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onic and bioactive profiling of a 20-
hydroxychalcone–Ag composite: a DFT-supported
biomedical study on anticancer, antioxidant and
antibacterial activities

Ayesha Latif Butt,a Farhat Saira, *b Safeer Ahmed, *a Sumbal Tahir,b Anila Iqbal,b

Asima Siddiqa,b Kehkashan Mazharc and Syeda Sohaila Nazb

Biocompatible and biologically active nanomaterials are currently in demand. This work presents the

synthesis of the medicinally significant fluorophore 20-hydroxychalcone and its subsequent composite

with silver nanoparticles (chal–AgNPs) and their characterization using experimental and theoretical

techniques and applications. The active organic functional groups present in the chalcone functioned as

reducing and stabilizing agents in the composite with AgNPs by solution chemistry method. FESEM

reveals spherically shaped and uniformly scattered nanoparticles with an average diameter of 70 nm. X-

ray diffraction (XRD) patterns of chalcone-mediated AgNPs confirmed the existence of spherical AgNPs

with a crystallite size of 46 nm in a face-centered cubic crystal structure. The surface plasmon

resonance of AgNPs was observed at 493 nm in the absorption spectrum. The surface adsorption of

chal–AgNPs was further validated by mixing pre-synthesized AgNPs prepared by sodium borohydride

reduction with chalcone and real-time monitoring of the UV-visible spectrum. The 1H NMR and 13C NMR

spectra of the reaction further elucidated the structure and formation of 20-hydroxychalcone.
Fluorescence quenching of the chalcone moiety by AgNPs was monitored by comparing the steady-

state fluorescence spectra of chalcone alone and chal–AgNPs. Theoretical studies were performed on

chalcone and its complexes using density functional theory/B3LYP calculations to gain insights into the

quenching mechanism. Mulliken charge analysis estimated the polarity and showed that the hydroxyl

oxygen in the chalcone is more nucleophilic than the carbonyl oxygen, indicating its stronger reducing

ability. The computed binding energies for the chal–AgNP composite were positive, indicating its

stability. From the computed molecular electrostatic potential (MEP) surfaces, significant charge transfer

was observed for the chalcone–silver complexes, which further validated the experimental results of

fluorescence quenching. An assessment of the global reactivity descriptors of chal–AgNPs indicated

their softness and higher biological activity compared with that of the free chalcone. DFT calculations

showed that the electron from the chalcone was transferred to the Ag center, and consequently, Ag+

ions were reduced to Ag0 in the composite formation. The synthesized chal–AgNP nanocomposite

shows potent antibacterial, anticancer and antioxidant activities.
1. Introduction

Chalcones and their derivatives are small organic uorophores
which are found in a wide variety of molecular structures, some
of which have been used as novel therapeutic compounds. They
have potential applications as anticancer, antidiabetic, anti-
fungal, anti-HIV, anti-inammatory, antidiuretic, antioxidant,
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053
and antimalarial drugs.1–8 The keto-ethylenic (–COCH]CH–)
group serves as the chromophore and the pharmacophore both
for its biological activity, low toxicity and a wide range of
possible substitutions which have made this moiety a privileged
synthon that has been widely used in medicinal chemistry.

Nanoscale materials open up a world of possibilities in
medicinal chemistry.9–17 Silver nanoparticles (AgNPs) have been
one of the most investigated nanostructures over the last
decade.1,4,18,19 Chemical reducing agents have been used to
convert Ag ions to AgNPs using established synthesis
methods.19 However, AgNPs obtained by applying these
methods have biocompatibility issues, making their use
unsuitable for biological systems. Biocompatible ligands are
© 2026 The Author(s). Published by the Royal Society of Chemistry
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therefore employed to provide a buffer between the biological
environment and nanoparticles.1,4 Chalcones, which are com-
plexed with metals, have been shown to have improved catalytic
properties in oxidation, hydrolysis, reduction, and many other
processes.20 In a recent study, the antimalarial, cytotoxicity and
haemolytic potentials of the chalcone were evaluated at the in
vitro level using chalcone-conjugated AgNPs for enhanced
performance.1 In another study, chalcones were used as emul-
sions for sunblock applications.2 Additionally, chalcones act as
potent starting materials for many recent drug designs.3 The
chalcones and their complexes are not just limited to pharma-
ceuticals but are also found in non-linear optics, polymers and
corrosion inhibition, acting as a core of materials for these
applications.5 The chalcones have alternate double and single
bonds, as well as a delocalized-electron system, which results in
lower redox potential values and, as a result, easier electron
transfer (ET) reactions. They can form metal complexes in
which one or more donor atoms are present in the vicinity of the
carbonyl group. Since coordination reduces electron density,
the chalcones can act as effective reducing agents for converting
metal ions into metal nanoparticles. In this study, the potential
of 20-hydroxychalcone in the synthesis of nanoparticles is
highlighted, and this is derived from the chalcone's ability to
interact efficiently with metal ions, resulting in chelation and
the reduction of the metal ions.18–20

Based on these observations, chalcone-mediated AgNPs were
synthesized and characterized using various spectroscopic
techniques,21–30 including Fourier transform infrared (FTIR),
ultraviolet-visible (UV-vis), proton and carbon nuclear magnetic
resonance (1H NMR, 13C NMR), and uorescence spectroscopy.
To augment the experimental results, a density functional
theory (DFT) study was employed to categorize the probable
contributing functionalities of the chalcone molecule to obtain
insight into the experimental process of the AgNP synthesis.31–44

Experimental research was supported by a rigorous theoretical
examination to establish the mechanism of electron transfer
between the complexes. The DFT study helped obtain a theo-
retical interpretation of the electronic and molecular structure
of the chalcone as well as its binding ability with silver ions. The
relative energies of several intermediates were estimated and
assessed, starting with Ag(chalcone)2, as well as the effect of
substituting one chalcone molecule with a methanol molecule.
Density functional theory (DFT) calculations showed that the
electron from the chalcone is transferred to the Ag center;
consequently, Ag1+ ions are reduced to Ag0 because of
composite formation. The DPPH scavenging experiment was
used to assess the radical scavenging impact of 20-
Scheme 1 Synthesis scheme of 20-hydroxychalcone.

