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ABSTRACT

Isatin-4-(2,6-dimethyl morpholinyl)-3-thiosemicarbazone (Istdmpln), and its copper(ll) thiosemicarbazone (Cu-
istdmpln) were prepared and analysed using CHNS analysis, mass spectrometry, NMR, UV-Vis, FTIR, EPR
spectroscopy, and thermogravimetric analysis (TGA). Copper(ll) thiosemicarbazone exhibited mononuclear
square planar geometry with ONS linkage of thiosemicarbazone and a chloride ion. The absence of chemical
shift (&) at 4 ppm confirmed the formation of ligand in thione form. The shift of IR band corresponding to N-N
toward higher energy and that of C=0O and C=N toward lower energy confirmed the chelation of
thiosemicarbazone to copper(ll) ion. The Cu(ll) complex exhibited significantly higher cell growth inhibition
property than its ligand against both cancer cell lines (1Cso; 13.01 uM, HCT116 and ICsp. 31.19 uM, MDA-MB-
231). The free ligand in aforementioned cell lines exhibited anticancer activity with the higher micromolar
concentration (ICso; 34.64 M, HCT116 and ICso; 43.99 pM, MDA-MB-231). The ICso bar diagram showed
that the Cu(ll) complex is about 3 and 1.5 times more potent than the free ligand toward HCT116 and MDA-
MB-231 cancer cells, respectively. Additionally, both ligand and copper(ll) complex showed low toxicity
toward normal embryonic kidney cell (HEK293) with ICsp 15.39-16.72 puM. Molecular docking analysis showed
that both Istdmpln and Cu-istdmpln are effective in inhibiting the EGFR protein with the significant binding
energy (kcal/mol) of -8.1 and -8.9, respectively. The remarkable result of anticancer potency on coordination of
ligand to copper(ll) ion encourages for mechanistic and in vivo studies of the synthesized compounds.
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INTRODUCTION antidiabetic, insecticidal agents (Al-Mulla, 2017,
Thakur et al., 2023). Isatin and its derivatives can
interact with telomerase, tubulin, phosphatases,
protein kinases, deoxyribose nucleic acid (DNA), or
P-glycoprotein and exhibit anticancer activity (Vine
et al., 2013). Isatin has tendency to enter the brain to
inhibit enzymes, affect neurotransmitters, enhances
pentobarbitone-induced effects, influences nervous
system and shows antidepressant activity (Bhrigu et
al., 2010). 5-Haloisatin and  5-nitroisatin
thiosemicarbazones work as histone deacetylase
(HDAC) inhibitors and carbonic anhydrase isoform
IX (CA IX) inhibitors and increase the
antiproliferative activity against cervical tumors
(Eldehna et al., 2017; Singh et al., 2017; Singh et al.,
2021). Thiosemicarbazones have ability to inhibit

Cancer is a significant global health challenge and
the second most significant reason of death per year
(Ferlay et al., 2015). Most of the current anticancer
medications have serious side effects. So, synthesis
of safe anticancer drugs is essential to reduce toxicity
and multidrug resistance (Emami & Dadashpour,
2015; Wan et al., 2021). Heterocyclic rings, being
important parts of biomolecules like RNA, DNA,
haemoglobin, chlorophyll, enzymes, vitamins, etc.,
play a vital role in medicinal chemistry. Thus, the
heterocyclic compounds are widely used as
antibacterial,  antioxidant, antifungal,  anti-
inflammatory, anticonvulsant, antiallergic,
anticancer, herbicidal, enzyme inhibitors, anti-HIV,
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ribonucleoside diphosphate reductase (RDR) that
play a key role in the synthesis of DNA precursors
(Singh et al., 2020, Hernandez et al., 2023). The 5-
fluoroisatin thiosemicarbazone N(4) substitution by
phenyl, methyl and ethyl showed strong HCT 116
cell growth inhibition at ICso of 31.4 pM, 59.5 uM,
and 66.6 uM respectively (Ali et al., 2014).

