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1. Introduction

Copper(i) chelates of a coumarin-based acyl
hydrazone ligand: structural characterization and
computational evaluations for prospective
applications in antimicrobial, antiviral, antioxidant,
and anticancer therapiest

Manar. S. Mahfouz, Amira A. M. Ali, Magdy Shebl, Omima M. I. Adly@
and R. Fouad ® *

This study represents the synthesis and comprehensive characterization of four novel copper(i) chelates
(CuR, CuRCT, CuH, and CuHCT) derived from a newly developed coumarin-based acyl hydrazone ligand
(HCBH). The chelates were prepared using multidisciplinary synthetic routes, including reflux and
hydrothermal methods with or without surfactant assistance, resulting in distinct mono- and binuclear
structures with nanoscale morphologies. Structural analyses confirmed that all copper complexes
possess tetrahedral geometries, with ligand coordination modes varying between tridentate and
tetradentate depending on the synthetic method. TEM imaging revealed unique morphologies for each
chelate, and the successful dispersion of the bioactive CuH chelate into silica yielded a porous
nanostructured drug delivery system. Biological evaluations revealed promising antimicrobial activity,
particularly for CUHCT against E. coli and S. aureus, and for CuRCT against B. subtilis and C. albicans.
Antioxidant assays showed that CuRCT and CuHCT exhibited superior activity compared to other
complexes and standard ascorbic acid. CuH demonstrated potent cytotoxicity against HepG-2 and MCF-
7 cancer cell lines, comparable to cisplatin, while maintaining moderate toxicity toward normal Vero
cells (CCso = 43.34 + 1.98 pg ml™Y). Although the antiviral activity of CuH against HAV was weak, in vitro
release studies of CuH-silica composites confirmed controlled release behavior, supporting its potential
as a nanodrug delivery system. Density Functional Theory (DFT) and molecular docking analyses
corroborated the biological findings, with favorable interactions observed between the compounds and
CDK2 kinase. Collectively, these results highlight CuH as a highly promising candidate for further
preclinical evaluation, especially in cancer therapy, with silica-based dispersion enhancing its potential as
a nanocarrier for targeted drug delivery.

the chelates."”” Among bioactive chelating agents, coumarins,
known as benzopyran-2-ones, feature a simple and versatile

In recent years, one of the most actively pursued areas of
coordination chemistry has been the creation and production of
novel nano-chelates with various morphologies, particularly
distinctive structures, and significant pharmacological proper-
ties for the potential treatment of cancer, viral, and microbial
diseases. The pharmacological properties of metal chelates are
influenced by several factors, including the type of metal ions
used, the selective bioactive chelating agents, the morphology,
particle size, surface area, and the method employed to prepare
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structure, with the benzopyrone ring as their central framework.
This core structure enables coumarins to interact with various
enzymes and receptors through non-covalent interactions.® As
a result, coumarins exhibit a broad spectrum of biological
activities, including anticancer,*® anti-inflammatory,*” antimi-
crobial,®® and antithrombotic'®** effects. Copper ions and
copper-based metallodrugs have been extensively explored for
their biochemical activities within biological systems, primarily
due to copper's diverse roles as an essential endogenous trace
metal. Copper ions can bind to proteins, including albumin and
ceruloplasmin. Moreover, copper is characterized by its high
redox activity, wide structural variability, bioavailability, and its
capacity to promote the generation of reactive oxygen species
(ROS).*»** Furthermore, the intricate relationship between
copper and cancer cell proliferation has spurred investigations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into the development of Cu-binding ligands aimed at regulating
tumor tissue homeostasis."* Additionally, copper chelates are
thought to be effective alternatives to platinum-based medica-
tions and potential antitumor agents, in addition to their
activity as chemical nucleases, enzyme inhibitors, or antiviral,
antimicrobial, and anti-inflammatory agents. They promote an
alternative on-apoptotic mechanism of programmed cell death
by inducing oxidative stress towards DNA through the forma-
tion of ROS.™ Nanoparticles can be utilized to deliver medica-
tions by changing signal transduction or modifying the tumor
microenvironment, and they also enable the sustained and
regulated delivery of anticancer treatments." Particle size,
shape, and surface chemistry are examples of physicochemical
characteristics of nanoparticles that have been found to
significantly impact drug delivery and cellular toxicity.'® Efforts
have been undertaken to improve the biological features of
nano-chelates by modifying their production process. Nano-
chelate synthesis techniques have so far drawn a lot of scien-
tific attention since various synthetic processes can alter the
morphology and other biological characteristics of the mate-
rials that are generated. Hydrothermal, reflux, microwave, and
other synthesis procedures have been introduced to achieve the
unique biological features of the nano-chelates. The hydro-
thermal and reflux procedures in particular are quite alluring
among these techniques since they are inexpensive, safe,
effective, and have the potential to be environmentally friendly
and large-scale manufacturing processes.”> Moreover, the
control of crystalline size, distribution, and morphology can be
effectively achieved through the addition of counter ions,
capping molecules, hydrothermal temperature adjustments,
and processing time. The choice of an appropriate stabilizer is
crucial in the synthesis process to prevent excessive aggregation
of nanoparticles (NPs).”” In this context, surfactants are often
preferred over other capping agents due to their ability to form
micelles, their excellent solubilization properties, and their ease
of removal from the surfaces of NPs. Cetyltrimethylammonium
bromide (CTAB) is an amphiphilic compound that possesses
both hydrophobic and hydrophilic characteristics, along with
a non-toxic nature.” In light of the aforementioned findings,
this study presents a green synthesis of copper(u1) nano-chelates
(CuR, CuRCT, CuH, CuHCT) from a newly synthesized 3-acetyl
coumarin-based ligand (HCBH) using hydrothermal and reflux
methods, with or without CTAB. The resulting nano-chelates
showed spherical morphologies with diverse nanoscale
dimensions and particle distributions, influenced by reaction
conditions, and were structurally confirmed via comprehensive
characterization. Biologically, the chelates exhibited broad-
spectrum antimicrobial and strong antioxidant activities.
Notably, CuH showed significant anticancer effects against
HepG-2 and MCF-7 cell lines, with moderate cytotoxicity on
normal Vero cells. Although its antiviral activity against HAV
was limited, embedding CuH in a silica matrix enabled
a controlled drug release profile. Molecular docking with CDK2
and DFT calculations supported their anticancer potential,
positioning these nano-chelates as promising candidates for
further therapeutic development.
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2. Methodology

2.1. Materials

Reagent-grade chemicals included salicylic acid hydrazide,* 3-
acetyl coumarin,” methyl salicylate (Sigma-Aldrich, 99%), ethyl
acetoacetate (Sigma-Aldrich, 99%), salicylaldehyde (Sigma-
Aldrich, 99.5%), and hydrazine hydrate (Sigma-Aldrich, 99%).
Copper acetate salt, glacial acetic acid, ethylenediamine tetra-
acetic acid (EDTA) disodium salt, Tris-HCI, 2,2-diphenyl-1-
pikryl-hydrazyl (DPPH), ascorbic acid, cetyl-
trimethylammonium bromide (CTAB), tetraethyl orthosilicate
Si(OC,Hs), (TEOS), ammonium hydroxide, metal indicators,
and nitric acid were BDH or Merck. Organic solvents were used
as high-quality reagents.

