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Integrated experimental and computational
investigation of a dual-functional colorimetric
probe with anticancer activity for selective
arginine sensing: insights from DFT, molecular
docking, and molecular dynamics simulationst
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A novel anthracene-based Schiff base probe (P1) was synthesized through a facile condensation
reaction between an aldehyde and hydrazine hydrate. The resulting compound exhibited exceptional
sensitivity and selectivity as a colorimetric chemosensor for arginine detection, with a detection limit of
1.24 nM. Binding stoichiometry and interaction mechanisms were elucidated via UV-Vis spectroscopy,
while *H NMR titration experiments supported the proposed binding model. Density functional theory
studies, including potential energy surface, electrostatic potential, and non-covalent interaction analyses,
further corroborated the interaction. These investigations revealed that the optical response of P1 arises
from an intramolecular charge transfer mechanism, as confirmed by frontier molecular orbital analysis.
Importantly, P1 exhibited promising real-world applicability by successfully detecting arginine in
commercial dietary supplements. In addition to its sensing capabilities, P1 demonstrated notable
anticancer activity with an ICsg value of 20 puM in MCF7 and Hela cells, indicating its potential
therapeutic utility. The Annexin V—-PI data revealed a dose-responsive apoptotic effect by P1 on cancer
cells. Molecular docking studies further revealed a significant binding affinity of P1 towards the anti-
apoptotic protein Myeloid Cell Leukemia 1 (Mcl-1). This stability was further confirmed via molecular
dynamics simulation studies of the 5SFC4_P1 complex. Moreover, the haemolysis assay results confirmed
that P1 exhibits excellent biocompatibility, further supporting its safety and applicability in therapeutic
contexts. These findings suggest that P1 may serve as a dual-function agent with both diagnostic and
therapeutic potential in biomedical applications.

1. Introduction

Amino acids are the fundamental building blocks involved in
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protein and enzyme synthesis, metabolism, and various cellular
processes, making them irreplaceable in biological systems.
Among them, arginine plays a pivotal role in several physio-
logical processes, including immune protection,' facilitates
nutrient transport for metabolic balance, and aids in protein
synthesis for tissue repair.> Due to its high isoelectric point
(pI =10.76) and strong alkalinity (pK, ~ 12.5), arginine serves as
a biochemical precursor for the synthesis of nitric oxide, urea,
agmatine, and ornithine.®> Its guanidinium group remains
positively charged under physiological conditions, enabling
strong electrostatic interactions with negatively charged
biomolecules and enzymes, thereby stabilizing reaction
intermediates.*” It also plays a pivotal role in several biological
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processes, like intestinal stem cell migration, protein regenera-
tion, and cell division.® Aberrant levels of arginine are often
associated with various disorders, such as cancer, where it
contributes to tumor growth and progression through meta-
bolic reprogramming and immune modulation.””® Due to
its importance in biological processes, the selective and sensi-
tive detection of arginine in biological systems is of consider-
able interest for diagnostic and therapeutic applications. To
date, numerous methods for arginine detection have been
reported in the literature, like fluorescence spectroscopy,’
electrophoresis,'® and high-performance liquid chromatogra-
phy (HPLC)."' But these methods require laboratory setups,
which have limitations for real-time analysis of arginine sam-
ples. Therefore, developing a highly selective and fast-
responsive probe continues to be of significant interest. In this
context, we report a novel colorimetric responsive probe, P1,
designed to detect arginine with high specificity.