© 2026 The Author(s). Published by the Royal Society of Chemistry
hydroxychalcone, chalcone-mediated and NaBH4-reduced
AgNPs. These nanocomposites were applied against the human
breast cancer (MCF-7) cell line for antitumor evaluation and
were found to be potent.45 This is the rst detailed DFT study of
a chalcone–Ag complex and utilizes the ndings in cell lines,
antibacterial activities and antioxidant studies.
2. Experimental
2.1 Materials

2-Hydroxybenzaldehyde (Sigma-Aldrich, 98%), acetophenone
(Sigma-Aldrich, 98%), potassium hydroxide (Sigma-Aldrich,
$85%), 37% hydrochloric acid (Merck), and silver nitrate
(Sigma-Aldrich, $99.0%) were used as purchased. The solvents
used were methanol (Merck, 37%), ammonia solution (Merck,
25%), and deionized water.
2.2 Instrumentation

The absorption spectra were recorded in the 200–800 nm range
using a JASCO (Tokyo, Japan) UV-visible spectrophotometer. 1H
NMR and 13C NMR were recorded using a Bruker 300 MHz
spectrometer with CDCl3 as a solvent and tetramethylsilane
(TMS) as an internal standard. Chemical changes were esti-
mated in parts per million (ppm). A eld-emission scanning
electron microscope (ZEISS Sigma 500VP) was used to acquire
FESEM morphological images. FTIR spectra were recorded in
the range of 4000–400 cm−1 using a Bruker Alpha-T spectro-
photometer. The X-ray diffraction patterns of the chalcone,
chalcone-mediated and sodium borohydride-reduced AgNPs
were recorded at 25 °C using a Philips PW-1840 diffractometer
with CuK(a) radiation in the range of 20–70°. A PerkinElmer LS
55 Fluorescence spectrometer was used to record the steady
state uorescence spectra of the chalcone, chalcone-mediated
AgNPs and NaBH4-reduced AgNPs.
2.3 Synthesis

2.3.1 Synthesis of 20-hydroxychalcone. The synthesis of 20-
hydroxychalcone is illustrated in Scheme 1. A Claisen–Schmidt
condensation between 20-hydroxybenzaldehyde and
acetophenone was conducted using KOH (60%) as a catalyst.
Briey, equimolar quantities of acetophenone and 20-
hydroxybenzaldehyde were dissolved in methanol. Gradually,
10 mL of potassium hydroxide solution was added to the above
mixture, and the reaction mixture was stirred overnight to
ensure complete condensation. Upon completion, the mixture
was poured slowly onto crushed ice, leading to the formation of
RSC Adv., 2026, 16, 9040–9053 | 9041
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a precipitate. The reaction medium was then acidied by the
gradual addition of 10% aqueous hydrochloric acid (HCl) until
the color of the mixture changed to yellow, indicating neutral-
ization and product formation. The resulting suspension was
allowed to stand to ensure complete precipitation. The solid
product obtained was collected by vacuum ltration and thor-
oughly washed with cold distilled water to remove residual
alkali and impurities. The crude product was air-dried and
subsequently puried by recrystallization from 95% methanol,
yielding pure 20-hydroxychalcone as yellow crystalline solids.

The synthesized 20-hydroxychalcone was structurally char-
acterized and conrmed using Fourier-transform infrared
spectroscopy (FTIR), proton nuclear magnetic resonance (1H
NMR), carbon-13 nuclear magnetic resonance (13C NMR), and
UV-visible spectroscopic techniques.

2.3.2 Synthesis of the chalcone-mediated silver nano-
particles. An alcoholic solution of 20-hydroxychalcone (5 mM)
was mixed with an alcoholic solution of AgNO3 (0.25 mM) under
ambient conditions. The pH of the reaction mixture was care-
fully adjusted to strongly basic conditions (pH 10–11) by the
dropwise addition of an aqueous ammonia solution. The
resulting homogeneous mixture was transferred to a round-
bottom ask and subjected to reux at 70 °C for 5–6 h under
unstirred conditions. During the course of the reaction,
a gradual change in the appearance of the solution was
observed, indicating the formation of silver nanoparticles.

Upon completion of reux, the reaction mixture was allowed
to cool naturally to room temperature and subsequently le
undisturbed overnight to ensure complete reduction and
stabilization of the nanoparticles. A visible settled suspension
of silver nanoparticles (AgNPs) was obtained. The hydroxyl
functional group present at the 20-position of the
hydroxychalcone plays a crucial dual role in the synthesis,
acting both as a reducing agent to convert Ag+ ions into metallic
Ag0 and as a stabilizing (capping) agent to prevent excessive
aggregation of the resulting nanoparticles. The reduced silver
atoms subsequently nucleate and undergo controlled growth,
leading to the formation of stable AgNPs. The synthesized
AgNPs were isolated by centrifugation at 4000 rpm for 30 min
and washed thoroughly with distilled water at least twice to
remove unreacted precursors and residual ammonia. The
puried nanoparticles were then dried under ambient condi-
tions and stored for further physicochemical characterization.

2.4 Statistical analysis

All results are expressed as the mean ± standard deviation of
three independent experiments. Statistical signicance (i.e., p-
value) was calculated using a t test calculator (GraphPad Prism
10.1.1), and the data are considered statistically signicant
(indicated by *) when p < 0.05.

