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e synthesis of pyrazole chalcone
molecular hybrids efficient route to advanced
diabetes therapeutics with DNA intercalative
properties

Jyoti Sharma and Raj Kaushal *

Novel chalcone derivatives incorporating pyrazole moieties were synthesized via microwave assisted

Claisen–Schmidt condensation and evaluated for their in vitro a-amylase and a-glucosidase inhibitory

potential as therapeutic agents against diabetes mellitus, a rapidly escalating global health crisis. The

microwave-assisted approach demonstrated remarkable synthetic advantages achieving excellent yields

(80–85%) and enhanced product purity within minutes compared to conventional methods requiring

over 24 hours. Five pyrazole-chalcone hybrids, LI (C19H16N2O), LII (C18H14Cl2N2O), LIII (C18H14N3O3), L
IV

(C20H16N2O2), and LV (C18H15N2O2), were successfully synthesized from pyrazole ketone and different

substituted aldehydes. Comprehensive structural characterization using FTIR, NMR, UV-Vis, fluorescence,

cyclic voltammetry, and mass spectrometry confirmed successful target compound formation. In vitro

enzyme inhibition studies revealed promising dose dependent activity with compounds LIV (IC50 = 212.5

mM) and LII (IC50 = 215.2 mM) demonstrating superior a-glucosidase inhibition compared to acarbose

(IC50 = 240.6 mM), while compound LI exhibited potent a-amylase inhibitory activity (IC50 = 501.9 mM).

DNA binding studies indicated intercalative interactions with binding constants ranging from 103 to 104

M−1. Molecular docking analysis revealed stable protein ligand complexes with compound LII showing

binding affinities of −6.15 kcal mol−1 for a-glucosidase and −5.83 kcal mol−1 for a-amylase, while DFT

calculations indicated HOMO–LUMO energy gaps of 3.93–4.30 eV suggesting moderate chemical

reactivity. The in silico drug-likeness and oral bioavailability profiles of pyrazole-chalcone fully comply

with Lipinski's criteria and exhibit excellent ADMET properties. These comprehensive findings establish

pyrazole chalcone hybrids as promising multifunctional molecular scaffolds with significant potential for

next-generation antidiabetic therapeutics.
1. Introduction

Type 2 diabetes mellitus (T2DM) has become a critical global
health epidemic of the modern era,1 impacting approximately
537 million adults worldwide.2 The condition presents as
a multifaceted metabolic disorder distinguished by persistent
hyperglycemia,3 impaired insulin sensitivity, and deteriorating
pancreatic b-cell function. The International Diabetes Federa-
tion has projected that this number will escalate to 783 million
by 2045 underscoring the urgent need for innovative thera-
peutic interventions.4 The pathophysiology of T2DM involves
intricate dysregulation of glucose homeostasis, with post-
prandial hyperglycaemia serving as a critical determinant of
long-term complications including cardiovascular disease,5

diabetic nephropathy,6 retinopathy,7 and neuropathy.8,9 Current
therapeutic approaches for T2DM management primarily focus
te of Technology, Hamirpur, Himachal

nith.ac.in

47020
on enhancing insulin sensitivity through metformin, stimu-
lating insulin secretion via sulfonylureas and glinides, or
modulating incretin pathways using GLP-1 receptor10 agonists11

and DPP-4 inhibitors.12 However, these monotherapeutic strat-
egies oen prove insufficient in achieving optimal glycaemic
control particularly in managing postprandial glucose excur-
sions that signicantly contribute to overall glycaemic burden
and diabetes related complications. Consequently, there is
a compelling need for multitarget therapeutic approaches that
can simultaneously address multiple pathophysiological
mechanisms underlying T2DM. The digestive enzymes a-
amylase and a-glucosidase represent attractive therapeutic
targets for postprandial glucose management due to their
pivotal roles in carbohydrate metabolism.13 Pancreatic a-
amylase initiates starch digestion by cleaving a-1,4-glycosidic
bonds in polysaccharides generating smaller oligosaccharides
and maltose units.14 Subsequently, intestinal a-glucosidase
completes the digestive process by hydrolyzing these oligosac-
charides and disaccharides into absorbable monosaccharides,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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primarily glucose, which directly enters systemic circulation.15

The sequential action of these enzymes makes them ideal
targets for controlling postprandial glucose levels as their
simultaneous inhibition can effectively delay carbohydrate
absorption16 and mitigate acute hyperglycaemic episodes.17,18

Acarbose, miglitol, and voglibose represent the current gener-
ation of a-glucosidase inhibitors approved for clinical use.
While these medications demonstrate efficacy in reducing
postprandial glucose levels, they are associated with signicant
gastrointestinal side effects including atulence, diarrhoea, and
abdominal discomfort, which limit patient compliance and
therapeutic effectiveness.18 Furthermore, these inhibitors
primarily target a-glucosidase with limited a-amylase inhibitory
activity, potentially missing the opportunity for more compre-
hensive carbohydrate digestion control.

Chalcones, a class of naturally occurring a, b-unsaturated
ketones characterized by the 1,3-diphenyl-2-propen-1-one
framework,19 have garnered substantial attention in medicinal
chemistry due to their remarkable structural diversity and
broad spectrum of biological activities.20 Pyrazoles21 constitute
another important class of nitrogen-containing heterocycles
with well-established pharmacological signicance.22 The pyr-
azole core is present in numerous FDA-approved drugs23

including celecoxib, rimonabant, and sildenal, highlighting
its therapeutic relevance. Pyrazole derivatives exhibit excellent
metabolic stability, favourable pharmacokinetic properties, and
diverse biological activities24 including anti-inammatory,25

analgesic, antipyretic, and antidiabetic effects.26,27 The concept
of molecular hybridization28 has emerged as a powerful strategy
in modern drug discovery, combining pharmacophoric features
from two or more bioactive molecules to create hybrid
compounds with enhanced or novel biological properties.29

Microwave-assisted organic synthesis has revolutionized30

synthetic chemistry by offering signicant advantages31 over
conventional thermal heating methods, enabling rapid and
uniform heating, leading to dramatic reductions in reaction
times, improved yields, enhanced product purity, and reduced
energy consumption.32

Despite extensive research on individual chalcone and pyr-
azole derivatives for antidiabetic applications, systematic
investigation of pyrazole-chalcone hybrids as dual a-amylase
and a-glucosidase inhibitors remains limited. The present
study aims to address these gaps by synthesizing novel pyrazole-
chalcone hybrids using microwave-assisted Claisen–Schmidt
condensation and evaluating their potential as dual enzyme
inhibitors. The comprehensive approach includes detailed
structural characterization using multiple analytical tech-
niques, in vitro enzyme inhibition studies, DNA binding inves-
tigations, and computational analysis through molecular
docking and DFT calculations. The intercalative DNA binding
affinity correlates with favourable physicochemical properties
for cellular penetration and potential transcriptional modula-
tion of metabolic genes supporting a multitarget antidiabetic
mechanism beyond direct enzyme inhibition.33,34 This multi-
faceted methodology is designed to provide thorough under-
standing of structure–activity relationships, binding
mechanisms, and molecular properties ultimately contributing
© 2025 The Author(s). Published by the Royal Society of Chemistry
to the development of next-generation antidiabetic therapeutics
with improved efficacy and reduced side effects.

2. Experimental section
2.1. Materials

All chemicals and reagents were of analytical grade and used
without further purication. Pyrazole-3-carbaldehyde deriva-
tives, acetophenone derivatives, potassium hydroxide, ethanol,
and dimethyl sulfoxide (DMSO) were obtained from Sigma-
Aldrich. a-Amylase from porcine pancreas (Type VI-B), a-
glucosidase from Saccharomyces cerevisiae, 4-nitrophenyl a-D-
glucopyranoside (pNPG), starch, and acarbose were purchased
from Sigma-Aldrich. Calf thymus DNA (CT-DNA) and ethidium
bromide were procured from HiMedia Laboratories.

2.2. Physical methods and analysis

The synthesized compounds were characterized using
a comprehensive suite of analytical techniques. Structural
elucidation was performed using Fourier Transform Infrared
Spectroscopy (FTIR) on a Shimadzu spectrometer in the range of
400–4000 cm−1 using the KBr pellet method. Nuclear magnetic
resonance (NMR) spectroscopy was conducted on a Bruker
Avance NEO 500 MHz spectrometer to obtain both 1H-NMR and
13C-NMR spectra, utilizing DMSO-d6 and CDCl3 as deuterated
solvents. Electronic properties were investigated through UV-Vis
spectroscopy using a Motras Scientic double-beam spectro-
photometer, which also facilitated the evaluation of DNA
binding interactions of the synthesized ligands. Fluorescence
characteristics were determined using a Shimadzu spectrou-
orometer to record emission spectra. Additionally, the electro-
chemical behaviour of the ligands was examined through cyclic
voltammetry studies performed on a Metrohm Autolab three-
electrode workstation system.

2.3. Synthesis of 1-(5-methyl-1-phenyl-1H-pyrazol-4-yl)-
ethenone

Acetylpyrazole-1 was synthesized following the method
described in the literature using phenyl hydrazine 2 (100
mmol), N,N-dimethylformamide-dimethylacetal (DMF-DMA)
(17.85 g, 0.15 mol), and acetyl acetone 1 (100 mmol),
achieving an 80% yield as shown in Scheme 1 FTIR spectrum:
(KBr, ῡ cm−1) 3060, 3001, 2936, 1660, 1657, 1545, 1502, 1457,
1400, 1383, 1276, 1239, 1197, 938, 770, 700, 689, 659. 1H-NMR:
(500 MHz, CDCl3): d(ppm) 8.00 (s, 1H, Pyrazole-H), 7.51–7.40(m,
5H, Ar–H), 2.57 (s, 3H, COCH3), 2.48 (s, 3H, CH3).