2.2. Characterization

Microanalyses of nitrogen, hydrogen, and carbon were con-
ducted at the Micro-analytical Center of Cairo University, Giza,
Egypt. The metal content in the chelates was quantified through
complexometric analysis. Melting and decomposition points
were determined using a Stuart melting point apparatus
(England). Molar conductivities were measured using a Corning
conductivity meter (model NY 14831) with 10~ M solutions of
the solid nano-chelates prepared in DMF. Thermogravimetric
(TGA) and derivative thermogravimetric (DTG) analyses were
performed on a Shimadzu thermogravimetric analyzer from
room temperature to 800 °C, employing a heating rate of 10 °C
per minute. Fourier-transform infrared (FT-IR) spectra of HCBH
and its copper chelates, spanning a range of 4000-400 cm ',
were recorded on a Nicolet IS10 FT-IR spectrometer. Proton
nuclear magnetic resonance ("H-NMR) spectra at 300 MHz were
obtained using a Mercury-300BB spectrometer, with tetrame-
thylsilane (TMS) as an internal standard and dimethyl sulfoxide
(DMSO) or DMSO-d, as solvents. UV-vis absorption spectra for
10> M solutions of the solid nano-chelates in DMF were
measured using a JASCO V-550 UV-vis spectrophotometer.
Magnetic susceptibility measurements were conducted at room
temperature using a Sherwood Scientific magnetic suscepti-
bility balance (Cambridge Science Park, England) and the Gouy
method. The effective magnetic moments (u.) were calculated
using the relation e = 2.828 (cm T)? B.M., where cm denotes
the molar susceptibility, corrected using Pascal's constants to
account for the diamagnetic contributions of all atoms in the
compounds. Electron spin resonance (ESR) spectra were recor-
ded with a Bruker X-band spectrometer (model EMX). X-ray
diffraction (XRD) patterns were obtained using a PHILIPS
diffractometer with CuKa, radiation (A = 1.54056 A), operating
at an emission current of 30 mA and an accelerating voltage of
40 kV. Transmission electron microscopy (TEM) images were
captured using a JEOL JEM-2100 TEM instrument at an accel-
erating voltage of 200 kv.

2.3. Synthesis

2.3.1. Synthesis of 2-hydroxy-N'-(1-(2-oxo-2H-chromen-3-yl)
ethylidene)benzohydrazide ligand (HCBH). The 2-hydroxy-N'-(1-
(2-ox0-2H-chromen-3-yl)ethylidene)benzohydrazide (HCBH)
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was synthesized through the condensation of salicylic acid
hydrazide stoichiometrically in a molar ratio 1:1 with 3-acetyl
coumarin in absolute ethanol. The mixture was refluxed for two
hours. The reaction mixture was allowed to cool fully to room
temperature before separating the yellow crystals. Ethanol
recrystallization created fine crystals when the product was
filtered away (Scheme 1).

2.3.2. Synthesis of copper(u1) nano-chelates

2.3.2.1. Synthesis of CuR nano-chelate. An aqueous solution
of copper(n) acetate was added to a methanolic solution of
HCBH to produce CuR chelate. Eight hours were spent refluxing
the reaction mixture. The resulting precipitate was filtered and
rinsed with a 50% (v/v) methanol-water mixture to remove any
remaining unreacted starting material residues. Ultimately,
anhydrous CaCl, was used to dry the precipitate overnight in
vacuum desiccators.

2.3.2.2. Synthesis of CuRCT nano-chelate. The CuRCT was
synthesized by the same previous method of preparation of
CuR, in addition to adding CTAB surfactant (1 mM) before the
refluxing step.

2.3.2.3. Synthesis of CuH nano-chelate. In a 100 ml Teflon-
lined autoclave with 70% filling, a mixture of HCBH and cop-
per(u) acetate was dissolved in water and heated to 120 °C for 24
hours. Deep brown crystals were produced once the reactor
gradually cooled to room temperature. After being filtered out,
the crystals were cleaned with distilled water and allowed to dry
at room temperature over anhydrous CacCl, in a desiccator.
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Scheme 1 Schematic representation of hydrazone ligand (HCBH).
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2.3.2.4. Synthesis of CuHCT nano-chelate. The chelate
CuHCT was prepared as the previous method except for adding
CTAB (1 mM). Very fine brown crystals were obtained. The
chemical formula of the dried copper chelates was collected in
Scheme S1.}

2.3.2.5. Synthesis of the CuH nano-chelate silica xerogel
nanohybrid. Initially, a silica matrix that contains CuH nano-
chelate was obtained by the sol-gel process.® Then CuH
nano-chelate (0.031 g) was dissolved in DMSO (5 ml). Then
0.1 ml of the complex solution was added to 10 ml of the silica
sol to obtain a 10~* M solution of the CuH nano-chelate in silica
sol. Then the solution was stirred for 2 h at room temperature.
Finally, a transparent sol was obtained after stirring, which
lasted for 24 h till the gel formed. The gel is dried at 80 °C for
6 h.

2.4. Investigation of biological activity

2.4.1. Antimicrobial activity

2.4.1.1. Agar well diffusion method. The antimicrobial
activities of under-investigated compounds were studied using
the agar diffusion method® against three types of bacteria:
Staphylococcus aureus and Bacillus subtits (Gram-positive
bacteria) and Escherichia coli, (Gram-negative bacteria) using
nutrient agar medium. The antifungal activity of the
compounds was tested against Candida albicans. Antimicrobial
activity was assayed by measuring the diameter of the inhibition
zone formed around the well. Ampicillin and Gentamicin were
standard drugs for Gram-positive and Gram-negative bacteria,
respectively. Nystatin was used as a standard drug for fungi
strains.

2.4.1.2. Minimum inhibition concentration (MIC) test. Series
concentrations of CuH nano-chelate were tested against E. coli
(Gram-negative-bacteria). The MIC value defined as concentra-
tion, which causes complete inhibition (no visible microbial
growth), was detected.”

2.4.2. Antioxidant activity. Using a UV-vis spectrophotom-
eter, the antioxidant activity of HCBH and its copper chelates
was assessed using the published methodology.** As a reference
standard, ascorbic acid was employed. Using the relation ICs,
(%) = [(A0 — A)/A,] x 100, where A, is the tested sample's
absorbance value and 4, is the blank sample's absorbance
value, the tested samples’ radical scavenging activity, repre-
sented as a percentage inhibition of DPPH, was determined.
Plotting the percent inhibition at 30 and 60 minutes against log
concentration allowed for the calculation of the ICs, value using
the linear equation. Finding the ICs, values: the percentage
inhibition and log concentration were fitted using linear
regression. The ICs, value was defined as the concentration at
which 50% inhibition occurred. Greater antioxidant activity
means a lower ICs, value.

2.4.3. Antitumor activity. The in vitro cytotoxic impact
(ICso) of the produced HCBH and its copper nano-chelates
using viability assay was assessed following the literature
approach®*?¢ on two cancer cell lines: hepatocellular carcinoma
cell line (HepG-2) and human breast cancer cells (MCF-7).
Standard cisplatin was used to compare the findings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained. The survival curve of each tumor cell line following
treatment with the specified substance is obtained by plotting
the relationship between surviving cells and drug concentra-
tion. Graphic plots of the dosage response curve for each
concentration were used to estimate the 50% inhibitory
concentration (ICso), which is the concentration needed to
produce toxic effects in 50% of intact cells.

