www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Biological evaluations and
biomolecular interactions along
with computational insights

of arylidene isatin hydrazones
synthesized using nanocatalyst
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Majid Farsadrooh?, Zahra Panahande?, Hassan Mansouri-Torshizi® & Senem Akkoc*>**

Due to the notable biological activity of isatin hydrazone compounds, we synthesized and structurally
characterized three arylidene isatin hydrazone derivatives (3a-3c) utilizing the SBA-Pr-N-Is-Bu-SO,H
nanocatalyst. A comparative investigation was performed through an integrated approach combining
experimental assays and theoretical modeling. In vitro biological assays performed on normal umbilical
vein endothelial cells (HUVECSs) and breast cancer cell lines (MCF-7 and MDA-MB-231) revealed
noteworthy anticancer activity, with all derivatives significantly reducing cancer cell viability in a
concentration- and time-dependent manner. Furthermore, compound 3c exhibited the most potent
antioxidant effect, achieving up to 80% inhibition at higher concentrations. Biomolecule (DNA and
BSA) interaction studies were performed utilizing UV-Vis spectroscopic analysis and molecular docking
simulations. The values of K, _for the interaction of compounds 3a (1.01x10* M™?), 3b (1.17 x10*
M-1), and 3¢ (2.03 x10* M~1), along with docking simulations, indicate that the studied compounds are
likely to bind to CT-DNA via a groove-binding mechanism. Lipophilicity assessments demonstrated
that compounds 3b and 3c had significantly higher log P values than cisplatin, indicating enhanced
lipid affinity and superior cellular membrane permeability potential. Comprehensive computational
analyses, including DFT/TD-DFT, topology analysis, and ADME-Tox profiling, were employed to
further validate the observed biological activity and pharmacokinetic potential. The convergence of
computational insights and experimental findings provides robust validation for the potential of these
compounds as promising anticancer agents.
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Cancer remains a major global health concern, characterized by uncontrolled cell proliferation and metastasis,
and ranks as the second leading cause of death worldwide after cardiovascular diseases'. Among cancers, breast
cancer is the most frequently diagnosed type in women, accounting for 2.3 million new cases and 685,000 deaths
in 2020, with projections estimating over 3.2 million annual cases by 2050!. This growing burden is especially
pronounced in developing countries, where delayed diagnosis and limited healthcare infrastructure hinder
effective treatment.

Current therapies, especially chemotherapy, suffer from poor selectivity, severe systemic toxicity, and
increasing drug resistance, all of which reduce therapeutic efficacy’. The clinical complexity of breast cancer arises
from its heterogeneous subtypes, namely hormone receptor-positive, human epidermal growth factor receptor
2 (HER2)-positive?, and triple-negative®, each requiring tailored therapeutic approaches®. Overexpressed
molecular targets like HER2 and epidermal growth factor receptor (EGFR) have emerged as key drivers of tumor
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progression, making them central to anticancer drug development®. Thus, novel agents that overcome resistance
and enhance selectivity remain a pressing need.

Many anticancer agents act by disrupting DNA replication, inducing apoptosis in rapidly dividing cells.
DNA-interacting drugs function through covalent or non-covalent mechanisms, with the latter offering
enhanced specificity and reversibility while reducing off-target cytotoxicity®’. Among non-covalent strategies,
intercalation and groove binding are predominant. Intercalators such as doxorubicin distort DNA by inserting
aromatic rings between base pairs and inhibiting topoisomerase 1187, but their efficacy is often limited by dose-
dependent toxicity.

Groove-binding molecules engage DNA via hydrogen bonding and hydrophobic interactions, fitting into the
minor or major grooves with minimal helical distortion and high specificity®!°. Compounds such as distamycin
analogs selectively recognize AT- or GC-rich sequences, with binding efficiency influenced by structural features
like aromatic curvature and hydrogen-bonding side chains'!'2. Recent studies highlight groove binders as
promising tools for reducing chemoresistance and side effects. However, challenges related to pharmacokinetics
and tumor heterogeneity persist'>!%. To bridge these gaps, one promising avenue involves the exploration of
heterocyclic scaffolds capable of achieving high binding selectivity, with isatin (1 H-indole-2,3-dione) emerging
as a notable candidate.

Isatin has garnered attention due to its versatile pharmacophore features”!°. First synthesized in 1841, it is an
endogenous compound derived from tryptophan metabolism!®!”, with distinct sites, such as the benzene ring,
amide nitrogen, and C3 carbonyl, amenable to targeted modifications!”. Among its derivatives, isatin hydrazones,
formed by condensing the C3 carbonyl group with aromatic hydrazines, have gained prominence in anticancer
drug discovery!®-2°. These derivatives exploit the electron-rich aromatic moieties to enhance interactions with
cancer-related enzymes, including tyrosine kinases, tubulin, and histone deacetylases, which regulate cancer
cell proliferation and apoptosis®!~2%. Structural modifications, such as halogenation of the hydrazone-linked
aryl moiety, can enhance binding affinity, pharmacokinetics, and target selectivity by fine-tuning steric and
electronic features, thereby minimizing off-target interactions and improving drug-target engagement!$21:23.25,
Clinically validated isatin-based drugs, such as sunitinib and nintedanib, exemplify the significant therapeutic
potential inherent to the isatin scaffold>?°. Moreover, emerging evidence highlights hydrazone derivatives as
promising candidates for overcoming drug resistance in cancer?’.

Beyond oncology, isatin hydrazones exhibit neuroactive properties, cross the blood-brain barrier, and
modulate monoamine oxidase activity, making them potential candidates for central nervous system
therapies>>?8. Importantly, the integration of aromatic moieties with the isatin core not only enables the design
of multifunctional therapeutics but also provides opportunities to combine anticancer activity with favorable
pharmacophoric features?*. Despite progress in DNA-targeting therapies and isatin hydrazone development,
challenges persist. Future efforts should focus on optimizing pharmacokinetics, enhancing tumor selectivity,
and refining structural features. Computational design and advanced DNA-binding assays will be crucial for
developing safer and more effective groove-specific anticancer agents.

In this study, we conducted a comprehensive comparative investigation of three structurally related isatin
hydrazone derivatives, employing a synergistic combination of experimental and computational methodologies.
The compounds were systematically evaluated for their in vitro anticancer and antioxidant activities, offering
insights into their potential therapeutic relevance. To elucidate their mechanistic interactions at the molecular
level, we assessed binding affinities with key biological targets, DNA, a primary locus for many chemotherapeutic
agents, and bovine serum albumin (BSA), a critical transport protein in systemic circulation, using UV-
Vis absorption spectroscopy and molecular docking simulations. In parallel with rigorous experimental
investigations, a comprehensive array of cutting-edge computational approaches was deployed, including DFT
calculations to unravel intricate electronic structures, quantum chemical topology analyses to decode bonding
patterns and reactivity landscapes, sophisticated absorption-distribution-metabolism-excretion-toxicity
(ADME-Tox) profiling to predict pharmacokinetic behavior, and structure-activity relationship (SAR) analysis
to mechanistically rationalize and predict the potent bioactivities observed.

Experimental part

Materials and methods

All solvents were analytical grade, purchased from Merck, and used without further purification. Titrations were
performed with doubly distilled water. CT-DNA (calf thymus DNA, Type-1, highly polymerized), bovine serum
albumin (BSA, ~ 66,463 Da), and Tris-HCl buffer were procured from Sigma-Aldrich and used as received. Other
chemicals, such as sodium hydroxide (NaOH), dimethyl sulfoxide (DMSO), sodium chloride (NaCl), 2-Octanol,
ethanol (EtOH), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were sourced from Merck and employed without
additional purification.

FT-IR spectra were obtained using a RAYLEIGH WQEF-510 A spectrometer with KBr pellets, covering
the spectral range of 600-4000 cm~! (Beijing Rayleigh Analytical Instrument Corporation, Beijing, China).
"H-NMR spectra were conducted using a VARIAN INOVA 500 MHz spectrometer utilizing DMSO-d,. The UV-
Vis absorption spectra of the compounds, as well as their interactions with DNA and BSA, were recorded using
an Analytic Jena Specord S600 spectrophotometer.

Synthesis of SBA-Pr-N-Is-Bu-SO,H nanocatalyst and Isatin hydrazone
SBA-Pr-N-Is-Bu-SO,H nanocatalyst and isatin hydrazone were prepared according to the previously reported
articles®!2,
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Synthesis of arylidene isatin hydrazones

First, the SBA-Pr-N-Is-Bu-SO,H nanocatalyst was heated at 120 ‘C for activation. Subsequently, 0.02 g of
the nanocatalyst was added to a 10 mL flask containing a mixture of isatin hydrazone (1 mmol, 0.16 g) and
various aldehydes (1 mmol each). The reaction mixture was refluxed in 5 mL of EtOH for 5 min. Upon reaction
completion (monitored by TLC; eluent: ethyl acetate/n-hexane, 1:1 v/v), the resulting solid was dissolved in
excess hot EtOH, and the nanocatalyst was separated via filtration. Finally, the arylidene isatin hydrazones (3a-
¢) were isolated.