2.5 Computational study

Geometric optimization of free 20-hydroxychalcone and its
complexes with silver was carried out using the GAUSSIAN 09W
program. The calculations used the 6-311G basis set for 20-
hydroxychalcone and LANL2DZ (Los Alamos National
9042 | RSC Adv., 2026, 16, 9040–9053
Laboratory 2 double-z) for the complexes. The vibrational
frequency and optimized geometry of the observed molecules,
as well as the highest occupied molecular orbital (HOMO) and
lowest unoccupiedmolecular orbital (LUMO)molecular orbitals
and the molecular electrostatic potential (MEP) surfaces, were
pictured using the Becke, 3-parameter, Lee–Yang–Parr (B3LYP)
basis set. A hybrid DFT methodology is used in the B3LYP
framework. Amongst this growing variety of DFT techniques,
the hybrid functional B3LYP provides good agreement between
computing cost, range, and nding accuracy.31–44

3. Results and discussion
1H NMR (600 MHz, CDCl3) d: 7.70 (d, J = 15.6 Hz, 1H, Ha), 7.53
(d, J = 15.6 Hz, 1H, Hb), 7.90–7.10 (m, 9H, Ar–H), 9.85 (br s, 1H,
OH). 13C NMR (150 MHz, CDCl3) d: 192.15 (C]O), 157.02 (C–
OH), 139.20, 132.64, 131.52 (Ca, Cb, quaternary aromatic C),
129.72, 128.86, 128.34, 127.12, 126.65, 121.80 (aromatic CH),
115.98 (vinylic CH), 77.46, 77.22, 76.61 (CDCl3), 0.01 (TMS). The
trans coupling constant (J = 15.6 Hz) between the a,b-olenic
protons conrms the E-conguration of the enone system. The
phenolic OH resonance at d 9.85 ppm and the corresponding C–
OH signal at d 157.0 ppm indicate that the hydroxyl group is
located on the b-phenyl ring rather than adjacent to the
carbonyl carbon. Spectral data are consistent with the literature
values for 20-hydroxychalcone. In detail, the 1H NMR spectrum
(Fig. 1A) indicates the synthesis of 20-hydroxychalcone and
shows a strong peak of the solvent acetone at 2 ppm.21 The
group of peaks from 6.92 to 7.92 represents the aromatic
hydrogens, and they have a total integration assigned as 7
hydrogens. Peaks from 8.10–8.22 represent a and b hydrogens
and have an integration of two. The peak at 9.2 correlates with
the 20-hydroxy hydrogen. Other peaks in the spectra include
a peak at 3 ppm, which is probably a trace impurity from either
the solvent or the sample. 13C NMR spectrum (Fig. 1B) displayed
een distinct carbon resonances, consistent with the
proposed structure of 20-hydroxychalcone. The 13C NMR spec-
trum of 20-hydroxychalcone shows a distinct carbonyl carbon at
d 192.0 ppm, which is characteristic of a conjugated a,b-
unsaturated ketone. The phenolic carbon (C–OH) resonates at
d 155.8 ppm, conrming hydroxyl substitution on the aromatic
ring. The a- and b-carbons of the enone appear at d 138.3 and
141.0 ppm, respectively, indicating extended conjugation.
Multiple aromatic signals between d 116.6 and 132.8 ppm
correspond to substituted phenyl rings. The overall pattern
supports the expected planar conjugated structure stabilized by
intramolecular hydrogen bonding between the –OH and C]O
groups.21

The synthesis of 20-hydroxychalcone was further established
using FTIR spectroscopy.21–24 The identication using FTIR
(Fig. 2) indicated absorption of the hydroxy bond at 3600 cm−1

(–OH). A conjugated double bond to a carbonyl group is
distinguished by absorption emerging in the region of
1680 cm−1. The presence of the 1540 cm−1 absorption band
conrms the existence of C]C aromatic. As in the case of the
chalcone-mediated AgNPs, there is a weak band at 2350 cm−1

(atmospheric CO2). The C]O stretching band observed at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 1H NMR (A) and 13C NMR (B) spectra of 20-hydroxychalcone in deuterated acetone.
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1660 cm−1 shied from ∼1680 cm−1 for pure 20-hydroxychalc-
one, indicating coordination of the carbonyl oxygen with Ag
nanoparticles. The band at 1390 cm−1 corresponds to aromatic
skeletal/C–H deformation inuenced by nanoparticle
© 2026 The Author(s). Published by the Royal Society of Chemistry
interaction, while 1082 cm−1 is assigned to C–O stretching and
possible C–O–Ag interactions, supporting the chalcone's role as
a capping agent. The band at 479 cm−1 is consistent with Ag–O/
metal–ligand vibrations, conrming the successful formation of
RSC Adv., 2026, 16, 9040–9053 | 9043
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Fig. 2 FTIR spectrum of 20-hydroxychalcone and the chalcone-mediated AgNPs.
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the chalcone–AgNP composite.23 FESEM analysis reveals the
chalcone particles in micron size and slightly agglomerated.
Fig. 3A and spherical shape uniformly scattered nanoparticles
of average 70 nm diameter for the chalcone-mediated AgNPs
(Fig. 3B).

XRD analysis was used to determine the phase composition,
purity, and crystal nature of the synthesized AgNPs.24 XRD
patterns of the 20-hydroxychalcone, chalcone-mediated and
NaBH4-reduced AgNPs are displayed in Fig. 4. The Scherer
equation was used to calculate the size of the AgNP crystallites.
The XRD pattern of 20-hydroxychalcone exhibits broad and low-
intensity peaks at 2q = 30.4°, 33.9°, 42.4°, 50.6°, 52.6°, 59.6°,
63.9°, and 65.6°, indicating its partially crystalline or semi-
amorphous nature. The broadening of peaks suggests a small
crystallite size and limited long-range molecular order, which is
Fig. 3 FESEM images of chalcone (A) and the chalcone–Ag nanocompo

9044 | RSC Adv., 2026, 16, 9040–9053
typical for organic compounds containing conjugated aromatic
systems. Despite the reduced sharpness, the presence of
distinct peaks conrms that the chalcone retains a crystalline
molecular framework consistent with previously reported
chalcone structures.21 The chalcone-mediated and NaBH4-
reduced AgNPs showed diffraction peaks at 38.05, 44.24, and
64.47 and 37.95°, 44.09°, and 64.35°, respectively, which were
indexed to the (111), (200), and (220) reection planes of the
face-centered cubic structure of metallic AgNPs.22 The lattice
parameters of both the chalcone-mediated and NaBH4-reduced
AgNPs were well matched with the crystallography open data-
base JCPD: 1100136.

