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Introduction

Quinoline and its analogues (both natural and synthetic) are the
basic constituents of various bioactive compounds.* The quin-
is a wuseful structural

oline framework
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Ligand substituent effect on the cytotoxicity
activity of two new copper(i) complexes bearing 8-
hydroxyquinoline derivatives: validated by MTT
assay and apoptosis in MCF-7 cancer cell line
(human breast cancer)¥
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Neeladrisingha Das,” Mohd Afzal, 9 Abdullah Alarifi,® Nayim Sepay, ¢
and Musheer Ahmad & *@
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In this study, we have examined the effect of ligand substituent on the structure—cytotoxicity relationships of the
MCF-7 cancer cell line (human breast cancer), by two copper(i) complexes {[Cu(gmbn)(Hgmba)(q)]- NOs-2H,O} (1)
and {[Cu(Hgmba),(q)]- NO3- 2H,0} (2) (where, gmbn = 2-(quinolin-8-yloxy)(methyl) benzonitrile (L1); Hgmba = 2-
((quinolin-8-yloxy)methyl)benzoic acid (L2) and g = quinolin-8-olate). The structural analysis reveals that both the
complexes exhibit distorted octahedral (CuNzO3) configuration which is further corroborated by density functional
theory (DFT) calculations. The cytotoxicity impact of ligands (L1 and L2) and complexes (1 and 2) was screened
against the MCF-7 cell line (human breast cancer). The MTT assay uptake indicated that the presence of
—COOH functionality in complex 2 leads to higher cytotoxicity (lower ICsp) than that observed for complex 1
containing a —CN group. This could be due to the strong H-bonding forming propensity of the carboxylic
acids. Incubation of MCF-7 cancer cells with ICsq concentrations of 1 and 2 promoted cellular detachments via
nuclear condensation and membrane destabilization followed by apoptosis as a result of metal-assisted
generation of reactive oxygen species. Flow cytometry analysis showed that 1 and 2 might prompt early
apoptosis in MCF-7 cells as the maximum percentage of cells appeared in the LR quadrant. Furthermore,
mMRNA expression analysis confirmed that both the complexes induced apoptosis in MCF-7 cells. Comparative
MRNA expression analysis of complexes with their respective ligands also confirmed the enhanced apoptotic
behavior of complexes. Furthermore, molecular docking studies of the complexes have also been performed
with the active site of EGFR kinase receptors (major target for any cancer causing agent) due to similar
analogues with FDA-approved EGFR inhibitors in order to rationalize its promising cytotoxicity activity.

improvement of therapeutic preparations such as NSC3852
(potency against human breast cancer),> idelalisib (PI3Kd
inhibitor) and omipalisib (dual PI3K/mTOR inhibitor).> The
mechanism of action includes inhibition of several cell growth
promoting factors such as tyrosine kinases, proteasome, topo-
isomerase and DNA repair; they are in high demand for their
use as precursors in metal-based drug therapeutic regimes.*
Furthermore, these derivatives successfully show a range of
biological activity, such as antimalarial, antibacterial, anti HIV,
cardiotonic, anti-inflammatory, and analgesic activity.>® Several
studies have deciphered that the natural/synthetic quinoline
based metal complexes exhibited enormous potential as anti-
cancer agents with minimal side effects and maximal func-
tion.>*”"* Recently, quinoline-based frameworks such as

motif for the

T Electronic supplementary information (ESI) available: Synthetic procedure for
ligand L1 and L2, effect of ligands L1 and L2 on the MCF-7 cells and X-ray
crystallographic data in CIF format. CCDC reference number 2040551 (1) and
2040552 (2). For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/d1ra00172h
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azolyalkyl quinolines with diverse azole groups (benzothiazole
(SRA-HX-1), tetrazole (SRA-HX-2), and 1,2,4-triazole (SRAHX-3))
have been designated as potent antitumor agents for breast
cancer cells in vitro."” Zhang et al. reported a series of quinoline-
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3-carbonitrile derivatives which were selective cytotoxic candi-
dates toward SMMC-7721 cell line in comparison to Gefitinb.**
The aim to obtain such complexes is the design and selection of
bioactive ligands, because the synergistic effect of copper and
the ligand will endow them with excellent drug features.'**