2.4.4. Antiviral activity

2.4.4.1. Mammalian cell line. The Vero cells which were
provided from the American Type Culture Collection, were
taken from the kidney of an African green monkey (ATCC,
Manassas, VA, USA). The Vero cells were grown in Dulbecco's
modified Eagle's medium (DMEM), which was enhanced with
50 pg per ml gentamycin, 10% heat-inactivated fetal bovine
serum (FBS), 1% r-glutamine, and HEPES buffer. Every cell was
incubated twice a week at 37 °C in a humidified environment
with 5% CO,.>”

2.4.4.2. Virus propagation. Confluent Vero cells were used to
propagate and test the cytopathogenic HAV virus.”® The
Spearman-Karber method was used to count the infectious
viruses by calculating the 50% tissue culture infectious dose
(TCID50) with eight wells per dilution and 20 pl of inoculum per
well.>®

2.4.4.3. Cytotoxicity evaluation. The Vero cell lines were used
to assess the cytotoxicity assay. The MTT colorimetric technique
was used to determine the cell viability.>* The 50% cytotoxic
concentration (CCs), or the concentration required to cause
lethal effects in 50% of intact cells, was estimated to use
graphical plots of each conc's dose-response curve. A test for
cytopathic effect inhibition was used to screen for antivirals. In
sensitive mammalian cells, this assay was chosen to demon-
strate a cytopathic effect, or particular suppression of a biolog-
ical function, as determined by the MTT technique. To
determine the viral inhibition rate, the formula was [(A — B)/(C
— B)] x 100%, where A, B, and C stand for the tested chemicals’
absorbance with virus-infected cells, the virus control's absor-
bance, and the cell control's absorbance, respectively.*

2.4.5. Drug delivery. Weight 0.01 g of the CuH nano-chelate
dispersed into silica and dissolved in a solution containing 1%
DMSO and 99% phosphate-buffered saline (PBS, pH 7.4). The
solution was incubated at 37 °C using a thermostat shaker. After
incubation, centrifuge the solution and take filtrate to measure
absorbance after 0, 1, 2, 3, 7, 10, 12, 24, 28, and 32 h. The
concentration of CuH nano-chelate dispersed into silica in the
release media was detected by ultraviolet spectrophotometer.

2.5. Theoretical study

2.5.1. DFT calculations. At the B3LYP level of theory,
Density Functional Theory (DFT) was used to optimize the
molecular structures of the HCBH ligand, and its copper nano-
chelates.*** For the non-metal atoms (C, H, N, and O), a 6-
311G(d,p)** was used, and for the metal centers, a LANL2DZ.**
Frontier molecular orbitals, namely the Lowest Unoccupied
Molecular Orbital (LUMO) and the Highest Occupied Molecular
Orbital (HOMO), might be calculated using this method. Then,
using established equations from the literature,* key electronic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics were determined, such as energy gap (AE),
electronic chemical potential (1), chemical hardness (1), elec-
trophilicity index (w), and softness (o).

2.5.2. Molecular docking simulations. AutoDock Vina,
a well-known tool for evaluating binding interactions, was used
to carry out the molecular docking technique for the drugs
under study.*® The crystal structure of CDK-5 inhibitors, more
especially the inhibitor EFP bound to CDK-2 (PDB ID: 31G7),
which was obtained from the Protein Data Bank (PDB),*” was
the study's goal. To optimize the protein for docking, polar
hydrogen atoms, and Kollman charges were added after water
molecules, ligands, and heteroatoms were eliminated from the
receptor (PDB ID: 31G7).*® Chem Draw was first used to sketch
the compounds, and following energy minimization, the MDL
format was changed to PDBQT. The docking grid box was
carefully specified with dimensions (X =4.493 A, Y =11.804 A, Z
=12.061 A) and coordinates (X = 0.862, Y = 28.53, Z = 7.321) to
provide precise binding site evaluation. The compounds’
affinities for the receptor were assessed by calculating their
binding energies, which offered comprehensive information on
how the ligands and the target protein interacted.** The
potential biological significance of the investigated compounds
is supported by this rigorous methodology, which makes it
possible to comprehend the binding affinities and modes fully.

3. Results and discussion

3.1. Structural descriptions of HCBH ligand

The condensation of 3-acetyl coumarin with salicylic acid
hydrazide results in the formation of a hydrazone ligand in the
form of 2-hydroxy-N'-(1-(2-oxo-2H-chromen-3-yl)ethylidene)
benzohydrazide (HCBH) as shown in Scheme 1. The displayed
chemical formula C;gH4N,0, is consistent with the elemental
analysis data. HCBH is air-stable and soluble in organic solvents
such as DMSO and DMF. Fig. S11 shows the FT-IR spectrum of
HCBH and provides valuable information on the structure of
the generated ligand. The HCBH can exhibit keto/enol
tautomerism due to its acyclic amide (NH-C=O0) functional
group. The presence of the »(NH) band at 3260 cm ™" and the
»(C=0) band at 1640 cm ™" indicates that the HCBH is still in its
keto form.*® Moreover, the HCBH exhibits a noticeable band at
1724 cm ™" due to ¥(C=O0)jsctone Stretches.** Furthermore, the
(C=N) group is responsible for the band at 1572 cm™*.*>*3 The
v(OH) group is represented by the broad band, which is visible
at 3469 cm™ '.*

"H-NMR spectrum analysis verified the production of the
HCBH. The 'H-NMR spectrum of HCBH (Fig. S21) showed
singlet signals at ¢ 14.18, and 11.39 ppm, which could be con-
nected to OHppenolic and NHgpmide, respectively, and vanished
when D,0O was introduced (Fig. S2bt).** Aromatic moieties’
protons have been found to exhibit multiplets in the 6.84-
8.27 ppm range.*’ Also, the signal that appeared at 2.28 ppm has
been associated with the methyl group.

For the electronic spectrum of the chelating agent (HCBH),
the absorption band (highest energy) corresponding to m—m*
transitions of the aromatic ring system appeared at 274 nm
(Fig. S31).* An additional band (moderate energy) observed at

RSC Adv, 2025, 15, 22972-22988 | 22975
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331 nm may be associated with n-m* transitions within C=0
and C=N groups.*®

3.2. Structural and thermal descriptions of copper nano-
chelates

The CuR and CuRCT chelates are obtained directly by a reflux
treatment, whereas the hydrothermal treatment achieved the
CuH and CuHCT chelates. Elemental analysis, FT-IR spectros-
copy, ESR spectra, molar conductivity, magnetic moment
measurement, UV-vis spectroscopy, and thermogravimetric
analysis (TGA) were used to investigate the copper chelates.
Table S17 lists the physical, analytical, and molar conductance
data of the prepared compounds. The prepared nano-chelates
(CuR, CuRCT, CuH and CuHCT) are colored, stable, and non-
hygroscopic. These chelates are soluble in DMF and DMSO
but insoluble in methanol and ethanol. The suggested chemical
structure of copper nano-chelates is validated by elemental
analysis. Scheme S11 shows that CuR and CuRCT have a 1:1
molar ratio and the chelates involved copper ions with a coor-
dination number of four. Acetate ion occupies one of the four
coordination sites as a monoanionic monodentate group,
whereas HCBH occupies the other three sites. Furthermore, the
HCBH chelating agent acts as a monobasic tridentate through
the O-atom of lactone, the N-atom of azomethine group, and the
O-atom of a deprotonated hydroxyl group. While CuH and
CuHCT have a 2:1 molar ratio (Cu®>":HCBH), the chelates
involved two copper ions each of them surrounded by four
coordination sites. The acetate group occupies two of four
coordination sites as monoanionic bidentate group whereas

