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A novel copper(i) complex with a salicylidene
carbohydrazide ligand that promotes oxidative
stress and apoptosis in triple negative breast
cancer cellst

Kumudini Paliwal,® Abinash Swain,? Durga Prasad Mishra,”
P. K. Sudhadevi Antharjanam® and Manjuri Kumar (2 *®

We report the synthesis, characterization, anti-cancer activity and mechanism of action of a novel water-
soluble Cu(i) complex with salicylidene carbohydrazide as the ligand and o-phenanthroline as the co-
ligand. The synthesized complex (1) was characterized by FT-IR, EPR, and electronic spectroscopy, as well
as single crystal X-ray diffraction. This compound was found to be paramagnetic from EPR spectra and
X-ray crystallography revealed that the molecule crystallized in an orthorhombic crystal system. The
crystal lattice was asymmetric containing two distinct binuclear copper complexes containing the Schiff
base as the major ligand, o-phenanthroline as a co-ligand, two nitrate anions, and two water molecules.
The Cu(n) in the first site coordinated with the enolised ligand comprising enolate O™, phenolate O, and
the imine N and N,N from o-phen. The major part of this complex exists as Cu(i) coordinated with two
H,O molecules at the second site with nitrate acting as the counter anion. However, a smaller portion of
the complex exists where Cu(i) is coordinated with NO3z™ and H,O, and the remaining water molecule
acts as lattice water. It was tested for DNA binding and cleavage properties which revealed that it binds in
an intercalative mode to CT-DNA with K, value of 1.25 x 10* M~. Furthermore, cleavage studies reveal
that the complex has potential for efficient DNA cleavage under both oxidative and hydrolytic conditions.
It was able to enhance the rate of cleavage by 2.8 x 108 times. The complex shows good cytotoxicity to
breast cancer monolayer (2D) as well as spheroid (3D) systems. The ICsq values for MDA-MB-231 and
MCF-7 monolayer culture was calculated as 1.86 + 0.17 pM and 2.22 + 0.08 pM, respectively, and in (3D)
spheroids of MDA-MB-231 cells, the ICsq value was calculated to be 1.51 + 0.29 puM. It was observed that
the complex outperformed cisplatin in both breast cancer cell lines. The cells treated with complex 1
underwent severe DNA damage, increased oxidative stress and cell cycle arrest which finally led to pro-
grammed cell death or apoptosis in triple negative breast cancer cells through an intrinsic pathway.

Introduction

One of the leading causes of death worldwide is cancer and
amongst women, breast cancer has the highest mortality rate,
making it a major contributor to global mortality statistics."?
There are several sub types of breast cancer out of which triple
negative breast cancer (TNBC) is the most aggressive subtype.
TNBC does not express any of the receptors for hormones like
oestrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER 2) that are

tElectronic supplementary information (ESI) available: Fig. S1: HR-MS spectra,
Fig. S2: IR spectra, and Fig. S3: electronic spectra of 1 in water. Fig. S4:
Electronic spectral change with time to check stability of 1 in DMEM for 48 h.
Fig. S5: X-band EPR spectra of 1. Fig. S6: Cell viability of MCF-10A against Cu(u)
complex 1. Fig. S7: Western blot detection of apoptotic protein expression after
treatment with complex 1. CCDC 2365897 (1). For ESI and crystallographic data
in CIF or other electronic format see DOI: https://doi.org/10.1039/d4dt01914h
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commonly expressed in other breast cancer sub types. This
complexity makes hormone therapy ineffective and leaves
chemotherapy as the only treatment option.>”® Chemotherapy
involves the use of mostly platinum-based complexes, of which
cisplatin is the most widely used anti-cancer drug but its use is
limited by the development of both inherent and acquired
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resistance and severe side effects.”'° Therefore, there is a
need for improved chemotherapeutic drugs.

Copper is an important micronutrient in humans and is
involved in the smooth functioning of various biochemical
reactions of the body'"'* making it potentially less toxic than
platinum. In addition, it has been reported that copper is
absorbed more by cancer tissues of the breast, prostate and
brain compared to non-cancerous tissues.'® Therefore, copper-
based complexes are expected to have the ability to serve as
effective anti-cancer agents. There are several reports which
support the anti-cancer potential of copper-based
complexes.”**™° It is observed that copper complexes have the
potential to interact with DNA through binding and cleavage
mechanisms, thus affecting the proliferation of cancer
cells.””"*® Additionally, it is reported that copper coordinated
with Schiff base ligands can lead to cellular apoptosis in
cancer cells.”’’>* Furthermore, Cu complexes can also increase
the intracellular ROS content. In fact, the overproduction of
ROS adds to its cytotoxic potential towards cancer cells."®?472¢
Hence, copper complexes are gaining significant attention as
they can combat the progression of cancers by targeting their
growth,  metastatic ~ properties and  angiogenesis.”
Interestingly, the cytotoxic potential of a ligand system alone is
not as high as that of the metal coordinated complexes.?® This
highlights the importance of metal coordination. The choice
of ligand also affects the properties of the synthesized
complex. Chelating ligands which have N,S/O donors are
known to have biological relevance as they mimic bio-active
molecule donor environment. Hence, many Cu(u) complexes
with such donor groups are reported as having anti-tumour
potential due to their ability to form strong interaction and
nuclease activity on DNA, ROS production and apoptosis.***°

In consideration of the above we have synthesized Cu(u)
complex 1 with salicylidene carbohydrazide as the ligand and
ortho-phenanthroline as the co-ligand. The structure of
complex 1 has been characterized by single crystal XRD ana-
lysis, IR, UV-VIS and EPR spectroscopy. We have studied the
effect of treatment of 1 on the cell viability of triple negative
breast cancer cells MDA-MB-231 and MCF-7. We further
studied the effect of 1 on ROS generation and the resultant
effects on cell cycle progression, DNA cleavage and apoptosis.
Western blot analysis was carried out to detect the proteins
involved in apoptotic signalling. In addition, we have investi-
gated the anti-tumour potential of complex 1 in a 3D breast
cancer model using spheroids.

Experimental
Materials

CT-DNA was purchased from Sigma, plasmid pUC19 DNA was
obtained from Thermo Fisher Scientific. Cisplatin was pur-
chased from Sigma. MCF-7 and MDA-MB-231 cell lines were
obtained from the National Centre for Cell Science (NCCS),
Pune, India. Breast normal cell line MCF-10A was obtained
from ATCC, CRL-1034. MDA-MB-231 cell line used in the
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TUNEL assay and PI uptake was also obtained from ATCC.
TUNEL assay was carried out using DeadEnd™ Fluorometric
TUNEL System Promega G3250. For propidium iodide (PI)
uptake, PI was obtained from Sigma (P4170). All other chemi-
cals were of reagent grade.

Synthesis of the Schiff base ligand 1,5-bis(salicylidene)
carbohydrazide (H;L)

In the synthesis of the Schiff base ligand 1,5-bis(salicylidene)
carbohydrazide (H3L), the modified method of Bustos
et al.*>*?" was followed. Briefly, salicylaldehyde (20 mmol) was
added directly to a solution of carbohydrazide (10 mmol) dis-
solved in 50 mL of ethanol. The resulting reaction mixture was
stirred at room temperature for 2 h. The mixture was then fil-
tered through a G-3 crucible, and the pale white solid obtained
was washed well with ethanol and air-dried. The compound
was recrystallized from a methanol-ethanol (1:1) mixture at
room temperature. The yield of the compound was 70%, and
its melting point was 226 °C. The calculated percentages of
carbon, hydrogen, and nitrogen for compound C,;5H;,;N,O;
were found to be 60.40%, 4.73%, and 18.78%, respectively.
The actual percentages found experimentally were 60.91% for
carbon, 4.69% for hydrogen, and 18.71% for nitrogen.