13C-NMR: (500
MHz, CDCl3) 193 (CO), 138, 129, 128, 125 (aromatic ring C
atoms), 28.83, 12.36 (two CH3), 143.17, 142.23, 121.26 (pyrazole
ring C atoms). ESI: (m/z %): found 201.09 (M + H), exact mass
200, 223.08 (M + Na).

2.4. Preparation of pyrazole chalcones

2.4.1. Conventional method. A solution of pyrazole ketone
in ethanol/methanol was added to a solution of various alde-
hydes in ethanol/methanol in a 1 : 1 ratio. To this mixture, 3 M
NaOH solution was added dropwise, and the reaction was
RSC Adv., 2025, 15, 46996–47020 | 46997
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Scheme 1 Synthesis of pyrazole ketone.
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sonicated for 4–5 hours. The progress of the reaction was
monitored using TLC. Aer the reaction was complete, the
mixture was neutralized using 2 M HCl and the resulting
precipitate was ltered and dried. General procedure for
chalcone synthesis is as shown below in Scheme 2.35
Scheme 2 Synthesis of pyrazole chalcones by Claisen Schmidt condens

46998 | RSC Adv., 2025, 15, 46996–47020
2.5. Microwave assisted synthesis of pyrazole chalcones

Pyrazole chalcones were obtained by subjecting methyl ketones
and aromatic aldehydes to Claisen–Schmidt condensation
under microwave irradiation (see Scheme 3 and Table 3). The
reactions went successfully with good to outstanding yields (70–
ation by conventional method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Microwave assisted synthesis of pyrazole ketone and its chalcone derivatives.
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98%). Taking into consideration a green approach, a reduction
in the longer reaction time, and minimising the excess usage of
base, hence producing less chemical waste, the reaction was
recongured to be conducted under microwave irradiation. In
a microwave reaction vessel (10 mL), 2 equivalents of KOH/
NaOH were added to a solution of pyrazole ketone and
Table 1 Comparative analysis of reaction times and product yields for
chalcone derivatives using conventional and microwave synthetic
approaches

Ligand

Conventional method Microwave method

Time Condition Yield Time Yield

Pyrazole
ketone

24 h 80 °C reux 70% 3 minutes 90%

LI 24 h 45–50 °C stirring 72% 10 minutes 85%
LII >24 h RT stirring 75% 3 minutes 85%
LIII 24 h 50–55 °C stirring 55% 13 minutes 80%
LIV >24 h 50–55 °C stirring 60% 35 minutes 85%
LV 24 h 45–50 °C stirring 55% 20 minutes 80%

© 2025 The Author(s). Published by the Royal Society of Chemistry
different aldehydes dissolved in methanol/ethanol (7 mL). The
resultant combination was then irradiated for different time
intervals in a CEM microwave synthesiser with 120 W, 90 °C,
and an internal pressure of 10 bar. Aer completing the reac-
tion, the reaction vessel was cooled down to room temperature,
and then corresponding precipitates began to separate out.36

The compounds synthesized using the microwave method
are obtained in a highly pure form, as evidenced by a single,
clear spot on the TLC, unlike those from the conventional
method, which show multiple side products. Additionally, the
microwave method results in a higher yield of the nal product.
The comparative analysis of the both methods is shown in
Table1.

2.5.1. 1-(5-methyl-1-phenyl-1H-pyrazol-4-yl)-3-(m-tolyl)
prop-2-en-1-one (LI). Yield: 85.02%, FTIR spectrum: (KBr,
ῡ cm−1) 3066, 2909, 2355, 1650, 1591, 1539, 1500, 1452, 1397,
1307, 1272, 1227, 1182, 989, 940, 851, 791, 762, 692, 583, 509.
1H-NMR: (500 MHz, CDCl3): d(ppm) 8.16 (s, 1H, Pyrazole-H),
7.78 (d, 1H, –C]CH), 7.23 (d, 1H, COCH), 7.54–7.30 (m, 9H, Ar–
H), 2.66 (s, 3H, pyrazole CH3), 2.41 (s, 3H, CH3).

13C-NMR: (500
MHz, CDCl3) 185 (CO), 143 (C]CH), 121 (COCH), 134, 131, 125,
RSC Adv., 2025, 15, 46996–47020 | 46999
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123 (aromatic ring C atoms), 144, 141, 21 (pyrazole C atoms),
138, 129, 128 (phenyl C atoms). ESI: (m/z %): found 303.14 (M +
H), exact mass 302.

2.5.2. 3-(2,4-dichlorophenyl)-1-(5-methyl-1-phenyl-1H-
pyrazol-4-yl)prop-2-en-1-one (LII). Yield: 80.1%, FTIR spectrum:
(KBr, ῡ cm−1) 3076, 3066, 1662, 1605, 1581, 1547, 1504, 1470,
1453, 1391, 1308, 1269, 1214, 1184, 1151, 1100, 1045, 1006, 967,
940, 906, 881, 851, 821, 751, 723, 688, 658. 1H-NMR: (500 MHz,
CDCl3): d(ppm) 8.1 (s, 1H, Pyrazole-H), 8.0 (d, 1H, –C]CH), 7.7
(d, 1H, COCH), 7.5 (m, 2H, Ar–H), 7.4 (m, 4H, Phenyl-H), 2.6 (s,
3H, CH3).

13C-NMR: (500 MHz, CDCl3) 184 (CO), 144 (C]CH),
138, 137, 136, 131, 130, 129, 128, 127, 126, 125 (aromatic ring C
atoms), 121 (COCH). ESI: (m/z%): found: 411.09 (M + Na), exact
mass 357.

2.5.3. 1-(5-methyl-1-phenyl-1H-pyrazol-4-yl)-3-(3-
nitrophenyl) prop-2-en-1-one (LIII). Yield: 82%, FTIR spectrum:
(KBr, ῡ cm−1) 3076, 2869, 1658, 1609, 1528, 1347, 998, 1284,
1216, 1189, 1096, 1069, 997, 938, 852, 814, 766, 745, 724, 695.
1H-NMR: (500 MHz, CDCl3): d(ppm) 8.5 (s, 1H, pyrazole-H), 8.2,
8.1(m, 2H, Ar–H), 7.9(s, 1H, C]CH), 7.8(d, 1H, COCH), 7.6,
7.5(m, 2H, Ar–H) 7.4(m, 3H, phenyl-H), 2.6(s, 1H, CH3).

13C-
NMR: (500 MHz, CDCl3) 185(CO), 144(pyrazole-C atom),
121(COCH), 141(C]CH), 138, 134, 131, 129, 128, 125(aromatic
C atoms). ESI: (m/z %): found 334 (M + H), exact mass 333.

2.5.4. 3-(1H-indol-5-yl)-1-(5-methyl-1-phenyl-1H-pyrazol-4-
yl) prop-2-en-1-one (LIV). Yield: 79.23%, FTIR spectrum: (KBr,
ῡ cm−1) 3059, 3032, 1648, 1568, 1540, 1505, 1472, 1454, 1403,
1351, 1284, 1221, 1182, 1131, 1095, 1019, 1006, 943, 896, 863.
1H-NMR: (500 MHz, CDCl3): d(ppm) 11.3(s, 1H, NH), 8.6(s, 1H,
pyrazole-H), 8.0(s, 1H, Ar–H), 7.7(d, 1H, C]CH), 7.4(d, 1H,
COCH), 7.6, 7.5, 7.4(m, 7H, Ar–H), 2.5(s, 1H, CH3).

13C-NMR:
(500 MHz, CDCl3) 184(CO), 144(pyrazole-C atom), 141(C]CH),
137, 136, 131, 129, 128, 127, 126, 121(aromatic C atoms). ESI:
(m/z %): found 335 (M + Li + H), exact mass 327.