Cancer remains the second leading cause of misery world-
wide after the cardiovascular disease.””® Breast cancer is the
most prevalent noncutaneous form of solid tumor among
women. Although the incidence of breast cancer increases with
age,” due to an elevated level of estrogen metabolites which
generate reactive oxygen species (ROS), induces uncontrolled
DNA production, increased kinases phosphorylation, play
a pivotal role on the development of breast cancer risk.* In this
direction, one of the rapidly growing candidates of cancer
treatment is the exploitation of metal complexes as drugs and as
a regulators of gene expression.** Thus, the design and fabri-
cation of metal based anticancer agents of high efficacy, good
selectivity and diverse mechanism of action to overcome the
drawbacks of platinum based drugs.*>* In contrast to platinum,
copper has been found to be an essential cofactor in tumor
angiogenesis and elevated copper levels (both in tissue or
serum) have been detected in breast, prostate, colon, lung, and
brain cancers.”* Therefore, it is necessary to chelate excess
intracellular copper accumulation by using clioquinol and
8HQs and thereby accelerating cancer cell death is of prime
concern. Many metal complexes have been extensively studied
to acts as potential growth inhibitors of human breast cancer
cells by in vitro and in vivo.>**® More efforts are being made to
synthesize efficacious copper(n) complexes which exhibited
remarkable anticancer activity, with lower toxicity than plat-
inum drugs.”®'>?* In the recent past, Zhai and his team
demonstrated that both 8-hydroxyquinoline (8-OHQ) and CQ/
copper complexes are able to inhibit the proteasome activity,
resulting in proliferation suppression and apoptosis in cultured
breast cancer cells.*

The role of the ligands design in the activity of the metal
complexes is obviously crucial, since they can modulate
important aspects such as; (i) modulate the permeability
through the cell membranes by tuning their lipophilic char-
acter, (ii) direct the toxicities of the metals toward specific
intracellular targets, (iii) exhibit an intrinsic cytotoxic activity
when they dissociate from the center metals, and (iv) ability to
chelate excess intracellular metal concentration.”**** One of
encouraging approach in ligand design is the covalent grafting
of another pharmacophores to create a single molecule with
potential therapeutic properties and has ability to counterbal-
ance the side effects caused by another part.**-**

In view of aforementioned facts, the efforts were being made
to develop new 8-hydroxyquinoline derivatives by incorporating,
2-(bromomethyl) benzonitrile moiety and further acidification
of nitrile group results terminal carboxylate group at ortho
position of the quinolinic system. The copper(n) complexes
{[Cu(qmbn)(Hgmba)(q)]-NO; - 2H,0} (1) and {[Cu(Hgmba),(q)]
NO;-2H,0} (2) have been synthesized and thoroughly charac-
terized. The comparative cytotoxic potential of the complexes 1
and 2 were explored on the human breast cancer cell line MCF-7
and cellular uptake was monitored by fluorescence microscopy,
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in order to identify a correlation between the structural modi-
fications of the ligands and the cytotoxicity of their copper (u)
complexes. It seems that the results of this study can help us to
find new copper-based agent in inhibiting the expansion and
development of breast cancer cell type, therefore could repre-
sent a new strategy for the research of anticancer agents.

Experimental section
Materials

Reagent grade 2-(bromomethyl) benzonitrile and 8-hydrox-
yquinoline were purchased from Sigma Aldrich. Solvents,
K,COj3, potassium iodide, NaOH and Cu(NO;),-3H,0 were
procured from ThermoFisher scientific, India.

Physical measurements

Microanalyses were performed using a CE-440 elemental
analyzer (Exeter Analytical Inc.). Infrared spectra were obtained
(KBr disk, 400-4000 cm ') on Thermo Scientific iS50 FTIR. UV-
visible and photoluminescence spectra were carried out with
Thermo Scientific Evolution 201 UV-visible spectrophotometer
and PerkinElmer LS55 fluorescence spectrophotometer,
respectively.

Single crystal X-ray studies

The diffraction data was collected with a Bruker SMART APEX CCD
diffractometer using monochromatic Mo-Ko. radiation (A =
0.71073 A) at 100(2) K. Using Olex2, the structure was solved with
the olex2.solve* structure solution program using Charge Flipping
and refined with the olex2.refine* refinement package using
Gauss-Newton minimisation. All hydrogen atoms were located in
difference Fourier maps in the structures and refined isotropically.
All non-H atoms were refined anisotropically. The crystal and
refinement data for complexes 1 and 2 are given in Table S1,f
while selected bond distances are summarized in Table 2.

Synthesis of ligands (L1 and L2) and complexes (1 and 2)

The ligands (L1 and L2) and complexes (1 and 2) were synthe-
sized according to the earlier reported protocols with slight
modifications.*”*® The detailed synthetic procedure of ligands
L1 and L2 have been provided in ESL}

Synthesis of copper(un) complexes

Synthesis of {[Cu(qmbn)(Hqmba)(q)]-NO;-2H,0} (1). An
equimolar mixture containing gmbn (0.036 g), Hqmba (0.039 g)
and 8-hydroxyquinoline (Hq) (0.02 g) were dissolved in 3 mL
methanol in a round bottom flask and added Cu(NO3),-3H,0
(0.08 g) dissolved in 2 mL water solution dropwise, then added
dilute NH; solution to adjust pH = 8 and allow to stirrer for 6 h
at 80 °C. The resulting solution was filtered and kept at room
temperature, however, after 2-3 weeks green colored crystals
were obtained in good yield. Melting point: 186 °C. Elemental
analysis (%): calcd. for C,3H35CuN;O5: C, 61.09; H, 4.17; N,
8.28; found: C, 61.32; H, 4.35, N, 8.35 IR (cm™'): 3376(s),
3270(w), 3184(s), 3061(m), 2929(m), 2859(w), 2223(w), 1650(s),
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1614(m), 1568(w), 1374(s), 826(s), 802(w), 772(m), 740(s),
649(m), 577(w), 547(m).