Synthesis of the dinuclear Cu(u) complex [(o-phen)Cu(L)Cu
(H,0),](NO;) and its hydrate isomer [(o-phen)Cu(L)Cu(H,0)
(Nos)]‘Hzo

A solution of 0.2 g (0.001 mol) of 1,10-phenanthroline mono-
hydrate in 10 mL of methanol was slowly added to a solution
of 0.199 g (0.001 mol) of Cu(OAc),-H,O in 15 mL of methanol
over the course of 30 minutes, with stirring below room temp-
erature (15 °C). The resulting solution turned dark blue. The
dark blue solution was then slowly added to a solution of
0.298 g (0.001 mol) of the Schiff base ligand 1,5-bis(salicyli-
dene)carbohydrazide in 50 mL of methanol over the course of
20 minutes. The reaction mixture turned dark green. The
mixture was stirred at room temperature for 6 h. Afterward,
0.2415 g (0.001 mol) of Cu(NO;),-3H,0 in 15 mL of methanol
was added to the dark green reaction mixture. The dark green
solid gradually disappeared as stirring continued for another
6 hours. The solution was then allowed to stand at room temp-
erature overnight. The resulting solution was filtered through a
G-4 crucible, and the green filtrate was collected in a 250 mL
beaker. The solution was left at room temperature for slow
evaporation. A dark green compound was obtained upon con-
centrating the solution. This compound was collected by fil-
tration, washed with acetonitrile (CH3CN), and dried under
vacuum. The compound was recrystallised from methanol at
4 ©°C. Yield, 60%. Elemental analysis: C,;H,3N;05Cu,:
Calculated (found): C 46.29 (46.47); H 3.31 (3.40); N 13.99
(14.20) %. ESI-MS in CH3;OH: m/z 540.58 [(o-phen)Cu(HL) +
H]" corresponding to [(Ci,HgN,)Cu(Cy5H,,N403) + H]'; m/z
711.60 [(0-phen)Cu,(HL)(H,0),NO; + 0.5H,0 + H]" corres-
ponding to [C,,H,4N;05Cu, + 0.5H,0 + H]'; and at m/z 739.62
[M + K] corresponding to [(0-phen)Cu,L(H,0),NO; + K]" or
[C,7H,3N,04Cu, + K]
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A small fraction of the separated compound was dissolved
in a mixture of methanol and water, with a ratio of 9 parts
methanol to 1 part water. This solution was filtered through a
G4 crucible and collected in a 20 mL test tube. Upon allowing
this solution to gradually evaporate, small crystals were
formed. These crystals were well-suited for X-ray crystallogra-
phy and were utilized to determine the crystal structure of the
compound.

X-ray crystallography

Single crystal X-ray diffraction data collection was performed on
a Bruker D8 VENTURE diffractometer at room temperature
(296 K) using Mo Ka radiation of 0.71073 A wavelength. The data
were integrated using Apex3-SAINT.>’> A multi-scan absorption
correction was applied to the data using the SADABS®® program.
The structure was solved using SHELXT** and refined by full-
matrix least squares techniques using the SHELXL*> computer
program incorporated into the WinGX®® program package.
Hydrogen atoms on aromatic carbons and nitrogens were fixed
at calculated positions and refined as the riding model with
respect to its parent atom with Ujso(H) = 1.2Ueq(C). Whereas, the
hydrogens on water oxygens (04, 08 and 09) were located from
difference electron density peaks and refined freely to have a
target O-H distance of 0.85 A. The hydrogen atom on water
oxygen 016 and O17 could not be located due to poor quality
data and hence its atom counts were added to final formula
units. It should be noted that due to the poor quality of crystals,
the higher angle reflections were not observed or were very weak.
This contributed to the high values of R;, as well as R;.
However, the data could be resolved to a satisfactory level and it
is true to the chemical structure of the molecule. The structure
presented here is for representation purposes, to show that the
desired product has been formed. After several repeated failed
attempts of preparation and recrystallization in different sol-
vents, this was the only crystal specimen that could give satisfac-
tory data to resolve a meaningful structure. Moreover, the data
showed a twining effect on the crystal lattice. The twin law
[-0.483 0 —0.517, 0 —1 0, —1.483 0 0483], which is a 180.0
degree rotation about the [—-1 0 1] direct lattice direction was
identified using the ROTAX tool incorporated in WinGX.
Crystallographic parameters are listed in Table 1.

DNA binding

The DNA binding potential of synthesized metal complex 1
was analysed by using UV-Vis spectroscopy on a Jasco V-570
UV/VIS/NIR spectrophotometer with the help of calf thymus
DNA (CT-DNA). The DNA stock was prepared by soaking
CT-DNA in Tris-HCIl buffer, pH 7.4 overnight. The purity of
this DNA was tested by taking the ratio of absorbance readings
Aje0/Azg0 = 1.84 which indicates that the DNA is free of protein.
The concentration for CT-DNA was calculated by dividing the
UV absorbance at 260 nm with the known molar extinction
coefficient®® &5, = 6600 L mol™* cm™". The electronic absor-
bance titration experiment was carried out by adding an
increasing amount of CT-DNA, at concentrations ranging from
0 to 40 pM to a fixed concentration of complex 1 [7.14 x 107>
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Table 1 Crystallographic parameters for 1°

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data
collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta =

K16
Cs54H45CuyN14047

1419.22

296(2) K

0.71073 A

Orthorhombic

Pbcn

a =19.498(4) A; a = 90°
b=17.355(3) A; b =90°

¢ =33.032(6) A; g = 90°
11178(3) A®

8

1.687 Mg m™

1.589 mm™*

5776

0.150 x 0.150 x 0.100 mm?
2.850 to 20.896°

—19<h<19,-17<k<17,-33 <1<
33

128 317

128317 [R(int) = ?]

99.1%

20.896°

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 26(I)] R, =0.1184, WR, = 0.1553
R indices (all data) R, =0.2722, wWR, = 0.2023
Extinction coefficient n/a

Largest diff. peak and hole 1.407 and —0.839 ¢ A~

Semi-empirical from equivalents
0.7440 and 0.5799

Full-matrix least-squares on F*
128 317/1030/918

1.031

¢ Crystallographic data for the structural analysis has been deposited
with the Cambridge Crystallographic Data Center, CCDC number is
2365897 for compound 1.F

M]. Using the Wolfe-Shimer equation, the binding constant,
Ky, was ultimately determined.

Viscosity measurement

In order to study the effect of complex 1 on the viscosity of
CT-DNA, an Ostwald viscometer was used. The CT-DNA concen-
tration was 100 pM and the concentration of complex 1 was
varied from 0 to 100 pM. The flow time was recorded thrice with
the help of a stopwatch. The viscosity was calculated using (7 = (¢
— ty)/ty), where ¢, is the viscosity of the buffer while t is the vis-
cosity of the buffer with complex 1. Data were presented as a
plot of (/no)*® against [complex]/[DNA], where 7, is the viscosity
of CT-DNA and 7 is the viscosity of DNA with the complex.

Competitive binding

A solution of ethidium bromide [EB] = 2 pM and [CT-DNA] =
50 pM was allowed to incubate for 15 min to allow for the
binding of EtBr to DNA and their fluorescence spectra were
measured. Next an incremental amount of complex 1
(0-55 pM) was added to this solution and spectra were
measured using a Jasco spectrofluorometer FP-8500. The incu-
bation time of 2 min was kept constant each time to see the
effect of competitive binding of the metal complex with EB.
The excitation wavelength A., was 510 nm.

This journal is © The Royal Society of Chemistry 2024
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DNA cleavage

DNA cleavage potential of the Cu(u) complex was analysed by
employing gel electrophoresis of complex 1-treated pUC19
plasmid DNA. For oxidative conditions a reaction mixture was
prepared containing 200 ng of plasmid DNA (50 mM Tris HCI
with NaCl), 1 mM H,0,, the indicated concentration of
complex 1 and 50 mM Tris HC], to make a final volume of
10 pL.

Additionally, free radical scavengers like DMSO (2 pL) and
NaN; (500 pM) were added to figure out the involvement of
hydroxyl radicals and singlet oxygen respectively in oxidative
cleavage. This reaction mixture was incubated for 2 hours at
37 °C. In the case of hydrolytic cleavage, the reaction mixture
was prepared with the same concentration of plasmid DNA
and the indicated concentration of complex 1 and the volume
was adjusted to 10 pL each with the help of Tris HCI buffer.
The incubation time for hydrolytic conditions was 3 h at 37 °C.
Gel electrophoresis was carried out in 1% agarose gel for 1.5 h
in 1x Tris acetic acid EDTA buffer, pH 8.4 at 60 V, and then UV
light was used to visualize 0.5 pg mL™" ethidium bromide (EB)-
stained plasmid DNA.