2.5.5. 3-(4-hydroxyphenyl)-1-(5-methyl-1-phenyl-1H-
pyrazol-4-yl)prop-2-en-1-one (LV). Yield: 78.1%, FTIR spectrum:
(KBr, ῡ cm−1) 3305, 3010, 2932, 2861, 1630, 1586, 1518, 1457,
1367, 1342, 1298, 1245, 1218, 1166, 1038, 959, 898, 795, 732,
678, 595, 535. 1H-NMR: (500 MHz, CDCl3): d(ppm) 8.1(s, 1H
pyrazole-H), 7.7(d, 1H, C]CH), 7.5–7.3(m, 7H, Ar–H), 6.8(d, 1H,
COCH), 2.5(s, 3H, CH3). ESI: (m/z %): found 343 (M + K), exact
mass 304.
2.6. Enzyme inhibition studies

2.6.1. In vitro a-amylase inhibitory assay. The a-amylase
inhibitory activity was evaluated in vitro using the iodine-starch
method. The method was adapted with slight modications
from the studies of M. Kaur and R. Kaushal.37 The experimental
setup involved three key components to evaluate a-amylase
inhibition. A blank solution (B) containing starch without a-
amylase produced a characteristic intense blue coloration upon
iodine addition. The control solution (C) included a-amylase
but lacked any inhibitory compounds, resulting in an almost
colourless appearance due to complete starch hydrolysis. When
pyrazole chalcones were introduced, blue coloration reappeared
with iodine-starch complex formation, demonstrating partial
47000 | RSC Adv., 2025, 15, 46996–47020
enzyme inhibition at various levels. The inhibition assay was
conducted by preparing serial dilutions of the synthesized
compounds and acarbose (positive control) in reaction buffer
(10 mM sodium phosphate buffer, pH 6.9, with 6 mM sodium
chloride). These solutions were pre-incubated with a-amylase
(20 units per mL, 100 mL) for 30 minutes at 37 °C. Following pre-
incubation, 100 mL of 1% starch substrate was introduced, and
the mixture was incubated for an additional 20 minutes at 37 °
C. The enzymatic reaction was stopped by adding 100 mL of
hydrochloric acid. Colour development was initiated by incor-
porating 200 mL of iodine solution, aer which the mixture was
diluted with 1 mL of deionized water. Spectrophotometric
analysis was performed at 620 nm to quantify the blue colour
intensity.38 Aer subtracting the blank absorbance (enzyme and
starch-free sample), the percentage of a-amylase inhibition was
determined using the formula:

% inhibition ¼ As�Ab

Ac�Ab
� 100

where As = absorbance of the test sample, Ab = absorbance of
the blank (excluding test sample and starch) and Ac = absor-
bance of the control (excluding test sample and a-amylase)

2.6.2. In vitro a-glucosidase inhibitory assay. The a-gluco-
sidase inhibitory potential was evaluated following established
literature protocols with minor adaptations,. The assay
employed varying concentrations of the synthesized test
compounds to determine their inhibitory effects. The experi-
mental procedure involved preparing reaction mixtures con-
taining different sample dilutions in phosphate buffer (10 mM;
pH 6.9), which were pre-incubated at 37 °C for 20 minutes
alongside 20 mL of yeast a-glucosidase enzyme (5 units per mL).
Following the pre-incubation period, 200 mL of 1 mM p-Nitro-
phenyl-b-D-Glucopyranoside (pNPG) substrate was introduced
to initiate the enzymatic reaction. The extent of enzyme inhi-
bition was determined by spectrophotometric measurement at
405 nm aer diluting the reaction mixture with 1 mL of
deionized water. The obtained absorbance values were bench-
marked against acarbose, which served as the standard refer-
ence control.39 The percentage inhibition of a-glucosidase
activity was subsequently computed using the established
calculation formula:

% inhibition ¼ 1� AbsðsampleÞ
AbsðblankÞ

� 100

2.6.3. Kinetic studies of enzyme inhibition. Kinetic studies
were conducted to determine the inhibition mechanism of
pyrazole engraed chalcones against a-glucosidase and a-
amylase.40 Reactions were set up using varying concentrations
of substrates p-NPG for a-glucosidase and starch for a-amylase
while keeping enzyme concentrations constant (5 U ml−1 for a-
glucosidase and 20 U ml−1 for a-amylase), along with a xed
inhibitor concentration (50 mM) based on the best IC50 value.
Control experiments without the inhibitor were also carried out.
Reaction velocities were measured over time, and data were
interpreted using Michaelis–Menten and Lineweaver-Burk plots
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to assess changes in Vmax and Km, thereby identifying the type of
enzyme inhibition involved.

1

V
¼ Km

Vmax½S� þ
1

Vmax

2.7. DNA binding studies

The interactions of the synthesized compounds with calf-
thymus DNA were investigated using a variety of spectroscopic
techniques such as absorption spectroscopy, emission spec-
troscopy and cyclic voltammetry.

2.7.1. Absorption spectroscopy. Absorption spectrum
titrations were performed in phosphate buffer (0.01 M, pH 7.2)
at room temperature spanning the wavelength range of 200–
500 nm. Two sets of experiments were conducted: (i) keeping
the ligand concentration xed (50 mM) and progressively
increasing the DNA concentration (0–80 mM) and (ii) keeping
the DNA concentration constant at 25 mM and altering the
ligand concentration from 1–50 mM. The concentration of ct-
DNA in stock solutions was calculated from its absorbance at
260 nm using a molar extinction coefficient (3260 = 6600 L
mol−1 cm−1). To reduce the background contribution of DNA,
identical amounts of DNA solution were applied to both the
reference and test cuvettes before measuring.

2.7.2. Emission spectroscopy. Fluorescence experiments
were performed on a Shimadzu RF-5000 spectrouorometer
with 10 nm excitation and emission slits. Emission spectra were
recorded in the 270–500 nm range, with excitation wavelengths
chosen based on the absorption maxima of each molecule. All
intensities were represented as arbitrary units (a.u). Two types
of titrations were performed in phosphate buffer (0.01M, pH
7.2) at room temperature: (i) in the ethidium bromide (EB)
displacement assay, a preformed EB-DNA complex was titrated
with varying ligand concentrations to monitor uorescence
quenching and competitive binding and (ii) in ligand DNA
interaction studies, a xed concentration of ct-DNA (25 mM) was
titrated with increasing concentrations of each ligand (1–50
mM). To guarantee homogeneity, both solutions were gently
mixed before spectral capture.

2.7.3. Electrochemical studies. The electrochemical
measurements were conducted using a three-electrode cell
setup, consisting of a glassy carbon working electrode, a plat-
inum wire auxiliary electrode, and Ag/AgCl as reference elec-
trode, all housed in a single compartment. Before each
experiment, the glassy carbon electrode was polished with
alumina powder. The cyclic voltammetry measurements for
compound were performed in phosphate buffer (pH 7.2) as the
supporting electrolyte, both with and without DNA present. All
measurements were conducted at room temperature, scanning
between +2.0 and −2.0 V at a rate of 50 mV s−1.
2.8. Computational studies

2.8.1. Molecular docking studies. Molecular docking
simulations were carried out to assess the binding modes and
interactions of the compounds within the active sites of a-
amylase and a-glucosidase. The are soware suite was utilized
to conduct molecular docking (MD) studies on all the
© 2025 The Author(s). Published by the Royal Society of Chemistry
synthesized compounds. The 3D structures of all the derivatives
were generated using the Chem Draw/Chemsketch soware.
The structural coordinates for both a-amylase and a-glucosi-
dase were retrieved from the Protein Data Bank (https://
www.rcsb.org) using PDB codes 3VX0 and 3W37, respectively.
The docking process for all the compounds was carried out by
positioning them within the active sites of each protein,
guided by the co-crystal residues present in these sites. This
was performed using the normal docking module, employing
its default molecular docking parameters to ensure accurate
simulation of the binding interactions. The docked complexes
were subsequently evaluated and ranked based on their protein-
ligand interaction (PLI) proles.

2.8.2. In silico pharmacokinetics ADMET prediction and
drug likeness prediction. In silico prediction of pharmacoki-
netic parameters (ADMET: absorption, distribution, metabo-
lism, excretion, and toxicity) and drug-likeness properties of the
selected compounds was carried out using two widely recog-
nized web-based tools pkCSM (http://biosig.unimelb.edu.au/
pkcsm/) and SwissADME (http://www.swissadme.ch/). pkCSM
was employed to evaluate key pharmacokinetic and toxicity
parameters including intestinal absorption, blood–brain
barrier permeability, cytochrome P450 interactions, clearance,
and potential toxicity risks. SwissADME was utilized to predict
drug-likeness, physicochemical descriptors, lipophilicity,
solubility, pharmacokinetics, and medicinal chemistry
friendliness. In addition, Lipinski's rule of ve, Veber's rule,
and Muegge's criteria were applied through SwissADME to
assess oral bioavailability. The predicted values provided
a comprehensive understanding of the pharmacokinetic
behaviour and drug-likeness prole of the compounds
facilitating their evaluation as potential drug candidates.

2.8.3. Density functional theory studies. The molecular
structures of all synthesized compounds were constructed using
the Spartan '24 soware. Initial geometry optimizations were
performed to obtain suitable starting structures. The optimized
geometries were then subjected to quantum mechanical
calculations. DFT studies were carried out to explore the elec-
tronic properties, molecular orbitals, and reactivity of the
synthesized compounds. The hybrid B3LYP functional paired
with the 6-31G* basis set was chosen for calculations based on
its proven balance of accuracy and computational tractability.
Complete structural optimizations were conducted under gas-
phase conditions to locate the lowest energy conformations
for each molecule.

2.8.3.1. Molecular orbital analysis. The frontier molecular
orbitals (FMOs), specically the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), were analysed to assess the compounds' electronic
properties. The HOMO–LUMO energy gap (DE) was calculated
to provide insights into the stability and reactivity of the
molecules. Additionally, molecular electrostatic potential (MEP)
surfaces were generated to visualize the charge distribution and
potential interaction sites.