Cell cytotoxicity assay

The cytotoxic effects of the compounds were tested against normal human umbilical vein endothelial cells
(HUVEC) and breast cancer cell lines (MCF-7 and MDA-MB-231) utilizing the MTT colorimetric assay.
Human breast cancer cell lines and normal cells were sourced from the Iranian Biological Resource Center
(IBRC) in Tehran, Iran. HUVEC, MCEF-7, and MDA-MB-231 cells were cultured in T25 flasks until they reached
approximately 80% confluence. The cells were then seeded into 96-well plates and incubated for 24 h at 37 °C
under 5% CO, to ensure proper adhesion. Subsequently, the cells were treated with different concentrations of
the compounds (0, 2.5, 5, 10, 25, 50, 100, 150, 250, and 500 pg/mL) for 24 and 48 h. Following treatment, 25 uL of
MTT solution (Sigma) was added to each well, and the plates were incubated for an additional 3 h. The medium
was then discarded, and the resulting formazan crystals were solubilized using 100 uL of DMSO. Finally, cell
viability was evaluated by measuring the optical density (OD) at 490 nm with a microplate reader.

Antioxidant activity

The antioxidant potential of the compounds was assessed using the DPPH free radical scavenging assay, a
widely recognized method for evaluating the antioxidant capability of compounds, extracts, and other bioactive
agents. The purple color of the DPPH solution disappears when an antioxidant agent is introduced into the
reaction medium. The antioxidant donates an electron or a hydrogen atom to the DPPH radical, reducing it to
a colorless or pale-yellow compound (DPPH-H). This reduction process leads to a decrease in absorbance at
517 nm. To prepare the DPPH radical solution, 4 mg of DPPH was dissolved in 100 mL of ethanol to obtain
a 0.1 mMsolution. Various concentrations of the test compounds (10, 25, 50, 100, 250, 500, and 1000 pg/mL)
were prepared and each concentration was mixed with an equal volume of the DPPH solution (1:1 ratio, v/v).
The mixtures were vortexed for 10 s and then left to incubate in the dark at room temperature for 30 min.
Afterward, the absorbance was measured at 517 nm with a spectrophotometer. Ascorbic acid was employed
as the reference antioxidant control. The DPPH radical scavenging activity of the compounds was determined
using the following Eq. (1):

blank absorbance — sample absorbance < 100 (1)

% Scavenging activity = olonk ahsorbancs

DNA/BSA interaction

Sample preparations

Fresh stock solutions of BSA (3 mg/mL) and CT-DNA (1.5 mg/mL) were prepared in Tris-HCI buffer (pH
7.2) under gentle stirring at 4 °C to ensure homogeneity. Simultaneously, the isatin-hydrazone derivatives
were dissolved in distilled water at a concentration of 10~ * M. The purity of the DNA solution was verified
via assessing the absorbance ratio at 260 nm and 280 nm (A, /A,,), which was within the expected range of
1.8-1.9, indicating minimal protein contamination. Precise concentrations of the biomolecules were calculated
using their respective molar extinction coefficients: ¢,,, = 6600 M~ 'cm™' for DNA* and &,y = 44,300 M~ 'cm™!
for BSA%. All experimental mixtures were incubated at 298 K for spectral analysis.

UV-Vis titrations

UV-Vis spectroscopy was employed to monitor structural alterations in CT-DNA and BSA upon interaction
with synthesized isatin-hydrazone derivatives at 298 K. For these experiments, two titrations were performed
for each compound:

i. CT-DNA Interaction Study: 50 uL of the CT-DNA stock solution was introduced into 1.45 mL of Tris-HCl
buffer, yielding a total volume of 1.50 mL. The mixture was then gently agitated to ensure thorough homoge-
nization and consistent distribution of components. Subsequent titrations were performed by incrementally
adding varying concentrations of investigated compounds (3a-c). The concentration ranges applied were as
follows: 0.00 to 9.64 pM for the 3a+ CT-DNA system, 0.00 to 9.09 puM for the 3b + CT-DNA system, and 0.00
to 13.29 uM for the 3¢+ CT-DNA system.

ii. BSA Interaction Study: 500 pL of BSA stock solution was mixed with 1.00 mL of Tris-HCI buffer, yielding a
total volume of 1.50 mL. The mixture was gently agitated to ensure thorough homogenization. The final BSA
samples were titrated via various concentrations of compounds (3a-c), which include 0.00 to 6.83 uM (for
3a+BSA), 0.00 to 10.18 uM (for 3b+BSA), and 0.00 to 8.53 uM (for 3¢+ BSA).

After each titration step, the resulting mixtures were maintained at a constant temperature of 298 K for a duration
of two minutes to ensure equilibrium was reached. UV-Vis absorption spectra were subsequently recorded and
analyzed to determine the apparent association constant (K ) for the biomolecule-compound interactions. The
calculations were performed using the following Eq. (2)%:
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In this analysis, A ,and A refer to the absorbance values of CT-DNA or BSA measured at wavelengths of 260 nm
and 280 nm, respectively. Here, A, denotes the absorbance in the absence of the studied compounds (3a-c),
and A corresponds to the absorbance after each titration step involving the compounds. The variable [Ligand]
corresponds to the concentration of the compound introduced at each stage. As the interaction progressed and
the biomolecule binding sites became saturated, a stable UV-Vis absorbance profile was recorded, denoted as
A_,. To evaluate the binding affinity of the compounds against the biomolecules, a double reciprocal plot was
constructed via plotting 1/[Ligand] on the x-axis and 1/(A-A,) on the y-axis. From the slope and intercept of
this linear plot (intercept divided by slope), the K~ was determined. This parameter quantifies the interaction
strength between the compounds and the biomolecules under the experimental conditions.

Furthermore, the thermodynamic stability of the compound-biomolecule complexes was assessed by
calculating the standard Gibbs free energy change (AG®) utilizing the formula AG®=- RTInK op where Tis 298 K
and R is the ideal gas constant (1.987 cal.mol~'K™1!).

Lipophilicity evaluation

Lipophilicity (log P) of the synthesized isatin-hydrazone derivatives was determined by the shake-flask method*”
using a 1:1 (v/v) mixture of 2-octanol and doubly distilled water (10 mL total). Each compound (0.001 g) was
dissolved in the biphasic system, shaken overnight, and left to equilibrate for 1 h. The phases were separated, and
compound concentrations in each were determined using UV-Vis spectroscopy. The partition coefficient was
calculated as Eq. (3):

Li d
logP = log ([ tgan }Octanol Phase) 3)

[ngand] Water Phase

Here, [Ligand] ... onase @0 [Ligand] o, arerelated to the concentration of the isatin-hydrazone derivatives

in octanol and water solvents, respectively.

Computational details

DEFT perspectives

The geometries of compounds (3a-c) were optimized using DFT/B3LYP with the 6-311+g (d,p) basis set in
Gaussian 09 W38 employing GaussView 6.0, within the CPCM model (water). Vibrational frequency analyses
confirmed true minima. From the optimized geometries, HOMO-LUMO energies, MEP maps, thermodynamic
parameters, DOS spectra, and quantum chemical descriptors were obtained. UV-Vis spectra were computed via
TD-DFT in gas phase and with CPCM (water).

Topological analysis

Non-Covalent Interaction (NCI) analysis was performed with Multiwfn 3.8%° and visualized using VMD
package®®. Reduced Density Gradient (RDG) isosurfaces were generated, along with Electron Localization
Function (ELF) and Localized Orbital Locator (LOL) analyses.

ADME-Tox prediction

In the initial phases of drug development, the integration of in vitro techniques with advanced computational
strategies has become a cornerstone for screening candidate molecules for optimal pharmacokinetic (ADME:
absorption, distribution, metabolism, and excretion) and toxicological profiles*!. Physicochemical, drug-
likeness, and toxicity parameters of the compounds were predicted using OSIRIS DataWarrior (v06.04.01)*2.