The X-ray diffraction peaks of the chalcone-mediated and
NaBH4-reduced AgNPs differed in terms of intensity and
broadening. The diffraction peaks of the NaBH4-reduced AgNPs
site (B).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD diffraction patterns of chalcone and the chalcone-mediated AgNPs and NaBH4-reduced AgNPs matching with JCPDs: 1100136.
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are broadened, whereas the peaks of the chalcone-mediated
nanoparticles are comparatively sharp. The development of
small-sized silver nanoparticles is indicated by the broadening
of the Bragg peaks,21,24,25 while the chalcone-mediated nano-
particles have sharp XRD peaks, suggesting relatively larger
particles. The intensity of the XRD peaks of the chalcone-
mediated AgNPs is less compared to NaBH4-reduced AgNPs. A
prior study of nanoparticle's XRD data has shown an inverse
relationship between nanoparticle surface functionalization
and the intensity of the peak.24 As a consequence, the organic
functional groups in 20-hydroxychalcone capped the surface of
AgNPs, resulting in reduced XRD peak intensity. This also
indicates disruption of the chalcone crystallinity due to strong
interaction and partial amorphousness caused by Ag nano-
particle formation.

The 20-hydroxychalcone-mediated AgNPs have a crystallite
size of 46 nm, while that of NaBH4-reduced AgNPs is 24 nm,
which is calculated using the Scherer equation. The synthesis of
AgNPs was also examined by UV-vis spectroscopic analysis. The
chalcone exhibited two main absorption bands in its UV-vis
spectra. Band I was observed at a longer wavelength (near
300–390 nm) due to the absorption of the entire conjugated
system, the cinnamoyl chromophore. Band II appeared at
Table 1 UV-visible data of 20-hydroxychalcone and the correspond-
ing transitions

Bands lmax (nm) Functional groups Transition

Band I 340–390 Conjugated p

system
p–p*

Band II 220–270 Benzoyl system n–p*
Band III 300–320 (–CH]CH) p–p*

© 2026 The Author(s). Published by the Royal Society of Chemistry
a shorter wavelength range of 220–270 nm. This specic band is
attributed to the absorption involving the benzoyl chromo-
phore, phenyl ring and adjacent carbonyl group. This band is
primarily attributed to a p / p* electronic transition within
the conjugated system (Table 1). The NaBH4-reduced AgNPs had
a surface plasmon resonance (SPR) at 396 nm; however, the
chalcone-mediated AgNPs showed an SPR at 493 nm, a differ-
ence of 100 nm towards a higher wavelength, as SPR is sensitive
to the presence of the functional moieties.25,26 A prominent red
shi in the SPR is also a conrmation for the binding of 20-
hydroxychalcone functional groups on the silver nanoparticle
surface. In addition, in the case of the chalcone-mediated
AgNPs, a band at a shorter wavelength (355 nm) is associated
with the absorption of the 20-hydroxychalcone as observed
earlier in the pure 20-hydroxychalcone spectrum, as depicted in
Fig. 5. The combined impact of the chalcone capping, as well as
the change in the surrounding shell of nanoparticles, might be
responsible for such a red shi in the case of the chalcone-
mediated AgNPs. This is also consistent with smaller particles
having larger band gaps compared to larger particles. In addi-
tion, there is a possibility of band formation due to AgNPs and
the chalcone interaction.

This red shi indicates a larger size of particles, while the
broadness of the absorption band is accompanied by a wider
size distribution.25,26 The contribution of pure ionic silver in the
near UV region (about 300 nm wavelength) is visible. The
chalcone adsorption at the surface of AgNPs is evaluated by
mixing NaBH4-reduced AgNPs with the chalcone and instantly
measuring UV-visible spectra. Fig. 5 depicts the UV-visible
proles of the complexation of the chalcone and NaBH4-
reduced AgNPs. A weak broad band around 446 nm is due to the
adsorption of the chalcone on the NaBH4-reduced AgNP
surface. The peak red-shis are due to the complexation process
RSC Adv., 2026, 16, 9040–9053 | 9045
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Fig. 5 UV-visible spectroscopic analysis of chalcone, chalcone-mediated AgNPs and NaBH4-reduced AgNPs.
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between the chalcone and AgNPs. It diminishes the absorption
band of 20-hydroxychalcone at 243 nm, indicating that benzoyl
(responsible for absorbance at this wavelength) triggers the
adsorption of the chalcone on the nanoparticles.

Fluorescence spectroscopy was conducted to identify the
complex formation of silver and chalcone during nanoparticle
Fig. 6 Fluorescence spectra of chalcone, chalcone-mediated AgNPs an

9046 | RSC Adv., 2026, 16, 9040–9053
synthesis, as shown in Fig. 6. The uorescence spectra of the
chalcone and chalcone-reduced AgNPs were examined. When
excitation occurs at 270 nm, the emission peaks of the chalcone
in DMSO, which are evident at 435 and 466 nm, are missing in
the AgNPs produced by the chalcone. The uorescence of the
chromophore in close vicinity to the metal nanoparticle's
d NaBH4-reduced AgNPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface is well known to be highly impacted by the amplied
electromagnetic eld.27–30 The oxidized moieties of the chalcone
on the AgNP surface interact with the surface electronically,
which donates electrons to the metal, thereby quenching uo-
rescence. The uorescence quenching in the presence of AgNPs
gives a strong indication of the chalcone binding and capping
with AgNPs.

When excited at the same excitation wavelength, the
chalcone-mediated AgNPs showed more broadened absorption
spectra at a longer wavelength (red shi) compared to NaBH4-
reduced AgNPs, and the same reason is valid, as discussed
above in UV-vis analysis.
3.1 Computational studies

3.1.1 Geometry optimization. From the geometry optimi-
zation of different hydroxyl derivatives of the chalcone, the
minimum energy structures were obtained, as shown in Fig. 7A–
D. Different hydroxyl derivatives of the chalcone are found to be
more stable than the parent molecule and possess planar
structures. Among the hydroxyl derivatives, 20-hydroxychalcone
is found to be the most stable, with −729.234 a.u. energy. Based
on this calculation, 20-hydroxychalcone was used for further
investigation.