2.8.3.2. Global reactivity descriptors. Global reactivity
descriptors such as ionization potential (IP), electron affinity
(EA), chemical hardness (h), chemical potential (m), global
RSC Adv., 2025, 15, 46996–47020 | 47001
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electrophilicity index (u), chemical soness (S), and absolute
electronegativity (c) were derived from the HOMO and LUMO
energies using Koopmans' approximation:

Energy Gap (DE) = E(LUMO) − E(HOMO)

Ionization Potential (P) = −E(HOMO)

Electron Affinity (A) = −E(LUMO)

Chemical potentialðmÞ ¼ EðHOMOÞ þ EðLUMOÞ
2

Chemical hardnessðhÞ ¼ EðLUMOÞ � EðHOMOÞ
2

Electrophilicity indexðuÞ ¼ m2

2h

Chemical softnessðSÞ ¼ 1

h

Absolute electronegativity (c) = −m
3. Result and discussion
3.1. FTIR analysis

The IR spectrum of the pyrazole ketone shows several charac-
teristic absorption bands that conrm its structural features.41

Themain absorption peaks can be observed at: 3280–2934 cm−1

(a broad band arising from C–H stretching vibrations of both
aliphatic and aromatic groups), 1660 cm−1 (a strong, sharp peak
characteristic of C]O stretching vibration indicating the
Table 2 Vibrational frequencies of ligands (LI–LV)

Ligands Vibrational frequencies (cm−1)

Pyrazole ketone 3060–2934 (CH3str), 1660 (C]
N), 1275 (C–N)

LI 3052, 3033 (CH3 str), 2914, 285
1453 (C]N), 1269 (C–N)

LII 3078–3066 (CH3 str), 1662 (C]
LIII 3071, 3024 (CH3 str), 2866 (C]

(C]C aromatic), 1380 (NO2 sy
LIV 3229 (N–H), 3057,3024 (CH3 str

ring), 1455 (C]N), 1284 (C–N)
LV 3305 (O–Hs str), 3010 (CH3 str)

1452 (C]N), 1245 (C–N)

47002 | RSC Adv., 2025, 15, 46996–47020
presence of a ketone group), 1578 cm−1 (corresponding to C]N
stretching of the pyrazole ring), 1458 cm−1 (attributed to C]C
stretching vibrations of the aromatic ring system), and
1276 cm−1 (representing C–N stretching vibration that further
conrms the pyrazole heterocycle). The positions and intensi-
ties of these absorption bands providing strong evidence for the
presence of all key functional groups including the carbonyl
group, aromatic ring system, pyrazole heterocycle, and various
C–H bonds. The IR spectrum of pyrazole chalcone compounds
exhibits several distinctive absorption bands that conrm its
structural features. The major peaks appear at: 2919 cm−1

(corresponding to stretching vibrations of the CH3 group),
1656 cm−1 (indicating C]O stretching of the carbonyl group),
1607 cm−1 (representing C]C stretching of the aromatic ring),
and 1541 cm−1 (attributable to C]C/C]N stretching of the
pyrazole ring). Additionally, peaks at 1254 and 1434 cm−1

correspond to C–N stretching vibrations. The carbonyl (C]O)
stretching frequency decreases from 1660 cm−1 in the pyrazole
core to 1656–1640 cm−1 in the ligand occurs because the
carbonyl group becomes conjugated with the neighbouring
C]C bond. The formation of the ligand is conrmed by two key
spectral features: the shi in the carbonyl (C]O) stretching
frequency and the appearance of C]C stretching bands in the
1500–1600 cm−1 region. These characteristic changes in the IR
spectrum serve as denitive evidence for successful ligand
formation.42 The signicant vibrational frequencies are
compiled in Table 2 with the respective FTIR spectra illustrated
in Fig. S1–S6.
3.2. NMR spectroscopy
1H-NMR data: The 1H NMR spectrum of the pyrazole nucleus
shows a singlet at d 8.05 ppm corresponding to the pyrazole ring
proton, while the phenyl ring protons appear as a multiplet
pattern in the range of d 7.40–7.60 ppm. In the aliphatic region,
two distinct signals at d 2.60 ppm and 2.40 ppm are observed for
the methylene protons. The 1H NMR spectra of the chalcones,
recorded in CDCl3, showed distinct and well-resolved signals.
The a, b-unsaturated protons appeared as doublets in the range
of 7.2–8.0 ppm, while all compounds (LI–LV) showed
O), 1596 (C]C pyrazole ring), 1545–1505 (C]C phenyl ring), 1458 (C]

1 (CH3 str), 1650 (C]O), 1597 (C]C enone), 1541–1503 (C]C aromatic),

O), 1605 (C]C enone), 1547 (C]N), 1392 (C–N), 550–880 (C–Cl)
CH str), 1659 (C]O), 1610 (C]C enone), 1523 (NO2 asy atr), 1502–1453
m str), 1352 (C]N), 1284 (C–N), 997 (NO2 scr)
), 1645 (C]O), 1568 (C]C enone), 1540 (N–H bend), 1504 (C]C phenyl
, 1007 (N–H wag)
, 2861 (C]CH), 1630 (C]O), 1568 (C]C enone), 1515 (C]C aromatic),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The 1H-NMR shifts of pyrazole ketone and ligands (LI–LII)

Ligands 1H-NMR signals (ppm)

8.0 (H1), 7.51–7.40 (H4–H8), 2.48 (H2), 2.57 (H3)

8.16 (H1), 7.75 (H3), 7.23 (H2), 7.32 (H4, H6),
7.45–7.54 (H7, H8, H10–H14), 2.66 (H9), 2.41 (H5)

8.14 (H1), 8.08 (H3), 7.69 (H2), 7.45–7.55 (H5, H6, H8,
H9, H11, H12), 7.30–7.32 (H10, H4), 2.66 (H7)

8.51 (H1), 8.2 (H5), 8.1 (H4), 7.9 (H3), 7.8 (H2), 7.6 (H7),
7.5 (H6), 7.4 (H9– H13), 2.6 (H8)

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 46996–47020 | 47003
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Table 3 (Contd. )

Ligands 1H-NMR signals (ppm)

9.9 (H7), 8.2 (H4), 8.19 (H1), 7.9 (H3), 7.45 (H2), 7.47 (H11–H15),
7.51 (H8, H9), 7.52 (H6), 6.62 (H5), 2.67 (H10)

9.8 (H6), 8.04 (H1), 7.7 (H3, H4), 7.39–7.52 (H10–H14, H8),
6.91 (H2, H5, H7), 2.57 (H9)
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a characteristic singlet at 2.31 ppm corresponding to methyl
protons. All aromatic protons were observed in the range of 6.0–
8.0 ppm.43 The characteristic proton NMR peaks for all ligands
are summarized in Table 3 while the corresponding 1H-NMR
spectra are presented in Fig. S7–S12.

3.2.1. 13C-NMR data. The 13C NMR spectra of all syn-
thesised compounds showed well-dened resonance signals
corresponding to the predicted carbon environments, indi-
cating structural integrity. A unique carbonyl resonance for the
pyrazole ketone moiety was detected at around 193 ppm, which
moved to 183–184 ppm in the chalcone derivatives, indicating
successful inclusion of the chalcone framework. Furthermore,
aromatic carbon signals appeared in the predicted 150–
120 ppm range, indicating the presence of aromatic rings
within the structures. Overall, the 13C NMR ndings give solid
support for the effective synthesis of the desired pyrazole
chalcones.44 The 13C-NMR spectra of all synthesized ligands are
presented in Fig. S13–S16.
47004 | RSC Adv., 2025, 15, 46996–47020
3.3. Mass spectrometry

The mass spectral analysis of the ligands provided additional
conrmation of the successful formation of the desired ligands.
The pyrazole ketone exhibits a protonatedmolecular ion (M + H)
at m/z 201 (calc.M = 200), while LIII shows a protonated peak at
m/z 334 (calc. M = 333), indicating straightforward protonation
under ESI conditions. Several additional ligands produced
peaks at higher m/z than the calculated neutral mass; such
shis are frequent in ESI and can be easily explained by adduct
formation (alkali-metal adducts, solvent or counter-ion addi-
tion) or mild aggregation. For example, the peaks detected atm/
z 341 (LI, calc. 302), m/z 343 (LV, calc. 304) and m/z at 335 (LIV,
calc. 327) are compatible with the addition of a potassium ion
and lithium ion ([M + K]/[M + Li]) or similar alkali-metal
adducts. Other shied peaks likely come from solvent/
counter-ion adducts or in-source clustering. The general frag-
mentation pattern for the chalcone derivatives is shown in
Scheme 4. The mass spectra of all synthesized ligands are pre-
sented in Fig. S17–S22.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Generalized fragmentation mechanisms of chalcone derivatives yielding daughter ion species.

Table 4 a-glucosidase inhibitory activity of ligands LI–LV and their
IC50 value

Ligand

%Inhibition at each concentration (mM)

IC50 (mM)10 40 100 140 350 400 500

LI 9.43 11.83 16.05 17.53 37.07 47.52 71.09 393.61
LII 17.74 16.81 26.96 33.37 78.29 89.86 92.84 215.2
LIII 9.36 10.81 21.45 32.43 67.02 71.52 74.12 281.1
LIV 19.79 24.18 26.95 29.88 77.32 90.24 90.39 212.5
LV 12.98 20.43 23.38 27.21 31.61 38.21 84.69 373.6
Acarbose 2.90 9.44 13.02 16.18 81.23 97.15 97.72 240.6
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3.4. Enzyme inhibition studies

Throughout the bio-assay technique all compounds demon-
strated acceptable stability under physiological circumstances
(pH 7.4, 37 °C) with no apparent precipitation or activity loss
demonstrating their eligibility for biological evaluation.

