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Cinnamaldehyde is a natural compound known for its antimicrobial and anticancer properties. Fourteen

novel cinnamaldehyde–chalcone analogues (5a–5n) were synthesized and evaluated for anti-cancer,

anti-bacterial, and anti-fungal activities. Among these, bromoethane chalcone 5n exhibited significant

cytotoxicity against DU145 (IC50: 8.719 ± 1.8 mM), SKBR-3 (IC50: 7.689 mM), and HEPG2 (IC50: 9.380 ±

1.6 mM) cell lines, surpassing other derivatives. Compounds para methyl benzyl chalcone 5j and 2,3-

dichloro benzyl chalcone 5b also demonstrated notable activity against SKBR-3 (IC50 7.871 mM) and

HEPG2 (IC50 9.190 mM) cell lines. Erythrocyte osmotic fragility (EOF) analysis showed higher erythrocyte

fragility for 5n (MEF50 = 0.457) and 5b (MEF50 = 0.538), indicating membrane-disruptive potential

compared to quercetin (MEF50 = 0.431). Studies on antimicrobial activity revealed that compounds 5a–

5e and 5n demonstrated moderate effectiveness against Staphylococcus aureus, while compound 5l

showed activity against Candida albicans and Candida tropicalis. Docking studies revealed that

compound 5n binds to succinate dehydrogenase, a key enzyme in the TCA cycle, ETC, with greater

affinity (−12.9 kcal mol−1) than the standard inhibitor, malonate (−4.8 kcal mol−1). Acute oral toxicity

assessment of 5n in Swiss albino mice demonstrated its safety at doses up to 1000 mg kg−1 body weight

with no morbidity, mortality, or significant changes in haematological, biochemical, and pathological

parameters. These findings highlight 5n0s potential as a lead compound for further preclinical studies

targeting cancer therapeutics.
1. Introduction

Cinnamaldehyde 1 ((E)-3-phenylprop-2-enal) is a yellow oily
liquid with a cinnamon odor and is derived from the inner bark
of various trees from the genus Cinnamomum, which is made up
of roughly 250 plant species.1,2 The most common species are C.
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cassia (commonly referred to as Cassia) and C. verum (also
called C. zeylanicum). These two species have different
percentages of cinnamaldehyde, with up to 85.3% and 90.5%
recorded, respectively. This aldehyde has been demonstrated to
successfully suppress the development of an assortment of
microorganisms such as bacteria, moulds, and yeasts. It has
also been claimed to reduce toxin generation by microorgan-
isms.3,4 Cinnamaldehyde was accepted as Safe (GRAS) by the
Flavour and Extract Manufacturer's Association (FEMA) and US-
FDA and has been awarded a status set by the Council of Europe
(i.e., admissible use in food items).5 On this premise, it may be
seen as a safe food and avour enhancer, with a pleasant taste
and odour, and has found numerous commercial culinary
applications.6 Recently this molecule has been utilized as an
agricultural fungicide.7 It has also been used in edible antimi-
crobial lms made from fruits and vegetables to kill foodborne
germs by touch or vapours in closed containers.8 This corre-
sponds to an increasing interest in natural antimicrobials that
not only inhibit the growth of foodborne pathogens and
RSC Adv., 2025, 15, 30627–30638 | 30627

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03706a&domain=pdf&date_stamp=2025-08-27
http://orcid.org/0000-0001-8294-2234
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03706a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015037


Scheme 1 General scheme for synthesis of cinnmaldehyde–cahlcone
analogues (5a–5n). [Reaction Conditions: (i)- NaOH, ethanol, RT, 4 h;
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spoiling bacteria but may also enhance the avour and quality
of foods.9

Extensive study has been conducted to investigate the vast
variety of therapeutic potentials related with this compound
and its natural and synthetic derivatives. Several outstanding
studies have been reported about the pharmacological charac-
teristics associated with the aldehyde itself,2 as well as reviews
on its derivatives and their related therapeutic benets.10

Cinnamaldehyde and its derivatives have been extensively
studied for their possible anti-tumour and anti-cancer proper-
ties and has shown activity against a number of cancer cell
lines, including A549, SK- OV -3, XF-498, HeLa, SK-MEL-2 and
HCT-15 tumour cells.11 A number of synthetic derivatives
including 2-benzoyloxycinnamaldehyde, 4-hydroxycinnam-
aldehyde, 2-hydroxy-5-uorocinnamaldehyde have demon-
strated anti-cancer properties against leukemic, oral carcinoma,
prostate and colon cancer cell lines.12 Aside from its anti-
tumour capabilities, these compounds have demonstrated
other biological potentials like cardioprotective properties,13

anti -inammatory agents,14 antifungal properties,15 thermo-
genic effects,16 antibacterial activity17 etc. Recent structure–
activity relationship studies on cinnamic acid derivatives
bearing halogen substitutions and tertiary amine side chains
have demonstrated enhanced acetylcholinesterase inhibition
and improved selectivity over butyrylcholinesterase, suggesting
the signicance of strategic substitutions in modulating bio-
logical function and target selectivity.18

Chalcones are composed of two aryl moieties joined by an a,
b-unsaturated carbonyl group.19 These scaffolds, which are
naturally present in fruits, spices, teas, and soy-based foods,
have gained a lot of interest due to their fascinating and
potentially benecial qualities and present in natural products
such as pheromones, plant allelochemicals, and insect
hormones.20,21 They undergo a variety of chemical processes and
are used to produce heterocyclic compounds. Additionally these
molecules serve as intermediary structures in biosynthetic
pathways which generate avonoids, isoavonoids, and
aurones.22 A substantial part of medicinal chemistry research in
the 21st century has been concentrated on both natural and
synthetic chalcones because of their diverse pharmacological
possibilities, such as anticancer,23 antimalarial,24 antidiabetic,25

antiplatelet,26 anti-inammatory,27 anticholinergic,28 immuno-
modulatory,29 analgesic,30 antibacterial,31 aldose reductase
inhibition,32 acetylcholinesterase inhibition,33 antiviral,34 non-
purine xanthine oxidase inhibitors35 etc. Additionally, hybrid
chalcone frameworks bearing tertiary amine side chains have
shown promising AChE/BChE inhibition proles, reinforcing
the pharmacological importance of substituent positioning and
electronic effects structure–activity relationship investigation of
coumarin–chalcone hybrids with diverse side-chains as acetyl-
cholinesterase and butyrylcholinesterase inhibitors.36

Chalcones are highly attractive molecules because of their
simple structure, ease of construction, and promising biological
applications. Considering the signicance of cinnamaldehyde
derivatives and as part of our ongoing research work on
synthesis of hybrid molecules37–39 the aim of this study was to
30628 | RSC Adv., 2025, 15, 30627–30638
develop novel library of cinnamaldehyde–chalcone hybrids and
evaluate their biological potential.