Copper has been used by humans for over 10,000
years and recently gaining renewed scientific
attention due to its antimicrobial properties and
potential use in healthcare environments (O’Gorman
& Humphreys, 2012). It is necessary for keeping our
nerve cells and our immune system healthy. It has
significant importance in tumor patients because of
its nature of accumulation in the tumor cells due to
their selective permeability and its key role in DNA
synthesis, enzymatic functions, intracellular redox
potential regulation (Singh et al., 2020; Singh &
Yadav, 2021). Copper is an essential nutrient for the
human diet, though the body requires only a small
quantity for good health (Osredkar et al., 2011).
Copper ions (Cu I/ll) can display significant
biological activity due to their involvement in DNA
cleavage, p53 protein activation, and cell death by
generating reactive oxygen species (ROS) or

MATERIALS AND METHODS
Materials

N-methyl aniline (98%) was purchased from Alfa
Aeser., lsatin (98%), and sodium chloroacetate
(98%) were bought from Chemical center. 2,6-
dimethyl morpholine was purchased from Sigma
Aldrich. Acetonitrile (99.8%), diethyl ether (99%)
and hydrochloric acid were bought from Merck. The
hydrazine hydrate (99-100%), glacial acetic acid
(99.8%) and methyl alcohol (99.8%) were taken from
Fisher Scientific. CS, (99%) and absolute alcohol
(99.9%) were purchased from Qualigens and
Changshu Hongsheng, respectively and used as
received. Melting point of the new compounds were
noted using Optics Technology, Ordinary Model,
melting point apparatus. The electronic transition
bands were measured using the SHIMADZU UV-
2600 series spectrophotometer at Pulchowk
Engineering Campus, Tribhuvan University, Lalitpur
using Barium sulphate as a coating on the integrating
sphere of the spectrophotometer, in the range of 800
200 nm. Perkin-Elmer CHN-2400 was used for
CHNS analysis of the compounds in Sophisticated
Test and Instrumentation Centre (STIC), Cochin
University of Science & Technology Campus,
Kerala, India. FTIR spectra were recorded in the
range of 4000-500 cm™ at the Department of
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impeding the progression of cell cycles (Singh et al.,
2020). Copper complexes, known for their high
oxidative potential, strong affinity for nucleobases,
and effective binding to DNA as well as proteins are
key players in redox reactions within cancer cells
that cause ROS production. This copper complex
tends to have less impact on healthy cells compared
to cancer cells by selective inducing apoptosis
(Banerjee et al., 2025). The distinct metabolic
pathways and differential responses of cancer cells
have contributed to the advancement of copper-based
antineoplastic agents (Singh & Yadav, 2021). The
presence of coordination sites in the complexes can
enhance their biological activities due to increased
lipophilicity of complexes (Lobana et al., 2009).
N(4) substituted copper(ll) complexes have been
found to exhibit anticancer activity higher than their
free ligands (Singh et al., 2021, 2022).

Considering  the  biological importance  of
heterocyclic compounds, thiosemicarbazones and
copper, new N(4) 2,6-dimethyl morpholinyl isatin
thiosemicarbazone (Istdmpln) and its copper(ll)
complex (Cu-istdmpln) were prepared and tested for
anticancer activity against HCT116 and MDA-MB-
231 and non- toxicity against normal cell; HEK293.

Chemistry, Amrit Campus, using a Fourier
Transform Infrared (FTIR) spectrometer (Perkin
Elmer, USA). Bruker NMR spectrometer having 400
MHz, 9.4 Tesla of Advance Il HD model was used
to measure the value of chemical shift (6 ppm). The
data of ESI-HRMS (LC-QTOF-HRMS instrument
having ACQUITY H-CLASS PLUS UPLC system
coupled with XevoG: XS QTOF spectrometer, PDA
detector, StepWave ion optics, QuanT of technology
and XS Collision Cell) and EPR (JEOL Model JES
FA200 instrument, 8.75 - 9.65 GHz X-Band
frequency, 7 x 10° spins/0.1mT sensitivity, 2.35 pT
resolution, -153 to +25 °C variable temperature
frequency) were collected in Indian Institute of
Technology Madras, Chennai. Thermal behavior of
complex of copper(ll) was studied by using
DSC/TGA system of Simultaneous Thermal
Analyzer-SDT 650 at Savitribai Phule Pune
University, Pune, India into nitrogen atmosphere at
20-800 °C with 10 °C per minute heating rate.