3.1.2 Mulliken atomic charge population analysis. Mul-
liken population analysis is a technique for the calculation of
partial atomic charges from computational chemistry studies,
specically based on the approach of LCAOs.31 Many quantum
theoretical factors, such as dipole moment, polarization, and
electronic structural features, are inuenced by the charge
distribution of donor and acceptor atoms in molecules.32,33

During the investigation of 20-hydroxychalcone, the presence of
Fig. 7 Geometry optimization of different hydroxyl derivatives of chalco
in the chalcone complexes (F). Graphical representation of charge distri

© 2026 The Author(s). Published by the Royal Society of Chemistry
an electrophilic and a nucleophilic atomic charge was observed
(Fig. 7E). All the hydrogen atoms have an electrophilic charge
(0.15–0.37 a.u.), and the two carbonyl carbon atoms have elec-
trophilic behavior (0.19–0.24 a.u.). The nucleophilicity of all the
ring carbon atoms was affected by the delocalization of phenyl
electrons in the unsaturated and aromatic bonds in the chalc-
one backbone, which affected the nucleophilicity of all carbon
atoms (−0.03–0.20 a.u.).

The study shows that the O atoms are strongly electronega-
tive and have strong nucleophilicity values (−0.364–0.615 a.u.).
The strong nucleophilic character of hydroxyl oxygen shows
a stronger donating ability than the Mulliken atomic charge on
each atom, as shown in Table S1.

3.1.3 Interactions of the chalcone and silver ions. It is vital
to explore all the different ways in which Ag1+ ions might
interact with a molecule before comprehending the interaction
between the chalcone and the Ag1+ ions. A B3LYP approach39 is
used to study the complexes created by the probable interaction
of a metal ion and 20-hydroxychalcone. Fig. S1 shows the cor-
responding optimized structures.

Fig. S1(a) shows the conguration in which one silver atom is
complexed with two 20-hydroxychalcone molecules. The
magnitude of the optimum energy changes when we mix
a methanol molecule with a chalcone molecule to relate to the
experimental solvent conditions (Fig. S1(b)). When the chalcone
ligand is replaced by two methanol molecules, three structural
patterns emerge for the bismethanol chalcone complex, Ag(20-
hydroxychalcone)(CH3OH)2. The very rst conguration is one
in which the methanol molecule links asymmetrically with the
chalcone, and the second methanol molecule is linked to the
rst methanol molecule linearly through hydrogen bonding
ne (A–D). MEP surface of 20-hydroxychalcone (E). MEP surface of silver
bution in 20-hydroxychalcone (G).
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Table 2 Optimization energies (Eoptimization), binding energies (B.E.), and input and output charges of silver ions

Complex Eoptimization (hartree) B.E. (eV) Charge input (a.u.) Charge output (a.u.)

Ag(C)2 −1601.9985 60.84 +1 +0.444948
Ag(C)(M) −990.0702 17.14 +1 +0.346315
Ag(C)(M)2 −1105.8234 16.37 +1 +0.293990

AgðCÞðMÞ02 −1105.8078 16.78 +1 +0.354672

AgðCÞðMÞ002 −1105.8199 16.45 +1 +0.274662

3Ag(C) −1165.9584 15.00 +3 +0.436511
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(Fig. S1(c)). The second conguration, in which a methanol
molecule hydrogen bonds to the chalcone and the Ag atom is
linked to the methanol molecule's O atom, is also possible
(Fig. S1(d)). Fig. S1(e) depicts the third conguration, in which
a methanol bridge is created between the Ag atom and one of
the oxygen atoms of the chalcone's diketone portion. In addi-
tion to the complexes of the chalcones with Ag in the presence
of methanol mentioned above, we computed complexes of the
chalcones with three Ag1+ ions (Fig. 7F and G).

3.1.4 Binding energies of 20-hydroxychalcone–Ag
complexes. The binding energies (B.E.) of different complexes
of the chalcone with Ag are computed to compare the stability of
the complexes, as listed in Table 2. The binding energy (B.E.) of
a complex is dened as follows:

B.E. = Ecomplex − Ereactants, (1)

where Ecomplex is the energy of the chalcone complexes with Ag
and Ereactants is the sum of energies of constituents of the
complex. The binding energies (B.E.) of the complexes of the
chalcone with Ag1+ ion were computed using the above-
mentioned equation, and the values are tabulated (see Table
2). Thus, based on binding energy, the Ag(C)2-coordinated
complex appears to be more stable in comparison to the other
interactions although it seems that all the coordination
complexes of the chalcone with silver are more or less probable.

3.1.5 20-Hydroxychalcone as a reducing agent. As described
in the experimental section, our ndings showed that chalcone
may reduce Ag1+ to Ag to synthesize AgNPs. However, it is
difficult to demonstrate the involvement of the various moieties
in the reduction and capping processes experimentally. We
used molecular electrostatic potential (MEP) mapping to
conrm and understand the reducing characteristics of the
chalcones. The electrostatic potential is connected to the dipole
moment, electronegativity, partial charge, and location of the
molecule's chemical reaction.32 It provides a visual technique
for understanding a molecule's relative polarity.

Fig. 7F and G depicts the electron density surface on which
the electrostatic potential surface is mapped with the chalcone
alone and its coordinate complex with Ag1+ ions, i.e.,
Ag(chalcone)2 and Ag(chalcone)(methanol)2. Such surfaces
reect the size, shape, charge density, and position of the
chemical interaction of the molecules.36 Varying colors reect
different degrees of electrostatic potential on the surface; red
indicates regions with the greatest negative electrostatic
9048 | RSC Adv., 2026, 16, 9040–9053
potential, blue represents areas with the greatest positive elec-
trostatic potential, and green indicates regions with zero
potential. Potential rises in the following order: red > orange >
yellow > green > blue.36–38

Because the O atom is electronegative in the chalcones, it has
the largest negative electrostatic potential (red color). However,
as shown in Fig. 7F and G, there was a signicant degree of
charge transfer in the Ag(chalcone)2 and
Ag(chalcone)(methanol)2 complexes. Table 2 shows the
numerical values of the charge decrease in Ag1+ ions in various
chalcone compounds containing Ag atoms. The input charge on
each Ag atom was specied as +1 in all complexes of the chal-
cones with silver atoms, which, aer optimization, turned out to
be a charge of roughly 0. Fig. 7G depicts the charge reduction
diagrams on Ag1+ ions in various Ag(chalcone) complexes ob-
tained from DFT calculations. One 20-hydroxychalcone mole-
cule can simultaneously reduce two Ag1+ ions.

