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Multi-functionalized biologically active isatin-
tagged dihydropyrimidine derivatives: green
synthesis by the use of recyclable Fe-dopped Ce-
oxide nanoparticles, computational studies and ex
vivo cytotoxic activity against breast cancer cells
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A new class of compounds was designed and synthesised using a molecular hybridisation technique based
on the dihydropyridine, isatin, triazole, thiazole, benzothiazole, and glucose scaffolds. The alkyne derivatives
of dihydropyridine were synthesised by using reusable Fe-doped Ce-oxide nanoparticles via a three-
component Biginelli reaction. The substances were then tested for their cytotoxic effects on two human
breast tumour cell lines, MCF-7 and MDA-MB-231, as well as non-cancerous breast epithelial cell lines
(i.e., HEK293). The primary objective was to synthesise the more efficient breast cancer cell inhibitory
molecules, which contain multiple scaffolds, and to investigate their potential as anti-breast cancer cell
inhibitory therapeutic agents. Notably, compound-6, 7 and 14a exhibited remarkable anti-cancer activity
against two prominent breast-cancer cell-lines, MCF-7 and MDA-MB-231. The ICsq values of the
compounds 6, 7, and 14a against MCF-7 and MDA-MB-231breast cancer cell lines were found to be the
lowest. The successful synthesis of these dihyropyrimidines using an environmentally friendly approach
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Introduction

Today, breast cancer is the most common disease and the
second most prevalent cause of cancer death among women."
Many commercially available anti-breast cancer medications,
such as alpelisib, anastrozole, cyclophosphamide, docetaxel,
and tamoxifen citrate, are used to treat breast cancer (Fig. 1).
Drug resistance to cancer chemotherapeutic agents is
a profound medical issue. Moreover, many breast cancer
patients are non-responsive or non-tolerant to most of the
commercially available anti-breast cancer drugs.> As a result,
there is a pressing need to design hybrid chemotherapeutic
medication with multiple modes of action in a single molecule,
apart from exploiting novel targets. These merged pharmaco-
phores may address the active sites of many targets and provide
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emphasises the significance of sustainable and eco-friendly methodologies in pharmaceutical research.

a way to overcome drug resistance. The design of procedures
with the lowest environmental impact is another significant
element of modern organic synthetic methodology.? The use of
one-time catalysts (metallic, acidic, and basic) and organic
solvents is the primary source of environmental pollution.* The
development of a new efficient and environment friendly
improved process in organic synthesis is a need of the hour. In
the past few years, carrying out organic reactions using new
recyclable and waste-derived catalysts in green solvents has
gained popularity due to environmental concerns.>® One-pot
cascade reactions are preferred over conventional methods
since they are simple, quick, efficient, highly selective, give
higher yields, maintain good atom economy, involve minimum
steps, and eliminate waste production.” Biginelli reaction is
a three-component reaction and it has received a lot of attention
in the last few years because a variety of catalysts have been
found that enable the synthesis of the resulting di-
hydropyrimidines (DHPMs) with exceptional yield, in contrast
to the inconsistent performance observed in the early studies.®
The Biginelli reaction is a one-pot condensation reaction with
three components, which produces biologically active di-
hyropyrimidine by using B-keto esters, aldehydes, and urea/
thiourea.® Several one-pot strategies for synthesising DHPM
derivatives have been documented over the past decade, and
several modifications have also been established to enhance the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of some commercially available anti-cancer drugs.

yield and efficiency of the reaction. These modifications
involved the use of Brgnsted acids, Lewis acids, nanoparticles,
mixed metal or metal oxide nanoparticles, ionic liquids, visible
light photocatalysts, microwave assistance, clay, organic poly-
mers, biocatalysts, ultrasound-irradiation, zeolites, and
organic-inorganic mesoporous materials, etc.*

Dihydropyrimidines (DHPMs) have a variety of pharmaco-
logical properties, mainly anti-HIV," calcium channel blocker,**
anticonvulsant,” anti-fungal,* anti-tubercular,*® antibacterial,*®
anti-cancer,” antihyperglycemic,”® antihypertensive,” anal-
gesic,”® and antioxidant.* They are essential for the production
of both RNA and DNA and are an essential component for
regulating the cell lifecycle.

In synthetic organic chemistry, isatin plays an invaluable key
role. It is one of the most important building block and
a physiologically active pharmacophore that has been demon-
strated to possess a variety of biological properties, including
anti-cancer,? anti-fungal,® antibacterial, antimicrobial,* anti-
tubercular,?® and anti-HIV*” etc.