Synthesis of {{Cu(Hqmba),(q)]-NO;z-2H,0} (2). Synthesis of
complex 2 was similar to the above method of complex 1,
however, we took two equivalents of Hgqmba (0.077 g, 0.28
mmol) and one equivalent of 8-hydroxyquinoline (Hq) (0.02 g,
0.14 mmol). Melting point: 270 °C. Elemental analysis (%):
caled. for C,3H36CuN,O;,: C, 60.25; H, 4.35; N, 6.57; found: C,
59.75; H, 4.19, N, 6.48. IR (cm ™ %): 3475(s), 3348(w), 3111(w),
3068(w), 2924(m), 1684(s), 1659(s), 1616(m), 1574(s), 1502(s),
1462(s), 1377(s), 1319(m), 1183(w), 1098(w), 827(s), 771(s),
732(w), 632(m), 580(w), 515(w).

Cell culture

The human estrogen receptor positive breast adenocarcinoma
adherent cell line, MCF-7, was purchased from National Centre for
Cell Science (NCCS), Pune, India. The cells were maintained in
Dulbecco’'s Modified Eagles' Medium (DMEM; Himedia, Mumbai,
India) supplemented with 10% heat sterilized fetal bovine serum,
100 U mL~" penicillin-streptomycin and 100 mg mL ™" ampicillin
antibiotic mixture (both from Gibco, Thermo Fischer Scientific,
Waltham, MA, USA). The cells were propagated in humidified
incubator supplied with 5% CO, and maintained at 37 °C.

Evaluation of cytotoxicity

The cytotoxicity impact of ligands (L1 and L2) and complexes (1
and 2) on MCF-7 cell line was evaluated by performing MTT
assay® and the inhibitory concentration (ICs,) was evaluated.
Briefly, 5000 cells were seeded in each well of 96-wells plate with
200 pL of DMEM media. After 24 h, the media was replaced with
fresh media supplemented with varying concentration of
synthesized complexes. DMSO (Himedia, Mumbai, India)
treated cells were considered as vehicle control for evaluation.
After 24 h, the media was replaced with fresh media supple-
mented with varying concentration of both the synthesized
ligands and complexes were also evaluated. Then the media
from each well was replaced with 200 pL of DMSO to dissolve
the formed formazon crystal in each well. The absorbance of the
formazon dissolved solution was measured at 570 nm in
a microplate reader (FLUOstar Omega, BMG Labtech, Orten-
berg, Germany). The cytotoxicity values were evaluated using
absorbance values implementing formula:

Percentage cytotoxicity = 100 — [(absorbance of molecule treated
cells/absorbance of vehicle treated cells) x 100]

The inhibitory concentration (ICs,) was evaluated using
Graph Pad prism software 6.01 (San Diego, CA, USA) using the
absorbance values.

Fluorescence microscopy analysis of apoptosis and nuclear
fragmentation in cells

The visualization of cellular morphological change and formation
of apoptotic bodies in cells was performed by acridine orange/
ethidium bromide (AO/EB) staining.* Briefly, 1 x 10° cells were
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seeded in 6-well plate with 2 mL of DMEM media. After 24 h, the
cells were treated with evaluated ICs, concentration of ligands (L1
and L2) and complexes 1 and 2 for another 24 h. Then the cells
were stained with 1 puL of AO/EB mixture (each 100 ug mL ™" in PBS)
(Sigma, St. Louis, MO, USA) and the images were captured
immediately using fluorescent microscope (EvosFloid cell imaging
station, Thermo Fischer, Waltham, MA, USA).

The nuclear morphology of complex treated cells was observed by
performing DAPI staining.** Briefly, 1 x 10° cells were seeded with
2 mL DMEM media in 6-well plate. After 24 h, the cells were treated
with evaluated ICs, concentration of complexes 1 and 2 for another
24 h. Then the cells were fixed with 3.7% formaldehyde solution and
washed gently with PBS twice. The fixed cells were permeabilized with
0.2% triton X-100 for 5 min at room temperature and incubated for
another 3 min with DAPI labeling solution (0.1% 4,6-diamidino-2-
phenylindole in 5% DMSO) (Sigma, St. Louis, MO, USA). The
labeling solution was aspirated and rinsed with PBS twice. The images
of stained cells were captured using fluorescence microscope at
excitation wavelength of 359 nm and emission wavelength of 461 nm
using fluorescent microscope (EvosFloid cell imaging station, Thermo
Fischer, Waltham, MA, USA).

Flow cytometry for analysis of apoptotic cells

The induction of apoptosis in complexes 1 and 2 treated cells were
determined quantitatively by performing Annexin V- conjugated
Alexa Fluor 488 apoptosis assay kit (Thermo Fischer Scientific,
Waltham, MA, USA) following the manufacturer's instruction.
Briefly, after 24 h treatment of cells with ICs, concentration of
complexes 1 and 2, the cells were harvested and pelleted. The cells
were then incubated with Annexin V AlexaFluor 488 and propi-
dium iodide (PI) in binding buffer in dark conditions at room
temperature for 15 min. Then the cells were analyzed using flow
cytometry (FACS Calibur, BD Biosciences, San Jose, CA, USA) and
the data was analyzed using Cell Quest 3.3 software.