3.1.6 Global reactivity descriptors. It is critical to under-
stand the chemical reactive characteristics of these silver–
chalcone complexes before considering them as a starting point
for the manufacture of drugs.1 Conceptual DFT is one of the
most powerful tools in computational chemistry for under-
standing the chemical reactivity of interacting molecular
systems, also known as chemical reactivity theory, because it
allows for accomplishing this task by relying on a number of
global reactivity descriptors (GRDs), which are related to varia-
tions in the electronic density of the systems studied.38 The
characteristic values of HOMO and LUMO, as well as their
energy band gap, are related to a molecule's biological
activity.33–36 The molecule's ionization potential is directly
linked to the HOMO energy, which indicates the electron
donating potential. Meanwhile, the acceptance of electron
affinity electrons is proportional to the degree of LUMO energy.
DFT theoretical calculations were used to determine the
compound's HOMO and LUMO energy levels.

The GRDs of the desired molecule, like electrophilicity (u),
hardness (h), electronegativity (c), chemical potential (m) and
soness (s) indexes, were calculated as quantum parameters
from the HOMO/LUMO energy gap using Koopman's
notation.38

In terms of EHOMO and ELUMO, the HOMO energy and LUMO
energy, respectively, ionization potential (I.P.) and electron
affinity (E.A.) may be represented as follows:

I.P. = −EHOMO and E.A. = −ELUMO. (2)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Global reactivity descriptors for chalcone and its complexes with silver

EHOMO (eV) ELUMO (eV) Eap (eV) c (eV) h (eV) s (eV−1) m (eV) u (eV) DNmax

C −6.58 −2.35 4.23 4.46 2.11 0.47 −4.46 4.71 2.1
Ag(C)2 −5.48 −2.94 2.53 4.21 1.26 0.78 −4.21 6.98 3.3
Ag(C)(M) −4.82 −1.85 2.97 3.34 1.48 0.67 −3.34 3.76 2.2
Ag(C)(M)2 −5.27 −2.28 2.98 3.78 1.49 0.67 −3.78 4.79 2.5

AgðCÞðMÞ02 −5.09 −2.15 2.93 3.62 1.46 0.68 −3.6 4.46 2.4

AgðCÞðMÞ002 −5.10 −2.27 2.83 3.69 1.41 0.70 −3.69 4.80 2.6

3Ag(C) −5.13 −2.81 2.32 3.97 1.16 0.86 −3.97 6.79 3.4
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When the values of I.P. and E.A. are known, the values of the
electronegativity (c), the hardness (h), the chemical potential (m)
and the soness (s) can be computed using the following
equations:

c = I.P. + E.A./2, h = I.P. − E.A./2, s = 1/h, (3)

u = m2/2h. (4)

This index, by denition, evaluates the ability of a chemical
species to receive electrons. Low values of m and u characterize
a good, highly reactive nucleophile, while high values of m and u

characterize a good electrophile. This novel reactivity parameter
quanties the energy stabilization that occurs when the system
receives an extra electronic charge Nmax from the environment.

DNmax = −m/h (5)

Thus, while electron affinity indicates the system's tendency
to acquire extra electronic charge from its surroundings, Nmax

indicates the molecule's charge potential.
The ligand acts as the Lewis base in a complex formation

mechanism, while the metal ion acts as the Lewis acid. A ligand
with an apt soness value has a high ability to bind metal ions.
Table 3 displays the estimated quantum chemical descriptors,
Fig. 8 Radical scavenging effect of chalcone and the chalcone-mediat
activity of chalcone and the chalcone-mediated and NaBH4-reduced Ag
drug for comparison (B). Statistical significance (i.e., p-value) was calcul
considered statistically significant (indicated by *) when p < 0.05.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and the comparison research reveals the following issues about
the free ligand: the ligand's so character indicates its exibility
to metal atoms; negative electronic chemical potential and
positive electrophilicity values signify that the molecule can
capture electrons from its environment and that accepting an
electronic charge should have a lower energy. As a result, it must
have a negative electrical chemical potential.35

The following crucial points are introduced by quantum
parameters34,41,42 for the apparent structures of metal
complexes. A decrease in the energy gap compared to the free
ligand reects a higher soness of the complexes and thus an
increase in their biological activity compared to the free chalc-
one. Greater values of electrophilicity and more negative values
of chemical potential in complexes indicate that they can
capture electrons more easily. The ELUMO decreases and the
EHOMO increases more than the free chalcone, which can be
attributed to the strength of the metal bonds.41,42
4. Biomedical applications of the
chalcone–Ag nanoparticles

All the biomedical application results were expressed as the
mean ± standard deviation of three independent experiments.
Statistical signicance (i.e., p-value) was calculated using a t test
ed and NaBH4-reduced AgNPs by ABTS assay (A). In vitro anti-cancer
NPs along with AgNO3 and doxorubicin is taken as standard anticancer
ated using a t test calculator (GraphPad Prism 10.1.1), and the data are

RSC Adv., 2026, 16, 9040–9053 | 9049
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calculator (GraphPad Prism 10.1.1), and the data are considered
statistically signicant (indicated by *) when p < 0.05.