Methods
Ligand structure preparation

The structures of the synthesized compounds were
depicted in 2D form using Chemdraw software and
then converted into 3D form by using Avogadro
software (https://avogadro.cc/) in BIOVIA Discovery
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studio software. Later, the structures were saved in
PDBQT (PDB (Protein Data
Bank)+Q(Charges)+T(Atom Types)) format after
minimizing the energy in AutoDock Tools software
(https://vina.scripps.edu/).

Receptor preparation

The crystal structure of the EGFR with pyrrolo[3,2-
d]pyrimidine (PDB ID: 3W2S) was downloaded
from  the  Protein Data  Bank, RCSB
(https://lwww.rcsh.org/). The binding sites of the
protein was predicted as binding pocket of co-
crystallized ligand which were verified by a
comprehensive review of the literature, prior to this
research (Sogabe et al., 2013). The EGFR protein
was obtained by extracting all the chain structures
apart from the target protein structure and saving
them in the PDB format using the BIOVIA
Discovery Studio software
https://www.3ds.com/products/biovia/discovery-
studio. The structures were saved in the PDBQT
format after being optimized with Kollmann charges
and adding polar hydrogen in the AutoDock tools
(Morris et al., 2009). The Grid box with dimensions
of 24x22x20 A was defined to enclose the key
binding site residues, ensuring covering the ligand-
binding pocket.

Molecular docking experiment

Molecular docking was carried out to evaluate the
binding mechanisms and affinity of the ligands
towards the known 3D structure of EGFR protein.
Using AutoDock 1.5.7, the ligand and its complex
were prepared and docked into the active site via
AutoDock Vina under default parameters. In each
case, nine different binding conformations were
analysed depending on their calculated binding free
energy (AG, kcal/mol).

Intermolecular interactions between the components
were analyzed post-docking using BIOVIA
Discovery Studio Visualizer. The stability of
complex was identified by studying its binding
energies with specific hydrogen bond interactions
involving key catalytic residues. For validating the
docking procedure, the ligand in its co-crystalline
state was re-docked into the receptor and the binding
pocket was deemed acceptable if the RMSD value
between the two was below 2 A.
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Preparation  of
thiosemicarbazide

2,6-dimethyl  morpholinyl

N(4) 2, 6- dimethyl morpholinyl thiosemicarbazide
was prepared via three steps of reactions (Fig. 1)

Step-1

Synthesis  of  carboxymethyl
phenyldithiocarbamate (1)

N-methyl-N-

A mixture of 21.6 mL (200 mmol, 21.2 g) N-methyl
aniline, 12 mL (200 mmol, 15.2 g) -carbon
disulphide, and 8.4 g (210 mmol) of NaOH was
stirred for 4 h to get a straw-colored solution. 23.2 g
(200 mmol) of sodium chloroacetate was added to
the straw-colored solution and then kept in dark for
17 h. 25 mL of conc. HCI was added to it to get a
creamy yellowish-white solid (compound 1) which
was dried in oven at 40 °C to get a white solid of
melting point of 197-198 °C (Scovil, 1991; Pokharel
etal., 2025).

Step-I1

Synthesis of N-methyl
carbothioamide (I1)

N-phenyl hydrazine

A mixture of 17.7 g of compound (1), 20 mL of 98%
hydrazine hydrate (H.NNH..H.0) and 10 mL of
distilled water was heated on a steam bath at 85 °C
for 30 min. The white residue (compound II) was
dried in an oven at 40 °C. The compound was
recrystallized by a mixture of 50 mL absolute ethanol
(99.8% EtOH) and 25 mL distilled water and then
dried at 40 °C again. After cooling for 20 min, the
white crystalline product was collected by filtration,
washed successively with 2:1 mixture of ethanol and
distilled water, then with pure ethanol, and kept in
oven for drying at 40 °C for 12 h. The final product
was obtained as white crystals with a melting point
of 122-124 °C (Scovil 1991; Pokharel et al., 2025).