Colorimetric sensors are highly practical, low-cost tools for
rapid diagnostics, especially in resource-limited settings.'® In
this context, anthracene is a highly promising scaffold for the
development of multifunctional molecules with both sensing
and therapeutic capabilities. It possesses unique structural and
photophysical properties, such as strong fluorescence, an
extended conjugated m-system, and the ability to engage in
n-1 stacking interactions, all of which are critical for effective
sensing and biological activity.'®> Anthracene is a widely utilized
fluorophore in the development of chemosensors, owing to its
high quantum yield, excellent chemical stability, and ease of
structural modification.** Moreover, the presence of an alde-
hyde group in anthracene carbaldehyde allows Schiff base
formation, enabling chemical modification for selective sen-
sing, particularly of biomolecules like arginine. Amino acid
arginine possesses a unique side chain with a strong hydrogen
bonding capacity, high pK,, and possibility for non-covalent
electrostatic interactions. Anthracene’s structural features also
support DNA intercalation, a well-documented mechanism for
the anticancer activity of various drugs."® For example, Bisan-
trene, a modified anthracene derivative, exerts anticancer
effects by intercalating into DNA and disrupting key cellular
processes.'® Moreover, certain anthracene-based scaffolds have
shown ability to inhibit fat mass and obesity-associated pro-
tein, thereby modulating gene expression at the epitranscrip-
tomic level, a distinct and emerging therapeutic strategy.'”
Various fluorescent and colorimetric probes for arginine detec-
tion have been reported in recent literature, particularly those
based on chiral BINOL (2,2’-dihydroxy-1,1’-binaphthyl) scaf-
folds. In this respect, a BINOL-based fluorescent sensor was
reported for the selective detection of both arginine and lysine
with detection limits of 13.07 nM and 12.53 nM, respectively,
along with its biocompatibility for cell imaging applications.*®
Similarly, another BINOL-derived probe exhibited specific
detection ability of both p-arginine and p-glutamate at low
concentrations in food samples, extending its utility to paper-
based sensors.” The selective detection of arginine alone has
been achieved using chiral BINOL-based probes.”®?' Apart
from arginine detection, these probes are also used for
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p-histidine detection®®. Overall, these studies explain the pro-
gress in the design of chemoselective probes for amino acid
detection. Considering the same, the present work focuses on
introducing a structurally distinct anthracene-based Schiff base
probe (P1) that offers dual functionality as a selective colori-
metric sensor for arginine and as a potential anticancer agent.

In this study, we report the design, synthesis, and character-
ization of a new bifunctional colorimetric probe tailored for the
selective detection of arginine and evaluation of cytotoxic
activity against cancer cells. The probe integrates a responsive
chromophoric unit for real-time visual sensing with structural
features conducive to biological interaction. Density functional
theory (DFT) calculations were performed to gain a better
understanding of the amino acid sensing mechanism of the
synthesized probe (P1). Electronic structure properties were
studied using structure optimization, energy calculations,
charge analysis, potential energy scanning plots (PES), electro-
static potentials (ESP), and frontier molecular orbital (FMO)
analysis. Moreover, natural bond order (NBO) analysis, reduced
density gradient (RDG), and non-covalent interaction (NCI)
were performed specifically to investigate the hydrogen bonds
and other non-covalent interactions. These findings not only
corroborate the experimental results but also offer a foundation
for the future design of advanced multifunctional molecular
sensors. To investigate its therapeutic efficiency, the synthe-
sized compound P1 was docked in the Mcl-1 protein predicted
by the freely available web resource, PASS online, to further
evaluate its potential biological activity as an antitumor agent
(https://www.way2drug.com/passonline). After predicting the
biological activity using PASS online and performing docking
studies with the target protein, the compound was also sub-
jected to MTT and haemolytic assays to assess its practical
application and cytocompatibility. The docked molecule, along
with the reference, was subjected to molecular dynamics simu-
lations of 300 ns to investigate the stability of the complex in a
biological environment.

2. Materials and methods

Reagents and solvents used for synthesis were of analytical
grade. For the UV-Vis studies, spectroscopic-grade solvents
were used. Anthracene-9-carbaldehyde and hydrazine hydrate
were obtained from Sigma-Aldrich (Merck), while all amino
acids were sourced from Spectrochem, Otto Chemie Pvt. Ltd,
and Sigma-Aldrich, and were used without further purification.
The "H NMR spectra were recorded at room temperature using
a JNM ECZL 400S spectrometer (JEOL, Japan), with tetramethyl-
silane (TMS) as the internal standard. Chemical shift values are
reported in parts per million (ppm). FTIR measurements were
performed using a PerkinElmer Affinity FTIR spectrophot-
ometer. The UV-Vis absorption spectra were measured using
a Lab India UV-Vis 3000+ spectrophotometer with a quartz
cuvette of 1 cm path length. All experiments were carried out
in accordance with the compliance standards of the relevant
laws and guidelines set by the Indian Medical Association (IMA)
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Scheme 1 Synthesis of probe P1.