3.4.1. Determination of a-glucosidase inhibition. In vitro
assays were conducted to evaluate the a-glucosidase inhibitory
effects of pyrazole-chalcone hybrids (LI–LV), using acarbose as
a reference standard. All the ligands exhibited a dose-
dependent inhibition pattern, as evidenced by an increase in
% inhibition with rising inhibitor concentrations. The a-
glucosidase inhibition study revealed that Lᴵ (IC50= 212.5 mM)
and Lᴵᴵ (IC50 = 215.2 mM) exhibited the most potent activity,
surpassing the standard drug acarbose (IC50 = 240.6 mM). The
strong inhibition by Lᴵ is likely due to the indole ring, which
enhances p–p stacking and hydrophobic interactions, while
Lᴵᴵ benets from dichloro substituents that promote strong
electron-withdrawing effects and better enzyme binding.
Moderate inhibition was observed for Lᴵᴵᴵ (IC50 = 281.1
mM), while Lᴵ (393.6 mM) and LV (373.6 mM) showed weaker
activity, possibly due to limited binding affinity or solubility
issues. These results highlight the importance of substituent
type and position in inuencing enzyme interaction and inhi-
bition.45 The inhibition results are shown in Table 4.

3.4.2. Determination of a-amylase inhibition. A summary
of a-amylase inhibition outcomes is provided in Table 5. The
inhibition data revealed that all compounds displayed dose-
dependent enzyme inhibition, as reected by the increasing
% inhibition with rising concentrations. Among the series,
compound Lᴵ (derived from m-tolualdehyde) showed the most
potent inhibitory activity with an IC50 value of 501.93 mM,
signicantly better than the rest of the ligands but still less
active than the standard drug acarbose (IC50 = 301.9 mM). The
enhanced activity of Lᴵ may be attributed to the meta-methyl
group, which likely improves hydrophobic interactions within
the enzyme's active site, facilitating stronger binding. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
contrast, compounds Lᴵᴵ to LV demonstrated signicantly
lower inhibitory effects. Notably, Lᴵᴵᴵ (bearing an electron-
withdrawing nitro group) and Lᴵ (containing a bulky indole
moiety) showed the weakest inhibition, with IC50 values of 984.4
mM and 2416.0 mM, respectively—possibly due to steric
hindrance or poor electronic complementarity with the active
site. The 4-hydroxybenzaldehyde-based ligand LV showed
moderate inhibition (IC50 = 1618 mM), which may stem from
limited binding interactions or solubility constraints affecting
enzyme access.46 The inhibition results are shown in Table 5.

3.4.3. Kinetic studies of enzyme inhibitions. Inhibitors can
target enzymes in many ways to prevent their action during
metabolism. The Lineweaver–Burk plot was used to determine
the inhibition mechanism of the enzyme by complex inhibitors.
The double reciprocal plot of 1/[S] v/s 1/[V] reveals a linear
relationship between substrate concentration [S] and reaction
velocity. The graph shows that the ordinate intercept equals 1/
Vmax, while the negative abssica intercept equals [−1/Km]. The
kinetic parameters calculated are listed in Table 6 below.
Although both Vmax and Km decreased for a-glucosidase in the
presence of the inhibitor (shown in Fig. 1), numerically sug-
gesting uncompetitive inhibition, the Lineweaver–Burk plot
displays intersecting lines in the second quadrant shown in
RSC Adv., 2025, 15, 46996–47020 | 47005
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Fig. 1 Lineweaver–Burk plot for kinetic studies of a-glucosidase.

Table 5 a-amylase inhibitory activity of ligands LI–LV and their IC50

value

Ligand

%Inhibition at each concentration (mM)

IC50 (mM)10 40 80 140 260 400 500

LI 12.9 14.9 18.1 27.7 31.8 42.4 45.4 501.93
LII 9.7 12.1 12.9 15.2 26.7 29.7 32.6 772.2
LIII 9.1 9.5 11.0 12.0 16.8 26.0 28.9 984.4
LIV 11.0 11.1 11.4 12.2 12.9 13.3 22.5 2416.0
LV 12.2 13.0 13.3 17.8 18.8 20.4 23.7 1618
Acarbose 1.2 1.6 6.0 26.4 39.8 65.1 74.8 301.9
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Fig. 1. This shi in both kinetic parameters and the line inter-
section pattern supports a mixed inhibition mechanism with
uncompetitive characteristics, rather than a purely uncompeti-
tive model, where the inhibitor likely binds both the free
enzyme and the enzyme–substrate complex, with a higher
affinity for allosteric sites.47

The Lineweaver–Burk plot for a-amylase indicates that the
inhibitor increases Vmax and Km as shown in Fig. 2. These
results indicate that the inhibitor likely acts via a mixed-type
inhibition mechanism with a predominantly competitive
component, as the increase in Km suggests the inhibitor
competes with the substrate for the enzyme's active site, while
the increase in Vmax may arise from minor conformational
changes enhancing enzyme turnover under certain
conditions.48
3.5. DNA binding studies

3.5.1. UV-visible spectroscopy
3.5.1.1. Spectrophotometric titrations of ligands with ct-DNA.

UV-visible spectroscopy is a commonly used technique for
studying the binding patterns of small compounds or medi-
cines to DNA/proteins by measuring absorbance changes and
wavelength shis. When double-stranded DNA interacts with
ligands, it normally exhibits one of two responses: hypo-
chromicity or hyperchromicity.49 A hypochromic reaction typi-
cally indicates an intercalative method of binding, whereas
hyperchromicity is frequently related with electrostatic inter-
actions or partial uncoiling of the DNA helix, which exposes
more bases and shows signicant binding of the molecule to ct-
DNA. To investigate the interaction between pyrazole chalcone
(LI–LV) absorption spectra were obtained at a xed ligand
concentration (50 mM) while gradually increasing the concen-
tration of ct-DNA from 0 to 80 mM. For all ligands, a signicant
hypochromic effect with a modest bathochromic shi was seen
Table 6 Kinetic parameters and mode of inhibition for a-glucosidase an

Enzyme Concentration Vmax

a-glucosidase Control 0.060
100 mM 0.032

a-amylase Control 0.080
50 mM 0.092

47006 | RSC Adv., 2025, 15, 46996–47020
in the absorption bands as shown in Fig. 3. The observed
hypochromicity suggests a signicant contact between the
aromatic chromophores p–p* transition bands and the DNA
bases, which is a characteristic property of intercalative
binding. Furthermore, the bathochromic shi reects the sta-
bilisation of the excited state of ligands upon complexation with
DNA, supporting the intercalative binding strategy.50

To evaluate the binding affinities of the ligands, the intrinsic
binding constant (Kb) was determined by monitoring changes
in the absorbance of the ligands transfer bands upon incre-
mental addition of ct-DNA. The value of Kb was obtained from
a plot of A0/A − A0 versus 1/[DNA] (Fig. 4), using the relation:

A0

A� A0

¼ 3G

3ðH�GÞ � 3G
þ 3G

3ðH�GÞ
� 1

K½DNA�
where, A0 and A are the absorbance of the ligand in the absence
and presence of the DNA respectively. 3G and 3(H−G) are the
absorption coefficients of drug and drug-DNA complex,
respectively. The binding constant (Kb) is determined as the
slope to intercept ratio. The size of Kb value indicates the extent
of binding. Also, the Gibbs free energies are calculated from the
relation:

DG = −RT ln(Kb)

All ve ligands (LI–LV) bind to ct-DNA spontaneously with
positive binding constants and negative standard Gibbs free
energies. The equilibrium binding constants vary from 103–104

M−1, with DG values of −16.6 to −23.9 kJ mol−1(Table 7). These
values are typical of non-covalent DNA interactions and are
compatible with an intercalative binding mode inferred from
UV-Vis titrations. Among the series LI, LIII and LV have the
d a-amylase

Km Type of inhibition

79 0.007392 Mixed inhibition
21 0.002412
07 0.002962 Mixed inhibition
618 0.0064925

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Lineweaver–Burk plot for kinetic studies of a-amylase.
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highest affinity for ct-DNA, suggesting optimal stacking and
insertion between base pairs.51

3.5.1.2. Spectrophotometric titrations of Ct-DNA with ligands.
The initial DNA spectrum showed a characteristic absorption at
260 nm (attributed to the p–p* electronic transitions of nucle-
obases) which underwent substantial modication with
increasing compound concentration suggesting profound
alterations in the DNA structure upon binding. UV-Vis absorp-
tion studies of ligands LI–LV revealed persistent hyperchromism
with increasing concentration, indicating efficient interaction
with the DNA double helix. The ligands LI, LII, and LV showed
signicant bathochromic shis, indicating changes in the
electrical environment of DNA bases during binding. In
contrast, ligands LIII and LIV did not show substantial peak
shis, but merely intensity uctuations, which are indicative of
groove binding. The overall spectral behaviour, particularly the
absence of strong hypochromism or large red shis, rules out
intercalative binding and favours a groove binding mode. The
absorption plot are presented in Fig. S23. In this method, the
ligands place themselves within the minor or major grooves of
the DNA helix, interacting via hydrogen bonding, van der Waals
forces, and electrostatic interactions to change base stacking
without signicantly distorting the helical structure. These
observations suggest that the ve ligands (LI–LV) primarily
interact with DNA through groove binding.52

The plot of 1/(A −A0) (where A0 is the initial absorbance of
free DNA at 260 nm and A is the absorbance of DNA in the
presence of varied drug concentrations) vs. 1/[drug] shows
a linear relationship. The binding constant can be calculated by
dividing the intercept by the slope. The binding constants and
Gibbs free energies calculated are presented in Table S1.53