Step-111

Synthesis of N(4) 2,6-dimethyl
thiosemicarbazide (111)

morpholinyl

A mixture of 1.00 g (5.52 mmol) of compound (I1),
0.6357 g (5.52 mmol) of 2,6-dimethyl morpholine
and 10 mL acetonitrile was condensed at 85 °C for
45 min. The crystal (compound Il1) obtained after
filtration was dried in the oven at 40 °C and
recrystallized in methanol (Scovil 1991; Pokharel et
al., 2025). Yield: 80%. mp:112 °C.
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Figure 1. Synthesis of 2,6-dimethylmorpholine-4-carbothiohydrazide (1)

Synthesis of isatin-4-(2,6-dimethyl morpholinyl)-
3-thiosemicarbazone

Isatin-4-(2,6-dimethyl morpholinyl)-3-
thiosemicarbazone was prepared by refluxing a
mixed solution of 0189 g (1 ~mmol)
thiosemicarbazide (compound III), 0.1471 g (1
mmol) isatin, 15 mL ethanol and 2—3 drops of glacial
acetic acid at 80 °C for 6 h (Fig. 2). The product was
filtered, washed with EtOH and dried in oven at 50
°C (Ali et al., 2014; Muralisankar et al., 2016).

Istdmpln: Yield: 79%; colour: yellow; mp: 260 °C.
Anal. Calcd (found)% for CisH1sN4O2S (318.40): C,
56.59(56.47); H, 5.70 (5.65); N, 17.60 (17.55); S,
11.03 (10.01). FTIR (KBr pellet) v em™: 3192 m (H-
N; indole & azomethine), 3073 m (Ar-C-H), 2972 m,
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2975 s (C-H), 1689 s (C=0), 1588 s (C=N), 1124 s
(N-N), 1352 s, 787 s (C=S). 'H NMR (400 MHz,
DMSO-ds) & ppm: 13.14 (s, 1H, N3-H), 11.24 (s, 1H,
N1-H), 12.69 (s, 1H, O-H of CONH enolization)
7.67 (d, 1H, C4-H), 7.40 (dd, 1H, C6-H), 7.11 (dd,
1H, C5-H), 6.95 (d, 1H, C7-H), 3.57 (t, 2H, C12-H;
C13-H), 3.36 (d, 4H, C11-H; C14-H), 1.06 (s, 6H,
C15-H; C16-H). ¥C NMR (400 MHz, DMSO-ds) &
ppm: 182.77(C10), 163.32 (C2), 143.79(C5),
142.58(C9), 131.56(C3), 128.19(C6), 126.96(C4),
119.96(C8), 111.47(C7), 56.55(C12, C13),
43.48(C11, C14) 18.75(C15, C16). UV-Vis (solid
state) A nm: 340, 228. ESI-HRMS (Positive): m/z
(calcd (found)) 351.1491 (351.1156)
[M+H]*.CH30OH.
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Figure 2. Synthesis of isatin-4-(2,6-dimethyl morpholinyl)-3-thiosemicarbazone

Synthesis of copper (11) complex of isatin-4-(2,6-
dimethyl morpholinyl)-3-thiosemicarbazone

An equimolar mixture of thiosemicarbazone (1
mmol, 0.318 g) and CuCl,.2H.O (1 mmol, 0.170 g)
in ethanol (15 mL) was refluxed at 80 °C for 6 h to
get copper(ll) thiosemicarbazone (Fig. 3). The
complex was filtered, washed with EtOH and then
with Et,O and dried in oven at 50 °C overnight and
then 80 °C for 2 h (West et al., 1995, Singh et al.,
2021).

Cu-istdmpln: Yield: 80%; colour: deep brown; mp:
264 °C. Anal. Calcd (found)% for C1sH17CICUN4O,S
(416.38): C, 43.27 (43.10); H, 4.12 (3.97); N, 13.46
(13.40); S, 7.70 (7.62). FTIR (KBr pellet) v cm™:
3306 m (H-N; indole), 3041 m (Ar-C-H), 2975 s, (C-
H), 1662 s (C=0), 1573 s (C=N), 1177 s (N=N),
1327 s, 724 s (C=S). UV-Vis (solid state) A nm: 652,
440, 350, 227. ESI-HRMS (Positive): m/z (calcd
(found)) 453.9694 (454.0588) [M+K]*. EPR
(9165.176 MHz, 298K): gi(2.2977), g1 (2.0723), Qav
or g (2.1474), G (4.2200). TGA: Endothermic
pattern, anhydrous, stable to air.