View Article Online

Paper

HCBH occupies two other coordination sites. HCBH functions
as a bis-bidentate monobasic in CuH and CuHCT chelates
through the O-atoms of lactone, N-atom of azomethine group,
and oxygen of deprotonated hydroxyl and phenolic groups.
Molar conductance values of 10> M of CuRCT and CuR nano-
chelates (in DMF) are too low and fall within the typical range of
non-electrolytes without ionic acetate groups. Under identical
conditions, the molar conductance value for CuH and CuHCT
nano-chelates fell within the range typical of a 1:1 electrolyte
(Table S17). This confirms the presence of one acetate anion as
a counter ion out of the coordination sphere.*”~*°

To gain insights into the thermal degradation mechanisms
of the prepared chelates and to investigate the existence of
solvent molecules, the copper chelates were subjected to ther-
mogravimetric analysis (TGA). The scheme of temperature-
induced degradation and the steps involved in the thermal
degradation of copper nano-chelates are shown in Schemes S2
and S3.7 Fig. 1 shows the TGA-DTA curves of copper nano-
chelates. The findings agreed with the theoretical formula
that the analytical data indicated. In the first stage, CuR nano-
chelate loses one coordinated acetic acid molecule at 312.5 °C
(weight loss 13.30%; caled 13.52%). In the second step, the
complex loses CH,4, HCN, and CO, molecules at 437.5 °C (weight
loss 33.14%; caled 33.15%). For CuRCT, the half molecule of
non-coordinated water was released at 106 °C (weight loss
1.82%); calcd 1.98%). The following stage of CuRCT is related to
removing a coordinated acetic acid molecule at 316.5 °C (weight
loss 15.35%; caled 15.24%). The third step corresponds to the
loss of CH4, HCN, and CO, molecules with a weight loss of

TGA DTG TGA DTG
m924_ mg/min rr2|g Img/min
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u I -0.005 20 + CuRCT | -0.007
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Fig.1 TGA-DTA curves of CuR, CuRCT, CuH and CuHCT nano-chelates.
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34.44% (calcd 34.48%). CuH nano-chelate loses uncoordinated
acetic acid at 314 °C (weight loss 9.44%; calcd 9.60%) followed
by coordinated two acetic acid molecules at 385 °C (weight loss
28.54%; caled 28.80%). For CuHCT the uncoordinated acetic
acid was removed at a temperature of 240 °C (weight loss 9.31%j;
caled 9.60%). Then the two coordinated acetic acid molecules
were released at 379 °C (weight loss 28.33%; calcd 28.80%). The
isolated copper chelates completed their degradation to reach
the final residue CuO: found; (caled) 17.91% (17.63%), CuO:
found; (caled) 18.10% (17.56%), 2CuO and 6C: found; (caled)
37.11% (36.94%) and Cu,O: found; (caled) 22.51% (22.87%) for
CuR, CuRCT, CuH and CuHCT respectively.

The thermodynamic parameters governing the decomposi-
tion processes of complexes, including the activation energy
(AE), enthalpy (AH), entropy (AS), and Gibbs free energy change
(AG), were systematically evaluated through graphical analysis
utilizing the Coats-Redfern equation. This method has proven
effective in determining the reaction order (n) and activation
parameters for the primary degradation stages of both the
ligand and metal complexes.” The kinetic parameters are listed
in Table S2.7 The following observations can be made based on
the analysis: (i) the degradation processes are endothermic, as
indicated by the positive values of enthalpy change (AH). (ii) For
CuR and CuRCT chelates, the decomposition rate of the second
degradation step is faster than the first step, as evidenced by
lower activation energy (AE) values for the second step
compared to the first step. Conversely, for CuH and CuHCT, the
activation energy for the second degradation step is higher,
suggesting that the second stage of decomposition occurs more
slowly®* (iii) the activated chelate formed during the degrada-
tion process exhibits a more ordered structure than the reac-
tants, or the reactions are relatively slow, as shown in the
negative entropy change (AS) values for the complexes.** Rela-
tively, low positive AG values indicate the autocatalytic effect of
metal ions on the thermal degradation of the chelates, sug-
gesting that the degradation processes are non-spontaneous.

3.3. Spectroscopic description of copper nano-chelates

3.3.1. FT-IR spectral descriptions. Table S31 lists the
significant infrared absorption bands along with their corre-
sponding assignments. The HCBH ligand participates in coor-
dination via enol form which is confirmed by (i) the
disappearance of a characteristic, strong amide carbonyl group
(C=0)amide in all copper nano chelates. (ii) The band of NH,niqe
which appeared at 3260 cm ™" in the HCBH disappeared in all
copper nano chelates due to deprotonation of the NH group
during the tautomerization process. (iii) Additionally, by
deprotonating the NH group, new bands of (C=N)p,lic in the
1510-1520 cm ™' appeared in copper nano chelates, suggesting
the coordination via enol form instead of through keto form.
Moreover, the most noticeable alteration of spectral features of
HCBH when coordinated to copper ion is the downward shift of
the lactonic carbonyl group to the extent of about 30-31 ecm ™,
which indicates that the metal is coordinated to the oxygen of
lactonic carbonyl. Also, new bands corresponding to »(M-O)
bonds (514-585 cm™ ') confirm the participation of lactonic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbonyl in coordination.** Moreover, the (C=N).omethine
group suffered a positive shift of about 12-22 cm™" in copper
nano-chelates, indicating the participation of these groups in
complexation. The emergence of non-ligand bands at the 433-
454 cm™ ! regions, which are assigned (M-N) bonds, subse-
quently confirms the presence of the azomethine group in the
chelating arms.*® The CuR and CuRCT nano-chelates exhibit
new bands in the ranges 1486-1487 and 1255-1256 cm ™', which
may be due to asymmetric and symmetric vibration modes of
the acetate group, respectively. The large difference between the
two bands (>200 cm ') illustrates the monodentate nature of
the acetate group.**® On the other hand, CuH and CuCTH
nano-chelates exhibit new bands in the ranges 1434-1478 and
1301-1313 cm™ ', which may be due to asymmetric and
symmetric vibration modes of the acetate group, respectively.
The relatively small difference between v,; and v, bands clearly
illustrates the bidentate nature of the acetate group.®

3.3.2. Absorption spectra and magnetic properties. The
electronic spectra of the chelating agent (HCBH) and its copper
nano-chelates are collected in Fig. 2. The electronic absorption
spectra of CuR, CuRCT, CuH, and CuHCT nano-chelates exhibit
an absorption band at 684, 675, 632, and 646 nm, respectively.
The °T,,—’E, transition of tetrahedral copper chelates is
responsible for these bands.’** The difference in absorption
character bands can be attributed to the different crystal sizes,
and morphologies* (see later Section 3.4). The magnetic
moment values of CuR, CuRCT, CuH, and CuHCT (per copper
atom), are 2.01, 2.10, 1.84, and 1.89 B.M., respectively which
validate the tetrahedral geometry value.*** In addition, the
magnetic moment value of all cationic species (tcomp) in CuH
and CuHCT equal 2.59 and 2.67 B.M, respectively, which
confirms the proposed structure (binuclear chelates).