Single-drug, multi-target is a new emerging research field
that has gained a lot of attention in recent years among the
research community. This has been proven to be a powerful tool
against complex diseases and drug resistance.”® Molecular
hybridization is an important strategy for the synthesis of single

© 2025 The Author(s). Published by the Royal Society of Chemistry
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drug with enhanced biological features. In which two or more
biologically active moieties are linked to enhance the efficiency
of the drug. Triazoles are important linkers to link more than
one scaffold,* which itself possesses a wide range of biological
activities.*® The 1,6-dihydropyrimidine, isatin, thiazole/
benzothiazole, and 1,2,3-triazole rings are the basis for many
clinically approved and under-trial medications with strong
antifungal properties, in addition to the aforementioned
claims. This makes the 1,6-dihydropyrimidine, isatin, thiazole/
benzothiazole, and 1,2,3-triazole core an intriguing and little-
studied pharmacophore.**> During transcription,
topoisomerase-1I alpha, a naturally occurring enzyme, regulates
and modifies the topologic properties of DNA.** Chromosome
condensation, chromatid separation, and the alleviation of
torsional stress during DNA replication and transcription are
among the functions of this nuclear enzyme. It catalyses the
temporary separation and reunification of two duplex DNA
strands, allowing each strand to flow past each other and
changing the DNA's structure. There are two variations of this
enzyme that are most likely the result of a gene duplication.
Drug resistance has been linked to a number of gene alter-
ations, and the gene encoding this enzyme is the target of
multiple anticancer drugs.?* Targeting topoisomerase can cause
damage to DNA, interfere with DNA replication, and eventually
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cause cellular death or stop the proliferation of cancer cells.
Topoisomerases are appropriate targets for therapeutic inter-
ventions because of their increased activity in cancer cells.*

Although there are drugs available like tamoxifen,* trastu-
zumab,”” and paclitaxel.®® There is still a need for new and
improved drugs because (a) existing drugs develop resistance;
(b) there are several subtypes of breast cancer, and all of them
need to be targeted; and (c) various side effects have been
observed for existing drugs.*

In this study, the new hybrids have been designed by
combining thiazole/benzothiazole fused 1,6-dihydropyrimidine,
isatin, and 1,2,3-triazole scaffolds into a single target molecule,
continuing the strong interest in creating a single medication
with multiple targets. One glucose derivative of each series was
also prepared in order to check and enhance the solubility of the
target compound. The utility of recyclable Fe-doped Ce-oxide
nanoparticles as a catalyst in the Biginelli reaction was investi-
gated at ambient temperature with the goal of developing an eco-
friendlier procedure for the synthesis of dihydropyrimidine
derivatives 6 and 7, which further react with corresponding isatin
azide derivatives to give target compounds 14a-d, 15, 16a-d and
17. To the best of our knowledge, the use of recyclable Fe doped
Ce-oxide nanoparticles in green solvents like ethanol for the Bi-
ginelli reaction has not been reported previously. HEK-293, MDA-
MB-231 and MCF-7 were the three cell lines used to screen the
synthesised compounds in order to determine their breast cancer
cell inhibitory potential. Utilising both MCF-7 and MDA-MB-231
cell-lines enables us to evaluate the synthesised compound's
efficacy against various forms of breast cancer. It provides
a broader perspective on how the compounds might be effica-
cious in various breast cancer subtypes, enabling researchers to
identify potential compounds with broader applicability. These
compounds can be potential drug candidates for targeting breast
cancer and may have better efficacy than the existing ones.

On the basis of literature survey the new hybrids have been
designed by combining thiazole/benzothiazole fused 1,6-di-
hydropyrimidine, isatin, 1,2,3-triazole and glucose scaffolds by
molecular hybridisation into a single target molecule, this
continues our keen interest in designing a single drug con-
taining moieties that individually show anticancer activity.

Experimental procedure for chemical
synthesis
Method of preparation

The target compounds that were synthesised had three biolog-
ically active scaffolds, namely (i) thiazole/benzothiazole-fused
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1,6-dihydropyrimidine, (ii) a substituted isatin moiety and (iii)
triazole. Triazole-threaded thiazole/benzothiazole-fused di-
hydropyrimidine and isatin were synthesised in eight steps. In
order to synthesise the target molecules 14a-d, 15, 16a-d, and
17, the following synthetic process was used:

In step 1, Fe-doped nanoparticles have been prepared using
the method described in the literature.*® 15% FeCl; in ethanol
(w/w) was added to a solution of Ce(NOj3);-6H,0 in ethanol and
toluene (1:1). The ethanol-based oxalic acid solution is then
added to the reaction mixture. An orange-coloured solution was
formed, which was dried in a muffle furnace to get red-coloured
Fe doped Ce-oxide nanoparticles (Scheme 1). These nano-
particles were further used for the synthesis of compounds 6
and 7 (Scheme 4).