Me Me (0] Me
s 7
YN \/z) Reflux, N
80°C, 6 h )\
N-NH Me +CuCl,2H,0 ——> NS
! EtOH IlI\ /
0 Y fu\(ﬂ
N (0]
H N
Thiosemicarbazone H

Copper (IT) 2,6-dimethyl
morpholinyl isatin
thiosemicarbazone

Figure 3. Synthesis of copper(l1) isatin-4-(2,6-dimethyl morpholinyl)-3-thiosemicarbazone

Cells and culture medium

Cell lines; HCT116, MDA-MB-231, and HEK293
were taken for in vitro anticancer and non-toxicity
screening of the compounds. Cultures of cells were
grown in Dulbecco’s Modified Eagle Medium
(DMEM) containing 5% fetal bovine serum (FBS)
and supplemented with antibiotic -antimycotic
(100X) Gibco catalogue number 15240062 solutions
prepared with 10,000 units/mL penicillin G sodium,
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10,000 pg/mL streptomycin sulfate, and 25pg/mL
amphotericin B in 0.85% saline in a tissue culture
incubator maintained at 37 °C with 5% CO,. The
inhibition percentage was calculated using the
percentage viability data.

MTT assay

MTT Assay was done to check the viability of the
cells. Cells were seeded at a density of 1x10*
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cells/well in a 96 well plate and incubated overnight
at 37 °C until they reached 90% confluence. Each
well was then filled with 50 pg of MTT (HiMedia)
and incubated at 37 °C for four hours. A solubilizing
buffer (10% w/v SDS in 0.01 N HCI) was used to
dissolve the generated formazan crystals overnight.
At 570nm, absorbance was measured on the
multiplate reader. In order to calculate the cell
vitality of treated cells, the cell viability of untreated
cells was set at 100%. MTT assay of all the
synthesized compounds was carried out using three
different concentrations (1 uM, 5 pM, and 10 pM).
The cells showed no cell inhibition (100% cell
viability) in control.

RESULTS AND DISCUSSION
FTIR spectroscopy

In the thiosemicarbazone (Istdmpin) the broad band
present in the region of 3192 cm was ascribed to the
stretching vibration of both indole v(N-H) and
azomethine v(N-H). The polar v(C=0) group
exhibited strong stretching band at 1689 cm™ (Ali et
al., 2014). The strong absorption band, observed at
1588 cm attributed to the stretching vibrations of
v(C=N) thereby confirming the formation of
thiosemicarbazone (Chaudhary et al., 2023). The
v(N-N) group of thiosemicarbazone moiety showed
strong absorption band at 1124 cm™ (Singh et al.,
2021; Chaudhary et al., 2023). The absence of
absorption band in the region 2700-2500 cm™
specific to thiol group ruled out the existence of
thione-thiol tautomerism in the solid
thiosemicarbazone (Turkkan et al., 2017). The
presence of strong absorption bands at 1352 cm™* and
787 cm?® attributed to the v(C=S) of ligand thereby
confirming its existence in thione form (Pokharel et
al., 2025). The stretching vibrations attributed to Ar-
C-H, and aliphatic C-H were seen at 3073 cm™ and
2972 cm? respectively (Shin et al., 2015).

Cu(Il) thiosemicarbazone complex was formed by
the coordination of thiol thiosemicarbazone after
deprotonation of azomethane v (N-H) group. v(N-H)
of indole moiety exhibited the band in FTIR spectra
at 3306 cm? (Aneesrahman et al., 2019).
Strong bands related to v(C=0) and v(C=N) groups
of thiosemicarbazone moiety shifted toward the
lower frequency demonstrating their coordination to
copper(ll) ion and were detected at 1662 cm™ and
1573 cm?, respectively (Pawar et al., 2021; Banerjee
et al., 2025). Ar—C—H, and aliphatic C-H stretching
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bands due to the coordination of ligand to copper(ll)
ion were seen at 3041 cm?® and 2975 cm?
respectively (Shin et al., 2015).

Coordination of copper(ll) ion by enolate form of
thiosemicarbazone resulted to increase electron
density through the formation new —N=C—S~ skeleton
of thiosemicarbazone moiety. As a result, the spectral
band, characteristics of v(N-N) shifted to higher
frequency in copper(ll) complex of
thiosemicarbazone and hence observed at 1177 cm*
(Joseph et al., 2006; Almeida et al., 2020; Singh et
al., 2021) (Supplementary Materials: S1-S2). In the
complex, the strong bands characteristics of v(C=S)
of thioamide group of thiosemicarbazone showed
negative shift and hence found toward slightly lower
frequencies at 1327 cm™ and 724 cm* (Singh et al.,
2021).