3.3.2.1. Stability of compounds. Thermodynamic stability
over extended periods is a critical parameter for evaluating
potential drugs. All candidate drugs must maintain stability
under physiological conditions to effectively reach their target
within living organisms. The stability of copper nano-chelates
was assessed in a water/DMSO solution (10 uM, 0.1% DMSO)
using UV-vis spectroscopy. Time-dependent UV-vis spectra of
the CuH chelate, selected as a representative example, were
recorded at specific time intervals (0, 2, 6, 12, 24, and 72 hours)
in the water/DMSO solution, as illustrated in Fig. S4.f The
spectral characteristics and peak absorptions remained
consistent over time, indicating the absence of any structural
modifications in the chelates. Additionally, the nano-chelates
were measured electronically using Nujol mulls and DMF
solutions. The minimal impact of DMF on the chelate config-
uration is demonstrated by the spectra and band positions of all
chelates in DMF solutions are roughly identical to those
observed as Nujol mulls. Demonstrating that the same species
exists in both solid and solution forms further supports the idea
that complexes maintain their integrity in solutions.

3.3.3. ESR spectra. The ESR spectra reveal comprehensive
details on the type of metal-ligand interactions and stereo-
chemistry. The room temperature ESR spectra of copper nano-
chelates are shown in Fig. S5.1 The shape of the ESR signals
exhibits one signal in the tetrahedral structure of the copper
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Fig. 2 UV-vis spectra of CuR, CuRCT, CuH and CuHCT nano-chelates.

nano-chelates.® The detected g values of the CuR, CuRCT, CuH,
and CuHCT are ger = 2.075, 2.075, 2.051, and 2.073,
respectively.

3.4. Morphological description (TEM study)

The TEM image of CuR chelate shows the hybrid morphology of
connected nanospheres (an average diameter of 23 nm) and
nanorods (an average diameter of 27 nm with several lengths)
(Fig. 3). A high separate uniform accumulated spherical parti-
cles formed a spherical cluster with an average size of 73 nm
appeared in the case of CuRCT chelate (Fig. 3). Also, as repre-
sented in the TEM image of CuH Fig. 3, the particles of CuH
have uniform and separated spherical shapes with an average
size of 8 nm. On the other hand, CuHCT has an aggregated
spherical shape with an average diameter of 29 nm. It is clear
from Fig. 3 that the treatment methods (reflux and hydro-
thermal) with or without surfactant (CTAB) during the prepa-
ration process might influence the morphology and crystal sizes
of copper chelates.

TEM image of CuH chelate dispersed into silica exhibited
porous sheet morphology with an average pore diameter of
18 nm. In silica pores, CuH chelate is evenly dispersed
(Fig. S67). These findings clarify that the CuH chelate particles
were restricted to the silica pores’ internal region preventing the
development of crystals larger than the pore domain.

22978 | RSC Adv, 2025, 15, 22972-22988

CTAB significantly alters morphology. The reason for this is
that during the preparation phase, CTAB formed micelles that
confined the particles within their micelle chamber. Small
spherical CTAB structures lower than CMC (critical micelle
concentration) can be used to explain the shape-directing
function of CTAB; these sub-micellar aggregates can physically
interact with the reactants to generate active entities.** The
following mechanism could be used to explain how aggregated
and accumulated spherical nanoparticles of chelate form
during the addition of CTAB with hydrothermal or reflux
processes. Once CTAB-assisted reflux or hydrothermal process,
the organic ligand was solubilized by the surfactant micelles
through electrostatically attracting of the positive heads of
CTAB and electron-donating groups of organic ligand like C=N
and -OH groups.®* In CuRCT chelate, the electrostatic interac-
tion is more prevalent due to the presence of free OH groups.
This interaction slows down the ligand-Cu®* ion reaction rates
and further regulates the morphologies of the resulting nano-
complex. Copper ions are not attracted to CTAB alone.
However, there is a greater chance of interaction between the
copper ion and the organic ligand's donating group than there
is with the nano-complex that forms. Accordingly, micelles
serve as nucleating sites for the development of spherical crys-
tals of nano-chelate (Scheme 2). A portion of the CTAB molecule
is released when the nano-chelate grows to particles, while
other molecules adsorb on the surface of the chelate particle by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The schematic mechanism of the possible formation of
CuRCT and CuHCT nano-chelates.

hydrogen bonding with the free phenolic -OH group. Thus, the
higher accumulated spherical complex particles are formed as
seen from TEM analysis. As shown from Scheme S1,f the
structure of CuHCT is binuclear without a free phenolic group,
but the structure of CuRCT has a free phenolic group which
confirms the separately accumulated spherical chelate particles
higher than the previous complex (TEM images).

3.5. Biological properties descriptions

3.5.1. Antimicrobial properties
3.5.1.1. Inhibition zone's diameter investigation. The anti-
bacterial and antifungal properties of HCBH and its synthesized

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

copper nano-chelates were investigated using the agar diffusion
method* in DMSO solvent against various bacterial species,
including Gram-positive bacteria (Staphylococcus aureus and
Bacilus subtilis) and Gram-negative bacteria (Escherichia coli),
using nutrient agar medium. The antifungal activity of the
compounds was tested against Candida albicans using Sabour-
aud dextrose agar medium. Standard drugs for the Gram-
positive and Gram-negative bacteria were Ampicillin and
Gentamicin, respectively, while nystatin was used for the fungal
strains. Table 1 displays the results, which are reported as the
inhibition zone's diameter. A good comparability between the
studied chelates and common antibacterial agents is also dis-
played in Table 1. Except for Gram-negative bacteria (Escherichia
coli), the chelating agent (HCBH) is ineffective against all other
bacteria and fungi. Each of the copper nano-chelates showed
a different level of growth inhibition on the tested bacterial and
fungal species. However, antimicrobial activity of all nano-
chelates varied from high to moderate activity compared with
standard antibiotics. CuR < CuH < CuRCT < CuHCT was the
order that inhibited E. coli and S. aureus the most, according to
the findings in Fig. S7.1 Therefore, using the prepared nano-
chelates to treat some common disorders caused by S. aureus
and E. coli seems reasonable. CuR < CuH < CuHCT < CuRCT is
the order in which the nano-chelates inhibit B. subtits. CaRCT
also exhibits a discernible antifungal effect against Candida
albican. From the above findings, it is observed the coordina-
tion enhances the antibacterial activity of the copper chelates,
which is superior to that of the HCBH ligand. These findings
may be explained according to Overton's concept and chelation
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Table 1 The antimicrobial activity of HCBH and its copper chelates®
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Sample

Microorganism HCBH CuR CuRCT CuH CuHCT Standard antibiotic
Gram negative bacteria Gentamicin
Escherichia coli (ATCC: 10536) 7.3 £1.0 9.3 £ 0.6 12.7 £ 0.6 11.7 £ 0.6 13.7 £ 0.6 27 £1.0

Gram positive bacteria Ampicilin
Staphylococcus aureus (ATCC: 13565) NA 143 £0.6 19.0 £ 1.0 17.3 £ 0.6 21.3 £ 0.6 21.0 £ 1.0

Bacilus subtits (DSM: 1088) NA 11.3 £ 0.6 19.3 £ 0.6 17.0 £ 1.0 18.7 £ 0.6 21.3 £ 0.6