Molecular docking

To investigate the in silico potential biological activities of the compounds (3a-c) and their molecular interactions
with Estrogen Receptor alpha (ERa), ERa-DNA complex, DNA, and BSA, molecular docking simulations were
performed. These studies were carried out utilizing AutoDock 4.2%% and AutoDock Tools 1.5.6%. The output files
of the compounds as ligands were obtained from DFT calculations. Receptor models were sourced from the
RCSB Protein Data Bank: ERa (PDB ID: 3ERT), estrogen receptor DNA-binding domain bound to its response
element (PDB ID: 1HCQ), DNA duplex (PDB ID: 1BNA), and BSA (PDB ID: 40R0). Prior to docking, all
macromolecules and ligands were prepared by assigning Kollman and Gasteiger partial charges, respectively.
Grid maps defining the docking space were generated using AutoGrid, with parameters tailored to each target
to encompass the ligand-binding or interaction site. For ERa (PDB ID: 3ERT), the grid box size was 70 x 90 x
70 A3 with the center at X = 22.397, Y = — 3.396, Z = 21.988. For the ERa-DNA complex (PDB ID: 1HCQ), the
grid box size was 110 x 100 x 110 A3 with the center at X = 36.692, Y = 12.334, Z = 111.741. For DNA (PDB ID:
1BNA), the grid box size was 50 x 50 x 56 A3 with the center at X = 14.779, Y = 14.954, Z = 14.819. For BSA
(PDB ID: 40R0), the grid box size was 70 x 60 x 60 A3 with the center at X = 3.808, Y = 12.586, Z = 94.758. All
grid maps were calculated with a standard grid spacing of 0.375 A. Lamarckian Genetic Algorithm (LGA) was
used for docking protocol, and docking visualization and interaction profiling were conducted using BIOVIA
Discovery Studio.
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Results and discussion
Isatin hydrazone (1) was reacted with different aldehydes (2) in the presence of SBA-Pr-N-Is-Bu-SO,H
nanocatalyst to produce arylidene isatin hydrazones (3) in EtOH under reflux conditions for 5 min (Scheme 1).

Possible mechanism
First, the aldehyde is activated and protonated by the SBA-Pr-N-Is-Bu-SO,H nanocatalyst. The protonated
aldehyde carbonyl (2) is then nucleophilically attacked by the amine group of isatin hydrazone (1), leading
to the formation of intermediate A. Proton transfer is subsequently initiated in intermediate A, resulting in
intermediate B, which is followed by water elimination to produce intermediate C. Finally, the target products
(3a-c) are formed through deprotonation of intermediate C by the SBA-Pr-N-Is-Bu-SO,~ (Scheme 2).

The time, yield, and melting point for the preparation of arylidene isatin hydrazones (3a-c) are demonstrated
in Table 1.

Characterization
(Z)-3-(((E)-3-nitrobenzylidene)hydrazineylidene)indolin-2-one (3a), Orange powder, 3159 (N-H), 3084

(aromatic C-H), 1745 (C = O), 1618 (N-H), 1533 and 1348 (N-O), 1594, 1531, 1460 (aromatic C-C). 'THNMR
(250 MHz, DMSO-D,): 6.9 (d, 2 H, Ar-H), 7.4 (s, 1H, Ar-H), 7.7 (m, 2 H, Ar-H), 8.4 (s, 2 H, -N = CH-Ar),
8.6 (s, 2 H, Ar-H), 109 (s, 1H, N-H) ppm. 13C NMR (62.5 MHz, DMSO-D o), 1114, 1165, 122.9, 123.9, 126.5,
129.1, 131.2, 134.4, 134.5, 135.4, 145.6, 148.7, 150.4, 157.3, 164.7 ppm. MS (m/e) 294 (M*, 10%), 266 (100%),
220(50%), 145 (15%), 118 (85%), 103 (45%), 91 (40%), 76 (55%)*°.

(Z)-3-(((E)—2-methoxybenzylidene)hydrazineylidene)indolin-2-one (3b), Orange powder, 3150 (N-H),
3080 (aromatic C-H), 1728 (C = O), 1610 (N-H), 1593, 1544, and 1489 (aromatic C-C). 'THNMR (300 MHz,
DMSO-DS): 11.05 (s, 1H, N-H), 8.81 (s, 1H, -N = CH-Ar-H), 8.10 (dd, 1H, Ar-H), 7.97 (d, 1H, Ar-H), 7.58 (td,
1H, Ar-H), 7.39 (td, 1H, Ar-H), 7.20 (d, 1H, Ar-H), 7.14 (t, 1H, Ar-H), 7.03 (t, 1H, Ar-H), 6.9 (d, 1H, Ar-H), 3.9
(s, 3 H, OMe) ppm. *C NMR (62.5 MHz, DMSO-D,), C = 55.4 (OMe), 169, 141, 138, 117, 157, 119, 129, 123,
111, 131, 124, 127.7, 132.0, 121.1, 55.8, 157.3. MS (m/e): 279 (M™, 3%), 251 (100%), 208 (20.1%), 118 (32%), 91
(25%), 77 (19%)%.

((Z)-3-(((E)—4-fluorobenzylidene)hydrazineylidene)indolin-2-one (3c), Orange powder, 3165 (N-H),
3085 (aromatic C-H), 1726 (C = O), 1622 (N-H), 1596, 1546, and 1460 (aromatic C-C). 'HNMR (300 MHz,

/R
. = I SBA-Pr-N-Is-Bu-SO;H
A Reflux, EtOH, 5 min
(0) H
2 (3a-c)

R= 3-NO,, 2-OMe, 4-F
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\
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~
O

3a 3b 3c

Scheme 1. Preparation of arylidene isatin hydrazones (3a-c).
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Scheme 2. Plausible mechanism for the preparation of arylidene isatin hydrazones (3a-c).

No. | R Time | Product | Yield (%) | m.p. (°C)*
1 3—NO2 5 3a 88 261-262
2 2-OMe |5 3b 88 170-172
3 4-F 5 3c 95 261-262

Table 1. Synthesis of the compounds (3a-c) using nanocatalyst.

DMSO-D,): 10.65 (s, 1H, N-H), 8.63 (s, 1H, -N = CH-Ar-H), 8.06 (dd, 2 H, Ar-H), 7.90 (d, 1H, Ar-H), 7.40 (m,
3 H, Ar-H), 7.03 (t, 1H, Ar-H), 6.90 (d, 1H, Ar-H) ppm. 13C NMR (500 MHz, DMSO-D,), C = 166.05, 164.97,
159.94, 151.05, 145.53, 139.11, 134.25, 131.87, 130.57, 129.32, 127.50, 126.69, 122.82, 117.91, 116.85, 111.35,
110.43, 141, 138,117, 157, 119, 129, 123, 111, 131, 124, 127.7, 132.0, 121.1, 55.8, 157.3. MS (m/e): 267 (M*, 7%),
239 (100%), 212 (9%), 118 (76%), 95 (71%)*74,

The experimental absorption maximum wavelength (A ) for the arylidene isatin-hydrazone (3a-c) was
investigated. Two A___were observed for 3a in 241, 320 nm, 3b in 245, 330 nm, and 3c in 245, 310 nm, which
were attributed to the 1 — n and n — ¢ transitions, respectively. Also, it was observed that compounds (3a-c)
have almost similar UV-Vis spectra.

Theoretical IR and UV-Vis spectra of the compounds (3a-c) were obtained at DFT/TD-DFT calculation
at B3LYP/6-311+g (d,p) level with CPCM using water as the solvent. These spectra for the compounds along
with the experimental spectra are illustrated in Figs. 1 and 2. A good agreement between the theoretical and
experimental spectra was observed.

Cell proliferation suppression

The in vitro cytotoxicity of compounds (3a-c) was evaluated against normal HUVEC cells and breast cancer
cell lines (MCF-7 and MDA-MB-231) utilizing the MTT method at 24 and 48 h. The half-maximal inhibitory
concentration (IC)) values for each of these compounds across normal and cancer cells are summarized in
Table 2. The results revealed cytotoxic effects in normal cells at concentrations exceeding 200 ug/mL for 3a
and 100 pg/mL for 3b and, with 50% cell death observed after 24 and 48 h of exposure. In contrast, compound
3c exhibited higher cytotoxicity profile within the 50-500 ug/mL concentration range, as depicted in Fig. 3
(a-c) and Table 2. Figure 3 (d-i) illustrates the anticancer effects of the compounds on breast cancer cells. The
findings demonstrate that compounds (3a-c) effectively reduced cancer cell viability in a concentration- and
time-dependent manner. Among them, compound 3c exhibited the most potent cytotoxicity (IC,,~10 pg/
mL) at all-time points, whereas compounds 3a and 3b required higher concentrations to achieve comparable
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Fig. 1. Theoretical and experimental IR spectra of 3a (a), 3b (b), and 3¢ (¢).

effects. A progressive decline in cell viability was observed over time for all tested compounds. The presence of
fluorine within the molecular structure of the compounds appears to enhance cellular membrane permeability,
thereby increasing cytotoxic efficacy. The observed anticancer effects may be related to mechanisms such as
the generation of reactive oxygen species (ROS) or disruption of key cellular pathways. Notably, despite the
cytotoxicity of these compounds, their antitumor potential remains evident at concentrations lower than
the toxic threshold. Furthermore, significant morphological changes were observed upon treatment. Under
an inverted light microscope, spherical cell formation and shrinkage were clearly detectable across different
concentrations, with some instances of cellular necrosis. The rounding of cells at higher concentrations indicates
necrotic death, while shrinkage suggests apoptotic progression. Figure 4 presents the morphological effects of
IC,, concentrations and higher, further supporting the cytotoxic and apoptotic potential of these compounds.