2. Results and discussion
2.1. Chemistry

The synthetic strategy followed for the synthesis of different
cinnamaldehyde–chalcone analogues is outlined in Scheme 1. A
series of compounds (5a–n) are synthesized in two steps. In the
rst step, cinnamaldehyde 1 was reacted with 2-
hydroxyacetophenone 2 in the presence of sodium hydroxide as
catalyst and ethanol as solvent yielded (2E, 4E)-1-(2-
hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one 3 by aldol
condensation. In the second step 3 was reacted with different
substituted benzyl/alkyl bromides/chlorides (4a–n) in the pres-
ence of dimethyl formamide (DMF) as solvent and potassium
carbonate (K2CO3) at room temperature for 5 h to give
brominated/alkylated derivatives 5a–n in pure form. In the case
of compound 5n, the monomeric form was obtained predomi-
nantly, with only trace amounts of the corresponding dimer.
This is attributed to the mild basic conditions employed in the
Claisen–Schmidt condensation, which favour monomer
formation. All the synthesized compounds were characterized
by spectroscopy such as IR, 1H, and 13C NMR and mass. In the
1H NMR of compound 3, the aldehyde peak was absent at
d 9.77 ppm and hydroxyl proton was appeared at d 12.88 ppm
indicates that aldehyde group was condensate with
acetophenone group of compound 2. Similarly, in 13C NMR
presence of peak resonances at d 193.71 ppm indicate that
chalcone ketone group was present in the molecule and all
aromatic carbons was appeared between d 118–163 ppm.

The DEPT-135 NMR spectrum conrmed the presence of
four quaternary carbon atoms in the synthesized molecules.
This was further supported by the mass spectrum, where the
molecular ion peak (M + 1) was observed at m/z 251, corre-
sponding to the molecular formula C17H14O2. In the 1H NMR
spectrum of compound 5d, a triplet resonance at d 5.24 ppm
indicated coupling between the 2-chlorobenzyl group and the
OH proton of intermediate compound 3. This was further vali-
dated by the 13C NMR spectrum, which showed the –CH2-
carbon signal at d 69.45 ppm. The carbonyl group of the
(ii)- DMF, K2CO3, RT, 4 h].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chalcone moiety resonated at d 192.72 ppm. All other proton
and carbon signals appeared in their expected chemical shi
regions. The LC-MS spectrum of the nal compound 5d di-
splayed a molecular ion peak [M + H]+ at m/z 375.1151,
consistent with the molecular formula C24H19ClO2.
2.2. Anti-cancer activity

2.2.1. Effect of cinnmaldehyde–cahlcone conjugates on cell
viability – MTT assay. Anticancer activity of the synthesized
cinnmaldehyde–cahlcone analogues (5a–5n) was evaluated in
vitro mode using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on the HEK-293
(human embryonic kidney cell line), DU145 (human prostate
cell line), SKBR-3 (human breast cancer cell line) and HepG2
(Human hematoma cell line). The assay was based on the
reduction of MMT by the mitochondrial dehydrogenase of
viable cells into purple formazan crystals which get dissolved in
DMSO and measured at 570 nm. The results of cytotoxic activity
in vitro were expressed as the IC50 (mM) and doxorubicin was
used as positive control (Table 1). The structural diversity in all
the derivatives was introduced by varying substitution at
chalcone ‘O’ position of the chalcone moiety intact.

As shown in Table 1, most of the tested compounds exhibi-
ted moderate cytotoxic activity. However, bromoethyl chalcone
5n demonstrated the highest toxicity, particularly against
DU145 (IC50: 8.719 ± 1.8 mM), SKBR-3 (IC50: 7.689 ± 2.8 mM),
and HEPG2 (IC50: 9.380 ± 1.6 mM), though it remained less
potent than the standard doxorubicin (IC50: 0.45 ± 0.52, 0.7 ±

0.56, and 2.5 ± 1.42 mM, respectively). Similarly, para-methyl
benzyl chalcone 5j showed notable cytotoxicity against SKBR-3
(IC50: 7.871 ± 2.1 mM), and 2,3-dichloro benzyl chalcone 5b
was highly toxic to HEPG2 (IC50: 9.190 ± 0.6 mM), though both
remained less effective than doxorubicin (IC50: 0.7 ± 0.56 and
2.5 ± 1.42 mM, respectively). Additionally, 4-bromo benzyl
chalcone 5g exhibited moderate toxicity toward DU145 (IC50:
Table 1 Anti-cancer activity of compounds 5a–5n

Compound

Cell lines (IC50 mM)

HEK-293 DU145

1 20.572 � 1.0 22.354 �
3 67.392 � 9.1 83.457 �
5a 30.092 � 8.3 45.217 �
5b 20.391 � 1.6 17.861 �
5c 22.321 � 1.2 47.064 �
5d 202.78 � 5.3 46.055 �
5e 49.837 � 2.8 278.60 �
5f 36.978 � 0.9 47.073 �
5g 27.588 � 4.2 16.914 �
5h 23.387 � 4.7 28.630 �
5i 48.182 � 5.0 68.374 �
5j 23.570 � 1.4 21.260 �
5k 109.383 � 0.7 55.586 �
5l 97.976 � 10.1 29.036 �
5m 104.184 � 7.3 126.83 �
5n 18.461 � 1.1 8.719 �
Doxorubicin 6.12 � 0.5 0.45 �

© 2025 The Author(s). Published by the Royal Society of Chemistry
16.914 ± 2.3 mM) and SKBR-3 (IC50: 15.711 ± 2.8 mM) compared
to doxorubicin (IC50: 0.45 ± 0.52 and 0.7 ± 0.56 mM, respec-
tively). The starting compound, cinnamaldehyde 1, displayed
moderate cytotoxicity across all four cell lines, with IC50 values
of 20.572 ± 1.0 mM (HEK-293), 22.354 ± 1.6 mM (DU145), 13.901
± 1.6 mM (SKBR-3), and 21.840 ± 1.0 mM (HEPG2), but was still
less potent than doxorubicin (IC50: 6.12± 0.5, 0.45± 0.52, 0.7±
0.56, and 2.5 ± 1.42 mM, respectively). The observed activity for
select compounds can be rationalized based on the structure–
activity relationship. Only compounds with specic substitu-
tions, such as electron-withdrawing groups (e.g., halogens) or
lipophilic chains at the benzyl position—like in 5n, 5j, and 5b—
demonstrated enhanced cytotoxicity. These structural features
likely improve membrane permeability and target affinity. In
contrast, compounds lacking such moieties may suffer from
poor cellular uptake, steric hindrance, or suboptimal interac-
tion with the biological target, leading to their diminished
activity.
2.2. In vivo acute oral toxicity of compound 5n

Further studied the Acute Oral Toxicity Assessment of 5n in
Swiss Albino Mice (Observational, haematological, biochemical
and gross pathological study). Table 2 and Fig. 1 present the
acute oral toxicity assessment of compound 5n in Swiss albino
mice, evaluating its impact on body weight, hematological,
biochemical, and organ parameters at doses of 5, 50, 300, and
1000 mg kg−1.40 Throughout the study, no morbidity, mortality,
or abnormal clinical signs were observed, indicating a high
tolerance to the compound. Body weight changes across
different dose groups remained within a normal range, with no
statistically signicant alterations compared to the control.
Hematological parameters, including hemoglobin, RBC, and
WBC counts, showed no signicant deviations, although
a slight increase in WBC count was noted at the highest dose
(1000 mg kg−1), suggesting a mild physiological response.
SKBR-3 HEPG2