for research involving human subjects. For the haemolysis
assay, whole blood was collected from a healthy individual into
EDTA-coated vacutainer tubes after obtaining prior informed
consent. The experimental protocol received approval from the
IMA and was conducted in accordance with ethical guidelines
for human subject research at Blue Cross Pathology Lab (IMA-
BMWMC No. 1093), Vadodara, India.>®

2.1. Synthesis of (E)-1-(anthracen-9-ylmethylene)-2-(2,4-
dinitrophenyl)hydrazine (P1)

To a solution of 9-anthracene carbaldehyde (1 g, 4.84 mmol)
in methanol, 2,4-dinitrophenylhydrazine hydrate (1.506 g,
5.33 mmol) was added and refluxed at 60 °C (Scheme 1). The
starting material was fully consumed, and the reaction was
monitored using TLC. After cooling the reaction mixture, the
resultant precipitate was filtered and washed with cold metha-
nol. The crude product was recrystallized with dichloro-
methane (DCM) to obtain the product as a red solid in
92% yield.

"H-NMR (400 MHz, DMSO-Dg) § 12.10 (s, 1H) 9.97 (s, 1H)
8.93 (d, J = 2.7 Hz, 1H), 8.81 (d, J = 9.0 Hz, 2H), 8.77 (s, 1H),
8.44 (dd, J = 9.7, 2.7 Hz, 1H), 8.18(d, J = 8.2 Hz, 2H), 8.04
(d,J = 9.5 Hz, 1H), 7.70-7.66 (m, 2H), 7.62-7.59 (m, 2H), HRMS
(m/2): calculated for C,yH,4,N,0, [M+H]" 386.10; found 386.4
(Fig. s1).

2.2. UV-Vis spectroscopic studies

UV-Vis spectroscopy was employed to investigate the interac-
tions between probe P1 and various amino acids. A stock
solution of the 1 mM probe was prepared using spectro-
scopic-grade DMSO. Stock solutions of 1 mM amino acids,
such as alanine, arginine, asparagine, aspartic acid, cysteine,
glutamic acid, glutamine, glycine, histidine, isoleucine, leu-
cine, lysine, methionine, phenylalanine, serine, proline, tyro-
sine, tryptophan, threonine, and valine and the structural
homolog ornithine were prepared in double-distilled water.
For the binding study, 300 pL of the 1 mM probe solution
and 2400 pL of DMSO were combined in a quartz cuvette,
followed by the addition of 1 mM analyte solution. The absorp-
tion spectra were measured for the probe in the absence and in
the presence of the selected amino acids and ornithine to
evaluate the interaction dynamics. UV-Vis spectroscopic
responses were further studied under physiological and
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analytical conditions (varying the ionic strength and in real
sample matrices) to validate the stability of the probe.

2.3. Evaluation under physiological and analytical conditions

2.3.1. Selectivity studies. Competitive binding studies were
performed to evaluate the interference of other amino acids in
arginine detection. To accomplish this, colorimetric and spec-
tral changes of probe Pl-arginine (100 puM:50 puM) were
recorded in the presence of 50 pM other amino acids. The
selectivity of P1 towards arginine was further evaluated by its
consistent performance upon varying the ionic strength and in
real biological matrices, confirming its robustness under prac-
tical conditions.

2.3.2. Effect of ionic strength and biological media. To
examine the robustness of probe P1 under physiological con-
ditions, its sensing performance was evaluated upon varying
the ionic strength and in the presence of complex biological
matrices. Different concentrations of NaCl (0 to 100 mM) were
added to arginine solutions to mimic physiological ionic envi-
ronments, and the probe response was monitored. Addition-
ally, the performance of the sensor was checked in complex bio-
logical media using bovine serum albumin (BSA, 1 mg mL™ ') to
mimic a serum-like matrix. The detection response was
recorded via absorption measurements to confirm the stability,
selectivity, and sensitivity of P1 under biological conditions.
Based on the stable response under physiological conditions,
binding stoichiometry and limit of detection studies were
performed.