Antioxidant activity

Figure 5 shows the percentage of free radical scavenging activity at various concentrations of compounds (3a-c)
in comparison to the standard antioxidant control, ascorbic acid. As depicted in Fig. 5, the scavenging activity
exhibited a concentration-dependent increase across all tested samples. The highest antioxidant activity was
observed within the concentration range of 250 to 500 ug/mL for all compounds. However, lower concentrations
also demonstrated free radical scavenging potential; for instance, at 50 pg/mL, the activity reached approximately
50% for all tested compounds. The standard control (blue bar) displayed the highest scavenging activity, nearing
saturation at elevated concentrations, underscoring its superior antioxidant potential. Among the tested
compounds, 3¢ exhibited the most pronounced antioxidant activity (80% in high concentration).
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IC,, (ug/ml)
(HUVEC)

IC,, (ug/ml)
(MCEF-7)

IC,, (pg/ml)

(MDA-MB-231)

24h

48h

24h

48h

24h

48h

3a

221.31+£0.94

119.03+0.67

48.94+0.63

22.82+0.36

38.32+0.34

21.05+0.45

3b

234.61+0.54

112.34+0.51

45.59+0.24

22.06+1.52

41.16+0.22

26.31+£1.57

3c

63.54+0.89

36.64+0.38

18.14+1.81

10.78 +£0.57

14.47+1.7

11.71+£0.95

Table 2. IC,, values of compounds (3a-c).

UV-Vis titrations

Given the promising anticancer activity exhibited by the synthesized isatin hydrazone derivatives (3a-c) against
breast cancer cell lines, we extended our investigation to explore their molecular interactions with biomolecules
using UV-Vis titration. DNA, being a primary target of numerous chemotherapeutic agents, and serum albumin,
the principal carrier protein in systemic circulation, were selected to evaluate the compounds’ binding behavior

and potential bioavailability.
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Fig. 3. Cytotoxic effect of 3a (a), 3b (b), and 3¢ (c) against HUVEC cells after 24 and 48 h post-treatment.
Cytotoxic effect of 3a (d), 3b (e), and 3¢ (f) against MCF-7 breast cancer cells after 24 and 48 h post-treatment.
Cytotoxic effect of 3a (g), 3b (h), and 3c (i) against MDA-MB-231 breast cancer cells after 24 and 48 h post-
treatment.

DNA interaction

UV-Vis spectroscopy stands as a pivotal analytical method for elucidating the binding interactions between
biologically active small molecules and macromolecules such as DNA or proteins®. These interactions
frequently induce alterations in the compound’s electronic environment, which are reflected in its UV-Vis
spectral profile. Variations in absorbance intensity, manifesting as either hyperchromism (an increase in
absorbance) or hypochromism (a decrease in absorbance), along with wavelength shifts, such as bathochromic
(red shift) or hypsochromic (blue shift) transitions®, serve as critical indicators of the nature and mode of
binding. In particular, hypochromic effects accompanied by bathochromic shifts are typically indicative of an
intercalative binding mechanism. This case occurs when the aromatic part of the ligand intercalates between the
base pairs of DNA, resulting in strong n-7 stacking interactions that perturb the DNA’ electronic structure®!.
Furthermore, a spectral profile showing hyperchromism and a hypsochromic shift suggests a non-intercalative
binding pathway®2 Such interactions may involve electrostatic attraction to the phosphate backbone or fitting
within the major or minor grooves of the DNA helix, implying surface-level or groove binding rather than
insertion between base pairs. UV-Vis absorption titration was conducted by maintaining a fixed volume of CT-
DNA while varying the concentrations of compounds (3a-c), 0.00, 1.96, 2.59, 3.22, 3.84, 4.46, 5.06, 5.66, 6.25,
6.83,7.40,7.97, 8.53, 9.09, and 9.64 uM for 3a, 0.00, 4.46, 5.06, 5.66, 6.25, 6.83, 7.40, 7.97, 8.53, and 9.09 uM for
3b, and 0.00, 5.06, 5.66, 6.25, 6.83, 7.40, 7.97, 8.53, 9.09, 9.64, 10.18, 11.24, 12.28, and 13.29 uM for 3c. Figure
6 presents the UV-Vis absorption responses of CT-DNA upon gradual titration with varying concentrations of
compounds (3a-c). Across all three systems, namely 3a + CT-DNA, 3b + CT-DNA, and 3¢ + CT-DNA, a marked
increase in absorbance was observed with the incremental addition of the respective compounds, indicative of
a hyperchromic effect. This phenomenon typically signals significant interaction between the DNA bases and
the external molecules. Notably, in the spectra of the 3b + CT-DNA and 3¢ + CT-DNA systems, a significant
hypsochromic shift (blue shift = 10 nm for 3b + CT-DNA and 12 nm for 3¢ + CT-DNA) in the absorption
maxima was also evident. Such spectral behavior strongly suggests that the interaction mechanism does not
involve intercalation between base pairs. Instead, it points toward a non-intercalative binding mode, most likely
involving groove binding or electrostatic interactions along the DNA backbone. Since the studied compounds
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Fig. 4. Changes in cancer cell morphology after treatment with compounds. The red arrows indicate the
rounded and shrunken cells in each treatment. Control sample of MCF-7 cells (a). MCEF-7 cells treated with
25 ug/mL of compound 3a (b). MCEF-7 cells treated with 25 pg/mL of compound 3b (c). MCEF-7 cells treated
with 25 pg/mL of compound 3¢ (d). Control sample of MDA-MB-231 cells (e). MDA-MB-231 cells treated
with 25 pg/mL of compound 3a (f). MDA-MB-231 cells treated with 25 pg/mL of compound 3b (g). MDA-
MB-231 cells treated with 25 pug/mL of compound 3¢ (h).
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Fig. 5. Fee radical scavenging curve activity diagram of 3a, 3b, and 3c.

are neutral and lack an electrical charge, the likelihood of significant electrostatic attraction to the negatively
charged phosphate backbone of DNA is minimal. Consequently, it is more plausible that the interaction occurs
through groove binding mode, rather than through charge-based mechanisms. In this regard, molecular docking
simulations serve as a valuable tool to detect the binding mode between the compounds and DNA.

By plotting 1/A-A,, against 1/[Ligand], the apparent binding constant (K, ) was generated from the ratio
of the intercept to the slope at 298 K, as illustrated in Fig. 6 (insets). The values of K for the interaction of
compounds 3a, 3b, and 3¢ with CT-DNA were calculated to be 1.01 x 10% 1.17 x IODI, and 2.03 x 10* M~ 1,
respectively. It is important to highlight that the binding constants (K,) for traditional intercalators like ethidium
bromide and [Ru(phen)DPPZ] are typically in the range of 10° to 107 M~ !*3. Based on these values, it can be
inferred that the isatin-hydrazone derivatives are likely to bind to CT-DNA via a groove-binding mechanism.
The thermodynamic evaluation of the interactions between compounds 3a-c and CT-DNA revealed negative
standard Gibbs free energy changes (AG®), calculated as —5.46 kcal/mol for 3a, —5.55 kcal/mol for 3b, and —
5.87 kcal/mol for 3c. These negative AG® values provide compelling evidence that the binding processes are
energetically favorable and occur spontaneously under physiological conditions, indicating a strong intrinsic
affinity of the compounds for the DNA substrate.
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Fig. 6. UV-Vis titration of 3a+ CT-DNA (a), 3b+ CT-DNA (b), and 3¢+ CT-DNA (c). Inset: the relationship
between 1/A-A against 1/[Ligand].

BSA interaction

Electronic absorption spectroscopy serves as a powerful analytical method for monitoring conformational
alterations in proteins and assessing their interactions with small molecules, which is a key aspect in drug
discovery and pharmacological research. In the present study, UV-visible spectroscopic titration was employed
to investigate the binding affinity of isatin-hydrazone derivatives (3a-c) with BSA. UV-Vis absorption titration
was conducted by maintaining a fixed volume of BSA while varying the concentrations of compounds (3a-c),
0.00, 1.96, 2.59, 3.22, 3.84, 4.46, 5.06, 5.66, 6.25, and 6.83 puM for 3a, 0.00, 3.22, 3.84, 4.46, 5.06, 5.66, 6.25, 6.83,
7.40, 7.97, 8.53, 9.09, 9.64, and 10.18 uM for 3b, and 0.00, 2.59, 3.22, 3.84, 4.46, 5.06, 5.66, 6.25, 6.83, 7.40, 7.97,
and 8.53 uM for 3c. Figure 7 illustrates the absorption spectra of native BSA in comparison with the spectra
obtained upon incremental addition of the isatin-hydrazone compounds. A pronounced hyperchromic effect
was detected, characterized by a steady increase in absorbance intensity as the concentration of the compounds
increased. This spectral behavior indicates the interaction between the derivatives and BSA. The observed
enhancement in absorbance is attributed to microenvironmental changes surrounding the tryptophan residues
within the BSA structure. Specifically, the interaction appears to perturb the polarity and hydrophobic balance
in these regions, likely due to partial unfolding of the protein’s a-helical domains and an overall conformational
rearrangement®. Such structural transitions strongly suggest the formation of a stable protein-ligand complex,
demonstrating the effective binding potential of the isatin-hydrazone derivatives.