Cell viability assay

The MTT assay was performed to establish the cytotoxic effect
of the synthesized Cu(un) complex on breast cancer cell lines
such as MDA-MB-231 and MCF-7 and on human mammary
epithelial cell line MCF-10A. In the case of breast cancer cells,
a cell suspension of 100 pL containing 1 x 10* cells was pre-
pared and seeded in a 96 well plate. Upon overnight incu-
bation, the cells were treated with the mentioned concen-
tration of complex 1 for 24 h. While MCF-10A cells (ATCC,
CRL-10317) were cultured in a humidified incubator with 5%
CO, at 37 °C in DMEM/F12 media supplemented with 5%
horse serum, epidermal growth factor (20 ng ml™), insulin
(10 pg mL™"), hydrocortisone (0.5 mg ml™"), cholera toxin (100
ng mL™"), and penicillin/streptomyein. All cell viability experi-
ments were conducted between 4-6 passages. Briefly, 3000
cells were seeded per well in 96 well plates (Nunc) and incu-
bated at 37 °C either with DMSO or various concentrations of
complex 1 for 24 h. After this the media was changed and the
treated cells along with non-treated cells (control) were
exposed to MTT for 4 hours in a humidified CO, incubator.
The formazan crystals formed after 4 hours were dissolved in
100 pL DMSO. The mitochondrial dehydrogenase activity in
the cells that converts the yellow tetrazolium to purple forma-
zan crystals reflects cell viability. It was measured with the
help of an absorbance reading at 570 nm. ICs, values were cal-
culated and a graph was plotted using graph pad prism. In the
case of MCF-10A, absorbance was taken at 540 nm (FLUOstar
Omega, BMG-Lifetech, Germany) and percent cell viability was
calculated.

Colony forming assay

The effect of complex 1 on the cell colony formation ability
was analysed by a colony assay as described.?” Briefly, 800 cells
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were seeded per well in a 6-well plate. The next day these cells
were treated with the indicated concentration of complex 1
and left in a humidified CO, incubator for 7 days without dis-
turbing them. On the 7™ day, the cells were fixed with 100%
methanol for 20 min and then stained with 0.1% crystal violet
dye for 10 min at RT. Finally, they were washed with water,
dried and images were taken.

Hoechst imaging

For confocal imaging of the nuclear region, MDA-MB-231
cells were seeded at a density of 5 x 10° cells per dish in
35 mm confocal dishes. Once the cells were attached, the
medium was changed and these cells were treated with the
indicated concentration of 1 for 24 h. Following the incu-
bation period, the cells were rinsed with 1x PBS, treated with
4% paraformaldehyde for fixation, and permeabilized with
0.1% Triton X-100. Subsequently, the cells were exposed to
Hoechst-33342 (1 pg mL™') in a dark environment for
30 minutes. After rinsing with 1x PBS once more, the con-
focal dishes were observed using a fluorescence microscope
(OLYMPUS CKX53).

ROS analysis

About 5 x 10° cells per dish were seeded in confocal dishes to
perform ROS analysis through imaging. TNBC cells were
treated with 1 at an ICs, dose and 25 pM t-BHP (tert-butyl
hydrogen peroxide), which was used as the positive control.
The cells were incubated for 6 h in a CO, incubator followed
by the addition of 10 pM DCFDA to each dish for 30 min and
incubation in the dark in the CO, incubator. Next, a final
washing step was performed by using 1x PBS and the cells
were observed under a confocal microscope for imaging.

Apoptosis analysis

The experiment was conducted according to the manufac-
turer’s instructions (Alexa Fluor 488 Annexin V/Dead Cell
Apoptosis Kit V13241, Thermo Fisher Scientific). The cells (5 x
10%) were seeded in a 6-well plate and treated for 24 hours with
the specified concentrations of compound 1. After incubation,
the cells were harvested by centrifugation at 3000 rpm for
10 minutes. The collected cells were then resuspended in
100 pL of 1x binding buffer. To this cell suspension, 5 pL of
Annexin V and 1 pL of PI (stock of 100 pg mL™") were added.
The cells were incubated at room temperature in the dark for
15 minutes, after which 400 pL of binding buffer was added.
The samples were then kept on ice until analyzed using the BD
FACS MELODY instrument.

Western blot

The seeding density was 1 x 10° cells per dish in a 90 mm
culture plate. They were treated with 1 for 24 h. After this the
cells were harvested through centrifugation and lysed with
RIPA lysis buffer containing 1x protease inhibitor and centri-
fuged at 14000 rpm for 14 min. The supernatant protein con-
centration was analysed using the Bradford method and
protein samples were prepared with 45 pg protein per sample.

Dalton Trans., 2024, 53,17702-17720 | 17705
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These samples were run in a polyacrylamide gel electrophor-
esis (PAGE) at 60 V in 1x running buffer. After this the protein
was transferred to a PVDF membrane at 55 V at 4 °C for 2 h.
The membranes were blocked with 5% BSA in TBST for 1 h
and then incubated with the primary antibody overnight at
4 °C. Afterward, the membranes were washed with 1x TBST
and incubated with the secondary antibody for 2 h at room
temperature. Next, there was a washing step and then the
images were developed on an X-ray film using a developer and
fixer in a dark room. The loading control used was GAPDH.

Cell cycle arrest

Cells were initially seeded in a 6-well plate at a density of 5 x
10° cells per well. Subsequently, they were treated with varying
doses (1, 2, and 3 pM) of compound 1 for a duration of
24 hours. After this incubation period, the cells were harvested
by centrifuging them at 3000 rpm for 10 minutes. To obtain
the cell pellet, 70% chilled ethanol was added and the mixture
was centrifuged again. The resulting pellet was then re-sus-
pended in 1x phosphate buffer and incubated with 10 pg of
RNase at 37 °C for 0.5 h. Following this, the cells were stained
with (PI) propidium iodide in the dark for 0.5 h at 4 °C. The
BD FACS MELODY instrument was used to analyse the DNA
content, allowing for the determination of the cell cycle
distribution.

TUNEL assay

The TUNEL (TdT-mediated dUTP Nick-End Labeling) assay
was performed as per the previously standardized protocol
with slight modifications using DeadEnd™ Fluorometric
TUNEL System Promega.*® Briefly after complex 1 treatment
for 24 h, the MDA-MB-231 cells were washed with PBS, fixed
with 4% formaldehyde and equilibrated for 5-10 min. The
cells were labelled with fluorescein-12-dUTP using the rTdT
reaction mix for 60 min at 37 °C. Then the sample was termi-
nated using the stop solution and counterstained with the
DAPI mounting media (Sigma). Slides were visualized under a
confocal microscope with excitation and emission at 490 nm
and 520 nm, respectively.

Propidium iodide uptake assay

The propidium iodide (PI) uptake experiment was carried out
according to a previously standardized protocol with slight
modification®® (R&D system). MDA-MB-231 cells were treated
with compound 1 for 24 hours. The cells were collected with
PBS and incubated with PI (2 mg mL™") in the dark at 37 °C
for 20 min. The stained cells were analysed by flow cytometer
(BD FACS Lyric™).

3D studies: multicellular tumour spheroid formation

The spheroids were developed by the liquid overlay method as
described.*® Briefly, a 96 well plate was coated with 80 pL of
1.6% Agarose solution in 1x PBS and left to dry under sterile
conditions for 1 h. After which the dried wells were covered
with 100 pl of 1x PBS. These plates can be stored in a humidi-
fied incubator overnight. Next, the cell suspension of
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MDA-MB-231 cells containing 5000 cells per 100 uL was pre-
pared and transferred to each agarose coated well after remov-
ing 1x PBS. The plate was incubated for 1 h in a humidified
CO,, incubator, followed by centrifugation of the plate at 3000
rpm for 10 min at 25 °C. After this the plate was incubated for
72 h such that spheroids can be developed.

