptosis, gene
expression, and catalytic functions.** Zinc-based NSAIDs is
capable of showing DNA/RNA recognition that can eventually
leads to different cell death mechanism as compared to
cisplatin.”

Herein, we describe ionic [Cu(u)/Zn(u)(DACH),(H,0),|mefe-
namic acid conjugates targeted to tRNA. Tethering DACH
moiety with NSAID is an innovative strategy for the development
of new antitumor therapeutic agents. DACH is a carrier ligand,
capable of better cellular uptake and has been known to harness
cell inhibition effectively via apoptosis.”® DACH conjugated
anticancer drug oxaliplatin, (1,2-DACH) oxaloplatinum(u) was
more potent as compared to (S,S)-analog and exhibited less
toxic effects.”® A total of ca. 1,2-DACH complexes have entered
clinical human trials which were evaluated for their antitumor
activity.*® Metallo-drugs derived from NSAIDs have been studied
for the treatment of a large number of chronic diseases. A recent
review summarizes metallo-drugs of NSAIDs with (a) main
group metals, (b) transition metals, (c) metalloids and (d)
lanthanides categorized according to their anti-inflammatory,
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Scheme 1 Synthetic route for complexesl and 2.
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antibacterial and antiproliferative activity and their ability to
interact with various intracellular components like DNA, RNA,
proteins etc.* Among the transition metals, copper-NSAIDs
tagged with ancillary ligands have gained a prominent thera-
peutic position as an anti-inflammatory, antiproliferative,
antitumor agents owing to the fact that copper is endogenously
biocompatible, can act by different mechanism with the bio-
logical targets involving ROS species, down regulation of anti-
apoptotic proteins (Bcl-2 and Bcl-XL) and anti-angiogenic
proteins that trigger cell death even in case of resistant cancer
cell lines.** Previous literature reports reveal that copper-based
drug candidates have shown better selectivity, target specificity
and improved antitumor efficiency which can be achieved by
the selection of appropriate ligand scaffold combinations.

Results and discussion

Synthesis and characterization

The complexes 1 and 2 [M(DACH),(H,0),](mef), where M =
Cu(u), 1 and Zn(u), 2 were synthesized by reacting methanolic
solution of mefenamic acid (deprotonated by KOH), 1,2-dia-
mminocyclohexane and CuCl,-2H,0/ZnCl,-2H,0 in 2:2:1
stoichiometric ratio (Scheme 1).

The products were found to be air stable, soluble in MeOH
and other non-polar solvents like DMF, DMSO. The molecular
structure of 1 was established by X-ray diffraction studies. The
complexes 1 and 2 were thoroughly characterized by spectro-
scopic techniques (UV-vis, FT-IR, EPR in case of 1 and "H NMR,
BCNMR in case of 2), ESI-MS and elemental analysis.

Spectroscopic measurements

FT-IR spectroscopy of 1 and 2 was used to assign the carboxylate
coordination mode of mefenamato anion and the binding
mode of DACH ligands. Complexes 1 and 2 exhibited broad
absorption bands at 3235 cm ™' and 3545 cm ', respectively
which were assigned to O-H stretching vibration of coordinated
water molecule to the metal centre.”* The sharp absorption
bands at 3128 cm ™' and 3134 cm ™, respectively attributed to
N-H stretching frequency of mefenamato anion or DACH ligand
coordinated to M(u) centres.'* Absorption bands due to »(CH,)
vibrations of the cyclohexyl ring of DACH were observed at
2859-2935 cm ™~ .*2 In complexes 1 and 2, two important bands
at 1655(s) and 1255(s) cm™ ' corresponding to stretching vibra-
tions »(C=O0)carboxytic aNd ¥(C-O)carboxytic Of carboxylic group

(-COOH) were shifted to 1576-1616 cm ™" and 1383-1431 cm ™.
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In both the complexes, the parameter Ay(CO,) [Av = v,4(CO,) —
v4(CO,)] values falls in the range 160-210 cm ™" observed for
ionic complexes." The absorption peaks observed in the region
1300-1100 cm ™" might be attributed to the symmetric defor-
mation vibrations of the -CH; group of mefenamato anion in 1
and 2. However, in-plane bending and out-of-plane deformation
vibrations of hydrogen atoms were observed in the region 1000-
620 cm™ . The absorption bands at 595-427 cm~ ' and 563-
425 cm ' in 1 and 2 were found within the range reported for
¥(M-N) and »(M-O) stretching frequencies in the far IR region.*

The X-band EPR spectrum of 1 was recorded to assess the
oxidation state, geometry, and electronic configuration of the
complex. 1 exhibited an isotropic spectra with g = 2.197, g, =
2.049 and g,, = 2.83 computed from the expression g,,” = g> +
2g, " suggesting an octahedral geometry. The trend g > g, > ge
(2.0023) indicated that the unpaired electron was located in the
d,=_,> orbital of the Cu(u) ion which is a characteristic of axial
symmetry. (Fig. S11)*

"H NMR spectrum of 2, recorded in DMSO-d¢ did not display
O-H proton signal of the mefenamic acid (Hmef) (Fig. 1) ex-
pected in the range of 10-13 ppm, confirming its deprotona-
tion. The characteristic aromatic signatures of mefenamato
moiety were observed in the region 7.99-6.64 ppm (H2, H5, H7,
H3, H9, H8 and H4). Sharp singlets corresponding to methyl
protons (H10 and H11) were observed at 2.30 and 2.18 ppm,
respectively. Moreover, a complex multiplet in the region 1.37-
1.12 ppm and 1.73-1.63 ppm was attributed to DACH ring
protons. A singlet at 8.11 ppm may be assigned to amine (-NH)
proton sandwiched between two aromatic moieties of mefena-
mato anion. (Fig. S27)