In step 2, ethyl 4-chloroacetoacetate was converted to its
alkyne derivative, ethyl-3-oxo-4-(prop-2-yn-1-yloxy) butanoate (2)
by treating ethyl-4-chloroacetoacetate (1) with propargyl alcohol
in the presence of NaH and in THF (Scheme 2).

With the aim of developing a more efficient and eco-friendly
procedure for the Beginili reaction, in step 3, recyclable Fe
doped Ce-oxide nanoparticles have been used for the synthesis
of reactants 6 and 7 (Scheme 4). First of all, reaction conditions
were screened to determine the appropriate solvents and the
mole ratio of reactants for the targeted Beginili multicompo-
nent reaction. With the goal of maximising the product yield in
a relatively brief time frame, the reaction's optimisation was
investigated for the synthesis of compound 6 using catalyst-free
conditions and with a catalyst (Scheme 3) in a variety of
solvents. It has been observed that no reaction was observed in
solvent-less conditions or in polar aprotic solvents (ACN and
THF). Imine is formed from the reaction of an aldehyde and 2-
aminobenzothiazole. However, compound 6 was formed when
CH3;0H and C,H;OH were used as solvents in the presence of
catalyst, Fe doped Ce-Oxide nanoparticles on heating for 24 h at
30 °C (Scheme 3).

Further reaction conditions were optimised by carrying out
reactions with Fe doped Ce-oxide nanoparticles at various
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Scheme 2 Synthesis of ethyl 3-oxo-4-(prop-2-yn-I-yloxy) butanoate.

C,H;0H
Ce(NO3)3;6H O + FeCl; — 5
Oxalic acid

Fe Ce-oxide nanoparticles

Scheme 1 Preparation of Fe doped Ce-Oxide nanoparticles.
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Scheme 3 Optimisation reaction conditions for the synthesis of compound 6 at 30 °C for 24 h.

temperatures to get maximum yield. It was observed that the
maximum yield observed at 70 °C (Table 1). Heating the reac-
tion mixture beyond 70 °C temperature gave side products
along with the product.

To the solution of propargylated ethyl 4-chloroacetoacetate
(2), 3-chlorobenzaldehyde (3) and 2-aminothiazole (4), were
dissolved in C,HsOH. Novel starting material 6 was obtained by
adding 0.05 M% Fe-doped Ce oxide nanoparticle in ethanol and
refluxing the reaction liquid for eight hours., via a one-pot
cascade reaction as shown in (Scheme 4). Likewise, after
refluxing compounds 2, 3, and 5 in ethanol for eight hours with
catalyst, compound 7 was produced.

Since synthesised compounds 6 and 7 are novel, to check the
efficiency of nanoparticles in practice, compounds 6 and 7 were
also synthesised by the reported method* i.e., using conc. HCl

in methanol by refluxing for 10 h. It was observed that the yield
of Fe doped Ce-oxide nanoparticle-catalysed reactions was quite
higher than that of acid-catalysed reactions as listed in Table 2.

In step 4, azide derivatives of acyl-protected p-glucose (13)
and isatin (10a-d) and were prepared using the procedure
described in the litrature*>* as illustrated in Schemes 5 and 6.

In step 5, compound 6 was reacted with various substituted
azides 10a-d and 13 to form 1,2,3-triazole derivatives 14a-d and
15, respectively via [2 + 3] cycloaddition reactions using DMF at
60 °C using a catalytic quantity of sodium ascorbate and
CuS0,-5H,0 (Scheme 7).

Similarly, compounds 16a-d and 17 were synthesised by the
click reaction of compound 7 with 10a-d and 13, respectively
(Scheme 8).

Table 1 Reaction conditions are optimised for the synthesis of starting compound 6 in methanol and in ethanol at different temperatures

Yield in Yield in
S. no. Catalyst Temperature
methanol ethanol
1 Fe doped Ce-oxide NPs 10 °C No reaction | No reaction
2 Fe doped Ce-oxide NPs 30°C 30% 32%
3 Fe doped Ce-oxide NPs 50°C 52% 55%
4 Fe doped Ce-oxide NPs 70 °C 88% 91%
5 Fe doped Ce-oxide NPs 80 °C 88% 91%
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Scheme 4 Synthesis, of alkyne derivatives of thiazole and benzothiazole-based dihydropyrimidine 6 and 7, respectively, using Fe doped Ce-

oxide nanoparticles in Co,HsOH.