2.4. Binding stoichiometry analysis and the limit of detection

For the binding stoichiometry analysis, stock solutions of probe
P1 (1 mM in DMSO) and arginine (1 mM in double-distilled
water) were prepared. A series of mixtures were prepared by
varying the volumes of probe P1 (0.3 to 3 mL) and arginine (3 to
0.3 mL), while keeping the total volume in the cuvette constant
at 3 mL. The absorption spectra were recorded at 440 nm of the
probe (Xprope) against (A4g — A) X Xprobe, Where Ay and A
represent the absorbance values.
The limit of detection (LOD) for arginine detection using the
probe was determined using the equation:
30
LOD = 5
where ¢ is the standard deviation of the blank measurements,
and S is the slope of the calibration curve. The standard

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deviation of the calibration curve was determined using four
replicate absorbance measurements.

The interaction strength between arginine and the probe P1
was assessed with an absorption titration experiment. Arginine
(0 to 100 uM) was gradually added in 10 pL increments. The
resulting absorption spectra were recorded and utilized to
generate a Benesi-Hildebrand (B-H) plot of 1/(A — A,) versus
1/[Arginine], enabling the evaluation of the binding interaction.
The binding constants were determined using the slope of the
B-H plot from the equation.

1 1 1
A— Ay Ko(Amar — A0)C | A — Ao

Here, A, and A represent the absorbance of the probe in the
absence and presence of arginine, respectively. Ay, refers to
the highest absorbance recorded following the addition of
arginine. K}, is the binding constant, and C denotes the concen-
tration of arginine. To gain mechanistic insights into the
selective detection of arginine during the amino acid sensing
experiment, DFT calculations were performed.

2.5. DFT studies

In the present work, all calculations were performed using
Gaussian 09 software.>* The selected probe (P1), arginine
analyte (assumed as A1), and the resulting product (assumed
as C1) were optimized using the hybrid-exchange correlation
functional CAM-B3LYP (Coulomb-attenuated mixing Becke
three-parameter Lee-Yang-Parr)** along with a split-valence
double-zeta basis set, 6-31+G(d,p). The selection of CAM-
B3LYP/6-31+G(d,p) was based on the effectiveness of this level
of theory in studying organic molecules involved in charge-
transfer or long-range intermolecular interactions. To incorpo-
rate the solvent effect, the analysis was carried out using a gas
phase, cyclohexane, water, and DMSO in CPCM (conductor-like
polarizable continuum model) at the same level of theory.>*
Based on the theoretical outcome, DMSO was selected for
further studies, which also aligns with the experimental solvent
system used to conduct the current work (Table S1). The
absence of negative frequencies in the vibrational spectra of
P1, A1, and C1 confirms the formation of stable, energy-
minimized geometries. The PES scanning plot was generated
to understand the interactions formed within complex C1
(P1---A1). This scanning plot maps the energy variation along
the reaction coordinates and identifies the product and any
intermediate states formed. NBO calculations were performed
to analyze the charge change in P1 during complex formation.
Moreover, to understand the hydrogen bonds and other non-
covalent interactions formed within C1, RDG and NCI plots
were generated using the Multiwfn program.>* These plots were
created using visual molecular dynamics (VMD) software.>” In
addition to its selectivity sensing ability, the therapeutic
potential of compound P1 was further explored through com-
bined in silico and biological assays evaluating its anticancer
efficacy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6. Molecular docking studies

2.6.1. PASS online. Based on the target prediction
outcome extracted from the freely available web resource, PASS
online tool, Mcl-1 was observed as the potential therapeutic
target having a probable activity (P,) of 0.898 and a probable
inactivity (P;) of 0.003 (https://www.way2drug.com/passonline).
The Mcl-1 enzyme is known to cause tumorigenesis and resis-
tance to anticancer therapies; thus, it is considered an attrac-
tive anticancer target.>® Thereafter, the Mcl-1 enzyme with PDB
ID 5FC4 was selected to perform molecular docking and
interaction analysis to study the binding of the selected com-
pound P1 with the enzyme.