'H NMR spectrum of free ligand mefenamic acid display
O-H proton signal at 12.56 ppm. The characteristic aromatic
signatures were observed in the region 7.31-6.67 ppm. Sharp
singlets corresponding to methyl protons (H10 and H11) were
observed at 2.34 and 2.18 ppm, respectively. The signal at
8.03 ppm may be assigned to amine (-NH) proton sandwiched
between two aromatic moieties of mefenamic acid. (Fig. S41) '"H
NMR spectrum of free ligand DACH display complex multiplet
in the region 1.22-0.99 ppm and 2.22-1.61 ppm was attributed
to DACH ring protons. (Fig. S5T) A singlet at 5.29 ppm assigned
to -NH, group attached to cyclohexyl ring which causes upfield
shift due to Zn(u) and observed at 2.88 ppm in complex 2.

Fig. 1 Mefenamic acid (Hmef) with H and C atom numbering in
accordance to *H NMR proton's assignment and *C NMR carbon's
assignment.
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3C NMR spectrum of 2 showed resonances of the cyclohexyl
carbons in the range 35.58-25.69 ppm. Two resonance signals
corresponding to -CH; carbons attached to aromatic moiety of
mefenamato anion were found at 22.81 and 20.69 ppm,
respectively. The aromatic ring carbon atoms displayed their
resonance signatures in the range 149.37-113.71 ppm. A
significant peak for carboxylate ion was observed at 182.72 ppm
with more scans. (Fig. S37)

3C NMR spectrum of free mefenamic acid exhibited signif-
icant peak for carboxylate group at 172.91 ppm. The aromatic
ring carbon atoms displayed their resonance signatures in the
range 156.02-109.21 ppm. Two resonance signals correspond-
ing to -CH; carbons attached to aromatic moiety of mefena-
mato anion were found at 20.61 and 14.05 ppm. (Fig. S5b7) **C
NMR spectrum of free DACH resonances of the cyclohexyl
carbons in the range 25.29-57.48 ppm. (Fig. S5ct)

The ESI-MS analyses offer the assignment of characteristic
fragmentation peaks. The ESI-MS spectrum of 1 (Fig. S6%)
exhibited molecular ion peak at m/z = 792.59 corresponding to
[C4HeoNgOeCu + 3H]" fragment after removal of one water
molecule. The base peak observed at m/z = 643.23 attributed to
fragment [2{C;5H;4,NO,} + 2H,0 + N;HgCu-2C¢H;]. The peak at
m/z = 286 was ascribed to cationic moiety having molecular
formula [C,,H,5CuN, + 5H'] after removal of water molecules.
The additional ion peaks at 335 and 599 were observed for the
molecular fragments [Cy,HgoNgOsCu—-2C;5H;4,NO, + 8H'] and
[C42HeoNsOsCu-DACH-2H,0-Cu + 5H"], respectively. Similarly,
fragmentation scheme of complex 2 revealed peaks at m/z 297.2,
613.4assigned to [C4,HeoNcOsZn-2{C;5H,,NO,} —2H,0 + 5H]',
[C42HeoN606Zn-DACH-H,0-Zn] fragments and m/z = 483.3
corresponding to two mefenamato anion with molecular frag-
ments [2C;5H,4,NO, + 3H]", respectively. (Fig. S71)

The UV-vis spectrum of 1 in methanolic solution exhibited
a broad and intense band at 630 nm attributed to copper ion in
the tetragonally distorted octahedral environment which was
followed by strong bands in the UV region at 259 and 305 nm
assigned to the m-m* and n-m* ligand centered transitions.*
The electronic spectrum of 2 displayed two well resolved bands
centered at 332 nm and 260 nm ascribed to n-m* and intra-
ligand (IL) m—7c* transition indicative of the octahedral Zn(u)
ion.*

Conductance measurements of 1 and 2 were carried out at
25 °C in DMSO. Molar conductance values were found to be 228
and 186 S cm® mol* for complexes 1 and 2, respectively. These
values fall in the range observed for 1 : 2 electrolytes supporting
ionic formulation of 1 and 2.

Thermogravimetric analyses

Thermogravimetric analyses of 1 and 2 were carried out under
nitrogen atmosphere to examine the stability of complexes at
elevated temperature. The temperature ranges from 120-240 °C
corresponds to the loss of water molecules in 1 accompanied by
aweight loss of 65.16% (calculated%: 64.68) while in case of 2, it
occured in the range of 60-200 °C with a weight loss of 58.61%
(calculated%: 58.56). Furthermore, no significant stabilization
in TGA plot has been observed for 1 and 2 corresponding to loss

This journal is © The Royal Society of Chemistry 2020
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(a)

Fig. 2

(b)

(a) ORTEP diagram of complex 1, [{Cu(DACH),(H,O),}(mef),] along with the atom numbering scheme. The hydrogen atoms have been

omitted for clarity. (b) Packing diagram oflshowing intra/inter molecular hydrogen bonding.

of both the organic ligands even up to 600 °C, thereby leading to
the formation of metal oxides as residues (Fig. S87).