Gene expression analysis

Total RNA of MCF-7 cells treated at ICs;, concentration of
complexes 1 and 2 and with DMSO (control) was isolated using
RNA isolation reagent (RNA X-Press Reagent, Himedia, Mum-
bai, India) as per the manufacturer's instruction. The RNA
samples were first quantified to synthesized first-strand cDNA
using 2 pg of each RNA samples. Primers for caspase-3, caspase-
8, caspase-9 and B-actin were designed using Primer3 software
(Whitehead Institute for Biomedical Research, Cambridge, MA,
USA) (Table 1). The effect of ligands L1 and L2 on the expression
of caspase-3 were also evaluated. The semi-quantitative poly-
merase chain reaction was performed to evaluate the expression
pattern and obtained PCR products were separated on 2%
agarose gel and visualized in a gel documentation system
(BioRad, Hercules, CA, USA). The band intensity was analyzed
using Image] 1.52a software (NIH, Bethesda, MD, USA).

Statistical analysis

All data were represented as mean + SEM of three independent
experiment. The difference among set conditions was evaluated
by performing a one-way analysis of variance (ANOVA) test

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of oligonucleotide primer sequence used in the study
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Name of gene  Forward primer sequence (5'-3')

Reverse primer sequence (5'-3')

Product size (bp) Annealing temperature (°C)

Caspase-3 GGTTCATCCAGTCGCTTTGTG GCGTCAAAGGAAAAGGACTCA 121 60
Caspase-8 CTGCCTACAGGGTCATGCTCTA AGCAGGTTCATGTCATCATCCA 124 60
Caspase-9 AGGCCCCATATGATCGAGGA GGCCTGTGTCCTCTAAGCAG 139 60.3
B-Actin TCACCCACACTGTGCCCCATCTACGA  CAGCGGAACCGCTCATTGCCAATGG 298 65

followed by the Bonferroniposthoc test using Graph Pad Prism
6.01 software (San Diego, CA, USA). The analyzed data with p-
value < 0.05 were considered statistically significant.

DFT methodology

All reported computations were performed using ORCA
computational package.*> Experimental geometry was obtained
from single crystal X-ray data. The geometry optimization
calculations were carried out by hybrid B3LYP functional®
using Aldrich's def2-TZVP basis set for copper atom and def2-
SVP basis set for C, H, O, N atoms.***® To speed up the calcu-
lations we employed the resolution of identity (RI) approxima-
tion with the decontracted auxiliary def2-SVP/J and def2-TZV/]
Coulomb fitting basis sets and the chain-of-spheres (RIJCOSX)
approximation to exact exchange as executed in ORCA.*** DFT
calculation utilizes the atom-pairwise dispersion correction
with the Becke-Johnson damping scheme (D3BJ).*”*

Molecular docking methodology

The geometrical coordinates of 1 and 2 obtained from single
crystal X-ray crystallography have been utilized for docking
studies. For other small molecules, the three dimensional
structures were obtained from ChemDraw 3D and energy
minimized structure were performed using AMBER force field.

All these obtained structures were converted into pdbqt files
(required for docking) using MGL Tools after adding hydrogens
and fixing formal charges.*® In the same way, the EGFR protein
structure (PDB ID: 1M14)** was prepared for the studies. The
docking of the protein and all the compounds individually was
performed in the 60 x 60 x 60 grid box through Lamarkial
Genetic Algorithm with the help of AutoDock 4.2 application.>

Results and discussion

To establish the structure-cytotoxicity relationships on MCF-7
cancer cell line (human breast cancer), we synthesized cop-
per(u) complexes {{Cu(qmbn)(Hqmba)(q)]-NO;-2H,0} (1) and
{[Cu(Hgmba),(q)]- NO;-2H,0} (2) bearing ligands with different
functional groups. We have performed the comparative bio-
logical evaluations of both the ligands 2-(quinolin-8-
yloxy)(methyl)benzonitrile (qmbn) and 2-((quinolin-8-yloxy)
methyl)benzoic acid (Hqmba) and their copper(u) complexes 1
and 2 respectively. Both the ligands and complexes were well
characterized by different analytical and diffraction techniques.
Single crystal X-ray analysis revealed the distorted octahedral
environment around Cu(u) metal centers (Scheme 1). The MTT
analysis indicated that the complex 2 induces higher cytotox-
icity potential in MCF-7 cells as compared to complex 1 and the
respective ligands.

N
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N™ W\
o_| N
qmbn+ Hqmba \Cu/
————
o |
(0] O N
=
N CH;O0H / H,O Complex 1
_J +Cu(NO3); ———— .
OH
0
qmbn = Hqmba
T
N\ / /
@’\) o
O
Hqmba =
N7
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Scheme 1 Synthetic route for complexes 1 and 2.
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(b)

(d)

Fig. 1 Representation of molecular structure (a) complex 1, (b) complex 2 and coordination environment around metals (c and d).