3.5.2. Emission spectroscopy
3.5.2.1. Fluorescence quenching studies. To further investi-

gate the interaction between ligands and DNA, we utilised well-
established uorescent dye binding mechanisms. Small
© 2025 The Author(s). Published by the Royal Society of Chemistry
molecules that compete with bound dyes in the DNA helix are
likely to bind similarly. Adding a tiny molecule can alter the
uorescence intensity of the dye-DNA complex, providing
valuable information on the interaction mode. EB is a very
sensitive uorescent probe that attaches to DNA by an inter-
calative mechanism. Due to uorescence quenching by solvent
molecules, EB does not emit signicantly in an aqueous solu-
tion. The intercalation of EB within DNA base pairs increases its
uorescence intensity signicantly. The property of EB is used
in DNA binding research to assess the binding mode.54 The
uorescence intensity decreased signicantly aer adding
ligands to the EB-ct-DNA system as represented in Fig. 5. This
behaviour strongly shows that all ligands actively compete with
EB for binding sites inside the DNA helix. Ligands displacement
of EB indicates that it primarily interacts with ct-DNA through
an intercalative bindingmechanism, stabilising the DNA-ligand
complex via p–p stacking interactions. Fluorescence quenching
measurements (Table 8) show that all ligands had moderate
affinity for ct-DNA (Kb z 102–104 M−1) and Stern–Volmer
quenching constants in the order of 103 M−1, indicating effi-
cient quenching by static complex formation. The apparent
binding site values (n z 1) for most ligands suggest about 1 : 1
stoichiometry, while LII (n = 1.19) indicates the presence of
additional or cooperative binding sites. The ligands LII and LIII

have the highest binding affinities, whereas LV has the lowest.
These ndings combined with hypochromism and bath-
ochromic changes seen in UV-Vis spectra demonstrate that the
ligands interact with DNA in an intercalative manner with
aromatic moieties inserting between base pairs resulting in
uorescence quenching and persistent ligand-DNA complex
formation.

The data of uorescence quenching is analysed using the
Stern–Volmer equation:
RSC Adv., 2025, 15, 46996–47020 | 47007
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Fig. 3 UV-visible absorption spectra of the ligands (a) LI, (b) LII, (c) LIII, (d) LIV, (e) LV, with increasing concentrations of ct-DNA (0–80 mM).
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F0

F
¼ 1þ Ksv½Q�

The uorescence intensity of the molecule before and aer
adding the quencher is represented by F0 and F, respectively.
The quencher concentration is represented as [Q], while the
Stern Volmer constant (Ksv) is determined from the slope of the
linear plot of F0/F versus [Q]. The Ksv values for the interaction of
ct-DNA with ligands were found to be in the order of 103 M−1,
47008 | RSC Adv., 2025, 15, 46996–47020
indicating a signicant interaction between ct-DNA and ligands
that results in uorescence quenching. The binding constant
(Kb) and binding stoichiometry (n) were determined using the
modied Stern–Volmer equation given below:

logðF0 � FÞ
F

¼ log K þ n log½Q�

Here, K represents the binding constant, and n denotes the
number of binding sites, which can be obtained from the intercept
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plot of A0/A − A0 vs. 1/[DNA] for ligands (a) LI, (b) LII, (c) LIII, (d) LIV, (e) LV.

Table 7 Binding modes and binding parameters for ligands (LI–LV)

Ligand
Interaction
mode

Binding constant
(kb) (M

−1)
DG
(kJ mol−1)

LI Intercalative 8.22× 102 −16.6
LII Intercalative 5.64 ×103 −21.4
LIII Intercalative 15.59 ×103 −23.9
LIV Intercalative 1.04 ×103 −17.2
LV Intercalative 8.75 × 103 −22.5
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and slope of the logarithmic regression plot of log[(F0− F)/F] versus
log[Q], respectively55(Fig. 6). The calculated binding parameters
from quenching studies are represented in Table 8.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5.2.2. Steady state uorescence. The DNA-ligand binding
interactions were investigated using uorescence spectroscopy
measurements in the wavelength range of 340–400 nm. The
emission spectra displayed a characteristic peak at approxi-
mately 370–375 nm, with varying uorescence intensities
observed at different ligand concentrations while maintaining
a constant DNA concentration. The systematic enhancement in
uorescence intensity for LI, LII with increasing ligand
concentration (from 0 to 50) suggests strong binding interac-
tions between the ligand and DNA. This hyperchromic effect,
evidenced by the progressive increase in uorescence intensity
from the baseline to the maximum intensity indicates inter-
calative or groove binding modes of interaction between the LI–
RSC Adv., 2025, 15, 46996–47020 | 47009
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Fig. 5 Competitive displacement assays of dye ct-DNA with ligands (a) LI, (b) LII, (c) LIII, (d) LIV, (e) LV.
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LII and DNA as shown in Fig. 5. The uorescence spectral prole
of LIII–LV remains unaltered and exhibits no detectable modi-
cations or variations. No shis in emission wavelengths,
Table 8 Binding parameters and Stern–Volmer constants for the intera

Ligand Quenching constant (Ksv) (M
−1)

LI 2.77 × 103

LII 3.25 × 103

LIII 3.03 × 103

LIV 2.39 × 103

LV 3.21 × 103

47010 | RSC Adv., 2025, 15, 46996–47020
changes in peak intensities, or alterations in the overall spectral
shape were observed during the analysis.56 The emission spectra
of these ligands are given in Fig. S25.
ction of ligands with ct-DNA

Binding constant (Kb) (M
−1) Binding sites (n)

5.068 × 102 0.81595
185.53 × 102 1.18625
43.158 × 102 1.04425
12.83 × 102 0.93676
1.534 × 102 0.66539

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5.3. Electrochemical studies. Cyclic voltammetry (CV) is
extensively employed to assess the binding mode and interac-
tion strength between drugs and DNA. Changes in peak
potential and peak current of in the presence of compound/
DNA indicate interaction between them. These variations can
be utilized to determine the binding nature. In general, a shi
in peak potential towards the positive direction suggests that
the compound interact with DNA by intercalation. If the peak
potential shis in a negative direction, the compound interacts
with DNA by minor/major groove binding or electrostatic
binding. The cyclic voltammetry studies of ligands LI–LV in the
Fig. 6 Plot of log[Q] vs. log(F0 − F)/F for ligands (a) LI, (b) LII, (c) LIII, (d) L

© 2025 The Author(s). Published by the Royal Society of Chemistry
presence of increasing concentration of ct-DNA revealed
distinct binding behaviours (shown in Fig. 7). For LI, LII, and LV,
a progressive decrease in peak current along with a negative
shi in redox potential was observed, consistent with groove
binding mode where the ligands interactions with the phos-
phate backbone rather than classical intercalation. In contrast,
LIII and LIV displayed current suppression accompanied by
small positive or negligible potential shis, suggesting an
intercalation interaction where ligand insert between DNA base
pairs, stabilizing the oxidized form and hindering electron
transfer. These observations agree with the general
IV, (e) LV.

RSC Adv., 2025, 15, 46996–47020 | 47011
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electrochemical signatures of DNA binding and highlight the
structural inuence of ligand frameworks on binding
preference.57

Further as ligand concentration increased, the voltammo-
grams exhibited a drop in peak current (Ip) and minor shis in
peak potential (Ep), indicating ligand-DNA interactions. The
current suppression results from the production of DNA-ligand
complexes with lower diffusion coefficients than the free ligand,
indicating intercalative binding. The observed potential change
conrms this, as binding modies the redox microenviron-
ment. The ligands' planar p-conjugated structure is anticipated
to facilitate p–p stacking with DNA bases. Thus, the CV results
(Fig. S26) indicate that ligands LI–LV bind DNA mostly through
intercalation.58
Fig. 7 Cyclic Voltammograms of ligands LI–LV (a–e) with increasing co

47012 | RSC Adv., 2025, 15, 46996–47020
3.6. Molecular docking studies

Docking is an in silico technique used to explore all possible
interactions between a specic ligand (or group of ligands) and
a target receptor (or group of receptors) using dened algo-
rithms. It helps predict the binding affinity of a compound to
a receptor by calculating the binding energy through compu-
tational models. When a compound is docked to a receptor
various types of ligand–receptor interactions such as hydrogen
bonding, hydrophobic interactions, van der Waals forces, and
electrostatic interactions can be analysed.59 The computational
studies revealed that all compounds exhibited favourable
binding energies ranging from −4.3 to −5.8 kcal mol−1 for a-
amylase and from −4.6 to −6.1 kcal mol−1 for a-glucosidase,
with consistent binding orientations within the protein
ncentration of ct-DNA (10–80 mM).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure. Among all derivatives, ligand LII, exhibited the most
energetically favourable interaction with a binding energy of
−5.8 and −6.1 kcal mol−1 for a-amylase and a-glucosidase
respectively and interacts through ALA-A480, LEU-A428, ILE-
A477, ALA-A1, HIS-A108, VAL-A225 amino acid residues as
shown in Fig. 8 and 9. Detailed analysis of the docking
conformations revealed multiple stabilizing interactions
between ligand LII and amino acids of proteins, including
hydrogen bonding networks, non-covalent interactions, and
hydrophobic associations. The molecular visualization of the
docked complexes conrmed the formation of stable protein-
ligand complexes, with ligand LII showing particularly strong
molecular recognition features, suggesting its potential role in
protein-targeted therapeutic applications. All other ligands
exhibited higher (less negative) binding energies compared to
LII, indicating lower binding affinity. Hydrogen bonding in the
ligands primarily involves the carbonyl oxygen, nitrogen atom,
and hydroxyl groups. Additionally, hydrophobic interactions are
facilitated by the presence of benzene rings, ethylene moieties,
and methyl groups.60 The binding energy value of ligands and
hydrogen bonding is shown in Table 9 below. The binding
interactions between ligands and target enzymes are illustrated
in Fig. S27–S34.
3.7. Physicochemical properties