Single crystal X-ray description

The molecular structure of 1 was crystallized in the triclinic with
P1 space group. The crystal structure unit of 1 comprises of
cationic part having copper(n) bis-DACH moiety at the square
base with two H,O molecules at two axial positions, thereby
adopting an elongated octahedral geometry while two mefena-
mato (mef~) anions were located outside the coordination sphere
as counter jons (Fig. 2a). The asymmetric unit of 1 revealed
copper(u) ion in tetragonally distorted octahedral environment
with four nitrogen atoms of DACH at the equatorial positions,
having bond distances Cu(1)-N(1)/N(4) = 2.019 A, Cu(1)-N(3) =
2.018 A and Cu(1)-N(2) = 2.005 A. The vacant axial Jahn-Teller
positions are occupied by O atom of water with bond distances
Cu(1)-0(2w) = 2.619 A and Cu(1)-O(3w) = 2.522 A. The Cu-N/
and-O bond distances were found to be in agreement with those
of similar reported copper complexes in octahedral geometry.*®
The crystal architecture of 1 was dominated by inter—/intra
molecular hydrogen bonding interactions that were observed

between the carboxylato oxygen atoms (O2 and O1) of one
mefenamato (mef™) anion and the amino hydrogen atom H(N1)
and H(N3) such that O2---H1 = 3.065 A and O1---H1 = 2.938 A
(intramolecular). Moreover, the intermolecular H-bonds were
observed between the carboxylato oxygen atoms (02) of one mef ™
ion and O atom of water molecule such that O(2w)-H---O = 2.812
A (Fig. 2b). The carboxylato oxygen atom (05) of the other mef~
ion makes H-bond with O atom of water molecule such that
O(5w)-H:--O = 3.005 A. Also, 1 exhibited packing on the basis of
m-1 stacking interactions between centrosymmetrically orien-
tated phenyl rings in the crystal lattice that reinforces the crystal
architecture and plays a significant role in the stabilization of
supramolecular framework.

Hirshfeld surface analysis

The nature of intermolecular interactions in 1 was analyzed
through Hirshfeld surfaces and two-dimensional fingerprint
plots delineating surfaces that have been mapped over dporm
(—0.5 to 1.5 A), shape index (—1.0 to 1.0 A) and curvedness (—4.0
to 0.4 A) (Fig. 3). The dpom surface highlighted various close
intermolecular interactions in which the red region corresponds

Fig. 3 Hirshfeld surface map representing (a) dnorm. (b) shape index and (c) curvedness of complex 1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Fingerprint plots of complex 1, full (left) and resolved into C---C, C---H, H---H, O---H and N---H contacts showing the percentage of

contacts contributing to the total Hirshfeld surface area of molecules.

to closer intermolecular contacts, whereas the blue region
represents larger intermolecular contacts than the van der Waals
radii. The deep-red regions observed on the d,o;m surfaces of 1
describe close interactions, mainly responsible for H---H and
C---H bonding in the complex. The shape index of 1 depicted red
concave regions with ‘bow-tie patterns’ which correspond to C-
H--- interactions indicating the presence of aromatic stacking
interactions whereas the curvedness depicted the electron
density present around various intermolecular interactions.

The 2D-fingerprint plots for 1 and those delineated into C- -
C, C:-‘H, N---H, H---H and O---H contacts are illustrated in
Fig. 4. The plots were demonstrated by using the expanded 0.6—
2.8 A view with the d; and d. distance scales displayed on the
graph axis. The fingerprint plots described into H:--H contacts
clearly indicate that these interactions made the most signifi-
cant contribution to the overall Hirshfeld surface, i.e., 67.9%. In
the fingerprint plots delineated into C---H contacts, the cluster
of blue points with (d. + d;)min ~ 2.7 A corresponded to 17.8%
contributions to the Hirshfeld surface. The contribution from
O---H contacts to the Hirshfeld surface i.e., 13.7% reflected the
presence of intermolecular C-H---O interactions. A pair of sharp
spikes having almost equal length with tips at (d. + d;) ~ 2.15 A
were characteristic of C-H---O bonded chain in 1. The small but
significant contributions from C---C (0.5%) and N---H (0.1%)
contact were found due to the short interatomic distances.

Interaction studies with nucleic acids (DNA and RNA)

Since DNA is the pharmacological target of most of the clinically
approved antitumor drugs, and therefore, targeting DNA by

170 | RSC Adv, 2020, 10, 166-178

these complexes seems intuitively appealing and logical.
However RNA's unique structural diversity {hairpin, bulge or
stem-loop and pseudoknots} could be utilized to design drug
entities to treat various infectious and chronic diseases. Since
RNA possess unique binding pockets for the recognition of
small molecules, its structural diversity can be exploited to
design new class of compounds that can interact with myriad
RNA binding sites with high affinity and specificity. Many
organic compounds such as aminoglycosides, tetracyclines,
macrocycles including NSAIDs are known to modulate RNA
function.* While many metallo-drugs antitumor candidates
were found to interact with DNA via electrostatic interactions as
evidenced by characteristic ‘hyperchromic effect’ in the UV-vis
titrations with DNA, there are fewer reports of interaction
studies of these drug candidates with tRNA.

Upon progressive addition of ctDNA/tRNA (0-4 x 10> M),
the UV-vis spectra of 1 and 2 (0.067 x 10~> M) at absorption
band centered at 260 nm exhibited significant “hyper-
chromism” (48% and 38%, respectively) with tRNA (Fig. 5) and
(44% and 31%, respectively) with ct-DNA (Fig. S971). Similar
behaviour of ionic metal-NSAID complexes in presence of
ctDNA was previously reported for Cu(u) & Co(u) flufenamate
complexes with DACH as co-ligand.” From the observed
“hyperchromic effect”, we can interpret the mechanism
involved for the binding of 1 and 2 with ctDNA/tRNA which is
presumed to be mainly electrostatic. In our hypothesis, we
propose that ionic NSAIDs containing cationic metal bis(-
diamminocyclohexane) moiety are capable of strong electro-
static interactions with dinegative oxygen atom of phosphate