NMR spectroscopy

Figure 4. Structure of the ligand

In the thiosemicarbazone (Fig. 4), absence of a sharp
signal at 6 4 ppm, characteristic of thiol (~SH) proton
indicates that the thiosemicarbazone exist as neutral
thione tautomeric form in solid state as it is
confirmed by IR spectrum (Jouad et al., 2001). The
spectrum exhibited two separate singlets in the
downfield region at & 13.14 ppm and & 11.24 ppm
attributed to the proton of =N-NH of
thiosemicarbazone and indole N-H moieties,
respectively (Singh et al., 2021). The chemical shift
present in the downfield region (8 13.14-11.24 ppm)
appeared due to high magnetic field experienced by
proton bonded to electronegative atoms. The
chemical shift appeared at 6 12.69 ppm attributed to
the —OH group of resonating —CONH of the isatin
ring. The peaks of aromatic protons were observed in
the form of singlet and multiplet in the region of &
7.67-6.95 ppm (Rodriguez-Arguelles et al., 1999;
Pokharel et al., 2025).

The aliphatic protons of 2,6-dimethylmorpholinyl
showed the broad multiplet signals in the up field at &
3.36 ppm (d, H11 & H14), and 6 3.57 ppm (t, H12 &
H13) and doublet peak at & 1.06 ppm (d, H15 &
H16) (Labisbal et al., 2000; Singh et al., 2022). In
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13C NMR three distinct peaks were observed at
downfield region 6 182.77 ppm, & 163.32 ppm and
131.56 ppm attributed to sp? hybridized carbon
atoms of C=S, C=0 and C=N groups, respectively
(Ali et al, 2014). The compound showed the
chemical shift values & (ppm): 143.79(C5),
142.58(C9), 131.56(C3), 128.19(C6), 126.96(C4),
119.96(C8), 111.47(C7) for aromatic carbon atoms
(Bain et al., 1997, Rodriguez-Arguelles et al., 1999,
Pokharel et al., 2025). The spectra of aliphatic 2,6-
dimethylmorpholinyl carbon (sp-C) atoms were seen
at up field at 43.48 ppm (C11, C14, neighbour of less
electronegative N-atom) and 6 56.55 ppm (C12, C13,
neighbour of high electronegative O-atom), and §
18.75 ppm of two methyl groups (C15, C16)
(Labisbal et al., 2000; Haribabu et al., 2016; Singh et
al., 2022) (Supplementary Materials: S3-S4).

UV-Visible spectroscopy

The prominent bands were observed in the range of
228-227 nm due to m—n* electronic transition of
benzene ring of ligand and their copper(ll)
complexes (West et al., 1997; Akinchan, 2004; EI-
Saied et al., 2019). The ligand and its copper(ll)
compound exhibited broad absorption bands at 340
nm and 350 nm, respectively as a result of n—n*
intramolecular electronic transition viz. the bands
due to the electronic transition of azomethine (-
C=N), carbonyl (-C=0) and thioamide (-HN-C=S)
groups (Da Silva et al., 2013; Haribabu et al., 2016;
Muralisankar et al., 2016). The observed data
showed that there is no change of n—n* electronic
transition in ligand and copper(ll) complex. The
n—7* electronic transition from —C=0, —C=N, and —
HN-C=S appeared at higher wavelength due to their
involvement in coordination to copper(ll) ion.

On coordination to Cu(ll) ion by tridentate
thiosemicarbazone anion, the absorption bands of
uncomplexed ligand shifted to higher wavelength
region of 440 nm due to the transitions of ligand to
metal charge transfer (LMCT) (Singh et al., 2021;
Singh et al., 2022). Such type of coordination also
confirms the participation of -C=N, -C=0 and -HN—
C=S groups in the complex formation (Akinchan
2004; Da Silva et al., 2013).

Electronic spectra of the complex in solid form
displayed absorption peaks of a broad low-intensity
band in the regions 652 nm due to the d-d transitions

of the copper(ll) ions by dx2.,2—d,2 in square planar
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geometry (Pokharel et al., 2025) (supplementary
Materials: S5).