The DPPH scavenging experiment was used to assess the
radical scavenging impact of 20-hydroxychalcone, the chalcone-
mediated and NaBH4-reduced AgNPs. 20-hydroxychalcone has
more scavenging efficacy than the chalcone-mediated and
NaBH4-reduced AgNPs. Due to the delayed release of active
chalcone in the medium, the chalcone in the free form can
quench free radicals more efficiently than the chalcone-
mediated NPs. Although the DPPH assay is easy and basic, it
Fig. 9 Morphological observation of the MCF-7 cancer cell lines using a

Table 4 Antibacterial activity of chalcone and the chalcone-mediated
and NaBH4-reduced AgNPs

Bacteria

Zone of inhibition (mm)

20-Hydroxychalcone Ag–chalcone Ag–NaBH4

P. aeruginosa 7 � 1.2 0 0
E. coli 12 � 2.5 8 � 1.0 11 � 0.8
K. pneumoniae 7 � 0.8 0 7 � 0.75
S. aureus 7 � 1.5 7 � 1.2 7 � 0.5

9050 | RSC Adv., 2026, 16, 9040–9053
has drawbacks. The substances that respond quickly to a per-
oxyl radical might react slowly or simply not with DPPH.46

As a result, the samples were further examined utilizing 2,20-
azinobis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
assays. The ABTS analysis determines the efficiency with which
antioxidants scavenge ABTS and produce ABTS radicals. Anti-
oxidants act as hydrogen donors. The blue/green color of ABTSc+

is caused by the interaction of ABTS with a strong oxidant,
which results in the formation of radical cations.

The antioxidant activity determined by the ABTS radical
scavenging analysis is depicted in Fig. 8A. The chalcone has an
IC50 of 74.6 mg mL−1, which is lower than the chalcone-
mediated and NaBH4-reduced AgNPs with IC50 values of 79.95
mg mL−1 and 120.61 mg mL−1, respectively. The antioxidant
potential of the chalcone-mediated AgNPs is greater than that of
NaBH4-reduced AgNPs.

AgNP antimicrobial properties have led to their widespread
usage in the clinical and industrial elds. The chalcone-
mediated and NaBH4-reduced AgNPs were shown to exhibit
antibacterial action against Gram-positive and Gram-negative
bacteria in this investigation. Table 4 shows the size of the
zone of inhibition.
bright field microscope.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Aer 24 hours of incubation, all the samples exhibited
antibacterial activity, as evidenced by the presence of zones of
inhibition.20 The ndings of the disc diffusion procedure reveal
that the greatest activity is displayed against E. coli. However,
the chalcone and AgNPs synthesized through both routes had
the same degree of activity against S. aureus, with zones of
inhibition of 7 mm. No activity was noted against P. aeruginosa
by the chalcone-mediated and NaBH4-reduced AgNPs. The
chalcone-mediated AgNPs were inactive against K. pneumoniae,
while the chalcone and NaBH4-reduced AgNPs showed the same
inhibition zones.

As a result of the release of silver ions or the production of
radical species aer AgNPs are taken up by cells, AgNPs exhibit
intrinsic anticancer characteristics. In the present study, the
cytotoxic impact of the chalcone, chalcone-mediated, and
NaBH4-reduced AgNPs against the human breast cancer (MCF-
7) cell line and cytotoxicity (%) were measured in vitro using the
MTT test and compared to the standard anticancer drug,
doxorubicin. All the samples had concentrations ranging from
0.5 to 5 mg mL−1. The rate of cytotoxicity against the MCF-7 cell
lines increases as the concentration increases. Aer 48 hours of
incubation, the inhibition activity was observed. The results are
shown in Fig. 8B as growth inhibitory concentration (IC50)
values, which indicate the drug concentrations necessary to
inhibit cell growth by 50% aer 48 hours of incubation when
compared with the untreated controls.

A synergistic effect was observed in the case of chalcone-
mediated AgNPs for anticancer activity, as both the components
have established individual anticancer activity. The silver salt
also showed some anticancer activity, but no signicant
enhancement was observed compared with the synthesized
AgNPs. Chalcone-mediated AgNPs are even more lethal to
cancer cells than doxorubicin, a standard anticancer drug, and
showed an IC50 value of 2.44 mM compared to doxorubicin, with
an IC50 value of 5.01 mM.

A higher crystallization in microscopic images means higher
cell death because the MTT assay's active component reacts
with the cells and results in the form of crystallization. The
optical density (OD) obtained for the different samples is well
supported by the microscopic images. The higher OD value
samples show lower crystallization in the images and vice versa,
as illustrated in Fig. 9.

The chalcones are non-toxic and biocompatible capping
agents; they can be considered environmentally friendly46,47

because they do not cause any environmental hazards, like
those employed in the chemical reduction technique. Thus, the
chalcone-mediated AgNPs have the potential to play a signi-
cant role in the advancement of possible nanomedicine as an
antioxidant and against a variety of bacterial strains and potent
cancer therapies.

5. Conclusion

In the present work, a highly facile, efficient, and environ-
mentally benign synthetic route for silver nanoparticles (AgNPs)
is successfully developed using 20-hydroxychalcone as both
a reducing and stabilizing (capping) agent. Multi-spectroscopic
© 2026 The Author(s). Published by the Royal Society of Chemistry
characterization techniques conclusively conrmed the effec-
tive capping of AgNPs by chalcone molecules, indicating strong
interactions between the organic ligand and the metallic
surface. The adsorption mechanism of 20-hydroxychalcone on
the AgNP surface was further validated through comparative
studies using pre-synthesized sodium borohydride-reduced
AgNPs, which provided clear evidence of chalcone-mediated
surface functionalization. Density functional theory (DFT)
calculations revealed a pronounced electron transfer from the
20-hydroxychalcone molecule to Ag+ ions, leading to their
reduction into metallic Ag0 through complex formation. More-
over, the optimized chalcone–metal complexes exhibited
enhanced soness and reactivity compared to the free chalcone
molecule, particularly toward nucleophilic interactions. This
increase in chemical soness and electrophilicity highlights the
crucial role of metal coordination in modulating the physico-
chemical properties of the chalcone ligand. The strong corre-
lation between experimental observations and theoretical
predictions underscores the robustness of the proposed
synthesis and stabilization mechanism. The intrinsic biocom-
patibility of 20-hydroxychalcone, combined with its well-
established antioxidant, antibacterial, and anticancer proper-
ties, renders the synthesized chal–AgNPs highly promising for
biomedical and therapeutic applications. The present chalcone-
assisted synthesis strategy can be readily extended to the
preparation of other noble and transition metal nanoparticles,
enabling the design of a wide range of functional nanomaterials
with tailored properties. In the future, in-depth in vitro and in
vivo investigations are warranted to further validate the thera-
peutic potential, biosafety, and pharmacological efficacy of
chalcone-capped AgNPs. The integration of advanced compu-
tational modeling with experimental approaches may also
facilitate the rational design of multifunctional nanoplatforms
for targeted drug delivery, imaging, and catalytic applications.
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The chalcone-Derived Lactones: Synthesis, Whole-Cell
Biotransformation, and Evaluation of Their Antibacterial
and Antifungal Activity, Molecules, 2023, 28, 3800.