Table 2 Yields comparison of compounds 6 and 7 in Fe doped Ce-oxide nanoparticle catalysed reactions and acid-catalysed reactions

S. no. Compound

Yield with Fe doped Ce-oxide Yield with conc. HCI1
nanoparticles in ethanol, reflux 8 h in methanol, reflux 10 h

49588 | RSC Adv, 2025, 15, 49584-49599

90% 84%

91% 86%
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Scheme 6 Synthesis of azido derivative of acyl-protected p-glucose (13).
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Scheme 7 Synthesis of novel 1, 2, 3- triazole derivatives of thiazole-fused dihydropyrimidines 14a—d and 15.
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Scheme 8 Synthesis of 1, 2, 3- triazole derivatives of benzothiazole-fused dihydropyrimidine 16a—d and 17.

Results and discussions for chemical
synthesis

The structures of all the synthesised compounds were validated
using standard analytical techniques, including 'H and '*C
nuclear magnetic resonance (NMR), infrared spectra (IR) and
HRMS (high resolution mass spectrum) data. A triplet was
detected at 6 1.21 ppm for three protons of the CH; group of the
ethyl ester in compound 7's 'H NMR. In the 'H NMR of
compound 7, a triplet was observed at ¢ 1.21 ppm for three
protons of the CH; group of the ethyl ester. A triplet was
observed at 6 3.43 ppm for 1 proton of the terminal alkyne. A
singlet was observed at ¢ 6.56 ppm for 1 proton of the di-
hydropyrimidine ring. Compound 6's'>C NMR spectra showed
a peak at 6 164.77 ppm, which was attributed to the ester
group's C=O0 carbon. The terminal alkyne carbon was identi-
fied as the source of a peak seen at ¢ 77.25 ppm. The peak that
corresponds to the carbon of the ethyl ester's CH; group is
evident at 6 13.98 ppm. Further HRMS (high-resolution mass
spectrum) peak for the m/z [M + H]' ion peak appeared at
439.0942, which supports the synthesis of the compound 7 with
the molecular formula C,;H,,CIN,O;S.

Compound 14a’'s "H NMR revealed a triplet for the ester CH;
group's three protons at ¢ 1.08 ppm. A singlet for the di-
hydropyrimidine ring's single proton was detected at
0 6.37 ppm. A singlet for a single proton of the 1,2,3-triazole ring
was identified at ¢ 8.19 ppm. The compound 14a's">C NMR
spectra identified a peak at 6 182.93 ppm, which was attributed
to the carbonyl carbon on the isatin ring's C-3 position. The
peak that showed up at 6 165.26 ppm was attributed to the ester
group's C=O carbon. The triazole ring's C-4 carbon is

49590 | RSC Adv, 2025, 15, 49584-49599

responsible for the peak seen at 6 130.93 ppm. Further HRMS
(high-resolution mass spectrum) peak for the m/z [M + H]" ion
peak appeared at 605.1353, which supports the synthesis of the
compound 14a with the molecular formula C,oH,5CIN¢O5S.

Methods for biological evaluation

Cell culture. MCF-7, MDA-MB-231, and HEK-293 cell lines
used in this study were obtained as a kind gift from Dr Anant
Narayan Bhatt. Cells were cultured in DMEM (Dulbecco's
Modified Eagle's Medium, Gibco, St. Louis, USA) media sup-
plemented with 10% FBS (Fetal Bovine Serum, Gibco, USA) and
1% Pen-Strep (penicillin-streptomycin, Gibco, USA) in
a humidified CO, (5%) incubator at 37 °C. DMSO (Sigma
Aldrich, USA) and PBS (Sigma Aldrich, USA) were used as vehicle
control and solvent control respectively. Whereas tamoxifen
(GLR Innovations, India; Cat no. GLR19.143958) was taken as
a positive control with known anti-breast cancer activity.