Multicellular spheroid viability assay (MTT)

Cell viability of multicellular spheroids was assessed following
treatment with Cu(u) complex 1 at three concentrations, which
are 1, 2, and 3 pM in DMEM for a duration of 48 hours. The
MTT assay was employed to evaluate cell viability using the
method described in detail for 2D monolayer cultures. Briefly,
the spheroids were grown on a 96 well plate which contains
1.6% agarose. 5000 cells per 100 pL were taken and transferred
to each agarose coated well and placed in an incubator for
72 h. After this the media was changed and 3 concentrations
of complex 1 treatment was given to spheroids in triplicates
for 48 h. Furthermore, the spheroids were exposed to MTT for
4 hours in a humidified CO, incubator. The formazan crystal
formed after 4 hours were dissolved in 100 pL. DMSO and
absorbance reading was measured at 570 nm. The ICs, concen-
tration was subsequently determined.

Multicellular spheroid live/dead fluorescence imaging

Multicellular spheroids grown in 96-well plates were treated
with complex 1 at 3 concentrations (1-3 pM) for 72 h. The
media was gently removed, followed by washing with 1x PBS.
The spheroids were stained with 40 uM each of acridine
orange and propidium iodide for a period of 20 min at a con-
stant temperature of 37 °C in the dark. Finally, the fluo-
rescence images were taken with the help of a fluorescence
microscope (Olympus).

Results and discussion
Synthesis and characterization

The Schiff base 1,5-bis(salicylidene)carbohydrazide exists in its
keto form (A) in the solid as reflected from its IR spectrum
(vide infra), however, in solution the keto form (A) may coexist
with its enol form (syn or anti) as shown in B or B’ (Scheme 1).
Depending on the reaction condition it may coordinate with
the metal ion either in its keto form or enol form. If the ligand
coordinates in the enol form, then the keto form is converted
to the enol form usually resulting in a complex containing
only the enolised ligand. The enolisation of the ligand is
found to be favoured in the presence of a base such as acetate
anion. Thus the dark blue reaction product of Cu(OAc),-H,0O
and 1,10-phenanthroline in CH;0H was used to carefully react
with the Schiff base in a 1:1:1 ratio such that Cu(u) coordi-
nates with the first site of the enolised ligand as shown in the
anti form (B’) comprising enolate O~, phenolate O~ and imine
N. Enolisation of the Schiff base ligand followed by its deproto-
nation is facilitated in the presence of the acetate anions
coming out during its reaction with the starting Cu(OAc),-o0-

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schiff base ligand 1,5-bis(salicylidene)carbohydrazide in its
keto- and enol-forms.

phen complex. The fourth and the fifth positions of the Cu(u)
ion incorporated into the first site are occupied by the two N
donor atoms of the o-phen coligand forming a five-coordinate
neutral Cu(un) complex. Then this five-coordinate green com-
pound was reacted in situ with Cu(NO;),-3H,0 to incorporate
the metal ion in the available second site comprising N of NH,
N of imine and the remaining phenolate O™ of the coordinated
ligand in the five-coordinate green complex, thus behaving as
a monoanionic tridentate ligand for the second Cu(u) ion. The
remaining positive charge of the metal ion is compensated by
NO;~ which may act as a counter anion or as a monodentate
anionic ligand. In fact, in the majority of the complexes
formed, two water molecules are found to be coordinated with
the Cu(n) ion in the second site while NO;™ is found to be
acting as the counter anion, except a small portion of the
product where one aqua ligand and NO;™ are found to coordi-
nate with the second Cu(u) ion while the other water molecule
is found to be outside the coordination site thus forming a
hydrate isomer. This fact is confirmed by X-ray crystallography
(vide infra). However, when dissolved in methanol, the co-
ordinated NO;~ of the hydrate isomer is found to dissociate
from the coordination site and acts as the counter anion, as
confirmed by the conductivity measurement of the compound
in methanol (A = 90.7 Ohm™" ecm® mol™") where it behaves as a
1:1 electrolyte,** suggesting that in solution the compound
behave as a uniform mono-cationic species where NO;™ acts as
the counter anion.

This journal is © The Royal Society of Chemistry 2024
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HR-MS spectrum

The HR-MS spectrum (in the positive-ion mode) for complex 1
has been recorded in CH;OH and the result is presented in
Fig. S1 (ESI).t Complex 1 showed peaks at m/z 540.58 [(0-phen)
Cu(HL) + H]" corresponding to [(C;,HgN,)Cu(Cy5H;,N,05) +
H]'; m/z 711.60 [(0-phen)Cu,(HL)(H,0),NO; + 0.5H,0 + H]"
corresponding to [C,,H,4N;05Cu, + 0.5H,0 + H]'; and at m/z
739.62 [M + K]" corresponding to [(0-phen)Cu,L(H,0),NO; +
K]" or [Cy7H,3N504Cu, + K]'.

IR spectra

The free Schiff base ligand 1,5-bis(salicylidene)carbohydrazide
exhibits a medium intensity IR band at around 3220 cm™*
with a shoulder near 3325 cm™" (Fig. S2At) arising due to y(N-
H) and »(O-H), respectively.’* The strong IR band at
1682 cm ™" arising due to »(C=0) suggests that the free ligand
is in its keto form in the solid. The v(C=N) band appears as a
strong band at 1620 cm™" in the IR spectrum of the free Schiff
base ligand (Fig. S2At). The (C=0) band at 1682 cm™" and
the 1(O-H) shoulder near 3325 cm™" of the free ligand are
found to be absent in the IR spectrum (Fig. S2BT) of complex 1
while the 1(C=N) band is found to be shifted to 1595 cm™
suggesting the coordination of imine nitrogen (C=N) to the
metal ion (Cu®") in complex 1. The absence of the y(C=O0)
band in the complex strongly suggests that the ligand is co-
ordinated with the metal ion in its enol form while the
absence of the y(O-H) in the IR spectrum of the complex
suggests the deprotonation of the O-H groups and the coordi-
nation of the two phenolate O™ in the complex. Thus, the
Schiff base ligand behaves as a tri-anionic ligand overall pos-
sessing two Cu®" ions, one in each site, thereby making it a
positively charged species with the scope of accommodating
one NO;™ ion either as a coordinating ligand or as a counter
anion (since Cu(NOj3),-3H,0 was used in the synthesis of the
complex). The appearance of a band at 1409 cm™" in the IR
spectrum of the complex indicates the presence of the NO;™
moiety, this band is absent in the IR spectrum of the free
Schiff base (Fig. S2Ct). It is to be noted that the IR spectrum
of cupric nitrate®>** shows a very strong band centered around
1370 cm™'. The presence of the NO;~ moiety is further sup-
ported by the X-ray crystal structure of the complex (vide infra).

Electronic spectra

The compound is soluble in methanol as well as in water pro-
ducing a green solution in both solvents. Since complex 1 is
readily soluble in water, water was used as a solvent to record
the electronic spectra. The green coloured complex showed a
broad band (Fig. S31 inset) centred around 643 nm (¢ =
74 mol™! em™). This may be attributed to the ligand field tran-
sitions. Additionally, three distinct peaks were observed at
380 nm, 270 nm and 205 nm due to charge transfer tran-
sitions. Also the electronic spectrum of complex 1 in DMEM
was monitored with time for 48 h to check its stability
(Fig. S4t). Overall, there was very little change in the electronic
spectra of 1 with time suggesting its stability in DMEM.
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However, fresh solutions were prepared each time for experi-
mental purposes.

EPR spectra

Compound 1 showed a strong X-band EPR signal (Fig. S5A%) in
its powder state confirming that it is paramagnetic. The g
values calculated from the powder spectra are g = 2.196 and
g1 =2.089 at RT. The methanol solution of the compound also
displayed a strong signal at RT which is neither a four-line
spectrum (°***Cu nucleus, I = 3/2) nor a seven-line spectrum
(Fig. S5Bt). However, the EPR spectrum of 1 in CH;OH at LNT
(Fig. S5Ct) showed the presence of two Cu(u) centres
suggesting that they are very weakly interacting.

X-ray crystal structure

The molecule crystallized in the orthorhombic crystal system
with space group Pbcn. The asymmetric unit of the crystal
lattice consists of two different types of binuclear copper com-
plexes, two nitrate anions and two water molecules. The
moiety formula of the complexes in the asymmetric unit of the
crystal lattice can be given as ‘1.25 [C,;H,3Cu,NgOs, (NO3)] and
0.75 [Cy7H,1Cu,N;05, (H;O)]'. The nitrate anion, N14, O13,
014 015 is disordered in the ratio of 45 : 55. The nitrate anion,
N13, 010, O11 012, and the water molecule O17 are dis-
ordered with respect to each other in the ratio of 75: 25 which
resulted in different coordination to the central metal Cu2.
The positions of disordered atoms were identified from differ-
ence electron density peaks. Distance restraints SADI and
DFIX were used to achieve meaningful geometry for the dis-
ordered atoms. Anisotropic displacement parameters of atoms
in the disordered groups were restrained or constrained using
SIMU or EADP respectively to converge the anisotropic
refinement.