Mass spectrometry

The study of ESI-HRMS in positive mode exhibited
methanol adduct peak, [M+H]*.CH3OH for ligand
due to the use of methanol solvent during its
crystallization or sample preparation (Duraisamy et
al., 2011). In the same way, the copper(ll) complex
showed potassium adduct ion peak, [M+K]* which is
commonly observed in electrospray ionization mass
spectra of coordination compound due to trace alkali
metal ions present in solvents or glassware (Singh et
al., 2022; Shahi et al., 2023). These peaks are in
accordance with the molecular masses of proposed
molecules (supplementary Materials: S6, S7).

EPR spectroscopy

The EPR spectral data: gy (2.2977) > g1 (2.0723) >
2.0023 and G (4.2200) > 4 of Cu-istdmpln confirmed
the formation of mononuclear complex with square
planar or distorted tetragonal geometry having an
unpaired electron in d,, ., ground state (Muralisankar

et al, 2016, Pokharel et al, 2025). According to
Hathaway & Billing (1970) there is no exchange
interaction between nuclear centres when the Cu(ll)
complex has G > 4. In this condition neighbouring
Cu centers are far apart, orbital overlapping becomes
negligible and hence electron spin exchange cannot
occur effectively (supplementary Materials: S8).

Thermogravimetric analysis

The copper(1l) complex showed endothermic TGA
pattern (Antony et al.,, 2013; Chandraleka &
Chandramohan, 2014). The multistep decomposition
patterns indicate sequential degradation of specific
structural moieties. The compound showed the mass
loss of 3.86% and 5.57% at the temperature range
38.41-82.61 °C and 82.61- 234.51 °C due to the
evaporation of moisture in the matrix (Sharma et al.,
2005; Konstantinovic et al., 2007; Pokharel et al.,
2025).

The endothermic graph also showed the
decomposition of 2,6-dimethyl thiomorpholine
moiety (=C-N(CH2-CH(CHs3)).0) of
thiosemicarbazide part and remaining part of
thisemicarbazide with amide group of isatin ring (-
NH-C-C=N-N-S-) by 32.18% (30.30%) and
25.31% (23.80%) [exp (calc)] in the region of
2345145858 °C and 458.58-708.19 °C,
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respectively (Singh et al., 2021; Pokharel et al.,
2025). The complex was found as CuO residue at the
temperature of 708.19 °C and above (Huseynova et
al.,, 2019; Singh et al, 2022) (Supplementary
Materials: S9).

Overall, the thermogravimetric results corroborate
the proposed compositions and coordination modes
of the complexes, in agreement with elemental
analysis and spectroscopic characterization data.

Anticancer activity

Isatin-based thiosemicarbazone and its Cu(ll)
complex showed inhibition of cancer cell viability,

and induction of apoptosis, which together can
explain selective cytotoxicity toward MDA-MB-231,
and HCT116 while exhibiting relative non-toxicity
toward HEK293 cells.

The 1Cs values of the compounds in HCT116,
MDA-MB-231 and HEK?293 cell lines are given in
Table 1. The compounds exhibited potent anticancer
activity toward both cell lines; the free ligand with
ICso, 34.64 and 43.99 uM in and HCT116, and MDA-
MB-231 cells, respectively. While in Cu(ll) complex,
ICso in aforementioned cells was observed as 13.01
and 31.19 pM, respectively. Additionally, the ligand
and complex showed low toxicity toward normal
cell, HEK293 with ICsp 16.72-15.39 uM.

Table 1. In vitro anticancer screening data (ICso uM) of the synthesized compounds

Compounds — Istdmpln Cu-istdmpln
Cell line | (uM) (uM)
HCT116 34.64 13.01
MDA-MB-231 43.99 31.19
HEK293 16.72 15.39

Bar diagram in Figure 5 showed that the copper(Il)
complex experienced much higher cell growth
inhibition (I1Cs0 31.19-13.01 pM) than its ligand (1Cso

43.99-34.64 pM) toward both cancer cell lines.
Thus, anticancer potency of ligand gets increased on
coordination to the Cu(ll) ion.