2.6.2. Molecular docking analysis. To study the interaction
pattern of the selected compound P1 with the Mcl-1 enzyme,
molecular docking studies were conducted using the
FlexX module®” of the SeeSAR v13.1.1 software.”® The FlexX
module implements the modified Bohm scoring function
to calculate the binding affinity between the compound and
macromolecule.”® To validate the docking protocol, we first
performed redocking studies using known Mcl-1 inhibitors,
5WL, 5X2, 5X3, 70R, LC3, and QOD corresponding to PDB IDs
5FC4, 5FDO, 5FDR, 5LOF, 5WIX, and 6U63, respectively.
Based on the resolutions, 5FC4 was selected for docking
calculations with the selected molecule P1. During docking
calculations, the Protein Editor Mode of the software was
used to prepare the protein chain. While performing protein
preparation, missing side chains and hydrogen atoms were
added automatically, bond orders were assigned, alternate
amino acids and water molecules were removed, and hydrogen
bond networks were optimized, along with the generation of
hetero protonation states at pH 7.4. Thereafter, the Binding Site
Mode of the software was utilized to generate the binding
pocket based on the co-crystallized ligand of the macromole-
cule. The top ten poses were generated from the docking
calculation. The 2D interaction plot of the docked protein-
ligand complex was constructed using the Discovery Studio
visualizer.

2.7. Cell viability (MTT assay)

2.7.1. Cell culture. To complement the molecular docking
studies, in vitro cytotoxicity of P1 was evaluated using the MTT
assay on cancer cells MCF7 (breast cancer cells) and HeLa
(cervical cancer cells). The safety evaluation of P1 on normal
cells was assessed through the MTT assay on WS1 (normal
fibroblast cells). The MCF7, HeLa and WS1 cells were procured
from the National Center for Cell Science (NCCS), Pune, and
cultured in Dulbecco’s modified Eagle medium (DMEM) for
MCF7 and HeLa and in Eagle’s minimum essential medium
(EMEM) for WS1 supplemented with 10% fetal bovine serum
(FBS) (Gibco), 1-2% non-essential amino acids and 1%
antimycotic-antibiotic solution (HiMedia). The cells were main-
tained at 37 °C in a 5% CO, incubator. Sub-culturing was
carried out using a 0.25% Trypsin Phosphate Versene Glucose
(TPVG) solution (HiMedia), until the cells reached approxi-
mately 80% confluency.

Mater. Adv., 2025, 6, 9064-9084 | 9067
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The ICs, values of the compound were determined using the
MTT assay. The cells (10* cells per well) were seeded in a 96-well
plate containing 10% DMEM. Serial dilutions of the compounds
(ranging from 5 pM to 100 pM) were prepared in incomplete
media, and treatments were applied once the cells reached
approximately 70% confluency. After 24 hours of incubation,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; 5 mg mL™") was added and incubated for 4 hours. Post
incubation, the MTT solution was removed, and 150 pL of
DMSO was added to each well to dissolve the resulting
formazan crystals. Absorbance was then recorded at 540 nm
using a Synergy HTX multimode reader.*”

2.7.2. Apoptosis assay by Annexin V-propidium iodide (PI)
binding. Flow cytometry analysis through Annexin V-PI (Becton
Dickinson) binding on the cells was performed to reveal the
percentage of cells that are viable and undergoing apoptosis,
and necrotic cells upon P1 treatment. 100uL of the treated cell
suspension (~1 x 10° cells per mL) in binding buffer (1x) was
incubated in the dark with Annexin V-FITC and PI for
15 minutes at room temperature. Then, the percentage of
viable/apoptotic/necrotic cells was evaluated using a flow
cytometer (FACS-Becton Dickinson).*!