The central copper atom shows a distorted square pyrami-
dal geometry with a geometry index (tau(z)) ranges of 0.19-0.5.
The imine ligand connects the two copper metal centres
through its unique hexadentate property. For Cul and Cu4,
the penta coordination sphere is formed with the bidentate
phenanthroline moiety and 3-coordination sites of the ligand.
For, Cu2 and Cu3, the coordination is satisfied by the remain-
ing 3-coordination sites of the ligand and water molecules.
However, for Cu2, one of the coordination sites is shared
between water and nitrate anion. The bond distances and
angles of these atoms to central copper are listed in Table 2. In
the crystal lattice, the molecules are held together by N-H---O
and O-H:--O hydrogen bond interactions. Table 3 gives a list
of H-bond interactions in the lattice. In addition to this, the
crystal lattice is stabilized by CH---O CH---n and =---7 inter-
actions mediated through the aromatic rings. Two different
types of Cu complexes are depicted in Fig. 1 and 2.

DNA binding studies using CT-DNA

Absorption spectroscopic studies. Recording of the elec-
tronic absorption spectra is a universally applied technique to
study DNA binding behaviour with complexes.** The electronic
absorption spectra of complex 1 was recorded in the absence

17708 | Dalton Trans., 2024, 53, 17702-17720

View Article Online

Dalton Transactions

of CT DNA and with incremental addition of CT-DNA (Fig. 3).
It can be observed that there is a decrease in absorbance inten-
sity of 1 upon incremental addition of CT-DNA [0-40 uM]. This
phenomenon of hypochromism is associated with intercalative
mode of DNA binding. This intercalation is a result of stacking
of the planar aromatic group of the complex between DNA
base pairs.*> Furthermore, the intrinsic binding constant (K)
was calculated with the help of equation (eqn (1)).

[DNA]

(Ea — &)

[DNA] 1

= + (1)

(Eb — Ef) Ky(ep — Ef)
where [DNA] is the concentration of CT-DNA used and &g, &,,
and ¢, denote the free, apparent, and bound metal complex
extinction coefficients, respectively. The slope/intercept value
from the plots of [DNA]/(e, — ¢¢) versus [DNA] gave the K;, value,
which is 1.25 x 10* M~ This value is 10-fold less than that for
the classical DNA intercalator (EB). Hence, it can be inferred
that the complex shows moderate binding with CT-DNA.*®

Viscosity measurements. To better understand the inter-
action between complex 1 and DNA, we conducted viscosity
measurements. These measurements are sensitive to changes
in the DNA length and are considered to be the most reliable
in determining binding interactions. In the case of intercala-
tive binding, the DNA helix needs to elongate as the base pairs
separate to accommodate the binding substrate. However,
groove binders behave differently, they have less pronounced
or no effect on DNA viscocity.?” Thus, the viscosity experiment
can give a better understanding of type or mode of the binding
interaction. As observed from Fig. 3B, the addition of copper
complex 1 to CT-DNA increases the relative viscosity,
suggesting that the Cu(u) complex binds to CT-DNA through
intercalation causing lengthening of the DNA double helix.
These results are consistent with the electronic spectral data.

Competitive DNA binding by fluorescence studies

Competitive DNA binding experiment is a frequently used
effective technique to study the interaction between small
molecules and DNA, it utilizes the displacement of typical
intercalator ethidium bromide (EB) from the DNA-EB adduct
to provide information about binding affinity and binding
mode of small molecules to DNA. Ethidium bromide is planar
and non-emissive, but gives abundant fluorescence upon
binding to DNA. When complex 1 was introduced into a
mixture of EB and CT-DNA the fluorescence intensity signifi-
cantly reduced (Fig. 4). This indicates that the Cu(u) complex is
able to displace EB from the DNA-EB adduct thus it competi-
tively binds to CT-DNA, reducing the fluorescence
intensity.>**® The fluorescence quenching data are in good
agreement with the linear Stern Volmer equation (eqn (2)).
% =1+ Ky[Q] (2)
In the equation mentioned above, F, represents the fluo-
rescence intensity of the DNA-EB adduct when no quencher is
present, while F represents the fluorescence intensity when
complex 1 acts as the quencher. The concentration of complex 1

This journal is © The Royal Society of Chemistry 2024
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Table 2 Selected bond distances and bond angles for the copper complex
Cu(1)-0(1) 1.907(16)
Cu(1)-N(6) 1.909(19)
Cu(1)-N(1) 1.98(2)
Cu(1)-0(2) 2.004(16)
Cu(1)-N(2) 2.22(2)
Cu(2)-0(3) 1.894(17)
Cu(2)-N(3) 1.933(18)
Cu(2)-N(5) 1.966(18)
Cu(2)-0(4) 1.974(15)
Cu(2)-0(17') or Cu(2)-010 2.07(7) or 2.65(6)
Cu(3)-N(12) 1.94(2)
Cu(3)-0(7) 1.94(6)
Cu(3)-N(10) 1.968(17)
Cu(3)-0(9) 2.069(18)
cu(3)-0(8) 2.17(2)
Cu(4)-N(9) 1.922(18)
Cu(4)-0(5) 1.927(16)
Cu(4)-0(6) 1.968(16)
Cu(4)-N(7) 1.98(2)
Cu(4)-N(8) 2.23(2)

0O(1)-Cu(1)-N(6) 92.9(9) N(12)-Cu(3)-0(7) 88.5(17)
0(1)-Cu(1)-N(1) 96.5(8) N(12)-Cu(3)-N(10) 81.2(9)
N(6)-Cu(1)-N(1) 170.3(10) 0(7)-Cu(3)-N(10) 166(2)
0O(1)-Cu(1)-0(2) 149.7(6) N(12)-Cu(3)-0(9) 136.8(8)
N(6)-Cu(1)-0(2) 79.8(9) 0O(7)-Cu(3)-0(9) 84.6(17)
N(1)-Cu(1)-0(2) 93.0(8) N(10)-Cu(3)-0(9) 96.1(8)
0O(1)-Cu(1)-N(2) 116.3(7) N(12)-Cu(3)-0(8) 132.8(9)
N(6)-Cu(1)-N(2) 96.0(8) 0(7)-Cu(3)-0(8) 97(2)
N(1)-Cu(1)-N(2) 77.9(10) N(10)-Cu(3)-0(8) 97.4(8)
0(2)-Cu(1)-N(2) 93.8(7) 0(9)-Cu(3)-0(8) 90.4(9)
0(3)-Cu(2)-N(3) 92.9(10) N(9)-Cu(4)-0(5) 93.6(9)
0(3)-Cu(2)-N(5) 172.5(8) N(9)-Cu(4)-0O(6) 80.9(8)
N(3)-Cu(2)-N(5) 79.8(10) 0(5)-Cu(4)-0(6) 162.6(7)
0O(3)-Cu(2)-0(4) 86.3(7) N(9)-Cu(4)-N(7) 174.2(10)
N(3)-Cu(2)-0(4) 152.1(8) 0(5)-Cu(4)-N(7) 91.9(8)
N(5)-Cu(2)-0(4) 100.9(8) 0(6)-Cu(4)-N(7) 93.3(8)
0(3)-Cu(2)-0(17") 83(3) N(9)-Cu(4)-N(8) 101.8(9)
N(3)-Cu(2)-0(17") 130(4) 0O(5)-Cu(4)-N(8) 103.2(7)
N(5)-Cu(2)-0(17") 100(3) 0(6)-Cu(4)-N(8) 94.0(7)
0(4)-Cu(2)-0(17") 77(4) N(7)-Cu(4)-N(8) 78.5(11)