Structural description

Complexes 1 and 2 were crystallized in triclinic crystal system
with P1 space group. The asymmetric unit of both the
complexes are similar: complex 1 consists of one Cu(u) ion, one
q', one gqmbn and Hgmba ligands, whereas complex 2
contains one Cu(u) ion, one q~', two Hqmba ligands. Crystal-
lized lattice molecules (one nitrate and two water) are same in
both the complexes as shown in Fig. 1a and b. In both the
complexes, metal ion exhibits distorted octahedral CuN;O;
configuration (Fig. 1c and d).

In the complex 1, each independent complex unit is con-
nected through C-N---H (C43-N4---H31), O-H---O (O2-H2:--
04) contacts and -1 interactions between phenyl ring of
Hqgmba ligand along with bc plane forming 2D chain. Further
the presence of water and nitrate molecules in the lattice leads

to formation of 3D supramolecular network connected via C-
H---O, O-H---O interactions (Fig. 2a). Similarly, in complex 2
each independent complex unit is connected through m-m
contacts between Hqmba and O-H:---O contact formed by the
carboxylic acid group of the Hqmba ligand. One COOH group is
forming the classical H-bonding with O6-H6---O7 contact with
the neighbouring complex unit and other COOH group is
forming O2-H2---O4 contact with the O-atom of the q ligand
and 09-H9a---O1 contact with the O-atom of the water mole-
cule. Moreover, water and nitrate molecules in the lattice
forming a 3D supramolecular network connected via C-H:--O,
O-H---O interactions (Fig. 2b).

Crystal structure of the complex 1 comprises hydrogen-
bonded chains running along [011] directions and consist-
ing of the complex cations connected by means of the nitrate

Fig. 2 Representation of supramolecular interactions in (a) complex 1 and (b) complex 2.
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Fig. 3 Standard representation of the crystal structure of complex 1
with hydrogen-bonded chains. In the simplified net each sphere
represents the center of mass of corresponding molecule, while blue
dashed-dotted lines represent hydrogen bonds between the mole-
cules or molecular ions. Hydrogen atoms that do not participate in
hydrogen-bonding are omitted for clarity.

anions and water molecules. More precisely, the
Cu(q)(gqmbn)(Hgmba) cations form hydrogen bonded
dimers, which are in turn hydrogen-bonded to the clusters
consisting of four water molecules and two nitrate anions
(Fig. 3).

Crystal structure of the complex 2 comprises hydrogen-
bonded layers lying in plane (011) and consisting of the
complex cations connected by means of the nitrate anions and
water molecules. The Cu(q)(Hqmba), cations form hydrogen
bonded dimers, which are in turn hydrogen-bonded to the
clusters consisting of four water molecules and two nitrate
anions, structurally analogous to those found in crystal struc-
ture of complex 1 (Fig. 4).

To have better insight of 1 and 2, we performed deep
structural-interrelation between the complexes under consid-
eration. The increase in dimensionality of the hydrogen-bonded
network in 2 is attributed to the formation of the additional

View Article Online
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hydrogen bonded link between Cu(q)(Hqmba), cations (shown
as a green dashed line between red spheres in Fig. 4). This link
formed by carboxylic acid dimer synthon is enabled by the
second Hgmba ligand in Cu(q)(Hgmba), cation as shown in
details in Fig. 5. Obviously, the qmbn ligand of complex cation
in structure 1 is devoid of the formation of such hydrogen
bonded link.

DFT studies

To gain more insight into the electronic distribution and
structure of 1 and 2, theoretical calculations were executed.
Geometry optimizations of 1 and 2 were carried out with the
actual compounds, without symmetry restrictions, and the
resulting optimized structures are shown in Fig. 6. Counter
anion has not been included for the geometry optimization
calculations involving 1 and 2 giving an overall charge of +1
to the complexes. Complexes 1 and 2 have been optimized in
doublet state. The structural parameters of the final struc-
tures are in good match with obtained by X-ray diffraction
(Table 2).

The frontier molecular orbitals (HOMOs and LUMOSs) play
an important role in demonstrating the molecule's chemical
reactivity, kinetic stability and electrical transport properties.
Metal complexes with a small energy gap (AE) between the
HOMO and LUMO are more polarizable, and thereby act as soft
molecules with higher chemical and biological reactivity.
However, complexes with a large energy gap often offer greater
stability and highly stable in terms of their lower reaction to
chemical and biochemical responses. The slight degree of
intramolecular charge transfer (ICT) from the electron-donor
groups to electron-acceptors was correlated with a small
energy gap between HOMO and LUMO. Molecular systems with
high Exomo are good donors of electron whereas systems with
lower Epymo are good acceptors of electron. Therefore, calcu-
lated energy gap between HOMO and LUMO of 1 and 2 were
found to be 2.91 and 2.82 eV, respectively. Furthermore, major