Fungi Nystatin

Candida albicans (ATCC: 10231) NA 9.3 £ 0.6 11.7 £ 0.6 10.0 £ 1.0 9.0 £ 1.0 21.0 £ 1.0

“ Zone of inhibition is expressed as mean + standard deviation (mm). ” NA: no activity, well diameter 6 mm, 100 ul was tested.

theory. The chelates have a great chance of acting as more
potent and stronger fungicidal and bactericidal drugs due to the
chelation between the ligand and the metal ion, destroying
more bacteria and fungus than the ligand as a result. In
particular, the presence of a metal's positive charge that is
partially shared with the donor group causes the m-electron to
delocalize throughout the entire chelating system. According to
Overton's theory of cell permeability, a key factor causing anti-
microbial action is liposolubility. Chelation makes coordinated
molecules more lipophilic, which improves metal chelate
penetration into lipid membranes and prevents additional
microbial growth. Metal coordinates also impact the respiration
process of cells, which prevents protein synthesis and impedes
the organism's ability to grow. Additionally, the activity of
various complexes against various bacteria varies depending on
either the ribosome variations in microbial cells or the imper-
meability of the bacteria's cells.®***

Furthermore, antimicrobial activity was affected by various
factors like geometry, morphological structure, and particle size
of under-studied compounds. These factors may be responsible
for the variety of antimicrobial activity of the prepared copper
nano chelates. Although CuR and CuRCT have the same
geometry, the CuRCT recorded higher activity than CuR. Also,
CuHCT showed higher activity than CuH. That may be due to
the effect of CTAB which leads to an increase in the hydro-
phobic and lipophilic character of the chelates, consequently,
enhancing the permeability to the microbial cells and killing
the organisms effectively.

Also, it is shown that CuH has higher antimicrobial than
CuR. This could be attributed to the smaller nanoparticle size,
which enhances its spreading to microbial cells.

3.5.1.2. MIC investigation. Series concentrations of highly
antimicrobial active copper nano-chelates (CuHCT and CuRCT)
were tested against B. subtits and S. aureus and (Gram-positive
bacterium), E. coli (Gram-negative bacterium) and C. albicans
(fungi). The concentration that results in complete inhibition
(no discernible microbial growth) is known as the MIC
value.?**>* CuHCT recorded stronger antimicrobial action
against S. aureus with MIC of 31.25 pg ml~"' with respect to
CuRCT (MIC of 62.5 ug ml™") and standard Ampicillin (MIC =
62.5 ug ml~ ). Also, the CuHCT and CuRCT show weak activity

22980 | RSC Adv, 2025, 15, 22972-22988

against E. coli (MIC = 250 pg ml™'), B. subtits (MIC = 250 pg
ml™") and C. ablicans (MIC = 125 pg ml™ ).

3.5.2. Radical scavenging (antioxidant) activity. A simple,
reliable, and affordable method for evaluating the antioxidant
capacity of various substances is the DPPH assay.”* It depended
upon the decay of DPPH"'s main absorption band in the visible
spectrum. The DPPH’ scavenging arises from electron or
hydrogen donation in the case of a structure that donates
hydrogen or electrons, and its absorbance decreases over time.
DPPH assay of the produced HCBH and its copper nano-
chelates was detected and compared with a standard
compound (ascorbic acid). For every compound, concentration-
dependent free radical scavenging properties were calculated
(Fig. 4). The increasing scavenging assay is a function of the
concentration of prepared nano-chelates. Scheme S41 shows
the color change of DPPH from purple to yellow after mixing
with CuR as a representative example. The appearance of
a yellow color may be attributed to the forming of a hydrazine
form of DPPH due to the chemical reduction. The antioxidant
activity of chelates depends on (i) the presence of conjugation
(ii) the existence of coordination sites like azomethine nitrogen
(C=N), lactonic oxygen (C=0), and phenolic group (OH) where
the reactivity of free radical can be neutralized by the donation
of an electron or hydrogen.®”” The HCBH records a significantly
high antioxidant activity due to the presence of various free
functional groups. Among the copper nano-chelates that were

@30 min @60min

CuR CuRCT CuH CuHCT HCBH

Ascorbic
acid

Fig. 4 |Csq of HCBH, CuR, CuRCT, CuH, CuHCT nano-chelates and
standard ascorbic acid at 30 min and 60 min.
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investigated, the strongest antioxidant activity was shown by the
CuRCT (IC50 = 1.11 pM). Similar to the CuRCT, the CuHCT
nano-chelate exhibited strong free radical scavenging activity
(IC5o = 1.60 uM). Copper chelates with CTAB (CuRCT and
CuHCT) show more antioxidant activity than pure copper
chelates (CuR and CuH), although the chemical structures of
chelates are comparable. It is assumed that the positively
charged CTAB headgroups attract copper chelate stabilizing of
oxidized products intermediate ie., antioxidants in the free
radical forms, and this process leads to the accumulation of the
copper chelate anion in the interfacial region.***

3.5.3. Cytotoxicity activity (in vitro test). The viability assay
assessed the in vitro cytotoxic effects of the synthesized HCBH
and its copper chelates against two cancer cell lines: human
breast cancer cells (MCF-7) and human liver cancer cells (HepG-
2). The HCBH recorded lower activity relative to its copper
chelates and standard cis-platin against HepG-2 and MCF-7 cell
lines with ICs, = 75 and 113 pg ml™ ", respectively. Fig. 5 records
the relation between % cell viability and concentration of CuR,
CuRCT, CuH, and CuHCT nano-chelates for the detection ICs,
of the compounds. As shown in Fig. S81 the copper chelates
recorded high antitumor activity against HepG-2 with the order
of CuH (IC5o = 1.19) < CuHCT (IC5, = 2.18) < CuR (IC5, = 7.65) <
CuRCT (IC5, = 12.28 ug ml™'). Regarding the human breast
cancer cells (MCF-7), the values of IC5, of CuR, CuRCT, CuH,
and CuHCT are 11.74, 17.12, 1.93, and 3.86 pg ml ™, respec-
tively. The results show that the current nano-chelates are more
active than the HCBH. This implies that coordination enhanced
the anticancer impact. According to Tweedy's chelation theory,
the cytotoxic potency may be explained by the metal's positive
charge increasing the acidity of the coordinated ligand with
protons. This results in stronger hydrogen bonds, which
promote biological activity.> The prepared copper nano-chelates
have remarkably high cytotoxicity. The variety of ICs, values of
the prepared copper nano-chelates may be due to different
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factors, like the percentage of metal ions, free functional
groups, and conjugation. In humans, copper is a necessary trace
element. The two oxidation states of copper ions Cu(r) and Cu(u)
ions are involved in some physiological processes. Cell damage
and copper-induced cell death can result from a persistent
copper imbalance that raises the concentration of copper inside
cells.” There are two main components to the functions of
copper ions: first, the Fenton reaction produces a significant
amount of reactive oxygen species (ROS), which damages DNA
and causes lipid peroxidation. Second, by inducing aggregation
in lipoylated, binding interactions prevent mitochondrial
metabolic activity. Ultimately, this encourages copper-
dependent apoptosis in cells.””> Moreover, the free function
group bearing a proton such as phenolic -OH leads to stronger
hydrogen bonds and enhances the antitumor activity.> The
conjugation also enhances growth-inhibitory activity, where the
conjugation often increases the therapeutic effect, alters
a toxicity profile, and/or selectively targets the therapeutic agent
to the tissue of interest.”> Moreover, biological activity is
affected by significant factors such as particle size and shape.
The crystal size of the current nano-chelates is inside the
nanoscale, as shown by the TEM investigation. As shown in
Scheme S1,f CuH and CuHCT contain two copper ions. This
may be the reason for higher antitumor activity than other
prepared chelates. Although CuH nano-chelate has the same
chemical structure (contains two copper ions), CuH exhibits
higher antitumor activity. This may be due to the morphology
and size properties of CuH nano-chelate. TEM results show that
CuH is characterized by a highly dispersed spherical
morphology with smaller particle sizes than CuHCT. This
increases the facility of its uniform penetration and distribution
into tumor cell.> Although CuR and CuRCT have the same
geometry, CuR has higher antitumor activity. This may be
regarding spherical morphology, and the smaller nano-size of
CuR. In the case of CuRCT, the morphological structure is an