Table 3 List of H-bonds

N(4)-H(4)---0(17)#1 0.86 1.95 2.79(6) 165.9
N(4)-H(4)---0(12")#1 0.86 2.08 2.92(15) 166.9
0O(4)-H(4B)---0(10) 0.96(10)  2.4(2) 3.10(4) 128(18)
O(4)-H(4B)---0(17’) 0.96(10)  1.9(2) 2.53(11)  123(12)
O(8)-H(8A)---O(15)#2 0.92(8) 2.02(14)  2.73(9) 133(14)
O(8)-H(8A)---O(15)#2  0.92(8) 2.60(12)  3.50(10)  170(22)
O(8)-H(8B)---O(11) 0.87(8) 2.19(15)  2.85(4) 133(15)
O(8)-H(8B)--0O(17’) 0.87(8) 2.4(2) 3.02(11)  129(22)
0(9)-H(9A)---0O(16) 0.89(8) 1.88(12)  2.71(3) 154(13)
0O(9)-H(9B)---O(5)#3 0.92(9) 1.81(10)  2.69(2) 158(21)
N(11)-H(114)---N(14) 0.83(9) 2.67(15)  3.36(6) 143(17)
N(11)-H(114)---0(13) 0.83(9) 2.10(12)  2.87(4) 153(18)
N(11)-H(11A4)---O(13")  0.83(9) 2.49(18)  3.02(6) 122(16)

Symmetry transformations used to generate equivalent atoms: #1 —x +
3/2,y—1/2,z#2 —x+3/2,y+1/2,z#3 —x+2, -y +1,—z+1.

is denoted by [Q], and the Stern-Volmer quenching constant

(Ks) and the apparent binding constant (Kapp) are also included Fig. 1 ORTEP (50% probability ellipsoids) of the major component

in eqn (2) and (3), respectively. The value of Ky, for complex 1 (62.5%) where Cu is coordinated with two H,O molecules in the second
was determined from the slope of the Fy/F versus [Q] plot, which site.
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Fig. 2 ORTEP (50% probability ellipsoids) of the minor component
(37.5%) where Cu is coordinated with NOs~ and H,O molecules in the
second site.

was found to be 6.3 x 10* M™" (R* = 0.99295 for 12 points). This
indicates a strong affinity between complex 1 and CT-DNA. The
Kapp value for complex 1 was estimated using eqn (3), where
[complex]s, represents the concentration of complex 1 required
for 50% reduction in fluorescence intensity. With Kgg = 1.0 x 107
M, the calculated K,y, value for complex 1 was 1.41 x 10° M,
which is similar to that of the classical intercalator, ethidium
bromide.**>°

Kgp X [EB] = Kapp X [complex], (3)

DNA cleavage

To investigate the cleavage potential of complex 1 on pUC19
plasmid DNA, gel electrophoresis was employed. Plasmid DNA
like pUC19, typically adopts a compact supercoiled conformation
called form I. When an ss or single-strand scission occurs in
supercoiled DNA, it transforms into a nicked circular form called
form II, while a ds scission or double-strand scission results in
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Fig. 4 Competitive DNA binding in Tris—HCIl buffer, pH 7.4 with incre-
mental addition of 1 (0-55 puM) to an EB-CT-DNA adduct. Inset shows
plot of Fo/F vs. [Complex]. R? for linear plot is 0.99295 for 12 points.

the linear form called form III. In gel electrophoresis, form I
usually migrates quickly toward the anode followed by form III
and form II is the slowest."”””"™* DNA cleavage follows two
primary pathways: an oxidative pathway, which leads to oxidative
damage to the DNA sugar or nitrogen base, and a hydrolytic
pathway, which causes hydrolysis of phosphodiester
linkages.”>*** Fig. 5 demonstrates the pUC19 DNA cleavage
induced by complex 1 under both oxidative (Fig. 5A) and hydro-
lytic (Fig. 5B) conditions. As seen in Fig. 5, at just 2.5 uM concen-
tration there is complete conversion to the nicked form under
oxidative conditions. A clear suppression of DNA cleavage can be
observed in the presence of DMSO, which is a scavenger of
hydroxyl radicals. Hence, it can be inferred that hydroxyl radicals
are primarily responsible for oxidative cleavage of DNA.
Hydrolytic cleavage involves the breaking of phosphodiester
bonds, which are extremely stable bonds (k = 3.6 x 107® h™"), it
requires enormous enhancement of the hydrolysis rate which
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Fig. 3 (A) Hypochromic effect in the absorbance spectra of 1 (7.14 x 10~> M) with increasing concentration of CT-DNA (0-40 pM) dissolved in Tris
HCl buffer (pH 7.4), a plot of [DNAl/(e, — &) versus [DNA] is shown in inset (R? = 0.98031) for 8 points. (B) Plot of relative specific viscosity of CT DNA
dissolved in 10 mM Tris—HCl buffer (pH 7.4) with increasing concentration of [1] = 0 to 100 uM at RT, [CT-DNA] = 100 pM.
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Fig. 5 Gel electrophoresis of 200 ng pUC19 DNA by complex 1 at 37 °C in 50 mM Tris HCl having pH 8 showing oxidative cleavage (A) Lane 1,
control: pUC19 DNA; lane 2-6 [1] = 0.5, 1, 1.5, 2, 2.5 pM + 1 mM of H,O,; Lane 7, 2.5 pyM 1 + 2 pL DMSO; Lane 8, 2.5 yM 1 + 500 pM NaNs. (B)
Hydrolytic cleavage Lane 1, pUC19 DNA control; Lane 2-7 [1] = 2.5, 5, 10, 20, 30, and 40 pM. (C) Time course measurement of pUC19 DNA cleavage
activity of 1 with the disappearance of SC DNA in red and formation of NC DNA in black with increasing incubation time; the inset shows the plot of

log(% SC DNA) vs time.

is a major challenge. As seen from Fig. 5B under hydrolytic
conditions at 40 pM concentration complex 1 has efficiently
cleaved 100% of plasmid DNA. This nuclease activity occurred
without the presence of any external agent or light. Since this
cleavage involves the breaking of the phosphodiester bond
which is a very stable bond the cleavage effectiveness of the
complex is quite evident.>® Furthermore, the kinetics of
hydrolytic DNA cleavage was studied. The cleavage of plasmid
DNA by complex 1 was analysed by measuring the conversion
of SC DNA (form I) to NC DNA (form II) with respect to time.
As seen from Fig. 5C, there is a decrease in SC DNA with time
and fits well into a single exponential decay curve (Fig. 5C),
the plot of log(% SC) against time showed a linear fit (Fig. 5C,
inset). The hydrolytic rate constant (k.ps) was determined from
the slope of the linear fit, it was found to be 10.10 h™". The
obtained high hydrolysis rate constant for 1 indicates that it
shows very high nuclease activity and is capable of 2.8 x 10°
fold enhancement of the hydrolysis rate compared to unhydro-
lyzed ds DNA.>**”7° The results indicate that complex 1 is
highly effective in bringing out DNA cleavage oxidatively as
well as hydrolytically.

Cell viability assay

As complex 1 under study is highly effective in cleaving DNA
under physiological conditions in the absence of any exter-
nal agent it may have the potential to serve as an anticancer
agent. The in vitro cytotoxicity of Cu(u) complex 1 was ana-
lysed on breast cancer cell lines such as MDA-MB-231 and
MCF-7 using the MTT assay (Fig. 6). Cisplatin is one of the
most widely used drugs for solid tumours so it was tested
under similar conditions for reference (Fig. 7). Fig. 6 shows
that complex 1 is able to significantly reduce the viability of
both breast cancer cell lines. At just 1 pM concentration of 1,
the cell viability dropped to 60% for MDA-MB-231 and
MCF-7. The effect of compound 1 was also tested on human

This journal is © The Royal Society of Chemistry 2024

mammary epithelial cell (MCF-10A). The cell viability assay
results at doses of 1,10, 25 and 50 pM in MCF-10A cells
showed no significant toxicity (p > 0.001) as seen in Fig. S6,t
thereby indicating that the compound has a robust safety
profile. Notably, the cell viability for MCF-10A at even 50 pM
dose of complex 1 was 98% emphasizing its cytotoxic selecti-
vity towards cancer cells. The ICs, values calculated were
1.86 + 0.17 pM for MDA-MB-231 and 2.22 + 0.08 uM for
MCF-7 (Table 4). Hence, both the ICs, values in breast cancer
cells fall in the low micromolar range of concentration
(1-5 pM) after 24 h of incubation. It is reported that such
complexes can be considered as remarkable -cytotoxic
agents.™ It is important to highlight that complex 1 has out-
performed cisplatin for both the tested breast cancer cell
lines as seen in Fig. 7. Lucia M. Balsa et al.' have reported
similar IC;, values (4.0 + 0.2 pM and 5.2 + 1.8 pM) of Cu
(trp), in MDA-MB-231 and MCF-7 cells. Along with this there
are several other Cu(u) complexes reported for sub-micromo-
lar or nanomolar cytotoxicity on different tumour cell lines.**
The results establish that Cu(u) complexes are promising
candidates for their anti-cancer activity and the complex 1
has significant cytotoxic potential towards breast cancer
cells.