2.7.3. Haemolysis assay. To evaluate the biocompatibility
of compound P1, a haemolysis assay was performed using
human red blood cells. Whole blood was collected from a
healthy individual in EDTA-coated vacutainer tubes. The col-
lected blood samples were treated with varying concentrations
of the compounds. Negative control was a sample treated with
1x PBS (0% haemolysis), and positive control was a sample
treated with 3% hydrogen peroxide (100% haemolysis). After
incubation for 3 hours, the tubes containing blood samples
were centrifuged at 1500 rpm for 10 min to collect the plasma.
The OD was measured at 540 nm and 655 nm,**** and the
percentage of haemolysis was calculated using the following
formula:
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unfavourable contacts, with the maximum force constrained
below 1000 k] mol " nm ™. Following minimization, position-
restrained equilibration was carried out in two stages: first
under the NVT ensemble (constant number of particles,
volume, and temperature) for 100 ps using the Berendsen
thermostat®® to maintain the temperature at 300 K; then under
the NPT ensemble (constant number of particles, pressure, and
temperature) for 100 ps using the Parrinello-Rahman barostat
to maintain pressure at 1 bar.*” Long-range electrostatic and
van der Waals interactions were computed using the Particle-
Mesh Ewald (PME) method with a cutoff of 1 nm.*® Bond
constraints were applied using the LINCS algorithm to main-
tain fixed bond lengths.*® Production molecular dynamics
simulations were then carried out using default GROMACS
parameters, with system coordinates recorded every 2 fs. Var-
ious structural and dynamic properties were analyzed, includ-
ing root mean square deviation (RMSD), root mean square
fluctuations (RMSF), radius of gyration (RoG), and hydrogen
bonding (H-bonds), and plotted using GRACE.*® Moreover,
Coulombic interaction energy and Lennard-Jones energy both
were calculated.

3. Results and discussion

3.1. Structural characterization

The 'H NMR spectrum of the synthesized compound P1,
recorded in DMSO-dg, displays a characteristic singlet at ¢
~12.10 ppm, which can be attributed to the -NH proton of
the hydrazone moiety (-C—=N-NH-). This downfield shift is
consistent with strong intramolecular hydrogen bonding inter-
actions and the deshielding effect of the adjacent imine and
aromatic groups.”' Additionally, the imine proton (-CH=N-)
appears as a singlet in the region of ¢ 9.967 ppm, confirming
the successful formation of the hydrazone linkage. The

Sample absorbancessy_gssnm — Negative control absorbancesso_g5s5nm

% Haemolysis = 100 x

Following the haemolysis assay, molecular dynamics simu-
lations were conducted to study the stability of the P1-Mcl-1
complex at the molecular level.

2.8. Molecular dynamics simulations

Molecular dynamics simulations were conducted on 5FC4
complexed with the reference (5WL) and the docked molecule
(P1) for 300 ns using the AMBER99SB force field of GROMACS
2022.4.%*>* The topologies of both molecules, i.e., 5SWL and P1,
were generated using ACPYPE.*® Each system was placed in a
dodecahedron simulation box with a minimum distance of
1 nm between the protein surface and the box edge in all
directions. The SPC216 water model was used for solvation, and
the systems were neutralized by adding Na" and Cl~ ions.
Energy minimization was performed using the steepest descent
algorithm for 50000 steps to eliminate steric clashes and

9068 | Mater. Adv., 2025, 6, 9064-9084
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presence of these two distinct signals confirms the proposed
structure. The IR spectrum shows a strong band at 1620 cm ™"
for C=N stretching of the hydrazone and a peak at 1510 cm™
attributed to the asymmetric stretching of the nitro group,
confirming the presence of both imine and -NO, functional-
ities (Fig. S2).

1

3.2. Colorimetric detection of arginine

The colorimetric response of probe P1 toward the selected
amino acids and ornithine was evaluated by adding them to
its solution. Among them, only arginine induced an immediate
visible color change from yellow to red, while the addition of
other amino acids resulted in no noticeable color change
(Fig. 1). The initial colorimetric response of P1 upon arginine
addition was further validated and quantified via UV-Vis

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00683j

Open Access Article. Published on 09 Nhlangula 2025. Downloaded on 2026-03-15 20:11:56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

P+Water
P+His

P+Asn
P+Pro
P+Trp
P+Gln
P+Met
P+Arg
P+ile

P+Trp

P+Glu

View Article Online

Materials Advances

> o 2 = 0 o

D T P £ Bt

n.+++ ++++ +
B.Q.Q.En_n_n_n_

Fig. 1 Naked eye colour change of probe P1 (100 pM) in the presence of different amino acids.

absorption studies, providing structural evidence of the bind-
ing interaction.