1.6 13.901 � 1.6 21.840 � 1.0
7.3 20.834 � 4.1 40.094 � 2.0
2.1 20.839 � 1.7 40.322 � 2.9
3.4 22.421 � 2.4 9.190 � 0.6
4.5 30.745 � 2.0 40.170 � 0.2
1.1 75.883 � 4.8 41.449 � 3.9
1.7 56.126 � 1.8 282.42 � 5.7
0.5 16.898 � 2.3 30.825 � 2.5
2.3 15.711 � 2.8 25.825 � 1.6
2.2 243.79 � 4.7 44.965 � 3.3
2.8 75.293 � 2.1 42.012 � 2.1
5.6 7.871 � 2.1 25.678 � 1.5
3.7 80.336 � 8.7 46.573 � 1.4
2.1 23.466 � 4.1 46.681 � 2.2
0.2 125.34 � 6.0 33.159 � 0.7
1.8 7.689 � 2.8 9.380 � 1.6
0.52 0.7 � 0.56 2.5 � 1.42

RSC Adv., 2025, 15, 30627–30638 | 30629
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Table 2 Effect of 5n as a single acute oral dose at 5, 50, 300, and 1000 mg kg−1 on body weight, haematology and serum biochemical
parameters in Swiss albino mice (mean ± SE; n = 6)

Parameters

Dose of 5n at mg per kg body weight as a single oral dose

Control 5 mg kg−1 50 mg kg−1 300 mg kg−1 1000 mg kg−1

Body weight (g) 32.47 � 0.61 31.33 � 1.54 28.33 � 0.72 31.82 � 0.96 27.92 � 1.30
Haemoglobin (g dL−1) 12.60 � 0.93 12.74 � 0.51 12.68 � 0.67 12.68 � 0.71 12.42 � 0.55
RBC (million per mm3) 8.06 � 0.65 8.20 � 0.60 7.77 � 0.66 7.34 � 0.38 7.54 � 0.62
WBC (1000*/mm3) 9.34 � 1.12 9.48 � 0.68 9.54 � 0.79 10.13 � 0.50 12.17 � 0.95
ALKP (U L−1) 175.91 � 11.21 170.67 � 13.43 164.25 � 13.54 173.23 � 14.47 170.75 � 6.26
SGOT (U L−1) 22.97 � 1.37 20.84 � 0.88 20.60 � 1.71 19.39 � 1.51 19.73 � 1.43
SGPT (U L−1) 19.77 � 1.48 16.76 � 0.67 18.63 � 0.59 18.03 � 0.64 17.55 � 1.23
Albumin (g dL−1) 2.72 � 0.06 2.55 � 0.19 2.58 � 0.07 2.55 � 0.19 2.70 � 0.09
Creatinine (mg dL−1) 0.95 � 0.12 0.92 � 0.08 0.86 � 0.06 0.90 � 0.13 0.97 � 0.09
Triglycerides (mg dL−1) 109.44 � 3.01 111.43 � 4.39 111.02 � 5.61 110.41 � 3.90 108.74 � 2.77
Serum protein (mg mL−1) 5.47 � 0.18 5.85 � 0.13 5.76 � 0.16 5.86 � 0.18 5.93 � 0.13
Cholesterol (mg dL−1) 111.87 � 5.03 113.94 � 4.49 110.16 � 3.57 111.51 � 3.48 107.82 � 3.48
Bilirubin (mg dL−1) 0.52 � 0.00 0.50 � 0.00 0.51 � 0.00 0.49 � 0.02 0.47 � 0.04

Fig. 1 Effect of 5n as a single acute oral dose at 5, 50, 300, and 1000mg kg−1 on absolute and relative organ weight in Swiss albinomice (mean±

SE; n = 6; *, P < 0.001 compared to control).
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Biochemical markers such as ALKP, SGOT, SGPT, albumin,
creatinine, triglycerides, serum protein, cholesterol, and bili-
rubin exhibited no signicant changes, further supporting the
compound's safety prole. Gross pathological examination and
organ weight analysis (Fig. 1) revealed no signicant abnor-
malities in absolute or relative organ weights, reinforcing the
absence of toxicity-related organ damage. The overall ndings
suggest that compound 5n is well tolerated up to 1000 mg kg−1

as a single acute oral dose, with no adverse effects on physio-
logical, hematological, or biochemical parameters, making it
a promising candidate for further preclinical evaluation.
Fig. 2 Erythrocyte osmotic fragility curve of cinnamaldehyde–
chalcone derivatives, dimethyl sulphoxide (DMSO).
2.3. Erythrocyte osmotic fragility (EOF)

The erythrocyte osmotic fragility (EOF) of 5b and 5n derivatives
was evaluated. The EOF curve illustrates the percentage of
hemolysis at varying Phosphate-Buffered Saline (PBS) concen-
trations. The control group (black) exhibits the least fragility,
while compound 5n (red) shows the utmost hemolysis, indi-
cating increased erythrocyte fragility and potential membrane-
disrupting effects. Compound 5b (blue) follows a similar
trend but with slightly lower hemolysis. quercetin (green) and
DMSO (purple) provide moderate protection (Fig. 2). The Mean
Erythrocyte Fragility at 50% hemolysis (MEF50) values are pre-
sented in Table 3. Compound 5b exhibited the highest MEF50 =
30630 | RSC Adv., 2025, 15, 30627–30638
0.538, followed by 5n (0.457). Quercetin-treated cells (used as
a positive control) had an MEF50 of 0.431, closer to compound
5b. Recent evidence suggests that targeting post-translational
regulators like palmitoyl-protein thioesterase 1 (PPT1), which
modulates protein palmitoylation and MAPK signaling, may
overcome chemoresistance in osteosarcoma, and the apoptotic
and membrane-disruptive effects of compound 5n may align
with such mechanisms, warranting further mechanistic
investigation.41
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mean Erythrocyte Fragility (MEF50) of active derivatives of
cinnamaldehydea

Sample MEF50

5b 0.538
5n 0.457
Quercetin 0.431
DMSO 0.266
Control 0.236

a MEF50 concentration of PBS at which 50% of erythrocytes undergo
hemolysis.
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2.4. Molecular docking studies