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Absorption spectra of complexes 1 (a) and 2 (b) in presence of increasing tRNA concentration.
Table 1 Binding profile of complexes 1 and 2 with ctDNA and tRNA.
%
Ky, values (M1 K values (M) K, values hyperchromism
Complexes ctDNA tRNA ctDNA tRNA ctDNA tRNA ctDNA tRNA
1 1.16(+£0.05) x 10° 2.52(£0.04) x 10° 1.71(£0.06) x 10° 2.30(£0.03) x 10° 1.05 3.00 44 48
2 3.12(40.08) x 10* 7.85(40.02) x 10" 1.65(40.05) x 10* 5.27(40.04) x 10" 0.68 0.77 31 38

sugar backbone of nucleic acids, causing a contraction and
ultimately breakage of DNA/RNA structure. Furthermore, the
extent of hyperchromism observed for tRNA is greater in
magnitude than with ctDNA implicating more avid high
binding affinity for 3D folding region of an RNA chain, perhaps
in a very specific manner. Additionally, mefenamato anions
could also be engaged in hydrogen bonding with nitrogen
atoms of the nucleobases which was validated further by
molecular docking experiments.

The binding strength of 1 and 2 toward ctDNA/tRNA was
quantified in terms of intrinsic binding constant, K}, values as
shown in Table 1. The K}, values validate that 1 and 2 were
preferentially bound to tRNA as compared to ctDNA, with
copper-mefenamato 1 exhibiting the higher binding constant
with tRNA [K, = 2.52(£0.04) x 10> M '] than their Zn(m)
analogue 2 attenuating the effect of different transition metal
ions which can also be correlated to mutual synergetic effect
between copper and mefenamic acid.* The results of binding
experiments were in good agreement with the cytotoxicity
studies. Furthermore, 1 exhibited significantly pronounced
cytotoxicity with tested human cancer cell lines as compared
to 2.

Fluorescence spectra of 1 and 2, at their fixed concentration
(0.067 x 10~* M) were recorded without and after concomitant
addition of ctDNA/tRNA under similar physiological conditions
as in UV experiments which demonstrated an enhancement in
the fluorescence intensity (Fig. S10 and S11f). The

This journal is © The Royal Society of Chemistry 2020

enhancement in the emission intensity arises due to the pene-
tration of complexes into the hydrophobic environment of
interior tRNA/ctDNA helixes as has been reported in many
research articles describing the interaction studies of small
molecules with nucleic acids.***** As studies revealed greater
binding propensity for tRNA as compared to ctDNA which could
be attributed to the conformation of RNA having an L-shaped
tertiary structure, where nucleobases are pushed outwards
from the helix axis in the minor groove direction and tilted
substantially with respect to the helix axis, funneling the
complexes to the interior of the narrow grooves of RNA.
Furthermore binding strength of 1 and 2 was quantified by
employing the Scatchard equation** and the evaluated data is
shown in Table 1.

Steady state competitive binding studies using ethidium
bromide (EB) as a fluorescent probe were also performed for
both the complexes. The decrease in the peak intensities of 1
and 2 was observed in presence of ctDNA/tRNA with progressive
addition of 1 and 2 in the ratioof 1 : 1to 6 : 1 (Fig. S12 and S137)
which showed significant quenching of fluorescence probe
ethidium bromide. However, the observed decrease in emission
intensity was found to be lower as compared to classical inter-
calators,” ruling out the possibility of an intercalative mode
and confirmed the external groove binding nature of 1 and 2.

Quenching efficiency is related to the Stern-Volmer constant
which could be determined by equation;

Il =1+ Kgr

RSC Adv, 2020, 10, 166-178 | 171
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Fig. 6 CD spectra of tRNA alone (pink) and in presence of complexes 1 (blue) and 2 (brown) in Tris—HCL buffer at 25 °C. [Complex 1/2] = 1 x

107* M, [tRNA] = 1 x 10™* M.

where I, and I are the emission intensities with and without of 1
and 2, K, is the Stern-Volmer constant, r is the concentration of
ratio of complexes to ctDNA/tRNA.

The calculated values of K, for both 1 and 2 are summarized
in Table 1. The resulting K}, K and Ky, values validated that
complex 1 exhibited the higher binding constant values with
tRNA as compared to ctDNA.

Circular dichroism (CD), a sensitive optical technique was
further used to analyze the conformational changes in ctDNA/
tRNA and the binding modes of metal-based mefenamate
drug candidates 1 and 2.

On incubation of 1 and 2 to ctDNA (r = [complex 1/complex
2]/[ctDNA] = 1), a decrease in intensity in characteristic stacking
and helicity bands at 245 and 275 nm, respectively was observed
(Fig. S1471) without any apparent shift in band positions. These
negligible perturbations in both base signatures revealed that
the complexes possibly unwind the secondary structure of DNA
helix leading to the loss of helicity of DNA.

On the contrary, the CD spectrum of tRNA depicted charac-
teristic peaks (two positive peaks at 227 nm and 270 nm & two
negative peaks at 210 nm and 240 nm). Upon addition of 1 and 2
to tRNA solution, a significant decrease in the intensity of
a negative band at 240 nm was observed with a blue shift while
positive bands at 227 nm and 270 nm showed an amplification
in the respective bands. However, the band at 270 nm exhibited
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—A— Complex 1 + t-RNA
-0.0005
0.0000 -
<
k=
® 0.0005 -
E
=
o
0.0010 -
0.0015
L) L) T L} L) L) L)
15 1.0 05 0.0 05 10 15
Potential {V}

no band shifting (Fig. 6). The major intensity changes of the
bands at 210 nm, 227 nm and 240 nm could be due to tRNA
aggregation upon addition of complexes.*®

Metallo-drug complexes are known to possess unique elec-
trochemical behavior due to different redox potential and were
investigated for their anticancer potential via cyclic voltam-
metric binding studies.*”” The variations in the votammetric
responses of redox active metal complex either in terms of
changes in current or potential or both can be further utilized to
determine their interaction with ctDNA/tRNA.