Physicochemical properties play a pivotal role in determining
a molecule's efficacy, safety, and metabolic fate, and these can
be predicted using established guidelines such as Lipinski's
Rule of Five, Veber's rule, or Muegge's rule. In the present study,
we applied Lipinski's criteria for assessing oral drug-likeness,
which stipulate that a compound should possess #10
hydrogen bond acceptors (HBA), #5 hydrogen bond donors
(HBD), a molecular weight below 500 Da, and a log P (octanol–
water partition coefficient) not exceeding 5. Key
Fig. 8 (a) Molecular docking pose of LII in catalytic site of a-glucosidase p
with amino acid residues illustrating hydrogen-bond and hydrophobic in

© 2025 The Author(s). Published by the Royal Society of Chemistry
physicochemical properties include molecular weight, rotatable
bonds (NRB), hydrogen bond acceptors (HBA), hydrogen bond
donors (HBD), molar refractivity (MR), and polar surface area
(PSA) are all calculated for respective ligands. In addition, lip-
ophilicity and solubility are critical factors for successful drug
development. The predicted physicochemical parameters of
pyrazole chalcone derivatives, obtained using Swiss ADME are
presented in Table 10. Examination of Table 10 indicates that
all the evaluated compounds fully comply with Lipinski's Rule
of Five, satisfying each of its parameters without exception. This
compliance strongly suggests that the molecules possess
favourable drug-likeness characteristics, with the potential for
efficient absorption, optimal permeability, and satisfactory oral
bioavailability. Hence, the investigated compounds demon-
strate promising attributes for further development as orally
active drug candidates.61,62
3.8. Prediction of ADMET properties

The enzyme inhibition studies indicated that all compounds
exhibited similar biological activities. To further validate these
designed molecules as potential drugs, we therefore evaluated
their pharmacokinetic characteristics through ADMET analysis
and drug-likeness assessment. ADMET properties were pre-
dicted in silico using the pkCSM online platform (Table 11),
while drug-likeness characteristics were evaluated through the
SwissADME online tool (Table 12). The results indicated excel-
lent absorption potential, as all compounds achieved values
greater than 90% for human intestinal absorption-signicantly
higher than the 30% cutoff that denes poor absorption.
Volume of distribution (VDss) values exceeding 0.45 are
considered indicative of high tissue distribution. Blood–brain
barrier (BBB) and central nervous system (CNS) permeability
were evaluated using established thresholds: log BB values of
>−0.3 to <−1 and log PS values of >−2 to <−3, respectively.
rotein. (b) 2D interaction map highlighting the ligands bonding pattern
teractions responsible for binding stability.

RSC Adv., 2025, 15, 46996–47020 | 47013
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Fig. 9 (a) Molecular docking pose of LII in catalytic site of a-amylase protein. (b) 2D interactionmap highlighting the ligands bonding pattern with
amino acid residues illustrating hydrogen-bond and hydrophobic interactions responsible for binding stability.
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Compounds with log BB < −1 show poor brain distribution,
while log BB > −0.3 indicates BBB crossing potential. Similarly,
log PS > −2 suggests CNS penetration ability, whereas log PS <
−3 indicates poor CNS entry. Based on these criteria ligands LI,
LII, and LIV show themost promising potential for crossing both
BBB and CNS barriers, while LIII shows moderate barrier-
crossing ability and LV demonstrates good overall perme-
ability with slightly lower CNS penetration potential. Drug
metabolism involves the body's chemical biotransformation of
pharmaceutical compounds resulting in various metabolites
with distinct physicochemical and pharmacological character-
istics. Understanding drug metabolism and potential drug–
drug interactions is essential for drug development.
Table 9 Binding energies and hydrogen bonding interaction between li

Ligands
Binding energy (dG)
(kcal mol−1) (a-glucosidase)

Binding energy
(dG) (kcal mol−1

(LI) −5.227 −4.470
(LII) −6.153 −5.833
(LIII) −4.614 −4.336
(LIV) −5.315 −4.719
(LV) −5.558 −4.973

Acarbose −8.724 −7.297

Table 10 In silico physicochemical parameters predicted for pyrazole c

Ligands Formula M.W. HBD HBA L

LI C20H18N2O 302.37 0 2 3
LII C19H14Cl2N2O 357.23 0 2 4
LIII C19H15N3O3 333.34 0 4 3
LIV C21H17N3O 327.38 1 2 2
LV C19H16N2O2 304.34 1 3 3

47014 | RSC Adv., 2025, 15, 46996–47020
Cytochrome P450 (CYP450) serves as a crucial component in
this process as this major hepatic enzyme system mediates
phase 1 oxidative metabolism. Despite the existence of 17 CYP
families in humans drug metabolism is limited to CYP1, CYP2,
CYP3, and CYP4 families. Remarkably, just ve isoforms
(CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4) are
responsible for metabolizing more than 90% of drugs under-
going phase I metabolism. From a metabolic perspective, all
ligands are substrates for CYP3A4 but not CYP2D6, with LI, LII,
LIII, and LV showing similar moderate CYP inhibition proles
while LIV presents the highest drug–drug interaction potential
as it additionally inhibits CYP3A4 the same enzyme responsible
for its own metabolism. Clearance represents
gands and proteins

) (a-amylase)
Hydrogen bonding
(a-glucosidase)

Hydrogen bonding
(a-amylase)

N-ALA-A480 O-LYS-A101
O-ALA-A480 O-ALA-A1
N-ALA-A480 O-LYS-A101
N-ALA-A480 O-ALA-A1
O-ALA-A480 O-ALA-A1
OH-ASP-A423 OH-GLY-A192
O-ASP A423 O-ARG B12
OH-THR A511 OH-GLU B50

halcone derivatives (LI–LV)

og P NRB PSA MR Log S Violations

.97 4 34.89 93.30 −4.78 0

.68 4 34.89 98.36 −5.67 0

.02 5 80.71 97.16 −4.53 0

.26 4 50.68 100.19 −4.77 0

.22 4 55.12 90.36 −4.34 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a pharmacokinetic parameter that relates drug concentration in
the body to the rate of drug elimination. Lower total clearance
values indicate prolonged drug retention in the body. Based on
the clearance and toxicity analysis, ligand LII demonstrated the
most favourable drug persistence with the lowest clearance
value, followed by LV, while LIV showed the highest elimination
rate. Toxicity assessment using the AMES test revealed that LI,
LII, and LV exhibited non-toxic proles, whereas LIII and LIV

showed potential mutagenic properties. Overall, LII and LV

emerged as the most promising candidates, combining optimal
drug persistence with favourable safety proles for potential
therapeutic development.63

Synthetic accessibility of the designed compounds was
assessed using a scale ranging from 1 (easily synthesizable) to
10 (highly complex synthesis). All designed compounds ach-
ieved synthetic accessibility scores of approximately 3 (Table
12), indicating favourable synthetic feasibility. The ADMET
analysis revealed that all ligands exhibited excellent intestinal
absorption (>92%) and favourable pharmacokinetic proles.
Drug-likeness evaluation showed that all ligands satised all
ve drug-likeness rules. Overall, LI and LV emerged as the most
promising candidates, combining excellent ADMET properties,
complete drug-likeness compliance, and favourable safety
proles for potential therapeutic development.

3.9. Drug likeness and oral bioavailability

The bioavailability radar and boiled egg model, provided by the
SwissADME web tool, are widely used graphical methods to
predict drug-likeness and pharmacokinetic behavior of small
molecules. The bioavailability radar evaluates six key
Table 11 In silico ADMET parameters prediction of ligands LI–LV

Ligand

Absorption Distribution Metabolism

Intestinal
absorption
(human)

VDss
(human) BBB CNS

Substrate
CYP

2D6 3A4

Numeric
(%absorbed)

Numeric
(log LKg−1)

Numeric
(log BB)

Numeric
(log PS)

Categorical
(yes/no)

LI 95.008 0.246 0.612 −1.19 No Yes
LII 94.495 0.332 0.473 −1.258 No Yes
LIII 94.807 0.076 −0.545 −2.032 No Yes
LIV 94.851 −0.145 0.43 −1.737 No Yes
LV 92.202 −0.024 0.373 −1.996 No Yes