Colony forming assay

The anti-cancer activity of 1 was further analysed with the help
of the colony formation assay. Fig. 8 illustrates the impact of
the increase in the concentration of 1 on colony formation. It
can be observed there is a marked reduction in the number of
colonies formed with increasing concentration as compared to
the control. The colonies in the control are dense and overpo-
pulated which have decreased drastically upon treatment with
1. At 2 uM dose the colony population has become negligible.
The results are in line with MTT data and the cytotoxic poten-
tial of 1 is evident.®°
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Fig. 6 The effect of the Cu(i) complex 1 on cell viability of (A) MCF-7 and (B) MDA-MB-231 cell lines. Statistical analysis was performed using

GraphPad Prism, and **** indicates a significant difference with p < 0.0001.
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Fig. 7 The viability of (A) MCF-7 and (B) MDA-MB-231 cells was assessed in response to treatment with cisplatin.

Table 4 IC5o values calculated for MDA-MB-231 and MCF-7 cells
against complex 1

Cell line ICs for 1 in (pM)
MDA-MB-231 1.86 £ 0.17
MCF-7 2.22 +0.08

Hoechst imaging

Hoechst is a bright blue coloured fluorescent dye that stains
the nuclear region. The nucleus of a healthy cell is usually

17712 | Dalton Trans., 2024, 53,17702-17720

spherical and stains evenly, while for cells undergoing apopto-
sis the nucleus shrinks, becomes fragmented and condenses.®’
This chromatin condensation leads to the formation of bright
blue patches when stained with Hoechst.®” In order to see the
effects of complex 1 on DNA, MDA-MB-231 cells treated with 1
were stained with Hoechst. Fig. 9 clearly shows all character-
istic features of apoptosis like chromatin condensation,
nuclear shrinkage and disintegration/fragmentation in all
complex 1 treated nuclei in a dose dependent manner. There
is a reduction in the number of cells and an increase in the
appearance of the late apoptotic feature of the dot like chroma-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 MDA-MB-231 cells were treated with indicated concentrations (0, 1 and 2 uM) of complex 1 fixed and stained with crystal violet.

Control

Fig. 9 Morphological changes in the nuclear region (indicated by arrows) of MDA-MB-231 cells upon treatment with 1 (1, 2 and 3 pM), visualized

using Hoechst-33342. Scale bar: 50 pm.

tin material at a 3 pM dose as compared to control cells where
the nucleus is spherical and evenly stained. All of these signs
suggest that complex 1 is causing apoptosis in MDA-MB-231
cells.

Reactive oxygen species (ROS) analysis

The generation of ROS plays a vital role in the activation of
mitochondrial-initiated events resulting in apoptosis. Some
amount of ROS is produced in our bodies, which is essential
for normal biological functions but when it exceeds a
threshold level it can cause oxidative stress leading to apopto-
sis."® Copper based complexes are redox active and lead to the
production of reactive oxygen species which can cause DNA
damage.®® In order to measure the intracellular ROS pro-
duction due to complex 1, DCF-DA was used. In the presence
of intracellular ROS this DCF-DA, which is non-fluorescent,
gets oxidized to fluorescent DCF. In this experiment a positive
control, t-BHP (tert-butyl hydrogen peroxide) was used as it can
generate ROS and is more stable. In Fig. 10, we see very less or
negligible green fluorescence in the control while there is a
bright and large amount of fluorescence visible in complex 1-
treated cells. It is also comparable to the positive control
treated cells. These results indicate that complex 1 has
induced a significant amount of ROS that probably causes

This journal is © The Royal Society of Chemistry 2024

oxidative stress in the cells, leading to DNA damage as evi-
denced by pUC 19 plasmid DNA cleavage experiments.

Apoptosis analysis

Annexin V-FITC/PI dual staining kits are specifically designed
to identify and detect cell apoptosis. During early apoptosis,
phosphatidyl serine (PS) translocates to the outer leaflet of the
cell membrane. As Annexin V is a phospholipid-binding
protein having high affinity for PS, it is able to bind to this
exposed phosphatidyl serine and leads to the detection of early
apoptotic cells. Propidium iodide helps to detect the later
stage of apoptosis as it enters cells when the cell membrane
integrity is compromised.®* In order to confirm apoptosis as
the mode of cell death, the Annexin V-FITC/PI kit was used
and samples were analysed through FACS. Fig. 11 shows an
increase in both early and late apoptosis cells in the presence
of complex 1. The number of early apoptotic cells is the
highest for the IC5, dose which could be due to severe DNA
damage and cell cycle arrest at this concentration.
Furthermore, there is a sharp increase in the percentage of
late apoptotic cells from 3.9% to 24% in a dose dependent
manner.

Dalton Trans., 2024, 53,17702-17720 | 17713
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Fig. 11 Flow cytometry analysis of MDA-MB-231 breast cancer cells treated with indicated concentrations of 1 (1, 2 and 3 uM), for 24 hours. Viable
cells are represented in the lower left quadrant (Annexin V—/PI-), early apoptotic cells in the lower right quadrant (Annexin V+/Pl-), and late apopto-

tic cells in the upper quadrant (Annexin V+/Pl+).

Western blot

It has been successfully established that complex 1 leads to
elevated ROS production, DNA damage and apoptosis. In
order to understand the underlying molecular mechanism
of action, western blot analysis was performed using various

17714 | Dalton Trans., 2024, 53,17702-17720

antibodies as indicated in Fig. S7.7 It is known from the litera-
ture that at the sites of DNA double-strand breaks (DSB) H,AX
is phosphorylated to y-H,AX therefore this phosphorylated
histone is considered to be a biomarker for DSB.*® Also in
response to DNA damage p53 accumulates in the cell nucleus
and it regulates cell cycle arrest. If the DNA damage is severe

This journal is © The Royal Society of Chemistry 2024
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and beyond repair, it promotes apoptosis of such cells.®®
Fig. S71 shows an elevated level of both phosphorylated H,AX
(y-H,AX) as well as p53 at the ICs, dose, clearly indicating DNA
damage, this damage may further lead to apoptosis. It is
seen from Fig. S7f that there is increasing expression of
Cytochrome ¢, which is known to lead to caspase activation.®”
Also there is an increase in the expression of both caspase 3
and cleaved caspase 9 clearly demonstrating the activation of
intrinsic apoptosis promoted by severe DNA damage.
Furthermore, another characteristic feature of apoptosis is pro-
teolytic cleavage of PARP by caspase 3. PARP is involved in
DNA repair and stability, upon cleavage, it cannot recruit
repair enzymes to the DNA damage site, thus preventing DNA
repair and promoting apoptosis.®® We observe a clear increase
in the expression of cleaved PARP with increasing concen-
tration of 1 prominent at 2 pM dose, further confirming that
complex 1 has the potential to cause critical DNA damage
where cancer cells have to undergo programmed cell death
through the intrinsic pathway.