3.3. UV-Vis absorption studies and spectral analysis

The UV-Vis absorption spectrum of probe P1 (100 uM) recorded
in DMSO exhibited a broad band ranging between 300 and
500 nm, with distinct absorption maxima at 369 nm and
440 nm (Fig. 2A), likely corresponding to n-n* or n-n* transi-
tions within the probe’s highly conjugated system. As shown in

(A)
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Fig. 2

Fig. 2B, the charge transfer band centered at 440 nm decreased
in intensity and underwent a red shift from 20 nm to 460 nm.
Additionally, a new absorption band emerged at 540 nm with a
clear isosbestic point at 463 nm, indicating the formation of a
stable complex between P1 and arginine. Upon addition of
various amino acids (100 uM), including alanine, asparagine,
aspartic acid, cysteine, glutamic acid, glutamine, glycine, histi-
dine, isoleucine, leucine, lysine, methionine, phenylalanine,
serine, proline, tyrosine, tryptophane, threonine, valine, and
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(A) UV absorbance of probe P1 (100 puM) in 90% DMSO:Water. (B) Absorption spectra of probe P1 and P1 + arginine. (C) UV-Vis spectral changes in

probe P1 on the addition of 100 uM of different amino acids. (D) UV-Vis spectral change in probe P1 on addition of 100 uM ornithine (structural homolog).
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(A) UV-Vis absorption spectra of P1 (100 uM in the presence of different concentrations of salt (NaCl, 10 to 100 mM)). (B) The UV-Vis absorption

spectra of probe P1 and P1 + arginine in the presence of bovine serum albumin (BSA, 1 mg mL™) [red and black lines, respectively].

ornithine, no significant changes were observed in the absorp-
tion spectra, except for a slight alteration with isoleucine. In
contrast, the addition of arginine led to a marked change in the
absorption profile, accompanied by a visible color change
(Fig. 2C). Therefore, no significant change in the absorption
spectra for these amino acids and structural homologs (Fig. 2D)
confirms the sensor’s selectivity toward arginine detection. To
ensure the practical applicability of the UV-Vis response, spec-
tral analyses were further extended under physiological and
analytical conditions to check the stability of the probe and
efficiency in sensing in a biological environment.

3.4. Evaluation under physiological and analytical conditions

3.4.1. Effect of ionic strength (NaCl) and biological media.
To simulate the effect of pH and ionic strength on the probe’s
sensing behaviour, different concentrations of NaCl were added
to mimic the ionic content typically found in biological fluids.
The UV-Vis absorption spectra of the probe-arginine complex
were recorded in the presence of increasing salt concentrations
(10 mM to 100 mM). The absorption spectra show a minimal
decrease in intensity with an increase in the salt concentration;
however, the characteristic peak at 540 nm corresponding to
arginine binding remains clearly distinguishable even at 100
mM salt [Fig. 3A]. This indicates that the probe retains its
sensing capability and structural integrity in high-ionic-
strength environments. The probe performs best at sensing at
neutral pH, according to pH-dependent studies. Maintaining
physiological pH conditions is crucial for accurate detection, as
evidenced by the reduced or non-specific responses that
occurred from significant deviation from this pH. Together,
these results demonstrate that the probe is stable and selective
in biologically realistic settings.

To evaluate the sensor’s performance in a biologically rele-
vant matrix, a 1 mg mL " solution of bovine serum albumin
(BSA) was prepared and used as a model protein. A mixture of
300 pL of BSA solution and 300 pL of the probe solution was
prepared, and the volume was adjusted to 3 mL using DMSO. In

9070 | Mater. Adv, 2025, 6, 9064-9084

another setup, 300 pL each of the BSA solution, arginine
solution, and probe solution were combined and similarly
diluted to a final volume of 3 mL, and the corresponding
absorption spectra were recorded. The absorption spectra
revealed that the presence of BSA had no noticeable interfer-
ence with the sensor’s response, indicating that the probe
retains its selectivity and performance even in a protein-rich
environment (Fig. 3B).