The K, values for compounds 3a, 3b, and 3c in their interaction with BSA were determined to be
6.61x10°7.35% 10% and 8.93x 10° M~ respectively. These values offer important insights into the nature of
the interaction between these isatin-hydrazone derivatives and BSA. Thermodynamic analysis of the binding
interactions between BSA and the synthesized compounds 3a, 3b, and 3c revealed favorable free energy changes,
with AG® values calculated at —5.21 kcal/mol, —5.27 kcal/mol, and —5.39 kcal/mol, respectively. These negative
AG® values indicate spontaneous binding processes, with compound 3¢ demonstrating the strongest affinity
toward BSA among the three, as reflected by its more pronounced free energy reduction. When extending the
investigation to CT-DNA, compound 3¢ demonstrated the highest binding affinity, with a K » 0f2.03x10* M1,
noticeably greater than those of compounds 2a and 2b, which showed values of 1.01 x 10#81-1 and 1.17x10*
M1, respectively. The K values for the interaction between the compounds and DNA/BSA follow the order:
3c>3b>3a. This trend confirms the observed trend in their in vitro biological activity, suggesting a direct
correlation between molecular binding strength and bioefficacy. Furthermore, the pronounced affinity of 3¢
toward CT-DNA suggests a strong molecular recognition capability, likely attributed to specific structural or
electronic characteristics that enhance its interaction with the DNA helix. Conversely, while compound 3¢
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Fig. 7. UV-Vis responses of 3a+BSA (a), 3b+BSA (b), and 3c+BSA (c). Inset: the relationship between 1/A-
A, against 1/[Ligand].

maintained moderate affinity for BSA, its interaction was clearly more substantial than that observed for 3a
and 3b, which bound more weakly. The observed variability in binding constants underscores the critical role
of structural nuances within the ligand series (3a-c) in dictating their binding profiles. These findings not only
advance our understanding of the selective interaction mechanisms of isatin-hydrazone derivatives but also
emphasize their promise as molecular probes or therapeutic agents with tailored binding affinities toward
specific biological macromolecules.

Lipophilicity evaluation

The partition coefficient between water and 2-octanol, commonly referred to aslog P, is a pivotal pharmacokinetic
indicator employed to assess the lipophilic character of chemical entities. This parameter serves as a proxy for
a compound’s ability to dissolve in lipids, thereby providing insight into its potential to traverse the lipid-rich
phospholipid bilayers of cellular membranes*. Compounds exhibiting elevated log P values typically demonstrate
enhanced membrane permeability, enabling easier diffusion into adipose tissues and other lipid-dense biological
environments. In the present study, the calculated log P values for the compounds 3a, 3b, and 3¢ were found
to be 1.294, 2.297, and 2.225, respectively. These values indicate a moderate to high degree of lipophilicity. In
contrast, cisplatin, a widely used chemotherapeutic agent, has a significantly lower log P value reported in the
literature as — 2.28 + 0.07°°. The resulting lipophilicity hierarchy, 3b > 3¢ > 3a > cisplatin, highlights a marked
difference in membrane permeability potential. Notably, compounds 3b and 3¢, owing to their higher lipophilic
profiles, are more likely to diffuse efficiently across cellular membranes compared to cisplatin.

DFT calculations

Structural parameters

Geometry optimization was performed for the compounds (3a-c) bearing a different substituent at varied
positions on the aromatic ring (Fig. 8). The comparative analysis of their selected bond lengths and angles
revealed that the electronic nature and position of the substituents exert a subtle yet noticeable influence on
the molecular geometry. The selected bond lengths and angles for these compound are summarized in Table 3.
The N1—C1 and C1—O1 bond lengths remain nearly constant across the series, suggesting minimal impact of
substitution on this local environment. However, the C1—C8 bond is slightly shorter in 3b (1.523 A) compared
to 3a and 3c, possibly due to the electron-donating resonance effect of the ortho-OCH, group, which may
slightly enhance delocalization. A similar trend is observed in the C9—C10 bond, which is shortest in 3b (1.450
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Fig. 8. Optimized geometry of compounds 3a (a), 3b (b), and 3¢ (c) obtained from theoretical approach.

Value | Value | Value

3a 3b 3c
Bond lengths
N1—C1 1.371 1.373 1.372
C1—-01 1.217 1.219 1.218
C1—C8 1.529 1.523 1.525
C8—N2 1.287 1.289 1.287
N2—N3 1.385 1.380 1.382
N3—C9 1.288 1.296 1.291
C9—C10 1.460 1.450 1.454
Cl12—N4 1.473 - -
N4—02 1.226 - -
N4—03 1.226 - -
Cl11—-02 - 1.354 -
02—Cl16 - 1.433 -
Cl12—F1 - - 1.355
Bond angles
N1—C1—-01 126.617 | 126.281 | 126.431
01—C1—C8 128.139 | 128.419 | 128.292
C8—N2—N3 | 115.036 | 115.269 | 115.127
N3—C9—C10 | 122.467 | 122.562 | 122.961
C12—N4—02 | 118.117 | - -
C12—N4—03 | 118.056 | - -

Table 3. Selected bond lengths and angles for compounds (3a-c).

A), indicating localized structural effects influenced by substituent proximity. Compound 3a uniquely shows
characteristic nitro group bond lengths (C12—N4 at 1.473 A, N4—02 and N4—03 both at 1.226 A), while 3b
displays typical ether linkage values (C11—O2 at 1.354 A, 02—C16 at 1.433 A), and 3c exhibits a C12—F1 bond
length of 1.355 A. The angular parameters show consistency, with only slight variations, e.g., the N1—C1—O1
angle slightly narrows in 3b (126.281°), likely due to steric effects from the ortho substituent. Overall, while
the core scaffold remains structurally consistent, the electronic and steric properties of the substituents subtly
modulate bond lengths and angles, revealing their influence on the molecular geometry.

Thermodynamic parameters

Statistical mechanics serves as a bridge between the microscopic molecular behavior and macroscopic
thermodynamic properties. By analyzing energy states arising from molecular translational, rotational,
vibrational, and electronic motions, it becomes possible to derive key thermodynamic quantities such as entropy
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(a)

and heat capacity, parameters that are crucial in understanding complex biological systems®’. Among these
parameters, entropy (S) is insightful, as it provides a measure of molecular disorder and aids in predicting the
spontaneity and direction of biochemical interactions, including ligand-receptor binding events®. In this study,
the thermodynamic profiles of compounds (3a-c) were explored through DFT calculations conducted in the
gas phase utilizing B3LYP/6-311+g (d,p) level. The computed heat capacities at constant volume (Cv) for the
respective compounds were 67.15, 67.73, and 61.46 cal/molK, indicating subtle variations in their ability to
store thermal energy. Furthermore, the entropy values were found to be 140.62, 139.16, and 130.66 cal/molK,
reflecting the degree of molecular complexity and freedom in each case. The calculated ground-state energies
for 3a, 3b, and 3¢ were determined to be —1022.47, -932.46, and — 917.17 Hartree, respectively. Dipole moment
values for 3a, 3b, and 3¢ were measured as 10.50, 6.32, and 5.01 Debye, respectively. The pronounced dipole
moments observed in these molecules reveal a marked increase in their polar nature, stemming from robust
internal dipole-dipole interactions™ that significantly influence their structural and chemical behavior.

MEP distribution and ESP arrow

To predict the reactive regions within the studied compounds, MEP maps were constructed. These visual
representations serve as powerful analytical tools, illustrating the distribution of electrostatic potential across a
molecule’s surface through a nuanced, color-coded format®. This technique provides an accessible yet detailed
view of the electronic character of different molecular regions. In MEP diagrams, distinct colors convey varying
degrees of electron density. Red areas reveal zones of high electron concentration, corresponding to regions with
a significant partial negative charge, typically the most likely sites for electrophilic attack. Yellow regions, though
still electron-rich, exhibit a slightly lower electron density than the red zones. Furthermore, blue signifies areas
deficient in electron density, marked by a partial positive charge and often serving as likely sites for nucleophilic
interactions. Green shades represent regions with neutral electrostatic potential®!, suggesting minimal reactivity.
MEP diagrams for compounds (3a-c) are illustrated in Fig. 9. MEP map of compound 3a reveals that the O1
atom associated with the isatin moiety, along with the O2 and O3 atoms from the nitro group, are predominantly
located within regions of negative potential, represented by red to yellow zones on the MEP surface. These
areas signify sites of high electron density, suggesting a strong propensity for electrophilic attack. Furthermore,
the hydrogen atoms labeled H1, H8, H9, and HI10 are situated in regions of positive potential (blue zones),
marking them as likely centers for nucleophilic interaction due to their electron-deficient nature. MEP maps
of compounds 3b and 3c reveal strikingly similar charge distribution profiles. In both molecules, the O1 atom
emerges as a prominent site for potential electrophilic attack, whereas the H1 atom appears favorably positioned
for nucleophilic interaction. The presence of pronounced red zones on the MEP surfaces, indicative of high
electron density, demonstrates regions most conducive to hydrogen bonding. These electron-rich sites not only
underscore the compounds’ chemical reactivity but also suggest optimal locations for cation sensing, thereby
enhancing their potential utility in selective ion detection applications.