Fig. 4 The simplified net corresponding to crystal structure of complex 2. Each ball represents the center of mass of corresponding molecule,
while blue and green dashed-dotted lines represent hydrogen bonds between the molecules or molecular ions. Hydrogen atoms that do not

participate in hydrogen-bonding are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hydrogen bonds between complex cations Cu(g)(gmbn)(Hgmba) (left) and Cu(g)(Hgmba), (right) in crystal structures of 1 and 2. Blue
circles highlight connections between cations and neighbour molecules analogous in the two structures under consideration: a — hydrogen-
bonded dimers of complex cations; b — hydrogen bond between water molecule and carboxylic acid group of Hgmba ligand. Green circle
highlights the additional link between complex cations, which is absent in crystal structure of 1.

(A)

Fig. 6 DFT/B3LYP optimized structures of complexes 1 and 2.

part of LUMO was mainly distributed on coordinated ligand
moieties while HOMO has mixed distribution on Cu®" ion and
ligand (Fig. 7). The FMO analysis clearly suggested that the
peripheral functional group (CN and COOH) substitution on
aromatic ring of pharmacophore ligand scaffold affects the
chemical and as well biological activity of its copper complexes.
Hence, the greater magnitude of anticancer activity of 2
compared to 1 has been justified by studying the effects of

Table 2 Selected bond distances (A) for complexes 1 and 2

1 2

Bond distances X-Ray DFT X-Ray DFT

Cuil-N1 2.024(4) 2.091 2.048(18) 2.118
Cul-N2 1.976(4) 2.014 2.013(18) 2.091
Cul-N3 2.024(4) 2.089 2.004(17) 2.087
Cu1-03 2.254(3) 2.301 2.472(15) 2.541
Cul-04 1.947(3) 2.007 1.928(15) 2.010
Cu1-05 2.508(3) 2.596 2.338(16) 2.410

14368 | RSC Adv, 2021, 11, 14362-14373

frontier molecular orbital (HOMO and LUMO) analysis ob-
tained from DFT/B3LYP/D3B]J calculations (Fig. 7).

Estimation of cytotoxicity

The cytotoxicity impact of ligands (L1 and L2) and complexes (1
and 2) were evaluated on MCF-7 cell line by well-established
MTT assay in order to examine the role of ligand function-
ality. The cells were treated with four different concentrations of
ligands L1 and L2 (base structural analogue of complex 1 and 2)
and our designed complexes 1 and 2 (0.5, 1.0, 2.0 and 4.0 uM)
towards the MCF-7 cell line for 24 h. Dose-dependent inhibition
of cell growth and cell death were observed in MCF-7 cells after
treatment with ligands and complexes to a different extent. The
observed IC5, values for L1 and L2 were 7.9 £ 1.1 and 5.6 & 0.7
uM, respectively while for complexes 1 and 2 were found to be
1.86 £ 0.27 and 0.77 £ 0.12 pM, respectively. MCF-7 cells
retained around 64% and 55% cell survivability at maximum
evaluated 4 uM concentration of L1 and L2, respectively
(Fig. S1at). However, the cells survivability were reduced by 50%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Isodensity surfaces (isovalue 0.03) for the FMOs of complexes 1
and 2 were generated from the Kohn—Sham orbitals.

around 2 pM and 1 uM concentration of complex 1 and 2
respectively (p < 0.05) (Fig. 8). These ICs, values are about 5.1-
and 7.3-fold higher compared to ICs, values of our complexes 1
and 2, respectively, which confirmed that the cytotoxic potential
of ligands are lower compared to complexes. Thus, we conclude
that the structural modulation in the ligand framework leads to
better the cytotoxic effect on MCF-7 cancer cell lines.

Apoptosis in cytotoxic MCF-7 cells

At first, we have evaluated the potential of L1 and L2 for
inducing apoptosis in MCF-7 cells by determining the expres-
sion of caspase-3 (effector caspase) at their respective ICs,
values. For the purpose, we have opted the caspase-3 because of
its central role in any caspase dependent pathway. It was
observed that both the ligands L1 and L2 enhanced the caspase-

-
=)
=3

Cell viability (%)

' Cell viability (%)

o
Vehicle 05 1.0 20 40 . 05 20
Complex 1 (uM) Complex 2 (uM)

Fig. 8 Evaluation of cell survivability of MCF-7 in presence of
complexes 1 and 2. MCF-7 cells were treated with varying concen-
tration of complexes and the cell survivability was evaluated by per-
forming MTT assay. * represents p < 0.05 as compared to the vehicle
treated control group.
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3 expression by 2.2- and 2.5-fold compared to vehicle treated
cells (Fig. Sibt). However, detailed investigations on the
apoptotic activity of complexes 1 and 2 on MCF-7 cells were
examined by performing AO/EB fluorescence staining assay. In
general, the vital AO dye stains both live and dead cells green,
whereas, EB dye stains only those cells red which are dead due
to loss of cell membrane integrity.”® As shown in Fig. 9, the
vehicle treated control cells had all viable green cells with
regular cellular morphology and almost none red stained cells.
On the other side, the complex 1 and 2 treated cells showed
a significant increase in EB stained cells, confirming the cells to
be in early and/or late apoptosis. The appearance of bright
green dots in cells confirmed the cells in early apoptosis,
whereas orange stained cells confirmed to be in late apoptosis
stage (Fig. 9).