Ex-vivo breast cancer cell growth inhibition activity
screening against MCF-7 and MDA-MB-231 cells by MTT cell
viability assay. The synthesized compound series were screened
for their breast cancer cell growth inhibition activity against
MCF-7, and MDA-MB-231 while non-breast cancer HEK-293 cell
line was used for screening the nonspecific effects and toxicity
of compounds, if any. The adhesive cells were trypsinized to
detach cells from matrix of the flask using 0.25% trypsin (Gibco;
USA Cat no. 25200056) and 20 000 cells were seeded per well of
24 well flat bottom plates followed by incubation in CO, incu-
bator at 37 °C for 20-24 h. The cells were treated with 100 uM
concentration of compounds dissolved in DMEM media in
triplicates along with the positive control drug (tamoxifen),
vehicle control (DMSO), and solvent control (PBS) for 48 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Following incubation, cells were treated with MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-
Merck, USA) and incubated for 2 h at 37 °C in dark, then
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formazan granules were dissolved in DMSO with gentle
shaking. The cell viability was evaluated by taking absorbance at
570 nm using a Tecan Multiplate Reader (SpectraMax® iD3
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Fig. 2 Cell viability evaluation of cells treated with compounds: after 48 hours of treatment with 100 uM concentrations of the corresponding
compounds, the viability of (A) MCF-7 cells, (B) MDA-MB-231 cells, and (C) HEK-293 cells was assessed using the MTT cell viability test.
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multi-mode microplate reader). For titration of the best four
compounds and calculation of ICs, against MCF-7 and MDA-
MB-231 cells, further diluted stocks of 1 uM, 10 uM, and 100
uM were made in DMSO and treated in three replicates.
Molecular interaction studies. A small in-house chemical
library of 12 compounds was produced, consisting of known
moieties from FDA-approved anti-cancer/anti-breast cancer
medications. A literature search was conducted to identify
a protein that could serve as a potential breast cancer target.
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Human topoisomerase II alpha (PDB ID: 5GWK) was selected as
a good candidate for this purpose. The crystal structure of
topoisomerase II alpha (PDB ID: 5GWK) was downloaded from
the Protein Data Bank in.pdb format. Protein preparation was
carried out using the Protein Preparation Wizard in Maestro
tool of Schrodinger. This included removal of water molecules
beyond 5 A of the binding site, assignment of bond orders,
addition of missing hydrogens, optimization of hydrogen
bonding, and energy minimization of the structure. The 2D
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Fig. 4 Cells before compound/drug treatment. (A) MCF-7, a breast
cancer cell line; (B) HEK-29, a human embryonic kidney cell line that
serves as a hon-cancerous control.

structures of the library compounds and tamoxifen were drawn
using ChemDraw Pro 12.0 and saved in.sdf format. The ligands
were converted into their 3D structures and optimized using the
LigPrep tool in Schrodinger, ensuring proper stereochemistry
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and protonation states at pH 7.0 £ 2.0. A receptor grid was
generated around the topoisomerase II alpha using the Glide
Grid Generation tool, ligands were docked into the binding site
of the prepared protein using the Glide module in standard
precision (SP) mode for an initial screening, followed by extra
precision (XP) docking for top-ranked compounds to refine
binding poses and improve accuracy. Docked poses were
ranked based on their Glide docking scores, which reflect the
binding affinity of the ligand to the target protein. Lower (more
negative) docking scores indicate stronger binding affinities.
Docked poses were analyzed and visualized using Schrodinger's
Maestro, PyMOL and Chimera 1.15 to inspect binding interac-
tions, including hydrogen bonds, hydrophobic contacts, and pi-
stacking interactions. Based on the docking scores, compounds
were ranked, and top hits were identified as potential binders to
topoisomerase II alpha.

Fig.5 Compounds inducing the breast cancer cell-selective cytotoxicity: MCF-7 cell-lines were treated for 48 hours with (A) 6, (B) 14a, (C) 7, (D)
16c¢, (E) 16d, (F) tamoxifen (positive control), (G) PBS (solvent control), and (H) DMSO (vehicle control) (I) 16d (J) 17 and Sections A to J indicative of

a minimum of three separate tests.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MDA-MB-231 cell lines in representative pictures prior to
compound/drug treatment.

Structure activity relationship (SAR) analysis. A completely
integrated computational workflow utilizing cutting-edge tools
from the Schrodinger software package was used to carry out
the structure-activity relationship (SAR) research. The Glide
module was used to perform molecular docking simulations in
order to determine the binding affinities of the synthesized
ligands within the target protein's active region. The QikProp
and Canvas modules were used to calculate important physi-
cochemical characteristics, such as molecular weight, A log P,
hydrogen bond acceptors (HBA), hydrogen bond donors (HBD),
rotatable bonds (RB), heavy atom count, polar surface area
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cheminformatics analysis, including the computation of several
molecular descriptors, grouping, similarity evaluations, and
data visualization, was made possible by the Canvas module in
particular. This allowed for a thorough assessment of
compound drug-likeness and structural variety. To find any
parameter violations, all computed attributes were methodi-
cally evaluated in comparison to Lipinski's rule of five.**