Table 12 Drug likeness prediction of ligands LI–LV based on lipnski, gho

Ligand Lipinski Ghose Veber

LI Yes Yes Yes
LII Yes Yes Yes
LIII Yes Yes Yes
LIV Yes Yes Yes
LV Yes Yes Yes

© 2025 The Author(s). Published by the Royal Society of Chemistry
physicochemical parameters-lipophilicity (LIPO), size, polarity,
solubility (INSOLU), insaturation (INSATU), and exibility
(FLEX) with the optimal space for oral bioavailability repre-
sented by the pink region. Molecules falling largely within this
zone are considered to have favorable oral drug-like properties.
The Boiled Egg model, on the other hand, is based on lip-
ophilicity (WLOGP) and polarity (TPSA) and predicts two
important properties: passive human intestinal absorption
(HIA, white zone) and blood–brain barrier (BBB) penetration
(yellow zone). Additionally, it indicates whether compounds are
substrates of P-glycoprotein (PGP), a key efflux transporter
inuencing drug distribution. Together, these plots provide
a simple yet powerful visualization of absorption, distribution,
and bioavailability characteristics, thereby aiding in the early
selection of promising drug-like candidates.64

Analysis for ligands LI–LV provide an integrated overview of
their drug-likeness and pharmacokinetic behaviour. The radar
plots presented in Fig. 10 indicated that all ligands largely
conformed to the optimal physicochemical space for oral
bioavailability, with favourable lipophilicity, molecular size,
polarity, solubility, and exibility, while only slight deviations
were observed in insaturation due to their aromatic nature,
which may marginally affect solubility but does not compro-
mise drug-likeness. The Boiled Egg analysis shown in Fig. 11
further complemented these ndings positioning all ligands
within the white region corresponding to high gastrointestinal
absorption (HIA) while ligands such as LI, LII, and LV were also
located within the yellow zone, suggesting good blood–brain
barrier (BBB) penetration and thus potential central nervous
system activity. Importantly, most ligands were predicted as
Excretion Toxicity

Inhibitor

Total clearance AMES toxicity1A2 2C19 2C9 2D6 3A4

Numeric
(log mL min−1 kg−1)

Categorical
(yes/no)

Yes Yes Yes No No 0.246 No
Yes Yes Yes No No 0.152 No
Yes Yes Yes No No 0.263 Yes
Yes Yes Yes No Yes 0.337 Yes
Yes Yes Yes No No 0.198 No

se, veber, egan, muegge and their synthetic accessibility

Egan Muegge Synthetic accessibility

Yes Yes 2.77
Yes No 2.79
Yes Yes 2.89
Yes Yes 3.15
Yes Yes 2.64
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non-substrates of P-glycoprotein (PGP+), reducing the risk of
efflux-mediated clearance and favouring enhanced tissue
bioavailability, whereas a few displayed PGP+ tendencies which
Fig. 10 Bioavailability radar plots of ligands; (a) LI, (b) LII, (c) LIII, (d) LIV, (e) L
likeness: lipophilicity (LIPO), size (SIZE), polarity (POLAR), solubility (INSOL
the optimal range for drug-likeness; compounds with red traces enclosed

47016 | RSC Adv., 2025, 15, 46996–47020
may inuence distribution. Collectively, these results highlight
that ligands LI-LV exhibit strong oral absorption potential, good
overall bioavailability, and, in some cases additional BBB
V, illustrating six key physicochemical parameters influencing oral drug-
U), satura3ion (INSATU), and flexibility (FLEX). The pink zone represents
within this area are predicted to possess favourable oral bioavailability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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permeability, underscoring their promise as drug-like scaffolds
with potential applications in both peripheral and central
therapeutic targets.
3.10. Density functional theory studies

The HOMO–LUMO energy gap (DE) is a fundamental descriptor
of a molecule's electronic properties, reecting its intra-
molecular charge transfer capacity and electrical conductivity. A
smaller DE denotes higher polarizability, greater chemical
reactivity and lower kinetic stability classifying the molecule as
‘so’. Conversely, a larger DE indicates a ‘hard’ molecule with
greater stability and lower reactivity. According to Koopmans'
theorem, the HOMO energy approximates the ionization
potential (I), while the LUMO energy corresponds to the elec-
tron affinity (A). A larger DE typically implies increased resis-
tance to redox processes and reduced chemical reactivity, oen
associated with aromatic stability. Furthermore, the electronic
chemical potential (m), indicative of the system's electron escape
tendency, can be derived from ionization potential and electron
affinity values. The calculated parameters65 are summarised in
Table 13.
Fig. 11 BOILED-Egg model prediction of gastrointestinal absorption (GI)
LIII, (d) LIV, (e) LV. The yellow region represents high probability of pass
penetration. Red and blue dots represent P-glycoprotein (P-gp) substrat

© 2025 The Author(s). Published by the Royal Society of Chemistry
The reaction kinetics can be analyzed by exploring the nature
of HOMO and LUMO orbitals in terms of their hardness and
soness. The ligand LIII exhibits the highest EHOMO, indicating
the soest HOMO and, consequently, the lowest ionization
potential. Simultaneously, it has the highest ELUMO, reecting
the hardest LUMO and thus the lowest electron affinity. A large
energy gap between the HOMO and LUMO indicates greater
resistance to both oxidation and reduction, reecting low
overall chemical reactivity a key feature commonly associated
with aromatic stability. The global hardness (h) of the pyrazole
chalcone series follows the same order as their HOMO–LUMO
energy gap: LI > LII > LIII z LV > LIV. This indicates that the
compound LIV, despite having the lowest thermodynamic
stability in the series, exhibits the highest global hardness. It is
the least reactive toward oxidation and reduction processes,
making it the hardest compound in the series. Its high hardness
is primarily associated with its ELUMO value. The Mulliken
electronegativity (c) trend in the series shows that the LIV has
the highest tendency to attract electrons, consistent with its so
LUMO and high electron affinity. In contrast, the LIII exhibits
the lowest electron affinity due to its hard LUMO. However, the
and blood–brain barrier (BBB) permeability for ligands; (a) LI, (b) LII, (c)
ive GI absorption, while the white region indicates likelihood of brain
es and non-substrates, respectively.
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Table 13 Calculated DFT parameters of ligands LI–LV

Ligand
Energy gap
(DE)

Chemical hardness
(h)

Chemical potential
(m)

Electrophilicity
index (u)

Soness
(S)

Absolute electronegativity
(c)

(LI) 4.30 2.145 −4.055 3.832 0.466 4.055
(LII) 4.19 2.095 −4.345 4.505 0.477 4.345
(LIII) 4.08 2.030 −3.650 3.281 0.492 3.65
(LIV) 3.93 1.965 −4.585 5.349 0.508 4.585
(LV) 4.07 2.035 −3.835 3.613 0.491 3.835
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trend of electronic chemical potential (m) is inversely related to
Mulliken electronegativity. Therefore, the LIII shows the greatest
tendency to donate electrons, which can be linked to its highest
chemical potential and its soest HOMO.66

The electrophilicity index (u) of the chalcones series repre-
sent the combined effect of their electronic chemical potential
and global hardness. The electrophilicity indices of the ligand
series correspond to the trend observed in the absolute values of
their electronic chemical potentials. Therefore, the ligand LIII

exhibits the lowest electrophilicity index, indicating its minimal
Fig. 12 Frontier molecular orbitals representation of ligands (LI–LV).

47018 | RSC Adv., 2025, 15, 46996–47020
tendency to accept additional electronic charge, consistent with
its hard LUMO. In contrast, the ligand LIV shows the highest u
value, reecting its relatively soer LUMO and greater ability to
accommodate electrons among the series.67

The HOMO and LUMO orbital surfaces of pyrazole chalcones
were also calculated and are presented in Fig. 12. Fig. 12 shows
that the HOMO orbitals of the compounds are primarily
distributed over the pyrazole ring, the vinyl double bond,
carbonyl group and the electron donating groups of phenyl ring.
Conversely, the LUMO orbitals are delocalized across the entire
© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecule, encompassing the pyrazole ring, ethylene double
bond, carbonyl group, and the electron withdrawing groups of
phenyl ring.

4. Conclusion

This study successfully demonstrates the potential of novel
pyrazole-chalcone hybrids as dual a-amylase and a-glucosidase
inhibitors for type 2 diabetes management. The microwave
assisted synthesis methodology achieved remarkable efficiency
reducing reaction times from 24 hours to 3–35 minutes while
improving yields (approx. 80–85%) and product purity
compared to conventional methods. Among the synthesized
compounds LIV exhibited superior a-glucosidase inhibition
(IC50 = 212 mM) exceeding the standard drug acarbose (IC50 =

240.6 mM) while LI demonstrated the strongest a-amylase
inhibitory activity (IC50 = 501.9 mM). Kinetic analysis revealed
mixed-type inhibition mechanisms for both enzymes suggest-
ing multiple binding sites and potentially sustained therapeutic
effects. Molecular docking studies conrmed favourable
binding energies (−4.3 to −6.1 kcal mol−1) with compound LII

showing optimal interactions with both target enzymes. DFT
calculations provided insights into electronic properties with
HOMO–LUMO gaps (3.93–4.30 eV) indicating suitable chemical
stability. DNA binding studies revealed intercalative interac-
tions for all ligands with binding constants of 103–104M−1. The
structure–activity relationships indicate that electron-
withdrawing substituents and extended conjugated systems
enhance enzyme binding affinity. ADMET and drug-likeness
predictions indicated high intestinal absorption, good perme-
ability, favourable metabolic stability, and acceptable safety
proles, particularly for LII and LV, making them strong
candidates for further development. Collectively, these ndings
position pyrazole–chalcone hybrids as promising multifunc-
tional scaffolds for next-generation antidiabetic therapeutics
with potential advantages in efficacy, safety, and drug-likeness
over existing agents.
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