Molecular docking is a vital computational tool in drug devel-
opment, used to assess the therapeutic potential of compounds
by predicting their binding affinity, interactions, and stability
with target proteins. Key non-covalent interactions ionic,
hydrogen bonding, van der Waals forces, and hydrophobic
effects, govern molecular interactions.42 In this study, synthe-
sized compounds were docked with succinate dehydrogenase
(SDH), a crucial enzyme in the TCA cycle and electron transport
chain. Beyond its role in energy metabolism, SDH has gained
attention for its involvement in cancer cell survival, particularly
in relation to hereditary cancer-linked mutations.43 To further
explore these interactions, molecular docking of the most active
compound, 5n, was carried out using SDH (PDB ID: 6VAX) as
the receptor.39 The docking results were compared with malo-
nate, a known SDH ligand, to assess the binding site overlap
and relative affinity.44 As shown in Table 4, compound 5n
exhibited a remarkably high binding affinity with a docking
energy of−12.9 kcal mol−1 and a calculated inhibition constant
(Ki) of 3.44 × 10−10 mM, indicating strong and potentially irre-
versible binding to the SDH active site. In comparison, malo-
nate showed a signicantly lower binding energy of
−4.8 kcal mol−1 and a Ki of 3.01 × 10−4 mM. The interaction
mapping of 5n within the SDH binding pocket revealed
multiple hydrophobic and polar contacts. Key residues involved
include ASP561, THR560, ARG67, GLU64, LEU94, ALA68,
LEU71, LEU161, LEU158, PHE162, and ASP553. Notably,
LEU158 and ASP561 were also found in the binding site of the
reference ligand malonate, indicating a partial overlap in
binding pockets and potential competitive inhibition. Inter-
estingly, unlike malonate, which formed hydrogen bonds with
Table 4 Represents the binding energy, inhibition constant, and binding
residue showing the similar binding residue with the standard ligand (ma

Receptor
(PDB ID) Ligand

Binding energy
(kcal mol−1) Ki (mM) B

SDH (6VAX) 5n −12.9 3.44281 × 10−10 A
A
PH

Malonate −4.8 3.01198 × 10−4 G
LY
SE

© 2025 The Author(s). Published by the Royal Society of Chemistry
residues such as SER509, THR508, LEU158, and ARG512,
compound 5n did not show classical hydrogen bonding inter-
actions but instead exhibited strong van der Waals and hydro-
phobic interactions, particularly with multiple leucine residues
(LEU94, LEU158, LEU161, LEU71), and p–p stacking with
PHE162. These interactions are visualized in Fig. 3C and D,
which illustrate the 3D and 2D docking poses of 5n-SDH,
respectively. The robust binding affinity of 5n is likely driven by
its extended aromatic system and lipophilic side chains, which
allow deeper insertion into the hydrophobic core of the SDH
binding cavity. The absence of H-bonding is compensated by
strong hydrophobic contacts and electrostatic interactions,
particularly with charged residues like ARG67 and ASP553.
These ndings underscore the potential of 5n as a potent SDH
inhibitor.
2.5. Anti-microbial activity

The Anti-bacterial and anti-fungal Activities were also studied
for the synthesized analogues. Table S1 and Fig. S1 & S2 present
the antibacterial and antifungal activity of synthesized
analogues at 18 hours, measured as the zone of inhibition (mm)
at 1 mg mL−1. 1 exhibited the broadest activity, inhibiting all
tested bacteria (Escherichia coli, Klebsiella pneumoniae, Staphy-
lococcus aureus, Bacillus subtilis) with zones of 7–8 mm, and
both fungi (Candida albicans and Candida tropicalis) with
11 mm inhibition. Several compounds (3, 5a–5e, and 5n)
selectively inhibited Staphylococcus aureus (7 mm), while 5m
was active only against Klebsiella pneumoniae (8 mm). Sample 5l
showed antifungal activity (8 mm for Candida albicans, 7 mm
for Candida tropicalis) (Fig. S2), but most analogues (5f–5k)
exhibited no activity. Compared to standard antibiotics (strep-
tomycin 24 mm for bacteria, ketoconazole 24 mm for fungi), the
synthesized compounds showed moderate to weak potency,
with 1 demonstrating the most promising broad-spectrum
activity.
3. Experimental
3.1. Chemistry

All other chemicals and reagents purchased from Aldrich
(India), AVRA Chemicals Pvt. Ltd. (India) and were used without
further purication. TLC Silica gel 60 F254 (Merck, Germany)
was used for TLC. Visualization of the developed TLC was
site of ligand 5n and malonate with SDH receptor protein (highlighted
lonate))

inding pockets H-bond (Å)

SP561, THR560, ARG67, GLU64, LEU94,
LA68, LEU71, LEU161, LEU158,
E162, ASP553

—

LU564, ARG507, ARG512, LEU158,
S550,GLU159, THR508, ASP561,
R509

SER509 (3.4), THR508 (3.4),
LEU158 (3.6), ARG512 (4.8)
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Fig. 3 (A) Represents the 3D interaction of docked complex of Malonate-SDH (B) 2D representation of the binding pockets of Malonate. (C)
Represents the 3D interaction of docked complex of 5n-SDH (D) 2D representation of the binding pockets of 5n.
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performed by UV light or 5% H2SO4 in MeOH stain. Melting
points were measured using A. KRUSS OPTRONIC (Germany)
melting point apparatus and are uncorrected. IR spectra were
recorded on a Bruker Optics (Tensor 27 model, Germany) FT-IR
spectrophotometer (using KBr pellets) and reported in wave
number (cm−1). 1H NMR (400/500 MHz) and 13C NMR (75/100
MHz) spectra were measured in CDCl3 and DMSO-d6 at room
temperature on a Bruker Avance-III 400/500 MHz (Switzerland)
instruments. The Chemical shis are reported as d parts per
million (ppm) in CDCl3 (dH = 7.26; dC = 77.0) using tetra-
methylsilane as an internal standard. Data are reported as
follows: chemical shi, multiplicity (s: singlet, d: doublet, t:
triplet, dd: doublet of doublet, q: quartet, br: broad, m: multi-
plet), coupling constants (J in Hz) and integration.
3.2 General procedure for synthesis of cinnamaldehyde–
chalcone-analogues

3.2.1 Synthesis of (2E,4E)-1-(2-hydroxyphenyl)-5-
phenylpenta-2,4-dien-1-one (3). Cinnamldehyde 1 (1.0 g, 7.575
m moles) and 2-hydroxyacetophenone (2, 0.925 g, 1.0 eq.) are
dissolved in 20 mL of ethanol. To this reaction mixture added
NaOH (1.5 eq.) and the reaction was carried out at 35–40 °C for
4 h. Then reaction mixture was diluted with ice cold distilled
water (500 mL) and stirred for 15 min, resulted solid ltered off,
washed with water then with methanol, and recrystallized form
petroleum ether to get yellow needles of (2E,4E)-1-(2-
hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one (3) in pure from.
3.3 O-Alkylation/benzylation of compound 3

Compound 3 (0.3 g, 1.2 m moles) along with 0.246 g (1.5 equiv.)
of anhydrous potassium carbonate was taken in 20 mL of
dimethyl formamide (DMF) in clean RB ask and added slowly
alkyl bromides or chlorides/benzyl bromides or chlorides (4a–n,
1.5 equiv.) to this solution. Reaction mixture was stirred at RT
for 4 h to afford crude O-alkylated/benzylated derivatives. This
crude compound was poured in to distilled water (500 mL),
ltered then washed with water and dried to yield pure
alkylated/benzylated derivatives (5a–n) of 2-(2E, 4E)-1-(2-
30632 | RSC Adv., 2025, 15, 30627–30638
hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one (3) in quantitative
yields.