The designed complexes 1 and 2 induce cytotoxicity in MCF-
7 cells with high potential compared to the respective ligands as
evident in the MTT analysis. Further, the evaluation of expres-
sion of apoptotic marker, caspase-3, revealed that complexes 1
and 2 executed the apoptosis in the breast cancer MCF-7 cells
more significantly, at much lower concentration compared to
the ligand.

The loss of nuclear integrity and induction of nuclear frag-
mentation was further confirmed by DAPI staining. DAPI is
a blue fluorescent DNA labeling dye.** Fluorescent microscopy
images of MCF-7 cells after 24 treatments with complexes 1 and
2, and DMSO treated cells (control) are represented in Fig. 10. It
is evident from Fig. 10 that, complex treated cells showed
increased blue fluorescence as compared to control condition.
The morphological changes associated with apoptosis such as
chromatin condensation, and nuclear fragmentation are
evident in the cells upon treatment as visualized.

The quantitative estimation of complexes 1 and 2 treated
MCF-7 was evaluated by flow cytometry analysis. The cell pop-
ulation in fluorescence cell sorting histograms were divided
into four quadrants with live cells in lower left (LL), dead cells in
upper left (UL), early apoptotic cells in lower right (LR) and late
apoptotic cells in upper right (UR) quadrants. MCF-7 cells
treated at ICs, concentration of complexes 1 and 2 showed
distinct apoptosis after 24 h of incubation. As shown in Fig. 11,
the total percentages of apoptotic cells were found to be 50 and
45% in complexes 1 and 2 treated cells at IC5, concentration
respectively (p < 0.05). It was also evident that both the
complexes prompted early apoptosis in MCF-7 cells as
maximum percentage of cells appeared in LR quadrant.

The inductions of apoptosis in complexes 1 and 2 treated MCF-
7 cells were further examined to determine the expression pattern
of initiator and effector caspases at transcriptional level. In MCF-7
cells treated with ICs, concentration of complexes 1 and 2 for 24 h,
the expression of caspase-3 (effector caspase) was found to
increase by about 4.7- and 4.8-fold respectively as compared to
vehicle treated condition (Fig. 12) (p < 0.05).>* These data further
provided an additional clue about differential activation of
caspase-dependent pathways by complexes 1 and 2.
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concentration of complexes 1 and 2. The light blue colored arrow represents live cells, red and purple colored arrow represents cells in early and
late apoptosis respectively.
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Fig. 10 Evaluation of nuclear condensation in MCF-7 cells by DAPI staining. Representative DAPI staining images in MCF-7 cells treated at ICsq
concentration of complexes 1 and 2. The light green colored arrow represents the dead cells with nuclear condensation and fragmentation.

60+ %
20-UL UR 5 UL UR 2s0-UL UR

H-

40

20

L R R L R

Apoptotic Cells (%)

s . :
10 0t 10 [ I 10

Vehicle Complex 1 Complex 2

Vehicle ~ Complex1  Complex 2

Propidium lIodide Fluorescence

Alexa Fluor 488 Annexin V fluorescence

Fig. 11 Evaluation of apoptosis in MCF-7 cells by flow cytometry. Representative FACS analysis of the cells performed using Annexin V as
a marker. Each bar of histograms indicates a mean + SEM of three independent experiments and expressed as percent apoptosis rate. *
represents p < 0.05 as compared to the vehicle treated control group. The cells were treated at ICsq concentration of both complexes 1 and 2.
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Fig. 12 Evaluation of expression pattern of apoptotic genes at transcriptional level. Representative PCR images indicating the transcriptional
pattern of B-actin, capase-3, -8 and -9 in response to complexes 1 and 2 treated MCF-7 cell. B-Actin gene was used as housekeeping control.
Histogram in the panel represents the fold change in the expression pattern of genes in treatment with ICsq concentration of complex 1 and 2 as
compared to vehicle treated control cells condition. Results are the mean + SEM of three independent experiments. * indicates p < 0.05 as

compared to the vehicle treated control group.

Molecular docking

In humans, a transmembrane receptor protein, epidermal
growth factor receptor (EGFR) is of extracellular protein. The
epidermal growth factor protein binds with its receptor protein
(EGFR) and dimerizes the EGFR subunits. The result of the
process is the autophosphorylation of intracellular tyrosine resi-
dues which opens the receptor to bind the intracellular effector
proteins. Such binding led to cellular proliferation, cellular inva-
sion, angiogenesis, metastasis, apoptosis resistance and DNA
repairing process. Mutation, rearrangement, EGFR overexpression

oL HN\©/¢ oM
Me
erlotinib

HN Cl
gefitinib \©:

or amplification of EGFR gene are responsible for a number of
cancer in different organs and malignancies.