Cell cycle arrest

It has been reported that cancer cells have a higher ROS level
compared to normal cells which is further increased due to
therapies. This oxidative stress causes DNA damage and triggers

View Article Online

Paper

a DNA damage response in cancer cells. This response leads to
cell cycle arrest and ultimately apoptosis for most cancer cells.®
The cell cycle consists of G1, S, G2 and M phases. Tumour pro-
liferation can be blocked by arrest in different phases of the cell
cycle. As evidenced from DCF-DA and Hoechst staining, it is
clear that 1 is able to cause oxidative stress and lead to DNA
damage. We further evaluated the effect of 1 on cell cycle pro-
gression and the phases involved (Fig. 12). It can be observed
from Fig. 12 that there is a definite increase in the cell popu-
lation in both S and G2/M phases of the cell cycle. However, in
the case of 1 pM dose of complex 1, there is a reduction in the
cell population in S and G2/M phases with an increase in the cell
population in GO/G1 suggesting a possible temporary arrest at
the G0/G1 phase at 1 pM dose, such that the cell cycle arrest in
both S and G2/M phases is limited to just 2 uM (near ICs,) and
3 uM dose. The arrest in the S phase is more prominent for the
near ICs, dose than G2/M. This could be because the S phase is
involved in DNA replication and at the ICs, dose there is more
ROS production and DNA damage. Also, as seen in the western
blot results, there is more p53 and y-H2AX expression at this con-
centration. H,AX is phosphorylated to y-H2AX upon double
stranded DNA damage and p53 responds to DNA breaks by
arresting the cell cycle,®*°® suggesting that all the results are con-
sistent with each other.
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Fig. 12 Cell cycle analysis using FACS indicating the cell population in
complex 1 (1, 2 and 3 pM) at the indicated concentrations.

This journal is © The Royal Society of Chemistry 2024

percentage at different phases of the cell cycle upon treatment with
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TUNEL assay

The TUNEL assay is used to detect DNA fragmentation and
in situ apoptosis. Apoptotic DNA fragmentation is a character-
istic of programmed cell death, or apoptosis.®’ So TUNEL
assay was performed to further confirm single cell DNA
damage by complex 1. The DeadEnd™ Fluorometric TUNEL
System used for the experiment can measure these fragmen-
ted DNA strands by labelling them with fluorescein-12-dUTP
(a) at 3-OH DNA ends of the fragmented DNA using an
enzyme called Terminal Deoxynucleotidyl Transferase,
Recombinant, enzyme (rTdT). The fluorescence labelled DNA
fragments can be visualized with the help of fluorescence
microscopy.

MDA-MB-231 cells treated with complex 1, labelled with flu-
orescein-12-dUTP and counterstained with DAPI are shown in
Fig. 13. It can be observed that the green fluorescent TUNEL
positive cells increase with an increase in the complex 1 con-
centration pointing to an increase in DNA fragmentation due
to complex 1 activity. Furthermore, it can be inferred that the
extensive DNA fragmentations as seen in Fig. 13 is a character-
istic feature of the late apoptotic stage which leads to an
increased number of 3’-hydroxyl (3-OH) ends. The TUNEL
assay involves incorporating fluorescein-12-dUTP at these ends
such that the fluorescence from labelled DUTP’s is directly
related to fragmented DNA. Based on these observations and
results, it can be concluded that complex 1 induces extensive
DNA fragmentation in MDA-MB-231 treated cells. Moreover,

DAPI TUNEL

Control

0.5uM

uM

2uM

Fig. 13
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the extent of DNA fragmentation increases in a dose-depen-
dent manner, indicating that higher concentrations of
complex 1 lead to more significant DNA damage which leads
to apoptosis of cells.

Propidium iodide uptake assay

Propidium iodide (PI) is a DNA intercalating dye that can only
enter cells with damaged cell membranes. This cell membrane
damage is a result of apoptosis and thus PI helps to detect
later stages of apoptosis.®® The PI uptake flow cytometry
analysis was performed to analyse cell viability, membrane
integrity, changes in DNA content and apoptosis in complex 1
treated cells. After compound 1 treatment, PI staining indi-
cates that MDA-MB-231 cells lose membrane integrity with
genomic instability. Fig. 14 shows that there is an overall
increasing trend in the percentage of PI positive cells with
respect to the control.

Multicellular spheroid viability study using the MTT assay

3D tumours or spheroids can more closely resemble the phys-
iological tissue like morphology of cancer tumour. It has the
cell to cell contact that is a more accurate representation of
cancer tumour with respect to nutrient and oxygen absorption
as well as drug penetration,'® thus multicellular spheroids can
serve as models to mimic the tumour microenvironment
(TME).*°
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(A) The effect of 1 on DNA damage using TUNEL assay, the representative image of MDA-MB-231 cells after treatments with 1 (0.5, 1 and

2 pM), with TUNEL-DAPI co-staining. (B) Bar graph showing the percentage of TUNEL positive cells with respect to the concentration of 1. Data are

shown as the mean + SD. (*) p < 0.05 and (***) p < 0.001.
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Propidium lodide-A

(A) The flow cytometry images of propidium iodide (Pl) uptake by MDA-MB-231 cells treated with complex 1 (0.5, 1 and 2 uM). (B) Bar graph

showing percentage of Pl positive cells with respect to different concentrations of 1. Data are shown as the mean + SD. (****) p <0.0001.

To verify the anti-cancer potential of complex 1, MTT assay
on multicellular spheroid treated with 1 was performed
(Fig. 15) and the ICs, value for the treated spheroid was 1.51 +
0.29 uM which is close to the ICs, value in the monolayer
culture of 1.86 + 0.17 uM. This establishes the potential of syn-
thesized complex 1 as a potent anti-cancer agent.>®

Multicellular spheroid live/dead fluorescence imaging

Since, there is a decrease in tumour cell viability due to treat-
ment with complex 1, the morphological changes caused were
examined with the help of acridine orange and propidium
iodide dual staining. AO and PI both bind to nucleic acids and
help visualize them. AO is able to infiltrate live cells and fluor-
esces green while PI can only enter cells with damaged cell
membranes which is a result of apoptosis, and fluoresces
orange-red.*

Fig. 16 shows the increase in PlI-stained cells in a dose
dependent manner. There is evident loss of cell density in
complex 1 treated spheroid with respect to the control. We
observed that at a 3 pM dose there is ample red fluorescence
in the core of the spheroid, which implies that complex 1 was
able to penetrate deep inside the spheroid and cause cell
death.'® Furthermore, the control spheroid shows signs of cell
migration which is reduced in the case of treated spheroid,
hence complex 1 may lead to the loss of migration and inva-
sion in cancer tumour.

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 Cell viability of 3D multicellular spheroid of MDA-MB-231
against 1 (1, 2 and 3 pM). Statistical analyses were done using GraphPad
prism. **** indicates p < 0.0001.
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Fig. 16 Fluorescent images of acridine orange/propidium iodide dual staining in multicellular spheroid treated with 1 (1, 2 and 3 pM).

Conclusions

In this work, a novel water-soluble Cu(u) Schiff base complex
(1) was synthesized and characterized using X-ray crystallogra-
phy, IR and UV-VIS spectroscopy. The complex was able to
bind to CT-DNA by an intercalative mode and cause efficient
DNA cleavage by both oxidative and hydrolytic pathways.
Furthermore, antitumor properties of the synthesized complex
were analysed to establish its therapeutic potential. It was
found that this complex is able to inhibit triple negative breast
cancer, MDA-MB-231and MCF-7 monolayer cell lines, as well
as 3D tumour proliferation. This was studied through ICs, cal-
culation, colony forming assay and fluorescence imaging of
spheroids. Furthermore, the safety profile of complex 1 was
also evaluated by the MTT assay on the human mammary epi-
thelial cell line (MCF-10A) and it was found that the complex
was significantly non-toxic to this cell line. The ICs, value for
breast cancer cells falls in the low molar range (1.86 + 0.17 pM
for MDA-MB-231, 2.22 + 0.08 pM for MCF-7 in 2D monolayer
and 1.51 + 0.29 pM in 3D spheroids). The mode of cell death
was inferred to be apoptosis through Hoechst imaging and
Annexin V/PI dual staining assay. Additionally, the complex led
to an increase in ROS production which is possibly responsible
for DNA damage as evident from DNA cleavage results as well
as TUNEL assay which showed increase in DNA fragmentation
and subsequent increase in PI uptake with respect to control.

17718 | Dalton Trans., 2024, 53,17702-17720

The cancer cells were arrested in the S and G2/M phases of the
cell cycle, as observed in cell cycle analysis, however, when
DNA damage was severe and could not be repaired, cells went
through apoptosis. Western blot results indicate that complex
1 caused apoptosis by caspase activation via the intrinsic mito-
chondrial pathway. Taken together our results indicate that the
synthesized complex 1 has significant anti-cancer potential.
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