3.3.1 Spectral data of synthesized compounds compound 3
[(2E,4E)-1-(2-hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one].
Yield: 800 mg (72%), yellow solid, IR. (KBr): 3957, 3857,
3855,3257, 2401, 2010, 825 cm−1; 1H NMR (400 MHz, CDCl3): dH
(ppm) 12.88 (s, 1H), 7.84 (dd, J = 8.1, 1.6 Hz, 1H), 7.71 (ddd, J =
14.7, 7.4, 2.9 Hz, 1H), 7.53 (m, 3H), 7.41 (m, 3H), 7.26 (m, 1H),
7.08 (m, 3H), 6.92 (ddd, J = 8.2, 7.3, 1.1 Hz, 1H) (Fig. S3); 13C
NMR (100 MHz, CDCl3): dc (ppm) 193.71, 163.60, 145.52, 142.93,
136.25, 135.97, 129.52, 129.51, 128.93, 127.46, 126.70, 123.48,
120.04, 118.80, 118.60 (Fig. S4); ESI-MS: positive ion mode: m/z
= 251 [M + H]+ calculated mass (M) for C17H14O2 is 250.30.
(Fig. S5)

3.3.2 (2E,4E)-1-(2-((3-Chlorobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5a). Yield: 250 mg (85%), yellow
solid, m.p. 144–146 °C; IR (KBr): 3092, 3019, 2940, 2338, 1951,
1886, 1794, 1641, 1591, 1567, 1437, 1344, 1283, 1230, 1154,
1098, 991, 875, 753, 681 cm−1; 1H NMR (500 MHz, CDCl3) d 7.63
(dd, J= 7.6, 1.7 Hz, 1H), 7.46 (m, 5H), 7.36 (m, 3H), 7.31 (m, 3H),
7.27 (m, 2H), 7.07 (td, J = 7.5, 0.7 Hz, 1H), 7.01 (m, 1H), 6.93 (m,
2H), 5.14 (s, 2H) (Fig. S6). 13C NMR (100 MHz, CDCl3): dc (ppm):
192.80, 156.78, 143.61, 141.39, 138.54, 132.73, 130.67, 130.55,
129.89, 129.87, 129.06, 128.79, 128.12, 127.27, 127.16, 127.06,
125.12, 121.06, 113.04, 69.86 (Fig. S7).; LC-MS: positive ion
mode: m/z = 375.1153 [M + H]+ calculated mass (M) for
C24H19ClO2 is 374.8640 (Fig. S8).

3.3.3 (2E,4E)-1-(2-((3,4-dichlorobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5b). Yield: 291 mg (89%), yellow
solid, m.p. 239–241 °C; IR (KBr): 3107, 3044, 2964, 1909, 1664,
1619, 1577, 1500, 1410, 1362, 1305, 1257, 1185, 1129, 1041, 884,
812, 719, 642 cm−1; 1H NMR (500 MHz, CDCl3) d 7.58 (s, 2H),
7.49 (m, 5H), 7.38 (m, 4H), 7.08 (dd, J = 16.8, 10.3 Hz, 2H), 7.02
(m, 3H), 5.14 (d, J = 1.3 Hz, 2H) (Fig. S9). 13C NMR (100 MHz,
CDCl3): dc (ppm): 192.65, 156.34, 143.64, 141.41, 136.73, 135.91,
132.67, 130.43, 130.14, 129.63, 129.06, 128.92, 128.72, 127.13,
126.77, 126.33, 112.99, 69.02 (Fig. S10). LC-MS: positive ion
mode:m/z = 409.0763 [M]+ calculated mass (M) for C24H18Cl2O2

is 409.3060 (Fig. S11).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.4 (2E,4E)-1-(2-((4-Chlorobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5c). Yield: 320 mg (92%), yellow
solid, m.p. 204–206 °C; IR (KBr): 3018, 2955, 2917, 2869, 1733,
1659, 1611, 1494, 1458, 1370, 1301, 1253, 1214, 1086, 1038, 922,
853, 753, 667 cm−1; 1H NMR (500 MHz, CDCl3) d (ppm): 7.65
(dd, J = 7.6, 1.8 Hz, 1H), 7.49 (m, 3H), 7.40 (m, 8H), 7.09 (td, J =
7.5, 0.8 Hz, 2H), 7.03 (d, J = 8.3 Hz, 1H), 6.95 (dd, J = 15.4,
7.6 Hz, 1H), 6.87 (dd, J = 15.5, 10.8 Hz, 1H), 5.16 (s, 2H)
(Fig. S12). 13C NMR (100 MHz, CDCl3): dc (ppm): 192.81, 156.88,
143.51, 141.25, 136.16, 134.98, 133.84, 132.69, 130.80, 130.48,
129.78, 129.11, 128.87, 128.78, 128.58, 127.21, 127.03, 121.36,
113.15, 69.96 (Fig. S13). LC-MS: positive ion mode: m/z =

375.1150 [M + H]+ calculated mass (M) for C24H19ClO2 is
374.8640 (Fig. S14).

3.3.5 (2E,4E)-1-(2-((2-Chlorobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5d). Yield: 315 mg (70%), yellow
solid, m.p. 247–249 °C; IR (KBr): 2941, 2857, 2810, 1793, 1642,
1600, 1402, 1237, 1082, 999, 871, 711, 657 cm−1; 1H NMR (400
MHz, CDCl3): dH (ppm) 8.31 (s, 1H), 7.57 (dd, J = 7.0, 1.5 Hz,
1H), 7.55 (m, 1H), 7.52 (d, J = 1.8 Hz, 2H), 7.48 (dd, J = 7.6,
1.7 Hz, 1H), 7.44 (m, 2H), 7.38 (d, J = 2.4 Hz, 1H), 7.37 (m, 1H),
7.28 (m, 1H), 7.26 (m, 1H), 7.13 (s, 1H), 7.12 (m, 1H), 7.09 (d, J =
0.8 Hz, 1H), 6.98 (s, 1H), 6.94 (s, 1H), 5.24 (s, 2H) (Fig. S15).; 13C
NMR (100 MHz, CDCl3): dc (ppm) 192.72, 156.46, 143.88, 141.89,
139.69, 136.50, 133.63, 133.28, 131.03, 130.72, 130.02, 129.62,
129.33, 128.22, 127.72, 127.54, 126.52, 121.53, 113.95, 69.45
(Fig. S16).; LC-MS: positive ion mode: m/z = 375.1151 [M + H]+

calculated mass (M) for C24H19ClO2 is 374.8640 (Fig. S17).
3.3.6 (2E,4E)-1-(2-((4-Fluorobenzyl)oxy)phenyl)-5-

phenylpenta-2,4-dien-1-one (5e). Yield: 330 mg (92%), yellow
solid, m.p. 219–221 °C; IR (KBr): 3011, 2938, 2884, 2852, 2785,
2345, 2312, 1512, 1401, 1356, 1131, 997, 873, 713 cm−1; 1H NMR
(400 MHz, CDCl3): dH (ppm): 7.99 (dd, J = 8.2, 1.6 Hz, 1H), 7.63
(dd, J= 8.1, 6.6 Hz, 3H), 7.58 (m, 4H), 7.43 (m, 3H), 7.29 (m, 2H),
7.20 (m, 1H), 7.10 (m, 1H), 7.00 (ddd, J = 7.1, 5.7, 4.5 Hz, 1H),
6.91 (dd, J = 15.1, 8.9 Hz, 1H), 5.21 (s, 2H) (Fig. S18); LC-MS:
positive ion mode: m/z = 359.1440 [M + H]+ calculated mass
(M) for C24H19FO2 is 358.4124 (Fig. S19).