Figure 10 presents the electrostatic potential (ESP) maps derived from the Gaussian output files for the
synthesized compounds. These maps reveal a pronounced concentration of negative electrostatic potential,
represented by red-shaded regions, primarily surrounding electronegative atoms, most notably oxygen. This
spatial distribution shows zones of heightened electron density, which make them favorable sites for potential
electrophilic interactions. These findings align with the MEP distribution and predict the reactive behavior and
chemical environment of these compounds.
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Fig. 9. MEP map of compounds 3a (a), 3b (b), and 3¢ (c) obtained from theoretical approach.
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Fig. 10. ESP diagram of compounds 3a (a), 3b (b), and 3¢ (c) generated from B3LYP/6-311+g (d,p)/CPCM
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Fig. 11. HOMO-LUMO distribution of compounds 3a (a), 3b (b), and 3c (c).

HOMO and LUMO orbitals

The analysis of molecular orbitals, HOMO and LUMO, serves as a foundational approach in assessing the
chemical behavior and reactivity patterns of molecular systems. A significant energy gap between the HOMO and
LUMO levels typically reflects low molecular polarizability and reduced chemical reactivity, while also implying
heightened kinetic stability®2. Furthermore, the HOMO-LUMO energy gap is widely regarded as a fundamental
parameter influencing a molecule’s reactive potential®. Figure 11 presents the molecular orbital distributions for
compounds (3a-c). The HOMOs in these molecules demonstrate n-bonding characteristics, with electron density
concentrated in regions predisposed to nucleophilic activity or electron donation. Furthermore, the LUMOs
display m* anti-bonding traits, illustrating zones of electron deficiency that are primed to accept electrons, which
plays a crucial role in electrophilic attacks or redox transformations. The estimated energy gaps for 3a, 3b, and 3¢
are 3.21, 3.26, and 3.34 eV, respectively. These values of energy gap suggest relatively lower energy requirements
for electronic excitation or charge transfer between bonding and anti-bonding orbitals. This improved electronic
mobility indicates a higher potential for reactivity, as electron transitions become more easily achievable.
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Quantum parameters analysis

HOMO-LUMO theory was applied in order to obtain the chemical reactivity parameters of compounds (3a-
¢). By utilizing Koopmans approach®, ionization energy (I), electrophilicity index (w), electronegativity (),
chemical hardness (n), chemical softness (o), maximum charge transfer capability index (AN, ), electron
affinity (A), and chemical potential (u), can be determined through HOMO and LUMO energy values. These
parameters were determined utilizing the following Egs. (4-11):

I =—-Fxgowmo (4)
A=-Ervmo (5
Pi=—x (6)
—(F FE
X = (Fromo + Erumo) )
2
_ Ervvmo — Eromo 8)
2
1
o = — 9
n )
Pi?
_ bt 10
w o (10)
_Pi
A Nma:c - : (11)
n

The quantum parameter values of the compounds are demonstrated in Table 4. The global electrophilicity
index (w) is a quantum parameter for assessing a molecule’s tendency to attract and accommodate additional
electron density. The w values exceeding 1.5 eV are indicative of potent electrophiles; those in the intermediate
range of 0.9 to 1.4 eV reflect moderate reactivity, while values under 0.8 eV denote weak electrophilic nature®.
The studied compounds display remarkably high w values, ranging from 6.71 to 7.53 eV. These elevated values
place them well within the domain of highly reactive electrophilic agents. The negative p values observed
for the isatin hydrazone derivatives signify their stability, indicating that these compounds are resistant to
spontaneous decomposition into their elemental constituents under ambient conditions. One of the defining
factors influencing a molecule’s reactivity and overall chemical behavior is its capacity for charge transfer. This
characteristic is effectively captured by the AN parameter, which serves as a quantitative descriptor of a
molecule’s electron-accepting potential. Quantum chemical analyses reveal that compound 3a demonstrates a
markedly enhanced tendency to accept electrons compared to 3b and 3c. This pronounced difference is likely
attributed to the strategic placement of the NO, group at the meta position in 3a, a configuration known to exert
a strong electron-withdrawing influence.

DOS spectra

Density of states (DOS) spectrum of the compounds (3a-c) was generated from the Gaussian output file using
GaussSum software. This spectrum predicts the contributions to the HOMO and LUMO molecular orbitals.
Employing DFT method, the DOS profiles were calculated and are illustrated in Fig. 12. In these spectra, the
green curve corresponds to the occupied electronic states, denoting HOMO energy levels, while the red curve
highlights the unoccupied or virtual states associated with LUMO energies. The evaluated values of E;q, /o
E umo and AE for 3a (-6.52, —3.31,and 3.21 eV), 3b (-6.31, —3.05, and 3.26 V), and 3¢ (-6.44, —3.09, and 3.35)
are closely aligned with those obtained from the HOMO and LUMO orbital analysis.

Parameter 3a 3b 3¢

Eyomo -6.52 | 631 | -6.43
E o -331 | -3.05 | -3.09
AR imootiomoy | 321 | 326 | 3.34
A 3.31 3.05 3.09
I 6.52 | 6.31 6.43
X 491 | 468 | 476
n 1.60 1.63 1.67
[ 0.62 | 0.61 0.60
P, ~491 | -4.68 | -4.76
[ 7.53 | 6.71 6.78
AN, 3.07 | 287 | 285

Table 4. Quantum parameters of compounds (3a-c).
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Fig. 12. DOS spectrum of compounds 3a (a), 3b (b), and 3c (c).
No. | Compounds | Mw | logP | HBAs | HBDs | Drug likeness | Mutagenic | Tumorigenic | Reproductive effective | Irritant | Drug score
1 Cisplatin <500 | 0.17 |0 0 -1.00 high low none none 0.28
2 3a <500 |2.48 |6 1 -0.33 none none none none 0.50
3 3b <500 351 |5 1 4.75 none none none none 0.73
4 3c <500 (334 |4 1 3.49 none none none none 0.68

Table 5. ADME-Tox analysis of compounds (3a-c).

ADME-Tox prediction

In the initial stages of drug development, comprehensive early-stage screening of candidate molecules plays
a pivotal role, primarily due to the substantial financial burden and logistical complexity associated with
conducting in vivo experiments. To mitigate these challenges, researchers increasingly rely on computational
approaches, which offer not only greater efficiency and scalability but also significantly reduced costs®®. Among
the widely adopted tools for assessing the drug-likeness of potential compounds is Lipinski’s Rule of Five
(RO5). This rule suggests that a compound is more likely to be orally active if it meets the following criteria®:
a log P value below 5, no more than 10 hydrogen bond acceptors, fewer than 5 hydrogen bond donors, and a
molecular weight under 500 Daltons. A compound may still be considered viable if it deviates from only one of
these parameters. In this study, in-silico ADME-Tox prediction has been employed to study the structural and
pharmacokinetic behaviours of the isatin hydrazone derivatives (3a-c). Detailed results of compounds (3a-c)
along with cisplatin (as a standard chemotherapeutic drug) are illustrated in Table 5. Analysis of the data reveals
that the predicted logP values for the synthesized compounds are higher than that of cisplatin. This result aligns
well with experimental observations, indicating an increased lipophilicity among these compounds compared
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to the reference drug. Furthermore, the isatin hydrazone derivatives (3a-c) satisfy all criteria outlined in RO5,
suggesting favorable characteristics for oral administration and bioavailability. Moreover, these compounds
exhibit superior drug-likeness and drug score indices relative to cisplatin, revealing their potential as promising
candidates for therapeutic development. Importantly, predictive toxicity assessments show that derivatives (3a-
c) are unlikely to elicit adverse effects such as irritation, tumorigenicity, mutagenicity, or reproductive toxicity.