The compounds erlotinib, gefitinib and lapatinib are FDA-
approved EGFR inhibitors and they belong to TKIs inhibitors
group (Fig. 13a). All the three compounds are structurally N-
phenylquinazolin-4-amine having one phenyl ring attached at
the 4-position of quinazolin. Furthermore, the moiety has two
rotatable bonds and three hetero-atoms for hydrogen bonding.
The structure of erlotinib, gefitinib and lapatinib are also
obvious that the increase of hetero atoms do not hamper their

Fig. 13

(a) Structural features of FDA-approved EGFR inhibitors with designed ligands, (b) docking pose of the complex 2 inside the active site of

the EGFR protein, (c) non-covalent interactions between active site amino acid residues of EGFR with complex 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EGFR binding which depends on the structural feature of N-
phenylquinazolin-4-amine (Fig. 13a). The quinolin-8-ol is
structurally similar with quinazolin-4-amine. However, the
moiety contain less number of hetero atom. Therefore, we have
designed 2-((quinolin-8-yloxy)methyl)benzoic acid to address
the aforesaid hetero atom shortage problem. The presence of
acid group can increase its water solubility and molecular
flexibility. Such structural similarity between ligand and FDA-
approved EGFR inhibitors indicates that the complexes (1 and
2) can show anticancer activities through EGFR inhibition.

Docking studies of small molecules and protein give
opportunity to understand their binding affinity and mecha-
nism. Here, the study was utilized to understand the behavior of
complexes 1 and 2 with the EGFR. The study showed that the
negative values of the change of Gibbs free energy for the
interaction between these complexes (AG° = —5.53 kcal mol *
for 1 and —5.83 kcal mol ™ for 2) and EGFR are higher than that
of erlotinib (AG° = —4.26 kcal mol '), gefitinib (AG® =
—4.02 keal mol™") and lapatinib (AG°® = —3.86 kcal mol™") and
the free ligands of the complexes (AG° = —3.58 kcal mol ™" for
quinolin-8-ol and —3.91 keal mol™" for 2-((quinolin-8-yloxy)
methyl)benzoic acid). Therefore, the complex 2 was found to
be best in the binding with EGFR and the compound showed
the best anti-cancer activities.

The docking pose showed that the complex 2 binds at the
active site of the EGFR where erlotinib, gefitinib and lapatinib
compounds bind (Fig. 13b). The complex binds through both
polar and hydrophobic interactions. The acid group of 2-
((quinolin-8-yloxy)methyl)benzoic acid of the complex 2
involved in hydrogen bonding with K855 and A896 residues
(Fig. 13c). The amino acid residues P853, K855, W856, K889,
P890 and A896 are interact through hydrophobic and CH-=
interactions. Therefore, the complex 2 preferred hydrophobic
interactions over hydrophilic interactions during its binding
with EGFR.

Conclusions

The work presented in this manuscript provides a comprehen-
sive insight of  copper(n) complexes namely,
{[Cu(qmbn)(Hgmba)(q)]- NOs-2H,0} (1) and {[Cu(Hqmba),(q)]-
NOj;-2H,0} (2) which exhibited potential in vitro cytotoxicity as
compared to 8-hydroxyquinoline derivatives against MCF-7 cell
line. Single crystal study reveals distorted octahedral (CuN;03)
geometry around the metal centers. In order to determine the
impact of substituents incorporated into the 8-hydroxyquino-
line core, a comprehensive study of complexes were accom-
plished on the antiproliferative efficiency towards MCF-7 cancer
cell lines. Dose-dependent inhibition of cell growth and cell
death induced by complexes 1 and 2 in MCF-7 cells revealed that
the presence of -COOH functionality in complex 2 leads to
higher cytotoxicity (lower IC5, = 0.77 £ 0.12 uM) than that
observed for complex 1 containing -CN group (higher IC;5, =
1.86 £ 0.27 pM). The AO/EB/DAPI, annexin-V-FITC and propi-
dium iodide nuclear staining assays displayed an apoptotic
mechanism of cell death, possibly through membrane desta-
bilization, and triggering apoptosis and necrosis owing to the
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metal-assisted generation of reactive oxygen species. Gene
expression analysis at transcriptional level induced by
complexes 1 and 2 revealed different responses to caspases-3/8
and 9 proteins. The expression of caspase-3 prompted by
complexes 1 and 2 were found to increase by 4.7- and 4.8-fold,
respectively as compared to vehicle treated condition. However,
the complex 1 increased the expression of caspase-8 by about
3.6-fold while complex 2 increased the expression of caspase-9
by about 3.5-fold as compared to vehicle treated conditions,
thus both the complexes induced apoptotic cell death by acti-
vating pro-apoptotic genes. However, further detailed studies
are needed to get a mechanistic overview about the differential
caspase activation by complexes 1 and 2. Additionally the
molecular docking studies of copper(u) complexes 1 and 2 with
EGFR kinase receptor, which were in agreement with the results
obtained from cytotoxicity assay.
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