3.3.7 2E,4E)-1-(2-((3,5-Diuorobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5f). Yield: 298 mg (88%), yellow
solid, m.p. 189–191 °C; IR (KBr): 3059, 2938, 2884, 2789, 2317,
1796, 1637, 1595, 1441, 1349, 1317, 1232, 1111, 998, 961, 866,
737, 676 cm−1; 1H NMR (400 MHz, CDCl3): dH (ppm): 7.64 (dd, J
= 7.6, 1.8 Hz, 1H), 7.50 (m, 7H), 7.11 (td, J = 7.5, 0.8 Hz, 1H),
7.00 (m, 6H), 6.75 (ddd, J = 8.9, 5.6, 2.3 Hz, 1H), 5.16 (s, 2H)
(Fig. S20); 13C NMR (100 MHz, CDCl3): dc (ppm): 192.89, 164.11,
1162.23, 156.38, 143.98, 141.67, 140.55, 136.17, 132.62, 130.53,
130.43, 129.94, 129.13, 128.80, 127.27, 126.83, 121.63, 112.98,
109.73, 109.53, 103.49, 103.29, 69.36 (Fig. S21); LC-MS: positive
ion mode: m/z = 377.1363 [M + H]+ calculated mass (M) for
C24H18F2O2 is 376.4028 (Fig. S22).

3.3.8 (2E,4E)-1-(2-((4-Bromobenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5g). Yield: 305 mg (90%), yellow
solid, m.p. 194–196 °C; IR (KBr): 3050, 2875, 2305, 1932, 1793,
1640, 1591, 1475, 1343, 1287, 1235, 1152, 1104, 1066, 992, 871,
804, 737, 681 cm−1; 1H NMR (400 MHz, CDCl3): dH (ppm): 7.85
© 2025 The Author(s). Published by the Royal Society of Chemistry
(d, J = 2.8 Hz, 1H), 7.58 (m, 4H), 7.50 (m, 2H), 7.45 (m, 5H), 7.38
(m, 1H), 7.26 (dt, J = 15.2, 6.5 Hz, 2H), 7.11 (m, 2H), 6.93 (d, J =
15.1 Hz, 1H), 5.21 (s, 2H) (Fig. S23); 13C NMR (100 MHz, CDCl3):
dc (ppm): 192.83, 163.09, 156.64, 143.30, 141.10, 131.48, 130.62,
128.95, 128.73, 127.04, 126.80, 121.59, 121.14, 112.97, 112.30,
69.69 (Fig. S24).; LC-MS: positive ion mode:m/z = 419.0641 [M]+

calculated mass (M) for C24H19BrO2 is 419.3180 (Fig. S25).
3.3.9 (2E,4E)-1-(2-((2-Bromobenzyl)oxy)phenyl)-5-

phenylpenta-2,4-dien-1-one (5h). Yield: 322 mg (93%), yellow
solid, m.p. 230–232 °C; IR (KBr): 3779, 3367, 3244, 2623, 2495,
2379, 1762, 1597, 1464, 1444, 875, 616 cm−1; 1H NMR (400 MHz,
CDCl3): dH (ppm): 7.68 (dd, J = 7.9, 1.8 Hz, 1H), 7.49 (m, 3H),
7.41 (m, 6H), 7.19 (d, J = 7.8 Hz, 2H), 7.09 (m, 3H), 6.94 (d, J =
15.6 Hz, 1H), 6.86 (dd, J = 15.5, 10.7 Hz, 1H), 5.16 (s, 2H)
(Fig. S26); 13C NMR (100 MHz, CDCl3): dc (ppm): 192.73, 157.39,
142.97, 140.79, 136.35, 133.43, 132.82, 131.11, 130.55, 129.64,
129.25, 128.97, 128.80, 127.38, 127.33, 127.16, 121.08, 113.19,
70.66 (Fig. S27); LC-MS: positive ion mode: m/z = 419.0634 [M]+

calculated mass (M) for C24H19BrO2 is 419.3180 (Fig. S28).
3.3.10 2-((2-((2E,4E)-5-Phenylpenta-2,4-dienoyl)phenoxy)

methyl) benzonitrile (5i). Yield: 302mg (89%), yellow solid, m.p.
137–139 °C; IR (KBr): 3764, 3400, 3031, 3014, 2960, 2732, 2716,
2597,2513, 2303, 1482 cm−1; 1H NMR (400 MHz, CDCl3): dH
(ppm): 7.90 (dd, J = 7.7, 0.9 Hz, 1H), 7.75 (m, 2H), 7.64 (m, 5H),
7.43 (m, 4H), 7.24 (dd, J= 15.1, 10.6 Hz, 2H), 7.12 (ddd, J= 12.7,
5.6, 2.9 Hz, 2H), 6.97 (dd, J = 42.3, 12.9 Hz, 1H), 5.38 (s, 2H)
(Fig. S29); 13C NMR (100 MHz, CDCl3): dc (ppm): 192.38, 156.27,
143.26, 141.11, 139.59, 135.95, 133.13, 132.76, 130.62, 130.04,
129.66, 129.04, 128.80, 128.76, 127.07, 126.81, 121.54, 116.94,
113.08, 111.03, 68.20 (Fig. S30); LC-MS: positive ionmode:m/z=
366.1500 [M + H]+ calculated mass (M) for C25H19NO2 is
365.4320 (Fig. S31).

3.3.11 (2E,4E)-1-(2-((4-Methylbenzyl)oxy)phenyl)-5-
phenylpenta-2,4-dien-1-one (5j). Yield: 288 mg (85%), yellow
solid, m.p. 184–186 °C; IR (KBr): 3327, 2922, 2860, 2338, 1739,
1599, 1412, 1112, 971, 711, 636 cm−1; 1H NMR (400 MHz,
CDCl3): dH (ppm): 7.58 (m, 6H), 7.43 (m, 5H), 7.31 (m, 2H), 7.11
(m, 3H), 6.95 (d, J = 15.1 Hz, 1H), 5.23 (s, 2H), 2.50 (dt, J = 3.6,
1.8 Hz, 3H) (Fig. S32); 13C NMR (100 MHz, CDCl3): dc (ppm):
192.70, 163.59, 145.50, 142.91, 136.23, 135.97, 129.50, 129.24,
128.91, 128.79, 127.44, 127.36, 127.15, 126.69, 123.49, 121.10,
120.03, 118.78, 118.60, 70.78, 21.14 (Fig. S33); LC-MS: positive
ion mode: m/z = 355.1691 [M + H]+ calculated mass (M) for
C25H22O2 is 354.4490 (Fig. S34).