Topological analysis

ELF and LOL

The ELF serves as a powerful analytical tool to interpret the spatial distribution of electron density within a
molecule, particularly in distinguishing between localized electrons, such as those in bonding and lone pairs, and
delocalized electrons commonly found in metallic or conjugated systems. The ELF is quantitatively expressed on
a scale from 0.00 to 1.00, where values exceeding 0.50 are indicative of localized electronic regionsés, while values
below this threshold denote significant delocalization. Notably, regions surrounding hydrogen and carbon atoms
frequently exhibit high ELF values, reflecting a strong tendency toward electron localization, both in bonding
interactions and non-bonding electron pairs. Maximum ELF values, typically within the 0.80 to 1.00 Bohr range,
correspond to zones of intense electron concentration and are often centered on electronegative elements such
as carbon, nitrogen, oxygen, and fluorine. These findings align with expectations based on known chemical
behavior and are visually captured in the topographical representation of Fig. 13 (a-f). Complementing the
ELF, the LOL offers additional insight into molecular orbital character by mapping areas of localized versus
delocalized electronic structure. The LOL contour map spans a range from 0.00 to 0.80 Bohr, with a color
gradient where cooler tones (blue) denote weakly delocalized orbitals and warmer tones (red) highlight strongly
localized regions. Interestingly, carbon and nitrogen atoms within the studied molecules are depicted in blue,
while hydrogen atoms appear in red, suggesting that their electron densities surpass the upper boundary of
the LOL mapping scale. This color representation underscores regions of heightened electronic density and
reinforces the interpretive data derived from ELF analysis, as shown in Fig. 13 (g-i).
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Fig. 13. Color-filled and contour maps of the ELF and LOL of compounds 3a (a, d, and g), 3b (b, e, and h),
and 3c (¢, f, and i).
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RDG-NCI

To investigate the noncovalent interactions (NCIs) in the studied compounds, Reduced Density Gradient
(RDQG) isosurface visualizations and scatter plots were analyzed for compounds (3a-c). The RDG isosurfaces,
particularly the green regions that signify weak van der Waals interactions, revealed distinct interaction patterns
among the compounds. RDG and RDG scatter patterns for all compounds are demonstrated in Fig. 14. In
compound 3a, green isosurfaces were prominently observed between the O2 atom and H7, and between O3
and HS, suggesting the presence of weak intramolecular hydrogen bond-like interactions, likely facilitated by
the electron-withdrawing effect of the nitro group in the meta position. Compound 3b exhibited green surfaces
between hydrogen atoms H9 and H10, as well as between O2 and H6, indicative of intramolecular contacts and
possible weak C-H--O interactions involving the ortho-methoxy substituent. In compound 3c, a faint green
isosurface was observed between H7 and H8, indicating minimal noncovalent interactions. This observation
aligns with the presence of a fluorine atom in the para position, which exerts a relatively weaker electronic and
steric influence on intramolecular contacts compared to the other substituents. Across all three compounds, red
RDG isosurfaces were consistently observed over the aromatic rings, characteristic of n—m stacking interactions
or steric repulsion in those regions. Notably, the RDG scatter plot of compound 3¢ displayed a lower density of
colored points compared to compounds 3a and 3b, suggesting a reduced number or strength of NCIs. This may
be attributed to the limited electron-donating or -withdrawing capability of the para-substituted fluorine atom.
Despite sharing a common molecular framework, the variations in substituent position and electronic nature
markedly influence the distribution and intensity of noncovalent interactions. These findings underscore the
sensitivity of NClIs to structural modifications, which could have implications for the reactivity, stability, and
potential biological activity of these derivatives.

Molecular docking

Molecular docking is a powerful computational strategy employed to predict how small molecules, such as
drugs or bioactive compounds, associate with biological targets like proteins or DNA. This technique provides
significant results for the binding pose, binding affinity, and the specific molecular interactions. Furthermore,
molecular docking serves as a vital bridge between theoretical modeling and empirical experimentation. In
the present study, docking simulations were performed to evaluate the interaction potential of the selected
compounds with DNA, BSA, and a specific anticancer target. The results are summarized below:

Anticancer docking
To investigate the potential anticancer mechanism of the synthesized arylidene isatin hydrazones (3a-c),
docking studies were carried out with both the ligand-binding domain of Estrogen Receptor alpha (ERa, PDB
ID: 3ERT) and the estrogen receptor DNA-binding domain bound to its response element (PDB ID: 1HCQ).
This dual approach not only evaluates the compounds’ affinity for ERa but also examines their possible influence
on receptor-DNA interactions, providing deeper insight into their mode of action.

All compounds displayed notable affinity for the ERa active site, with binding energies of —6.34, —6.49, and
—6.51 kcal/mol for 3a, 3b, and 3¢, respectively. This ranking correlates well with cytotoxicity trends (3¢ > 3b > 3a).
Compound 3a formed hydrogen bonds with TRP393 and GLU353, electrostatic attractions with GLU323,
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Fig. 14. RDG and RDG scatter plots of compounds 3a (a and d), 3b (b and e), and 3¢ (c and f).
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GLU353, and MET357, hydrophobic interactions with ILE326, LEU387, and PRO324, and multiple van der
Waals contacts (PHE445, LYS449, ILE386, LEU354, HIS356, LEU327, PRO325, and PRO324). Compound
3b engaged in hydrogen bonding with PRO324 and GLU353, hydrophobic contacts with ILE326, MET357,
LEU387, and PRO324, electrostatic attractions with GLU323 and GLU353, and van der Waals interactions
involving PHE445, TRP393, LYS449, GLY390, ILE386, LEU354, HIS356, LEU327, and PRO325. Compound
3¢ exhibited hydrogen bonding with LYS449 and ILE386, hydrophobic interactions with PRO324 and ILE326,
electrostatic attractions with GLU353 and LYS449, and van der Waals interactions involving TRP393, PRO325,
GLU323, PHE445, GLY390, ILE389, LEU387, MET357, and HIS356. These results confirm that binding is
stabilized through a synergistic network of hydrogen bonds, hydrophobic forces, electrostatic attractions, and
van der Waals interactions. 3D and 2D interaction diagrams for these binding systems are demonstrated in
Figs. 15 and 16, respectively.

To explore whether these ligands could influence ERa—DNA recognition, the compounds were docked to the
receptor bound to its estrogen response element. All ligands occupied regions between the protein and DNA,
engaging in interactions with both partners, indicative of a groove-binding mode with DNA. Binding energies
were — 6.63, —6.67, and — 7.12 kcal/mol for 3a, 3b, and 3¢, respectively, again supporting the trend 3¢ >3b > 3a. 3D
and 2D interaction diagrams for these binding systems are illustrated in Figs. 17 and 18, respectively. Compound
3a formed hydrogen bonds with GLN60 and MET42 residues and the DG29 base pair, hydrophobic contacts
with GLN60 and LYS57, an electrostatic attraction with DT30, and van der Waals contacts with TYR41, ALA61,
PRO44, CYS59, CYS43, SER58, and GLN60. Compound 3b established hydrogen bonds with the DG11 base
pair and SER58, hydrophobic contacts with the DA10 base pair and LYS57, and van der Waals interactions with
DT28, DT12, DG29, and LYS57, SER58, GLN60, CYS59, and MET42. Compound 3¢ displayed hydrophobic
interactions with LYS57, halogen bonding with DG29, DA10, and DT28, and van der Waals contacts with DT30,
GLN60, SER58, CYS59, ARG55, MET42, and ASN54. These observations suggest that, beyond receptor binding,

G T 4

Fig. 15. Docking perspective of compounds 3a (a), 3b (b), and 3c (c) in the interaction with Era.
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Fig. 16. 2D map of compounds 3a (a), 3b (b), and 3¢ (¢) in the interaction with Era.

the compounds, especially 3¢, may modulate ERa’s interaction with its DNA target, potentially impacting
transcriptional activity.

The complementary docking analyses reveal that the arylidene isatin hydrazones possess strong affinity for
both ERa and its DNA-bound form, with 3¢ consistently showing the most favorable binding energies. The
interactions within the ERa-DNA complex imply a capacity to bridge or perturb protein, DNA contacts, offering
a plausible mechanism for transcriptional modulation in ERa-positive cancer cells. This integrated approach
addresses both ligand-receptor affinity and potential influence on the receptor’s engagement with its genomic
response element.

DNA interaction

In order to verify the experimental DNA interaction of the derivatives (3a-c), docking simulation was conducted
against 1BNA duplex. Figure 19 indicates the binding interaction between isatin hydrazone derivatives and
the DNA minor groove. 2D interaction map (Fig. 20) illustrates that compound 3a anchors to DNA via two
hydrogen bonds formed with the cytosine base pairs DC9 and DC21. Additionally, it engages in a hydrophobic
contact with DC21 and establishes eight van der Waals interactions involving several nucleotide residues,
such as DA18, DT19, DT20, DT7, DA6, DA5, DT8, and DG22. Compounds 3b and 3¢ exhibit similar binding
profiles, characterized by a combination of hydrogen bonding, hydrophobic forces, and multiple van der Waals
interactions. These molecular interactions collectively contribute to the stabilization of the ligand-DNA complex.
The AG® associated with the binding events were computed to be —6.51 kcal/mol for 3a, —6.65 kcal/mol for 3b,
and —7.17 kcal/mol for 3c. These values are consistent with the binding affinities determined from UV-Vis
DNA titration studies, which confirm the order of interaction strength as 3¢>3b>3a. This correlation not only
validates the thermodynamic measurements but also supports the notion that compound 3¢ forms the most
stable complex with DNA among the studied isatin hydrazone derivatives.