Results and discussions for biological
evaluation of the synthesized
compounds

Functional evaluation of the synthesised compounds

Cancer cell growth inhibition activity using MTT cell
viability assay. The MTT assay was used to examine the cell
viability of MDA-MB-231, MCF-7, and HEK-293 cell lines in the
presence of synthesised chemicals. Data showed that MDA-MB-
231 and MCF-7 cells had poor cell viability when exposed to 100
uM dosages of the four compounds—6, 14a, 7, and 16c—but
that none of the chemicals tested were hazardous to HEK-293 at
levels of up to 100 uM. The cell survival rate for compound 6 was
58%, whereas MCF-7 cells treated with chemicals at 100 puM,
while compounds 14a, 7, and 16c had ~52% cell survival, which
is efficacy-wise better than the known anti-breast cancer drug,
tamoxifen.” In other words, compound 6 could kill 42% of
MCF-7 cells at a dose of 100 pM. Similarly, 14a, 7, and 16c are
causing ~48% of cell deaths at similar doses of 100 uM, while
tamoxifen kills only 40% of the cells. Conversely, when chem-
icals were administered to MDA-MB-231 cells at a dosage of 100
uM, wells with 6 had 62% cell survival, 14a had 58%, 7 had 48%,
and 16c had ~58% cell survival, which is way better than the
known anti-breast cancer drug tamoxifen, which has a cell
survival of 63%. Alternatively, compound 6 might kill 38% of
MDA-MB-231 cells at 100 pM. Likewise, compounds 14a, 7, and
16¢ are causing ~42%, 52% and 42% cell deaths at similar

PSA n molar refractivi MR). mprehensi . . .
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Fig.7 MDA-MB-231 cells subsequent to compound/drug treatment. The cells MDA-MB-231 were exposed to (A) 6, (B) 14a, (C) 7, (D) 16c, (E) 16d,
(F) tamoxifen (positive control), (G) PBS (solvent control), and (H) DMSO (vehicle control) for 48 h.
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Fig. 8 Graph showing binding energies based on docking scores
against topoisomerase Il of 12 compounds (blue: less negative, green:
more negative), and tamoxifen (red: negative control).

calculated results are shown in Fig. 2 below, as plotted by % cell
viability versus compound numbers.

In order to determine the ICs, values, further investigation
was conducted on four compounds (6, 14a, 7, and 16¢c) by
treating MDA-MB-231 and MCF-7 cell-lines with varying doses
of the compounds. Compounds 6 and 14a were tested from
10 nM to 100 pM, while compound 7 was tested in the dose
range of 100 pM to 100 uM due to its potency even at low doses
(Fig. 3A-C) However, the ICs, value of 16¢ was found to be
higher than >100 uM, indicating it is not a viable candidate for

View Article Online
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further research, and therefore, it was excluded from the plot.
Based on the results presented in Fig. 3A-C, these results
indicate that Compound 7 is the most effective compound with
both MCF-7 and MDA-MB-231 cell-lines.

Microscopic analysis of cell morphology. The microscopic
analysis was performed before and after compound/drug
treatment using a Nikon microscope at 10x magnification.
MCEF-7 cells treated with compounds 6, 7, 14¢, and 14d as well as
tamoxifen, for 48 h have shown significant changes in their
morphology, which can clearly be seen in photomicrographs
shown in Fig. 5. Cellular shrinkage (Fig. 5C) and dead cells
(Fig. 5F) were also seen after treatment in comparison to
untreated cells. The untreated MCF-7 cells (Fig. 4A) and HEK-
293 cells (Fig. 4B) were appeared healthy under the micro-
scope, whereas the 14a, 14¢, 15, 16b, 16¢, 12e (Fig. 5A-F) treated
MCF-7 cells are mostly dead and morphologically very different
too from normal MCF-7 cells. There were no dead cells in the
cells that were treated with solvent control PBS and vehicle
control DMSO. Moreover, cells were growing and flourishing as
normal in these wells (Fig. 5G and H in the SI). 14d is not
showing breast cancer cell growth inhibition, which is not
affecting cells much. Whereas the cells treated with positive
control tamoxifen were mostly dead as expected (Fig. 5I and J).
Hence, these six compounds, namely, 14a, 14¢c, 15, 16b, 16c and
17 have the highest breast cancer cell inhibitory activity out of
all the compounds and have better cancer selective effect. These
compounds inducing significant cell death and morphological
changes in comparison to controls. Representative images of
MDA-MB-231 cell-lines before and after treatment with
compounds/drugs are shown in Fig. 6 and Fig. 7, respectively.