3.3.12 (2E,4E)-1-(2-(Benzyloxy)phenyl)-5-phenylpenta-2,4-
dien-1-one (5k). Yield: 324 mg (92%), yellow solid, m.p. 225–
227 °C; IR (KBr): 3759, 3448, 2993, 2735, 2725, 2492, 2448, 1577,
477, 467 cm−1; 1H NMR (400 MHz, CDCl3): dH (ppm): 7.67 (dd, J
= 7.6, 1.8 Hz, 1H), 7.52 (m, 5H), 7.43 (m, 6H), 7.07 (td, J = 8.3,
2.0 Hz, 2H), 6.98 (dd, J = 25.9, 15.4 Hz, 2H), 6.87 (dd, J = 15.5,
10.7 Hz, 2H), 5.21 (s, 2H) (Fig. S35); 13C NMR (100 MHz, CDCl3):
dc (ppm): 193.08, 157.21, 143.20, 140.99, 136.49, 136.29, 132.75,
130.97, 130.51, 129.73, 129.00, 128.80, 128.57, 127.96, 127.18,
121.15, 113.14, 70.65 (Fig. S36); LC-MS: positive ionmode:m/z=
341.1538 [M + H]+ calculated mass (M) for C24H20O2 is 340.4220
(Fig. S37).
RSC Adv., 2025, 15, 30627–30638 | 30633
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3.3.13 (2E,4E)-1-(2-(Hexyloxy)phenyl)-5-phenylpenta-2,4-
dien-1-one (5l). Yield: 275 mg (80%), yellow solid, m.p. 191–
193 °C; IR (KBr): 3655, 3545, 3453, 3324, 3214, 3110, 2094, 1905,
1809, 543, 457 cm−1; 1H NMR (400 MHz, CDCl3): dH (ppm):
7.63–7.54 (m, 2H), 7.51 (m, 1H), 7.46 (m, 4H), 7.27 (ddd, J =
15.1, 6.6, 3.9 Hz, 1H), 7.16 (m, 3H), 7.03 (td, J = 7.5, 0.7 Hz, 1H),
6.93 (d, J = 15.0 Hz, 1H), 4.06 (t, J = 6.1 Hz, 2H), 1.70 (dt, J =
14.5, 6.2 Hz, 2H), 1.43 (m, 2H), 1.27 (m, 4H), 0.76 (t, J = 7.1 Hz,
3H) (Fig. S38); LC-MS: positive ion mode: m/z = 335.2002 [M +
H]+ calculated mass (M) for C23H26O2 is 334.4590 (Fig. S39).

3.3.14 (2E,4E)-1-(2-(Pentyloxy)phenyl)-5-phenylpenta-2,4-
dien-1-one (5m). Yield: 281 mg (81%), yellow solid, m.p. 238–
240 °C; IR (KBr): 3216, 3199, 3182, 2453, 1967, 1319, 804, 525,
523 cm−1; 1H NMR (400 MHz, CDCl3): dH (ppm): 7.58 (m, 2H),
7.52 (m, 2H), 7.38 (tdd, J = 6.1, 3.9, 2.4 Hz, 1H), 7.31 (m, 3H),
7.16 (dd, J = 14.0, 9.0 Hz, 2H), 7.03 (td, J = 7.5, 0.9 Hz, 3H), 6.93
(d, J = 15.0 Hz, 1H), 4.06 (t, J = 6.2 Hz, 2H), 1.71 (dq, J = 12.6,
6.3 Hz, 2H), 1.41 (m, 4H), 0.81 (t, J = 7.2 Hz, 3H) (Fig. S40); 13C
NMR (100 MHz, CDCl3): dc (ppm): 192.76, 157.45, 142.62,
140.80, 136.00, 132.70, 130.71, 130.01, 129.14, 128.88, 128.66,
126.98, 120.36, 112.32, 68.39, 28.69, 28.20, 22.20, 13.89
(Fig. S41); LC-MS: positive ion mode: m/z = 321.1863 [M + H]+

calculated mass (M) for C22H24O2 is 320.4320 (Fig. S42).
3.3.15 (2E,4E)-1-(2-(2-Bromoethoxy)phenyl)-5-phenylpenta-

2,4-dien-1-one (5n). Yield: 250 mg (78%), yellow semi liquid; IR
(KBr): 3450, 2923, 2853, 1714, 1600, 1453, 1366, 1224, 1166,
1123, 1081, 972, 909, 871, 754, 647 cm−1; 1H NMR (400 MHz,
CDCl3): dH (ppm): 7.64 (dd, J = 7.6, 1.8 Hz, 1H), 7.48 (m, 4H),
7.40 (m, 2H), 7.30 (ddd, J = 7.3, 3.6, 1.2 Hz, 1H), 7.11 (m, 2H),
7.00 (dd, J= 19.3, 8.9 Hz, 2H), 6.93 (d, J= 7.9 Hz, 1H), 4.38 (t, J=
5.9 Hz, 2H), 3.67 (t, J = 5.9 Hz, 2H) (Fig. S43); 13C NMR (100
MHz, CDCl3): dc (ppm): 192.57, 156.49, 143.44, 141.22, 136.29,
132.83, 130.79, 130.72, 129.76, 129.07, 128.84, 127.31, 127.25,
121.63, 112.65, 68.59, 29.14 (Fig. S44); LC-MS: positive ion
mode: m/z = 357.0502 [M]+ calculated mass (M) for C19H17BrO2

is 357.2470 (Fig. S45).
3.4. In vitro cytotoxicity studies on normal and cancer cell
lines

The cytotoxic activity of the synthesized cinnamaldehyde–
chalcone derivatives was assessed using the MTT assay, as
described in our previously published work.45 The evaluation
was conducted on four cell lines: three cancer cell lines (DU145,
SKBR-3, and HepG2) and one normal cell line (HEK-293). All cell
lines were obtained from the American Type Culture Collection
(ATCC, Bethesda, MD, USA). Cells were cultured in Dulbecco's
Modied Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM l-glutamine, and 100 mg per mL
penicillin–streptomycin. Cultures were maintained in a humid-
ied incubator at 37 °C with 5% CO2. Initially Cells were seeded
in 96-well microtiter plates at a density of 10 000 cells per well
and allowed to adhere overnight. The following day, varying
concentrations of the test compounds were added, and the cells
were incubated for 48 hours. Aer the treatment period, the
medium was replaced with fresh culture medium, followed by
the addition of 10 mL of 12 mMMTT reagent to each well. Plates
30634 | RSC Adv., 2025, 15, 30627–30638
were incubated in the dark at 37 °C for 4 hours. Subsequently,
100 mL of dimethyl sulfoxide (DMSO) was added to each well to
solubilize the formazan crystals formed. Absorbance was
measured at 570 nm using a Multimode Varioskan Flash
microplate reader (Tecan), with wells containing only media
serving as blanks. Data were collected from three independent
experiments, and IC50 values for each cell line were calculated
using linear regression analysis.
3.5. Antimicrobial studies