9 S. Tahir, F. Saira, H. Noor and H. Razzaq, Electrochemical
detection of glucose and nitrophenol using a novel CuMn-
LDHs/r-GO nanocomposite, Mater. Adv., 2025, 6, 7395–7408.

10 F. Saira, A. Yaqub, H. Razzaq and M. G. Sohail, Hollow
nanocages for electrochemical glucose sensing:
a comprehensive review, J. Mol. Struct., 2023, 1268, 133646.

11 J. Yaseen and F. Saira, Zahida Batool, Synthesis of CuSe/PVP/
GO and CuSe/MWCNTs for their Applications as
Nonenzymatic Electrochemical Glucose Biosensor, RSC
Adv., 2024, 14, 6896.

12 S. Sabahat, M. Ejaz, F. Saira, R. S. Z. Saleem and Y. Nazish,
Chem. Pap., 2023, 1–13, 2023.

13 F. Saira and H. Razzaq, Investigation of Glucose Oxidation at
Gold Nanoparticles Modied Glassy Carbon Electrode by
Theoretical and Experimental Methods, Karbala Int. J. Mod.
Sci., 2019, 5(4), 1.

14 S. Sabahat, Y. Nazish, F. Saira and I. Tariq, Fabrication of
Supported and Unsupported Gold Nanorods for
Nonenzymatic Glucose Sensing and Study of Their Growth
Kinetics, ACS Omega, 2024, 9, 33616–33628.

15 F. Liaqat, I. U. Haq and F. Saira, Development of glucose
sensor based on cobalt and nickel doped ceria
nanostructures, Mater. Sci. Eng. B, 2023, 289, 116231.

16 Y. Nazish, S. Sabahat, R. S. Z. Saleem and F. Saira, Effect of
nano morphologies on catalysis and non enzymatic
glucose sensing, J. Mater. Res., 2023, 39, 649.

17 M. Rasheed, F. Saira, Z. Batool and J. Yaseen, Facile
synthesis of CuSe/PVP nanocomposite for ultrasensitive
non-enzymatic glucose biosensing, RSC Adv., 2023, 13,
267551.

18 L. Maretti, et al., Facile photochemical synthesis and
characterization of highly uorescent silver nanoparticle, J.
Am. Chem. Soc., 2009, 131(39), 13972–13980.
9052 | RSC Adv., 2026, 16, 9040–9053
19 K. C. Song, et al., Preparation of colloidal silver
nanoparticles by chemical reduction method, Korean J.
Chem. Eng., 2009, 26(1), 153–155.

20 F. M. Atlam, et al., Metal complexes of the chalcone
analogue: synthesis, characterization, DNA binding,
molecular docking and antimicrobial evaluation, Appl.
Organomet. Chem., 2018, 32(1), e3951.

21 H. Reyes, et al., Synthesis, NMR and X-ray diffraction
analysis of boron complexes derived from
hydroxychalcones, J. Mex. Chem. Soc., 2006, 50(3), 106–113.

22 W. B. Black and R. E. Lutz, Ultraviolet Absorption Spectra of
The chalcones. Identication of Chromophores, J. Am.
Chem. Soc., 1955, 77(19), 5134–5140.

23 K. Jemal, B. Sandeep and S. Pola, Synthesis, characterization,
and evaluation of the antibacterial activity of Allophylus
serratus leaf and leaf derived callus extracts mediated
silver nanoparticles, J. Nanomater., 2017, 2017, 213275.

24 S. Mourdikoudis, R. M. Pallares and N. T. Thanh,
Characterization techniques for nanoparticles: comparison
and complementarity upon studying nanoparticle
properties, Nanoscale, 2018, 10(27), 12871–12934.

25 C. Sönnichsen, et al., Plasmon resonances in large noble-
metal clusters, New J. Phys., 2002, 4(1), 93.

26 F. Saira, Spectrophotometric analysis of stability of gold
nanoparticles during catalytic reduction of 4-nitrophenol,
Turk. J. Chem., 2021, 45(1), 82–91.

27 D. Saha and D. P. Negi, Quenching of tryptophan
uorescence by colloidal Cu2S nanoparticles through static
and dynamic modes under different solution pH, Chem.
Phys., 2020, 530, 110644.

28 K. Boldt, et al., Characterization of the organic ligand shell of
semiconductor quantum dots by uorescence quenching
experiments, ACS Nano, 2011, 5(10), 8115–8123.

29 T. Huang and R. W. Murray, Quenching of [Ru (bpy) 3] 2+
uorescence by binding to Au nanoparticles, Langmuir,
2002, 18(18), 7077–7081.

30 M. Wu, et al., Electron transfer and uorescence quenching
of nanoparticle assemblies, J. Phys. Chem. C, 2010, 114(13),
5751–5759.

31 R. S. Mulliken, Electronic population analysis on LCAO–MO
molecular wave functions, J. Chem. Phys., 1955, 23(10), 1833–
1840.

32 R. Soliva, F. J. Luque and M. Orozco, Reliability of MEP and
MEP-derived properties computed from DFT methods for
molecules containing P, S and CL, Theor. Chem. Acc., 1997,
98(1), 42–49.
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