Fig. 9 Three dimensional docked structures of the best four compounds (14c, 7, 16a and 16d) with topoisomerase (PDB ID: 5GWK) visualized

using Maestro visualizer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Binding studies by in silico methods. Utilising the Schro-
dinger, molecular interaction experiments were conducted
against topoisomerase II alpha with a PDB ID 5GWK.* To
determine if in-house drugs were effective in inhibiting topo-
isomerase II, an enzyme essential to cancer cell survival,
molecular interaction experiments were carried out. The
compounds were designed based on the known backbone that
targets topoisomerase, and modifications were made to poten-
tially enhance their efficacy.

View Article Online

Paper

Docking glide scores were obtained for two compounds 6
and 14d indicating low efficacy as their binding score is around
—4 keal mol ™", However, further analysis revealed that out of all
the 10 compounds, 14a, 14b, 14c, 15, 7, 16a, 16b, 16¢c, 16d, and
17 exhibited high efficacy, with binding scores ranging from
approximately —5.02 to —8.28 kcal mol " (Fig. 8). Among these,
14c, 7, 16a and 16d showed the lowest binding energies (—5.77,
—6.32, —5.67, and —8.28 kcal mol ', respectively), indicating
a strong interaction with topoisomerase II alpha (Fig. 9 and 10).
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Fig. 10 Two-dimensional docked structures of the best four compounds (14c, 7, 16a and 16d) with topoisomerase (PDB ID: 5GWK) visualised

using Maestro visualizer.
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Table 3 Structure—activity relationship (SAR) analysis of docked ligands®

Docking score  Predicted MW Heavy PSA MR Polar  Lipinski
S.no. Compound (kcal mol™") activity (Da) AlogP HBA HBD RB atom (A% (em®*mol™") (%)  violations
1 6 —3.52 —0.08 388.87 3.69 3 1 6 26 86.00 95.89 44.54 None
2 7 —5.02 —0.14 438.93 5.45 3 1 6 30 86.00 111.60 52.89 AlogP>5
3 14a —6.32 —-0.17 605.06 3.12 7 0 10 42 154.09 154.54 70.25 MW > 500
4 14b —5.17 —0.13 683.96 3.87 7 0 10 43 154.09 162.16 72.88 MW > 500
5 14c —3.58 —0.12 639.51 3.78 7 0 10 43 154.09 159.34 72.22 MW > 500
6 14d —5.78 —0.12 623.05 3.32 7 0 10 43 154.09 154.76 70.16 MW > 500
7 15 —4.03 —0.12 762.18 1.66 14 0 17 52 231.14 177.26 77.68 MW > 500,
HBA > 10
8 16a —5.68 —0.09 655.12 4.88 7 0 10 46 154.09 170.25 78.61 MW > 500
9 16b —5.63 —0.10 734.02  5.63 7 0 10 47 154.09 177.87 81.24 MW > 500,
AlogP>5
10 16¢ —5.03 —0.11 689.57 5.55 7 0 10 47 154.09 175.05 80.58 MW > 500,
AlogP>5
11 16d —8.28 —0.14 673.11  5.09 7 0 10 47 154.09 170.46 78.52 MW > 500,
AlogP>5
12 17 —5.14 —0.09 812.24 3.42 14 0 17 56 231.14 192.97 86.04 MW > 500,
HBA > 10
13 Tamoxifen —5.28 —0.12 371.51  6.32 1 0 8 28 12.47  119.26 56.02 AlogP>5

“ MW: molecular weight, A log P: partition coefficient (log P, computationally predicted), HBA: hydrogen bond acceptors, HBD: hydrogen bond
donors, RB: rotatable bonds, PSA: polar surface area, MR: molar refractivity.

The docking conformations of the protein structures (PDB
ID 5GWK) with the compounds revealed that specific amino
acids, including GLN-1095, THR-825, PHE-828, LYS-287, GLN-
1049, ALA-588, ILE-574, LYS-821, and LEU-826, played a vital
role in the binding process. Topoisomerase II alpha consists of
several domains such as TOPORIM, WHD, TOWER, ATPase,
and CTD, which contribute to functions like metal binding,
DNA cleavage, and dimerization. Notably, the WHD and CTD
domains are primarily involved in binding, with functions
related to DNA intercalation and DNA cleavage (Table S1 in SI).
Protein-ligand interacting amino acid residue details of
compounds 7, 14c, 16a, 16d and the standard drug tamoxifen
with topoisomerase II alpha using UCSF Chimera software are
shown in Table S2 (in SI)

Table S1 (in the SI) provides a comprehensive illustration of
the molecular interactions between the ligand molecules 6, 7,
14a-d, 15, 16a-d, and 17 and different residues of various
amino acids in the binding pocket of the enzyme topoisomerase
II alpha.