In this study, antimicrobial activity was evaluated against six
microbial strains: two Gram-negative bacteria (Escherichia coli
MTCC 730 and Klebsiella pneumoniae MTCC 109), two Gram-
positive bacteria (Staphylococcus aureus MTCC 96 and Bacillus
subtilis MTCC 121), and two fungal strains (Candida albicans
MTCC 227 and Candida tropicalis MTCC 230). All strains were
obtained from the Microbial Type Culture Collection and Gene
Bank (MTCC), Chandigarh. Bacterial strains were cultured on
Mueller–Hinton Agar (MHA) and maintained in Mueller–Hin-
ton Broth (MHB) at 37 °C for 24 hours, while fungal strains were
maintained under similar conditions at 30 °C. The antimicro-
bial efficacy of the test compounds was assessed using the agar
well diffusion method, in accordance with Clinical and Labo-
ratory Standards Institute (CLSI) guidelines (2012).46 Briey, the
inoculum was uniformly spread over the agar surface, and wells
of 6–8 mm diameter were aseptically punched into the agar.
Each well was loaded with 20–100 mL of the test compound. The
plates were then incubated at the respective optimal tempera-
tures for 24 hours, aer which the zones of inhibition were
measured to evaluate antimicrobial activity.
3.4. In vivo acute oral toxicity of compound 5n

The experiment was carried out following IAEC-approved
protocol no. CIMAP/IAEC/2024–25/19 and methodologies
recently published from the lab47,48 for the acute oral toxicity of
the most potent molecule in mouse model. The Institutional
Animal Ethics Committee of CSIR- Central Institute of Medic-
inal & Aromatic Plants, Lucknow, UP, India is a constituent
body operates under CCSEA, Government of India and regulates
compliances of guidelines related to ethical use animals in
experimental studies. For the acute oral toxicity study, 30 mice
(15 male and 15 female) were taken and divided into ve groups
comprising 3 male and 3 female mice in each group weighing
between 22–25 g. The animals were maintained at 22 ± 5 °C
with humidity control and also on an automatic dark and light
cycle of 12 hours. The animals were fed with the standard mice
feed and provided ad libitum drinking water. Mice of group 1
(Group I) were kept as control and animals of groups 2, 3, 4 and
5 (Groups II, III & IV) were kept as experimental. The animals
were acclimatized for 7 days in the experimental environment
before the actual experimentation. The test compound was
suspended in gum acacia and 0.7% CMC and was given at 5, 50,
300 and 1000 mg kg−1 body weight as a single acute oral dose to
animals of groups 2, 3, 4 and 5 respectively. Control animals
received only vehicle.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5. Erythrocyte osmotic fragility

Erythrocyte fragility was assessed using heparinized human
blood [all experiments were performed in accordance with the
approved procedure of the Institutional Human Ethics
Committee (CIMAP/IHEC/2022/01) and Informed consents were
obtained from human volunteers in this study] subjected to
hypotonic phosphate-buffered saline (PBS, 10% stock) solutions
with progressively decreasing concentrations, ranging from
0.85% to 0.10%.47,48 Test compounds (1 mL) were added to the
blood samples from the stock of 10 mg mL−1, with quercetin as
a positive control and DMSO as a negative control. The samples
were incubated at 37 °C for 30 min to allow interaction with the
test compounds. Following incubation, the treated cells were
exposed to a series of hypotonic PBS solutions (0.85%, 0.65%,
0.4%, 0.2%, and 0.1%) and further incubated under the same
conditions for 30 min with gentle agitation. Aerwards, the cell
suspensions were centrifuged at 3000 rpm for 5 min at 4 °C to
separate the supernatant. The degree of hemolysis was then
quantied spectrophotometrically by measuring absorbance at
540 nm. The percentage of hemolysis was determined by
calculating the ratio of the optical density (OD) of the super-
natant obtained from each PBS concentration to the OD of
a standard representing 100% hemolysis. Osmotic fragility
curves were generated by plotting the hemolysis percentage
against PBS concentration, and the mean erythrocyte fragility
(MEF50) was computed using Table Curve 2D Windows v4.07
(AISN Soware Inc., USA).
3.6. In silico docking of compound 5n

3.6.1 Preparation of receptor. The 3D crystal structures of
receptor protein succinate dehydrogenase (6VAX), have been
acquired from the RCSB Protein Data Bank. The PDB les ob-
tained were processed using the BIOVIA Discovery Studio 3.5
soware to eliminate ligands, water molecules, and unwanted
heteroatoms that could potentially hinder the docking study.
The missing residues of protein molecules were repaired using
Autodock tools.49 Further polar hydrogen atoms were included
to enhance the stability of the binding complexes.

3.6.2 Preparation of Ligand. The chemical structure of the
synthesized compound was depicted using ChemDraw Ultra 7.0
soware. The designed structure was saved in the MDL Molle
format. The inhibitor's 3D structures have been retrieved from
the PubChem database in SDF le format.50 The compounds
and inhibitors MDLMolle and SDF le were converted into the
PDB le using the OpenBabel-3.1.1 soware to facilitate further
studies.

3.6.3 Molecular docking. Receptor-ligand interactions were
studied using PyRx's AutoDock (V. 4.0). The process began with
preparing a receptor protein by removing water and adding
polar hydrogen and Kollman charges. Ligands rotatable bonds
were set to rotate, and Gasteiger charges were calculated. Each
ligand was uploaded, energy minimized, and converted to
PDBQT format. A grid box was established for docking, using
AutoGrid to create a grid map.50 Rigid-exible docking
produced ten conformations, selecting the one with the most
negative binding energy and RMSD values below 1.0 Å. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
inhibition constant (Ki) was then calculated. BIOVIA Discovery
Studio 3.5 analysed the binding pocket and ligand poses,
revealing specic binding sites and interaction types.

4. Conclusion

This study successfully synthesized novel cinnamaldehyde–
chalcone analogues (5a–5n) and evaluated their anticancer,
antibacterial, and antifungal activities. Bromoethane chalcone
(5n) showed the strongest cytotoxicity against DU145, SKBR-3,
and HEPG2 cancer cell lines. Molecular docking studies
revealed that compound 5n binds strongly to succinate dehy-
drogenase (SDH), suggesting anticancer potential. Despite not
showing good antimicrobial properties, acute oral toxicity
studies in Swiss albino mice conrmed the safety of 5n up to
1000 mg kg−1. These ndings highlight compound 5n as
a promising candidate for further preclinical anticancer
research due to its strong cytotoxicity, favourable docking
interactions, and excellent safety prole.
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