The electrochemical investigations of complex-ctDNA/tRNA
interaction were carried out in DMSO solution at room tempera-
ture at a scan rate of 0.2 V s~ ' by cyclic voltammetry in the
potential range of —1 to 1 V. The CV of 1 demonstrated a quasi-
reversible one electron redox process involving a shuttle between
Cu(u)/Cu(1) redox pairs with two anodic waves at Ej,, = —1.25 V
and Ep, = —0.75 V followed by a cathodic peak at E,. = —0.50 V.
The current intensity ;,, and I, were observed at —0.00045 A and
—0.0005 A. Two anodic waves at Ey, and Ej, can be attributed to
the oxidation of metallic copper and Cu(1), respectively. The CV of
2 featured reduction of Zn(u)/Zn() form at a cathodic peak
potential of E,. = —0.50 V and an oxidation peak appeared at Ep,,
= —0.10 V (Fig. 7)

On incubation with ctDNA, anodic peak potential, Ep, and
the current intensity I,, of complex 1 was observed at —1.0 V

-0.0015 —&— Complex 2
—&— Complex 2 + ct-DNA
—A— Complex 2 + t-RNA
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Fig. 7 Cyclic voltammogram (1 : 2 DMSO: buffer solution, 25 °C) of 1 and 2 in the presence of tRNA.
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and —0.00025 A, respectively. The shift in peak potential and
the current intensity was observed as AE,, = —0.25 Vand Alp, =
0.00025 with ct-DNA. However, with tRNA, anodic peak poten-
tial, Ep, and the current intensity I,, were observed at —0.8 V
and —0.00075 A, respectively. The shift in peak potential and
the current intensity was observed as AE,, = —0.05 Vand Al, =
—0.00025 A with t-RNA. Our results implicated that greater
shifts in potential parameters and decrease in current ratios of
complex 1 with tRNA was observed as compared with DNA. This
indicated an interaction between each complex and ctDNA/
tRNA explained in terms of an equilibrium mixture of free
and DNA/RNA bound complexes to the electrode surface.****

Morphological studies

Recently, the structural studies of complex-DNA/RNA conden-
sates were utilized to identify the specific interactions of drug
candidates to ctDNA/tRNA. Controllable drug DNA/RNA
condensation is a newer approach for transportation of drug
candidates across the biological membranes to specific target at
the molecular level.* RNA possesses highly structured active
sites that can dictate the formation of different shape particles
due to its thermodynamic stability, base stacking capabilities
and tertiary interactions.” The molecular interactions between
DNA/RNA and the cationic component determine many vital
biological processes such as recombination, replication, tran-
scription and repair.®* Literature revealed that morphology of
condensates vary with the change in solution properties (ionic
strength and solvent polarity), nature of condensing agent
(charge density) and the surface of substrate.”* In the present
study, DNA/RNA condensates of 1 and 2 were prepared by
evaporating an equimolar mixture of 1, 2 and ctDNA/tRNA in
Tris-HCl buffer. The scanning electron microscopy (SEM)
analyses revealed that 1 displayed hollow rod like structures
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Table2 The calculated free energy of binding of complex 1 and 2 with
B-DNA (1BNA)/tRNA (6TNA)

Binding energy (k] mol ")

Complexes ctDNA tRNA
1 —260 —306.45
—178.72 —283.45

while 2 showed some concrete rock like structures(Fig. 8a and
d). The DNA/RNA molecules upon condensation with 1 and 2
represented different structural features i.e., mixing of
complexes and DNA/RNA particles. This clearly indicated the
condensation of ctDNA/tRNA molecules into a compact,
massive structures. Such SEM micrograph patterns reveal that
hydrophobic interaction of 1 and 2 has taken place via oxygen
atoms of mefenamato carboxylate moiety with nucleobases of
ctDNA/tRNA which resulted in lengthening of ctDNA/tRNA helix
due to insertion of 1 and 2 in the grooves of DNA helix/bulge
region of tRNA, which could be also be envisaged as ‘thread-
ing partial intercalation’."?

Molecular modelling studies

Docking Simulation is a useful tool to understand the complex-
nucleic acid interactions and also gaining a better under-
standing of the experimental results. Docked complexes
conformation was analyzed in terms of energy and hydrophobic
interaction with drug candidates and B-DNA (PDB ID = 1BNA)/
tRNA (PDB ID = 6TNA). From the docking scores, the free
energy of binding of complexes 1 and 2 was calculated and
results are shown in Table 2.
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Fig. 8 SEM images showing surface morphology of complex 1 (a) & 2 (d) alone and b (1) & (e) 2 upon condensation with ctDNA. (c) 1 & (f) 2 upon

condensation with tRNA.
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Fig. 9 Molecular docked model of complex 1 with (a) tRNA (b) ctDNA.