Structure-activity relationship (SAR) of the compounds. A
thorough assessment of the pharmacokinetic and effectiveness
profiles of the synthesized compounds in breast cancer cell
models is provided by the combined structure-activity rela-
tionship (SAR) and experimental ICs, analysis. Most of the
analogs from the 14 and 16 series, along with compounds 15
and 17, greatly exceeded the molecular weight limit suggested
by Lipinski's rule of five. In many cases, they also exceeded
permissible limits for hydrogen bond acceptors and lip-
ophilicity. These variations point to possible oral bioavailability
restrictions. Compounds 6 and 7, on the other hand, showed
more advantageous drug-like characteristics; compound 6
completely met all Lipinski criteria, while compound 7 just
slightly increased A log P (5.45), Table 3. It's interesting to note

© 2025 The Author(s). Published by the Royal Society of Chemistry

that tamoxifen, a clinically proven treatment for breast cancer,
also surpasses the Lipinski-specified Alog P threshold, which
may have an impact on its pharmacokinetic profile. Similar to
tamoxifen, compound 7 exhibits significantly greater cytotoxic
efficacy and considerable biological inhibition at concentra-
tions far lower than those reported for tamoxifen under
comparable experimental settings, although it only slightly
exceeds the optimum A log P limit. The idea was that molecular
structure of compound 7 provides strong target engagement
and cellular efficacy without significantly compromising drug-
likeness is thus supported by the SAR study. All things consid-
ered, these findings identify compound 7 as a very promising
lead that successfully strikes a balance between favourable
physicochemical characteristics and strong nanomolar cyto-
toxicity (63.7 £ 2.17 nM and 55.0 £ 1.19 nM), providing benefits
over well-known clinical standards like tamoxifen.

Conclusion

This work involved the synthesis of a number of di-
hydropyrimidine derivatives using a greener, environment-
friendly method using recyclable Fe-doped Ce-oxide nano-
particles in ethanol. The nanoparticles are recyclable and give
excellent yields up to 5 cycles. Further novel isatin-linked tri-
azole derivatives were synthesized by starting with di-
hydropyrimidine derivatives. All synthesized compounds were
subjected to screening against human breast-cancer cell-lines in
vitro. The results were encouraging, as these derivatives
exhibited remarkable anti-cancer activity against two prom-
inent breast-cancer cell-lines, MCF-7 and MDA-MB-231. The
ICs, values of the compounds 6, 14a, and 7 were 52.7 & 0.73 uM,
42.3 £ 0.83 uM, and 63.7 + 2.17 nM, respectively against MDA-
MB-321 cancer cell lines. In the case of MCF-7 cells, 6, 14a, and 7

RSC Adv,, 2025, 15, 49584-49599 | 49597
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demonstrated ICs, values of 62.6 + 0.86 uM, 81.9 + 2.26 uM,
and 55.0 £ 1.19 nM, respectively. These findings highlighted
the significant potential of these dihydropyrimidine derivatives
aseffective agents against breast cancer. This is especially true
of compound 7, which showed an incredibly low ICs, value of
63.7 £ 2.17 nM against MDA-MB-231 cells and 55.0 £+ 1.19 nM
against MCF-7 cells. In molecular interaction studies, intriguing
results were obtained, indicating that compounds 14a, 7, 16b,
and 16d exhibited the lowest binding scores. This suggested
that by preventing the topoisomerase enzyme from performing
its intended function, these compounds could be able to
prevent breast cancer. Inhibition of this enzyme can impede the
survival of cancer cells, consequently providing a potentially
effective therapeutic strategy for breast cancer. These findings
highlighted the possibility of utilising these compounds as
effective therapeutic agents, warranting further exploration and
investigation into their precise mechanisms of action. This
study contributes to the growing body of knowledge in the area
of breast cancer treatments and emphasises the significance of
additional research into the pharmacological characteristics
and modes of action associated with these compounds. These
results provided a solid foundation for future studies aimed at
developing these derivatives into promising anti-breast cancer
drugs.
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