HepG-2 cell line
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Fig. 5 Relation between cell viability and concentration of HCBH, CuR, CuRCT, CuH, and CuHCT nano-chelates.
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accumulated spherical particle forming a large spherical cluster
which hinders its penetration into tumor cells. As the afore-
mentioned findings demonstrate, cytotoxic studies carried out
on cell lines yield crucial data regarding the anticancer poten-
tial of medications. The current compounds have the potential
to function as efficient tumor inhibitors. These results suggest
that the CuH nano-chelate could be an appropriate candidate
for liver and breast anticancer medication in light of these
findings. The potent anticancer drug of the prepared chelate
(CuH) was dispersed into silica, and its cytotoxic activity against
HepG-2 cell line was examined (ICs, = 8 pg ml ). The initial
observation of cytotoxic value suggests that the CuH nano-
chelate exhibits higher activity compared to that embedded
into silica. However, examining these values closely reveals the
opposite: the CuH dispersed into silica demonstrates superior
cytotoxic activity. This enhanced activity is attributed to the low
concentration of the CuH nano-chelate embedded within silica
matrix, as detailed in the experimental section. The cytotoxic
activity is evaluated based on the concentration of the CuH
nano-chelate thus it becomes evident that the CuH dispersed
into silica displays the highest cytotoxic effect. It is important to
note that the ICs, concentration for the pure CuH nano-chelate
reflects its full concentration, whereas in the case of the CuH
dispersed into silica, the concentration corresponds to the CuH
nano-chelate (very low concentration) combined with silica
matrix. This distinction underscores the significant cytotoxic
efficiency of the CuH dispersed into silica relative to the pure
form.

3.5.4. Cell viability alteration. First, to evaluate the toxicity
of bioactive CuH nano-chelate, VERO cells were needed for
subsequent antiviral tests. The cytotoxic activity against
Mammalian cells from African Green Monkey Kidney (Vero)
cells was detected using MTT assay with 50% cell cytotoxic
concentration of CuH nano-chelate is CCso = 43.34 £+ 1.98 pg
ml™".

3.5.5. Antiviral activity evaluation. The antiviral screening
was performed using a cytopathic effect inhibition assay. The
antiviral activity of CuH nano-chelate against Hepatitis A virus
(HAV) was measured. Fig. S91 shows the weak antiviral effects of
CuH nano-chelate against Hepatitis A virus (HAV).

3.5.6. In vitro drug delivery. The highly bioactive CuH
nano-chelate was utilized as a template drug and incorporated
into a silica xerogel matrix, demonstrating a gradual release
profile. The rate of release (in vitro) of the CuH nano-chelate
from the silica xerogel was monitored using spectrophotom-
etry. The sample was immersed in phosphate-buffered saline
(PBS) at pH 7.4 and maintained at a controlled temperature of
37 °C. The absorbance of the resulting solution was measured
over time to evaluate the release profile. Fig. 6 illustrates the
release profile of the CuH from silica. The absorption peak
intensity increased over time, indicating a diffusion-controlled
drug release mechanism.” The CuH exhibited an initial burst
release of approximately 17% within the first hour, releasing
a significant portion of the drug during this period. This was
followed by a gradual increase in cumulative release over the
subsequent hours, eventually reaching a plateau at 32 hours
(Fig. 6). In summary, the silica xerogel matrix exhibits a rapid
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Fig. 6 The profile release of CuH nano-drug from silica xerogel
matrix; (inset) the relation between % release of CuH nano-drug and
time.

and substantial release in the early phase, followed by a sus-
tained release of the CuH nano-drug governed by a diffusion-
controlled mechanism. These findings highlight the potential
of silica xerogel matrix for controlled release of the CuH nano-
drug, demonstrating its effectiveness as a delivery system for
cancer therapy.

3.6. Theoretical study

3.6.1. Molecular modeling. Density Functional Theory
(DFT) with the B3LYP functional was used to simulate the
molecules of HCBH and its copper nano-chelates (Fig. S107)
using the 6-311G(d,p) basis set for non-metal atoms (C, H, N, O)
and the LanL2DZ basis set for the metal atoms. The Lowest
Unoccupied Molecular Orbital (LUMO) and the Highest Occu-
pied Molecular Orbital (HOMO) are two of the frontier molec-
ular orbitals that are essential for assessing a molecule's
chemical reactivity and transformational potential. The stability
of chelates is significantly impacted by the energies of the
HOMO and LUMO. In general, lower (more negative) HOMO
and LUMO energies correlate with enhanced stability, as they
reflect reduced reactivity and stronger electronic interactions
within the chelate system. Table S47 lists the HOMO and LUMO
energies for the compounds that are being studied. The spatial
distribution of the HOMO-LUMO orbitals is depicted in
Fig. S11,1 with the positive and negative phases of these orbitals
being shown in red and green, respectively. This visualization
supports comprehending the distribution of electron densities
and the areas most likely to engage in chemical reactions. Table
S4t1 shows that the electronic characteristics of HCBH, and its
copper chelates provide important information about their
possible reactivity, which has important ramifications for
noticed anticancer activities (Fig. S81). The HCBH demonstrates
relatively low HOMO energy (—6.26 eV) and a substantial energy
gap (AE = 4.02 eV), indicating reduced reactivity compared to its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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copper chelates. A larger energy gap generally correlates with
decreased chemical reactivity, implying that the HCBH ligand
may have limited interaction with biological targets. Further-
more, the ionization potential of HCBH (IP = 6.26 eV) and
electron affinity (EA = 2.24 eV) reflect moderate electronic
stability. Its lower electronegativity (x = 4.25 eV) and higher
chemical hardness (n = 2.01 eV) further emphasize its resis-
tance to electronic perturbations, supporting its stability under
varying conditions. Specifically, the Ezomo and Epymo charac-
teristics show that CuH/CuHCT is probably more reactive than
CuR/CuRCT because it has a higher HOMO energy (—8.22 eV)
and a narrower energy gap (AE = 2.62 eV).”” Higher HOMO
indicates a greater capacity to donate electrons, whereas
a smaller AE generally indicates greater chemical reactivity,
which might improve interactions with biological targets such
as cancer cells’ cellular proteins.” The differences in electronic
stability and reactivity are additionally expressed in the values
of the electron affinity (EA) and ionization potential (IP).”
Compared to CuH/CuHCT, CuR/CuRCT is comparatively less
likely to lose electrons due to its greater IP (8.83 eV) and EA (5.98
ev).