The docking results revealed that 1 interacts with the DNA
helix through the G-C region present inside the minor groove
region. The complex 1 was found in the close proximity of C21,
G22, C23, G24, G2, C3 and G4 DNA base pairs (Fig. 9b). On the
other hand, complex 2 revealed preferential binding within the
wide A-T region of major groove of the DNA helix (Fig. S15bt).
The minor groove is particularly an attractive target for such
molecules as the closer proximity of the strands allows more
intimate contact in surface area and tightly binds with best
fitting.>

It is well known that tRNA is characterized by well defined
3D structure regions like D arm, acceptor stem, T arm, {s loop
and anticodon arm. The docking results with tRNA implicated
that both the complexes 1 and 2 were inserted into the active
pocket located between upper and lower stem in close prox-
imity to C-2, A-64, A-66, A-38, G-65, C-40, U-69 and G-4.%

Table 3 Summary of the screening data for the in vitro antitumor
activity of 1 and 2 (uM)*

Cell line MCF-7 HeLa A-498 MIA-PA-CA-2 Hep-G2

Gl;, Complex1 <1 <1 <1 1.85 <1
Complex 2 1.826 3.204 3.21 3.172 4.406
ADR <1 <1 <1 <1 <1

TGI Complex1 5.16 1.50 1.67 6.93 2.92
Complex 2 4.80 5.35 5.46 5.57 6.26
ADR 3.93 <1 <1 <1 <1

LCso Complex1 NE 5.29 5.71 NE 5.94
Complex2 7.77 7.49 7.71 7.97 >8
ADR NE NE NE NE 4.19

“ GI5, = growth inhibition of 50% (GIs,) calculated from [(T; — T,)/(C —
T,)] x 100 = 50, drug concentration that results in a 50% reduction in
the net protein increase. ADR = adriamycin (positive control). GI5,
value < 10 pg ml™" is considered to demonstrate activity. TGI = tumor
growth inhibition. LCs, = lethal concentration of 50% (LCso).
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(Fig. 9a and S15at). The results obtained in terms of free
energy of binding and hydrophobic interaction correlate well
with other experimental spectroscopic techniques suggesting
1 possess a higher binding ability with tRNA as compared to
CctDNA.

In vitro cytotoxic evaluation

The ionic mefenamato complexes 1 and 2 were tested for their
antiproliferative activity in vitro against five human cancer cell
lines namely; MCF-7(breast), HeLa (cervix), A-498 (Kidney),
MIA-PA-CA-2 (Pancreas), Hep-G2 (Hepatoma) by SRB assay.
The values have been evaluated in terms of GI5, TGI and LCs,
for both the complexes and are summarized in Table 3.
Complex 1 showed significantly low GIs, value (<1 uM) against
all the tested cancer cell lines except MIA-PA-CA 2 cell line.
However, Complex 2 revealed moderate cytotoxicity against
the mentioned cell lines. (Fig. S167) Since, Copper accumu-
lates in tumor due to selective permeability of the cancer cell
membranes to copper compounds; thus, a number of copper
complexes have been screened for anticancer activity and
some of them were found to be active in vivo and in vitro. It was
earlier reported in the literature that metallotherapeutics of
NSAIDs containing Cu(u) ion bound more strongly to nucleo-
tides® thus, inhibiting the proliferation of cancer cells. In this
way, we observed a positive correlation between the cytotoxic
activity and binding affinity of complexes 1 and 2 which
implicated that NSAIDs Cu(u) complex 1 with strong binding
propensity results in inhibition of cancer cells at very low
micromolar concentration causing cell death. The morpho-
logical changes observed in the cell lines exposed to complex 1
and 2 for a period of 48 h are shown in Fig. 10 which impli-
cated that on treating these cell lines with complex 1 and 2,
a reduction in morphology as well as cell adhesion capacity
was observed as compared to the control drug.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Morphological changes observed in cancer cell lines on treating with complexes 1 and 2.

Conclusions

Two novel ionic [Cu(DACH),(H,0),](mef),, 1 and [Zn(DACH),(-
H,0),](mef),, 2 antitumor drug conjugates were synthesized and
thoroughly characterized. Single-crystal X-ray structure determi-
nation of 1 confirmed that each DACH ligand coordinates to
copper(un) ion through two nitrogen atoms at the equatorial
positions in tetragonally distorted octahedral environment. The
vacant axial Jahn-Teller positions are occupied by O atom of water
molecules while two mefenamato (mef ™) anions acted as counter
ions. The interaction studies of these complexes with nucleic
acids (ctDNA/tRNA) were carried out by UV-vis, fluorescence,
circular dichroic and cyclic voltammetric studies which demon-
strated their preferential binding with tRNA as compared to
ctDNA through electrostatic interaction. Ionic NSAID complexes
containing cationic metal bis(diamminocyclohexane) moiety and
mefenamato anions could interact with dinegative oxygen atom of
phosphate sugar backbone of nucleic acid helix by electrostatic
mode of binding. Furthermore, mefenamato anions could also be
engaged in hydrogen bonding with nitrogen atoms of RNA
nucleobases. These experiments have demonstrated higher
binding propensity of copper complex 1 as compared to its zinc
analogue 2. Complexes 1 and 2 were screened for cytotoxic activity
against MCF-7 (breast), HeLa (cervical), MIA-PA-CA 2 (pancreatic),
A-498 (kidney), Hep-G2 (hepatoma) cell lines. Complex 1 was
found to be an outstanding cytotoxic agent with remarkably good
Gl; value (<10 pg ml ') against the tested cancer cell lines except
for MIA-PA-CA 2, while complex 2 revealed moderate cytotoxicity
against all the tested cancer cell lines. This study leads to the
development of new copper-based NSAID promising antitumor
drug candidate. Further, it gives impetus to the understanding of
the mechanisms of action involved in the process of cancer cell
inhibition which can be instrumental for rational development of
more efficacious RNA targeted NSAID therapeutics.