Scientific Reports |

(2025) 15:42705 | https://doi.org/10.1038/s41598-025-26721-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

I

Fig. 17. Docking perspective of compounds 3a (a), 3b (b), and 3c (¢) in the interaction with ERa-DNA
complex.

BSA interaction

The in silico BSA binding study of the compounds was performed to investigate the binding poses and the
nature of the interaction between the isatin hydrazone derivatives and BSA. Figure 21 illustrates the molecular
docking conformations of compounds (3a-c) in their interaction with BSA. The calculated binding energies for
these compounds were —5.75, —5.86, and —6.44 kcal/mol, respectively, revealing a progressive enhancement
in binding affinity from 3a to 3c. Notably, this computational trend mirrors the experimental UV-Vis titration
data, further confirming the binding sequence of 3c>3b>3a. The 2D interaction profiles of these complexes
are presented in Fig. 22. Analysis of these interaction maps indicates that all three compounds engage BSA
through a synergistic network of non-covalent interactions, including hydrogen bonding, hydrophobic contacts,
and van der Waals forces. Such multifaceted binding behavior underscores the structural compatibility of these
compounds with the BSA binding domain and may contribute to their differential affinities.

RMSD and Ramachandran plot

To validate the docking protocol, redocking of the compounds into their respective binding sites was performed,
and the Root-Mean Square Deviation (RMSD) values between the two docked poses were calculated. RMSD
values were interpreted according to the following classification: good when RMSD < 2.0 A, acceptable when 2.0
A < RMSD < 3.0 A, and bad when RMSD 2 3.0 A®-7!, All calculated RMSD values for the studied compounds
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Fig. 18. 2D map of compounds 3a (a), 3b (b), and 3¢ (¢) in the interaction with ERa~-DNA complex.

(3a-c) fell below 2.0 A (Table 6), indicating that the docking protocol reliably reproduced the observed binding
orientations. This result confirms the robustness and reproducibility of the docking simulations.

The conformational quality and stability of the protein structures used in the docking studies were evaluated
by Ramachandran (RC) plot analysis employing BIOVIA Discovery Studio Visualizer. The RC plot assesses
the stereochemical quality of protein models by mapping the ¢ (phi) and y (psi) dihedral angles of amino acid
residues, with regions classified as: most favorable (innermost blue contour), additionally allowed (outer pink
contour), and disallowed (outside the contour). A higher percentage of residues in the most favorable regions
indicates better structural quality and suitability for molecular docking studies’?. For ERa (PDB ID: 3ERT),
95.52% of residues were located in the most favorable regions, 3.25% in the additionally allowed regions, and
only 1.23% in the disallowed regions. The ERa~DNA complex (PDB ID: 1HCQ) showed 88.89% of residues in
the most favorable regions, 7.64% in the additionally allowed regions, and 3.47% in the disallowed regions. For
BSA (PDB ID: 40RO0), 96.90% of residues were in the most favorable regions, 2.75% in the additionally allowed
regions, and just 0.35% in the disallowed regions. These results confirm that the used protein structures are of
high stereochemical quality and structurally stable for docking simulations. The Ramachandran plots for each
protein are presented in Fig. 23.

Structure-activity relationship (SAR) analysis

The comparative evaluation of the three synthesized arylidene isatin hydrazone derivatives, 3a, 3b, and 3c,
highlights the impact of substituent type and position on their biological activities, including anticancer efficacy,
DNA/BSA binding affinity, lipophilicity, and molecular docking performance. Compound 3a bears a meta-nitro
(-NO,) group, a strong electron-withdrawing substituent. Despite its potential to increase oxidative stress and
DNA damage via ROS generation, 3a showed the lowest biological activity across the tests. The meta position may
limit conjugation with the n-system of the aromatic ring, thereby reducing interaction strength with biological
targets such as DNA or proteins. Furthermore, 3a had the lowest lipophilicity (log P=1.294), suggesting weaker
membrane permeability, which aligns with its higher IC, values for cancer cell lines. Compound 3b features
an ortho-methoxy (-OCH,) group, which is an electron-donating substituent. This increases electron density
on the aromatic ring and can enhance n-m stacking or hydrogen bonding interactions with biomolecules. The
ortho position allows for possible intramolecular interactions that may stabilize the bioactive conformation.
Compound 3b showed improved cytotoxicity and binding constants compared to 3a. Its higher lipophilicity
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Fig. 19. Docking perspective of compounds 3a (a), 3b (b), and 3¢ (¢) in the interaction with DNA.

(log P=2.297) supports better cell membrane permeability and correlates with its superior anticancer effect.
Compound 3c includes a para-fluoro (-F) substituent, which is moderately electron-withdrawing and has a
strong influence on pharmacokinetic properties due to its small size and high electronegativity. Fluorine at the
para position optimizes electronic distribution and molecular polarity, enhancing cell membrane permeability,
binding interactions, and molecular docking affinity. This compound demonstrated the highest biological
activity, with the lowest IC, values across both MCF-7 and MDA-MB-231 cell lines, strongest DNA and BSA
binding constants, and favorable docking affinities. The log P of 2.225 confirms its high lipophilicity, facilitating
efficient cellular uptake.

Conclusions

Three arylidene isatin hydrazone derivatives (3a-c) were synthesized utilizing SBA-Pr-N-Is-Bu-SO,H
nanocatalyst and characterized by spectroscopic techniques and theoretical methods. Anticancer activity
against normal HUVEC cells and breast cancer cell lines (MCF-7 and MDA-MB-231) indicated that these
compounds reduced cancer cell viability in a concentration- and time-dependent manner, with compound 3¢
showing the strongest cytotoxic effect. The enhanced activity may be attributed to fluorine’s role in enhancing
cellular membrane permeability, thereby promoting intracellular uptake. Furthermore, the antioxidant assay

Scientific Reports |

(2025) 15:42705 | https://doi.org/10.1038/s41598-025-26721-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) (b)

DA
B:18 0T
B:19

06
& = 8:22
A:8 R:8
' o¢ % R
DC 821 B:19 ;
A:9 - 0G
B:22
DA
B:18
©)
oA
a:s
oA oT
e (AS &2

4 t 5
o . “f\\’f
J O

Fig. 20. 2D map of compounds 3a (a), 3b (b), and 3¢ (¢) in the interaction with DNA.

demonstrated that 3¢ has the highest scavenging activity (80% at high concentration). The interaction of the
synthesized compounds with DNA through groove binding was confirmed using UV-Vis titration and docking
simulations. The K values for the interaction between the compounds and DNA/BSA followed the order:
3c¢>3b>3a consistent with the observed trends in their in vitro biological activity. Detailed DFT calculations
such as geometry optimization, MEP, ESP, HOMO-LUMO analysis, quantum reactivity parameters, and DOS
spectra elucidated the compounds’ reactivity, active sites, stability, electron transfer, and electronic behaviors.
ADME-Tox profiling, molecular docking, in vitro cytotoxicity assays, and DNA/BSA binding studies collectively
affirmed the potential of these arylidene isatin hydrazone derivatives as promising agents for anticancer
chemotherapy.

Scientific Reports|  (2025) 15:42705 | https://doi.org/10.1038/s41598-025-26721-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 21. Docking perspective of compounds 3a (a), 3b (b), and 3¢ (¢) in the interaction with BSA.

Scientific Reports|  (2025) 15:42705 | https://doi.org/10.1038/s41598-025-26721-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(@) (b)
CYs
A:245

HIS GLN
A:246 A:203 <

LYS
A:242

6LU

SER
A:207 A:104 <ER
A:104
LYS
A:242
(¢)
GLN
Veas 203
:10 YR
2 R:147
&
Q R:246
LEU
¢ A:103
R 4
/L\Y
L"/
g SER
b A:104

GLU
A:207

Fig. 22. 2D map of compounds 3a (a), 3b (b), and 3¢ (c) in the interaction with BSA.

Target Compound | RMSD (A) | Classification
3a 0.604 Good
ERa (PDB ID: 3ERT) 3b 0.523 Good
3c 0.468 Good
3a 0.592 Good
ERa-DNA complex (PDB ID: 1HCQ) | 3b 0.393 Good
3c 0.403 Good
3a 0.715 Good
DNA (PDB ID: 1BNA) 3b 0.770 Good
3c 0.634 Good
3a 0.621 Good
BSA (PDB ID: 40R0) 3b 0.875 Good
3c 0.542 Good

Table 6. RMSD values for the compounds (3a-c) after redocking process.
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Fig. 23. Ramachandran plot for ERa (a), ERa-DNA complex (b), and BSA (c) targets.
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