CuR/CuRCT appears to be less reactive based on these
characteristics as well as its higher electronegativity (x) (7.40 eV)
and chemical hardness () (1.42 eV). On the contrary, CuH is
more polarizable and expected to interact with biological targets
more easily due to its lower IP and higher softness (¢ = 0.38).
The greater reactivity and polarizability of CuH/CuHCT that
promote binding interactions with cellular targets, support the
higher antitumor activity (lower ICs, values) compared to CuR/
CuRCT (Fig. S8f). These findings demonstrate how CuH's
electronic characteristics increase its chemical reactivity and
suitability for improved interactions with cancer cell targets,
which is consistent with its stronger anticancer efficacy. The
relationship between electronic structure and biological efficacy
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appears to have a mechanistic basis since the electronic
configuration of CuR/CuRCT chelates seems to restrict its bio-
logical reactivity when compared to CuH/CuHCT. Table S47
collects the calculated Eyomo, ELumo, €nergy gap (AE), ioniza-
tion potential (IP), electron affinity (EA), electronegativity (x),
chemical potentials (u), chemical hardness (1), softness (¢), and
electrophilicity index (w), by eV unit, of HCBH and its copper
chelates.

Accurately predicting interactions in molecular docking
studies requires an understanding of the distribution of partial
charges on proteins and substrates. Maps of molecular elec-
trostatic potential (MEP) are a crucial three-dimensional tool
that graphically depicts molecular structure and charge distri-
bution. Red denotes areas of negative charge (nucleophilic
sites) and blue denotes areas of positive charge (electrophilic
sites) in these maps.”®”® For docking, researchers can rapidly
identify important electrostatic characteristics and possible
interaction positions on the protein and substrate owing to this
color-coded arrangement.** The MEP map of the investigated
compounds in Fig. 7 shows red regions surrounding electron-
rich heteroatoms, indicating positions appropriate for electro-
philic interactions, and blue regions which are usually seen
around hydrogen atoms, observing the positions that could
easily engage in intermolecular interactions with proteins. Our
knowledge of chemical reactivity and interaction potential
inside various molecular areas is enhanced by this imaging,
which also provides guidance for docking and molecular
recognition procedures.

3.6.2. Molecular docking simulation. The docking tech-
nique is essential for improving drug development by enabling
a better comprehension of compound-target interactions and
expediting the search for prospective therapeutic agents.®
Cyclin-dependent kinases (CDKs) are a family of serine/
threonine kinase enzymes that play critical roles in regulating

-6.107 x102

CuR/CuRCT

-8.113 x107 8.113x107

-8.289 x107

CuH/CuHCT

8.289x1072

Fig. 7 Molecular electrostatic potential (MEP) map of the HCBH and its copper chelates.
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CuR/CuRCT

CuH/CuHCT

Fig. 8 3D representation of the hydrogen bonding between the studied compounds and the amino acid residues of the target protein (pdb ID:

31G7).

cell division, transcription, and post-transcriptional modifica-
tions. Among them, CDK2 has emerged as a particularly
promising therapeutic target for cancer treatment due to its
pivotal role in cell cycle progression and its involvement in the
proliferation of cancer cells.*

Firstly, = N-(1-[cis-3-(acetylamino)cyclobutyl]-1H-imidazol-4-
yl)-2-(4-methoxyphenyl)acetamide, the native ligand that was
initially co-crystallized with the 3IG7 active site, was used in
a re-docking and superimposition procedure to thoroughly
validate the docking methodology. This co-crystallized ligand's
binding pose was faithfully replicated during the validation,
guaranteeing the dependability of the docking procedure. A
high degree of alignment was seen when the re-docked ligand
was superimposed with the native ligand, indicating that the
docking process could accurately replicate the interactions of
the original ligand within the active site. The durability and
accuracy of the docking methodology are demonstrated by this
successful validation, which is shown in Fig. S12.7 As a result, it
can be used to predict the binding modes of other drugs. To
assess the binding interactions of the investigated drugs (HCBH
and its copper nano-chelates), molecular docking was per-
formed against the crystal structure of CDK-5 inhibitors,
specifically the inhibitor EFP bound to CDK-2 (PDB ID: 31G7). As
shown in Fig. 8, the docking simulations identified the drugs’
ideal binding modes. These docked patterns reveal information
about the chemicals' interactions with the protein's active site.
Table S5t provides a summary of the specific interactions with
important amino acid residues. According to the molecular
docking data, the HCBH and its copper nano-chelates with the
target protein (PDB ID: 3IG7) exhibit different interaction
profiles with different amino acid residues, which contribute to
their binding energies and biological activities. The HCBH

22984 | RSC Adv, 2025, 15, 22972-22988

forms a hydrogen bond with HIS84 at a distance of 2.75 A, and
a binding energy of —6.70 kcal mol*, As well as Pi-anion and
Pi-alkyl interactions with ASP145 and LYS89, respectively.
However, the binding of HCBH is relatively weaker compared to
the nano-chelates. In contrast, CuR/CuRCT displays various
strong interactions, including hydrogen bonds with LYS33,
ASN132, and ASP145, with distances ranging from 2.54 A to 3.00
A, and a notable Pi-anion interaction with ASP86. These inter-
actions lead to a stronger binding energy of —8.2 kcal mol ™,
indicating enhanced affinity toward the protein. For CuH/
CuHCT  exhibits the highest binding energy of
—8.40 keal mol ™', driven by hydrogen bonds with LEU32 and
GLY11, along with Pi-Pi interactions with PHE80 and multiple
Pi-alkyl interactions, particularly with VAL18, demonstrating its
strong interaction network. A pattern becomes apparent when
comparing this molecular docking data with the in vitro cyto-
toxicity data. Poor antitumor effectiveness is indicated by the
HCBH ligand's highest IC;, value (71 uM) and weakest binding
energy (—6.70 kcal mol '). On the other hand, CuR/CuRCT
exhibits considerably better cytotoxicity and a stronger binding
(—8.20 kcal mol™!). CuH/CuHCT has the strongest binding
(—8.40 kecal mol ) and the most varied interactions with the
target protein. Its greater antitumor activity is reflected in its
lowest ICs, value. According to this relationship between
binding energy and ICs, values, these drugs' anticancer activity
is probably going to be increased by greater interactions with
the target protein.

4. Conclusion

This study developed eco-friendly copper(n) nano-chelates
(CuR, CuRCT, CuH, CuHCT) from a coumarin-based ligand

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(HCBH) using hydrothermal and reflux methods, with or
without CTAB. Structural analysis confirmed tetrahedral
geometries and coordination through ONO or ONOO donor
sites. TEM showed morphology varied with synthesis condi-
tions. Biologically, CuHCT had strong antibacterial effects
(against E. coli and S. aureus), while CuRCT was effective against
B. subtilis and Candida. Both CuRCT and CuHCT showed
excellent antioxidant activity (ICse: 1.11-1.60 pM). CuH dis-
played potent anticancer effects on HepG-2 and MCF-7 cells
(comparable to cisplatin), with moderate toxicity on normal
cells. Although CuH showed weak antiviral activity, encapsula-
tion in silica improved its release profile. Computational
studies (DFT, docking) supported its bioactivity. Overall, CuH is
a strong antitumor candidate, and its silica nanohybrid offers
a promising cancer drug delivery platform.
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