This journal is © The Royal Society of Chemistry 2020

Experimental
Materials and instrumentation

Mefenamic acid, 1,2-diaminocyclohexane(Sigma Aldrich), KOH,
CuCl,-2H,0 and ZnCl,-2H,0 (Merck) were purchased and used
as received. All the solvents used were of purity grade. Elemental
analysis was carried out on a Carlo Erba Analyser Model 1106.
Infrared spectra were obtained (KBr disk, 400-4000 cm ') on
a Perkin-Elmer Model 1320 spectrometer. The EPR spectrum of
the 1 was acquired at X-band frequency (9.167 GHz) at room
temperature on JEOL FA-200 continuous wave spectrophotometer
(g = 2.02055). NMR spectra of 2 were obtained on a Bruker DRX-
400 spectrometer with Me,SO-d, as solvent. Electro spray ioniza-
tion mass (ESI-MS) spectra were recorded on a Waters (Micromass
MS technologies) Q-Tof MS analyzer spectrometer. Molar
conductance was measured on Eutech con 510 electronic
conductivity bridge. The TGA analysis of 1 and 2 was performed on
Schimadzu DTG-60H analyzer under nitrogen atmosphere from
20 to 850 °C at a heating rate of 20 °C min . Electronic spectra
were recorded on a PerkinElmer Lambda 25 using cuvettes of 1 cm
path length, and the data were reported in A, /nm.

The experiments involving the interaction of the complexes
with ctDNA/tRNA were carried out in Tris-HCI buffer (pH = 7.3).
The concentration per base pairs for both DNA and RNA was
determined spectrophotometrically at 260 nm assuming ¢ = 6600
and 7700 M~ ' cm™'.*® Emission spectra were acquired on a Shi-
madzu RF-5301 PC spectrofluorophotometer. CD spectra were
measured on a Jasco J-815-CD spectropolarimeter at room
temperature. Cyclic voltammetry was carried out at CH instru-
ment electrochemical analyzer. High purity H,O and DMSO
(95 : 5) was employed for the cyclic voltammetry studies with
0.4 M KNO; as a supporting electrolyte. A three electrode
configuration was used comprising of a Pt disk working elec-
trode, Pt wire counter electrode and Ag/AgCl as reference

RSC Adv, 2020, 10, 166-178 | 175
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electrode. Electrochemical measurements were made under N,
atmosphere.

Hirshfeld surface analysis

Hirshfeld analysis along with 2D fingerprint plot for complex 1
was generated using crystal Explorer 3.1 (ref. 57) software based
on results of single crystal X-ray diffraction studies.

Synthesis of [Cu(DACH),(H,0),](mef),, 1

Complex 1 was synthesized by reacting methanolic solution of
mefenamic acid (0.482 g, 2 mmol, deprotonated with KOH), 1,2-
diaminocyclohexane (0.228 g, 2 mmol and CuCl,-2H,0 (0.170 g,
1 mmol)) in a molar ratio of 2 : 2 : 1.The reaction mixture was
stirred for ca. 3 h till the completion of reaction and then kept
aside at room temperature. Violet crystals appeared after a few
days, which were separated from the mother liquor and dried in
air. Complex 1 was found to be air stable and soluble in organic
solvents like MeOH, DMF and DMSO. The molecular structure
of 1 was established by single crystal X-ray diffraction studies
and other spectroscopic techniques.

[Cu(DACH),(H,0),](mef),, 1. Yield: 85%, mp 170 °C; CCDC:
1916426, molar conductance (DMSO): Ay = 228 Q™' cm® mol ™"
(1 : 2 electrolyte). Anal. calc. for [C;,HeoNeOsCu] (%): C, 62.39;
H, 7.48; N, 10.39; found: C, 62.28; H, 7.13; N, 10.72. UV-vis(1x
10~* M, DMSO, Apax Nm): 259 (m-10%), 305 (n-7c*), 630 (d—d). FT-
IR (KBr pallet, vpa/cm 1):3235 »(0O-H), 3128 »(N-H), 2929
¥(CH,), 15761(C=0), 563 »(Cu-N), 427 »(Cu-0). g = 2.197, g,
= 2.049. ESI-MS (m/z): 792.59 [C4HeoNeOcCu + 3H -H,O]",
643.23 [2{CisH;4,NO,} + 2H,0 + N,;HgCu-2C¢H,o], 599
[C42HgoNgOcCu-DACH-2H,0-Cu + 5H'], 335 [C4,HgoNsOsCu-
2C,5H4NO, + 8H'], 286 [C1,H,sCuN, + 5H'].