MTT Assay  ®Istdmplin MTT Assay m Istdmpln
B Cu-Istdmpln
60 60
—~ 40 ~ 40 ‘e,
E E '-'.‘.‘.-_-. ......
=2 20 =2 20
= £ = =
o ©0 o ©0
HCT116 MDA-MB-231 HEK293 HCT116 MDA-MB-231 HEK293
Cell lines Cell lines
MTT Assay I Cu-Istdmpln
40
30
> 20 sssssesssedy 222322228822
3
O 0
- HCT116 MDA-MB-231 HEK293
Cell lines

Figure 5. Cell viability assay of thiosemicarbazone (Istdmpln) and its Cu(ll) complex (Cu-istdmpln) with their trend line to
show the trend of cell growth inhibition
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In silico study

The binding energy, interacting amino acids and the
quantity of hydrogen bonds are the main metrics
used to assess the result of molecular docking.
Istdmpln and its copper complex (Cu-istdmpln) were
docked with the EGFR protein. The molecular
docking research showed that ligand attach to EGFR
active pockets more strongly than the reference
ligand, Pyrrolo[3,2-d]pyrimidine-based Epidermal
Growth  Factor EGFRT790M/L858R

mutant inhibitors. Hydrogen bonds are important in

Receptor,

the recognition of protein-ligand interactions and

play vital role in selecting appropriate binding
affinity and stabilization of protein-ligand complexes
(Bitencourt-Ferreira et al., 2019). The low binding
energy of Cu-istdmpln toward EFRG protein
indicates that the complex binds to the active site of

the proteins more strongly and stably.

They showed binding interaction with catalytic sites
of the receptor as indicated in Table 2 below. From
Figures 6a, 6b, and 6c, it can be observed that both
compounds had a good alignment in the binding site
of EGFR, which is close to that of the reference

compound.

Table 2. Molecular docking of synthesized ligand and its copper complex and reference drug

Results Istdmpln Cu-istdmpln Pyrrolo[3,2-d]pyrimidine
(Sogabe et al., 2013)
Binding Energy -8.1 -8.9 -8.6
(kcal/mol)
Interacted residues  Cys 797 & Met 793 (H-bond), Cys 797 (H- bond), Cys 797 & Leu 718 (H-
Leu 844 & Leu 718 (n-0), Leu 844 (n-c), bond),

Ala 743 & Val 726 (Alkyl) Leu 718, Val 726 & Ala Val 726 (n-0),
743 (n-Alkyl) Ala 722, Leu 844 & Ala

743 (n -alkyl)

The molecular docking results indicate that the

ligand Istdmpin  exhibits favorable binding
interactions with the EGFR active site. The ligand
forms hydrogen bonds with the catalytic residues
Cys797 and Met793, with a binding energy of —8.1
kcal/mol, which is comparable to that of the
reference drug (—8.6 kcal/mol). In addition, the
ligand interacts with several other important amino
interactions

acid residues through hydrophobic

within the binding pocket. With a binding energy of
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—8.9 kcal/mol, the metal complex Cu-istdmpln
exhibits an even greater binding affinity and
establishes a hydrogen bond with the catalytic
Cys797.

experiments indicated that Istdmpln as well as its

residue Overall, molecular docking
Cu(ll) complex can interact strongly with EGFR
binding site via hydrogen bond and hydrophobic
interactions; Cu-istdmpln showed the highest binding
affinity (—8.9 kcal/mol), higher than that of the free

ligand and the reference EGFR inhibitor.
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Figure 6. 2D and 3D interaction diagram of (a) Istdmpln (b) Cu-istdmpln (c) reference drug with EGFR

CONCLUSION 13.01 uM; MDA-MB-231, 1Cs 43.99-31.19 pM).

The synthesized thiosemicarbazone and its Cu(ll)

complex

These compounds showed low toxicity toward

showed cell growth inhibition in  HEK293 (ICso 16.72-15.39 uM). It has been found

micromolar concentrations (HCT116, 1Csy 34.64— that the anticancer potency gets increased on

coordination of ligand to copper(ll) ion which is also
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supported by molecular docking study. Cu-istdmpln
exhibited excellent cell inhibition property (ICso
13.01 pM) toward HCT116. This research has
explored the need for further study of synthesized
compounds for in vivo and mechanism of action
against cancer cell lines.
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