Synthesis of [Zn(DACH),(H,0),](mef),, 2

Complex 2 was synthesized in a similar manner as complex 1 with
the use of ZnCl,-2H,0 instead of CuCl,-2H,O0 till the completion
of reaction (which was monitored on TLC). The resulting solution
was kept aside for slow evaporation at room temperature. Brown
precipitate was collected after few days which was soluble in
organic solvents like MeOH, DMF and DMSO.
[Zn(DACH),(H,0),](mef),, 2. Yield: 76%, mp 186 °C; molar
conductance (DMSO): Ay = 186 Q' cm® mol " (1 : 2 electro-
lyte). Anal. calc. for [C4,HgoNOsZn] (%): C, 62.25; H, 7.46; N,
10.37; found: C, 62.72; H, 7.55; N, 10.23. UV-vis(1 x 10™* M,
DMSO, Amax Dm): 260 (-7*), 332 (n-w*). FT-IR (KBr pallet,
Umax/em 1):35450(0-H), 3135»(N-H), 2932 »(CH,), 1579 »(C=
0), 596 ¥(Zn-N), 424 »(Zn-0)."H NMR (400 MHz, CDCl;-ds, 6,
ppm): 1.37-1.12 ppm and 1.73-1.63 ppm (complex m, 8H,
-CH,~ of cyclohexyl), 2.18 (6H, s, H''-mef), 2.30 (6H, s, H'’-
mef), 2.88 (s, 4H, -NH,), 8.11 (s, H®~-mef), 7.97 (d, H*>-mef), 7.48
(m, H*-mef), 7.20 (d, H-mef), 7.15 (m, H*mef), 7.04 (m, H’-
mef), 6.89 (d, H’-mef), 6.65 (m, H*-mef). >*C NMR (100 MHz,
CDCl;3-dg 6, ppm): 182.72 ppm (COO "), 149.37 (C-2), 147.74 (C-
1), 137.87 (C-3), 132.14 (C-4), 131.49 (C-5), 130.38 (C-6), 125.69
(C-7), 124.91 (C-8, 12), 120.51 (C-9, 10), 113.71 (C-11), 35.58
(-CH-cyclohexyl), 31.62-22.81 (-CH, cyclohexyl ring carbons),
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20.69, 14.08 (-CH; group attached at B, o position to -NH group
in aromatic moiety of mefenamic acid, respectively).

ESI-MS (m/z): 613.4[C4,HgNgOsZn-DACH-H,0-Zn]", 483.3
[2C;5sH,NO, + 3H], 297.2 [CyHgoNgOeZn-2{C;5H,,NO,} —
2H,0 + 5H]".

X-ray diffraction studies

Single crystal X-ray data for 1 was collected on a Bruker SMART
APEX CCD diffractometer (100 K) using graphite monochromatic
Mo-Ko. radiation (k = 0.71073 A). The linear absorption coeffi-
cients, scattering factors for the atoms and the anomalous
dispersion corrections were referred from the International
Tables for X-ray crystallography. The data integration and reduc-
tion were carried out with SAINT software. Empirical absorption
correction was applied to the collected reflections with SADABS
program®® and the space group was determined using XPREP. The
structure was solved by direct methods using SHELXTL-97 and
refined on F2 by full-matrix least-squares using the SHELXTL-97
programme package.” A summary of selected crystallographic
information is given in table.

Crystal data and structure refinement for complex 1

CCDC 1916426
Empirical formula C45HgoCuNgO5
Formula weight 822.51
Temperature/K 100(2)

Crystal system Monoclinic

Space group P24/c

alA 7.6603(4)

b/A 30.6640(17)

c/A 17.5010(11)

al°® 90

BI° 90.996(2)

y/° 90

Volume/A® 4110.3(4)

zZ 4

Peale € CM 3 1.3291

w/mm™* 0.588

F(000) 1750.1

Crystal size/mm”® 0.33 x 0.21 x 0.16
Radiation Mo K. (A = 0.71073)

20 range for data collection/ 4.66 to 50

Index ranges —10=h=10,-40=<k=40,-23=1[=23

Reflections collected 65 619

Independent reflections 7222 [Rin¢ = 0.0594, Rgjgma = 0.0403]
Data/restraints/parameters 7222/0/518

Goodness-of-fit on F* 1.059

Final R indexes [ = 2¢ (I]] R, = 0.0653, wR, = 0.1411
Final R indexes [all data] =~ R; = 0.0747, wR, = 0.1493
Largest diff. peak/hole/e A™* 1.86/—0.93

Morphological studies

The condensates for SEM analysis were prepared from an equi-
molar mixture of methanolic solution of complexes 1, 2 and ct-
DNA/tRNA (Tris-HCI buffer, pH = 7.2). The samples were air
dried at room temperature for 12 h. Before taking the SEM
micrographs, the samples were coated with platinum using JEOL
JFC-1600 auto fine coater at 20 mA. SEM was recorded on Zeiss

This journal is © The Royal Society of Chemistry 2020
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supra 55VP scanning electron microscope. The observed images
were captured and saved digitally.

Cytotoxicity studies

The cytotoxic activity of 1 and 2 were evaluated against a panel
of five human cancer cell lines viz., MIA-PACA-2 (Pancreatic),
MCF-7 (breast), A-498 (Renal cell), HeLa (cervical) and Hep-G2
(Hepatoma) by SRB assay. Adriamycin, standard anticancer
drug was taken as positive control. These human malignant cell
lines were procured and grown in RPMI-1640 medium supple-
mented with 10% Fetal Bovine Serum (FBS) and antibiotics to
study growth pattern of these cells. The proliferation of the cells
upon treatment with chemotherapy was determined by SRB
assay. The dose response parameters such as growth inhibition
50% (Glso), total growth inhibition (TGI) and lethal concentra-
tion 50% (LCso) were calculated. Cells were seeded in 96 well
plates at an appropriate cell density to give optical density in the
linear range (from 0.5 to 1.8) and were incubated at 37 °C in CO,
incubator for 24 h. Stock solutions of the complexes were
prepared as 100 mg ml~" in DMSO and four dilutions Z.e. 10 uL,
20 uL, 40 pL, 80 pL, in triplicates were tested, each well receiving
90 pL of cell suspension and 10 pL of the drug solution. The
plates were incubated further for 48 h. Termination of experi-
ment was done by gently layering the cells with50 pL of chilled
30% TCA (in case of adherent cells) and 50% TCA (incase of
suspension cell lines) for cell fixation and kept at 4 °C for 1 h. All
experiments were repeated three times.

Molecular docking

Molecular docking studies were performed using HEX 8.0
software,® which is an interactive molecular graphics program
for calculating and displaying feasible docking modes of
enzymes and DNA molecules. Visualization of the docked pose
was performed using the Discovery Studio molecular graphics
program.
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