Following the confirmation of probe stability in various
ionic strengths and biological media, a time-based study was
conducted to evaluate the rapidity and consistency of the
arginine-detection response.

3.4.2. Time-based study. To evaluate the time-dependent
response of the probe towards arginine, a time-based UV-Vis
spectroscopic study was performed. The absorbance of probe
P1 at 540 nm changed promptly upon adding 1 equivalent of
arginine and remained consistent afterward (Fig. 4). Thus, the

14{ = . . .
£ 1.2 1
=
2 0 S
l*’;: ’ = ProbetArg
$ 0.8 °* Probe
=
]
= 0.6
2
<0.4-
0.2 ° ° ® ® ° °
20 40 60 80 100 120

Time(s)

Fig. 4 Time-dependent absorbance at 540 nm of 100 pM probe P1 with
1 equiv. arginine.
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Fig. 5 (A) UV-Vis absorption spectral changes of probe P1 in 90% DMSO:water upon the addition of various amino acids (50 uM) in the presence of

arginine (50 uM). (B) The corresponding absorbance values of probe P1 for different amino acids, measured at 540 nm.

probe is ideal for real-time arginine detection due to its rapid
sensing ability. On observing the rapid sensing ability of P1
through time-based studies, selectivity experiments were con-
ducted to check the specificity towards arginine sensing.
3.4.3. Selectivity studies. Selectivity studies were per-
formed with the aim of evaluating the specificity of probe P1
towards arginine in comparison to other structurally similar
amino acids. An interference experiment was performed to
assess the selectivity of probe P1 for arginine in the presence
of competing amino acids in a complex matrix, as illustrated in
Fig. 5. The absorption spectra of P1 in the presence of arginine
(50 uM) exhibited a consistent pattern even in the presence of
other amino acids (50 uM), as shown in Fig. 5A. However,
slight interference was detected in the presence of aspartic
acid, indicating partial interaction. This interaction could be
attributed to its acidic nature, which may cause a minor
spectral change by weak electrostatic interactions in the sen-
sing environment, leading to a mild UV response without a

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

significant colour change. Despite this, the chemosensor probe
P1 demonstrated high selectivity for arginine over other amino
acids under identical conditions (Fig. 5B). This selectivity is
attributed to the preferential interaction between P1 and argi-
nine, likely driven by hydrogen bonding and electrostatic
interactions. These findings highlight the potential of probe
P1 as a reliable sensing platform for arginine detection in
biological and environmental applications. Following the con-
firmation of the selectivity of P1 towards arginine under con-
trolled conditions, its practical applicability was further
evaluated through real sample analysis using commercially
available dietary supplements.

3.4.4. Real sample analysis (arginine sensing in dietary
supplements). To test the practical applicability of the synthe-
sized sensor under practical conditions for arginine detection,
a commercially available arginine supplement powder was used
as a real sample. A total of 115 mg of the supplement powder
was dissolved in 5 mL of distilled water, followed by filtration to

Mater. Adv, 2025, 6, 9064-9084 | 9071
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Fig. 6 Colorimetric sensing test of arginine by probe P1 using a real
arginine supplement.

remove any insoluble impurities. The resulting clear solution
was used for further analysis. Sequential aliquots (2 pL, 4 pL,
and 6 pL) of the prepared sample were added to a 100 pM
solution of P1 in DMSO, and the corresponding absorption
spectra were recorded. Additionally, a mixture containing
100 uM of standard arginine and the prepared supplement
sample was also analysed to assess the sensor’s performance in
complex matrices. The absorption spectra of P1 containing real

View Article Online

Paper

arginine samples show a change in the colour visible to the
naked eye, and the same absorption pattern in the UV spectra
(Fig. 6) indicates its potential for use in real-life applications.

3.5. Binding stoichiometry analysis and limit of detection

To gain a deeper understanding of the interaction between
Probe P1 and arginine, UV-Vis titration experiments were
conducted. Upon the stepwise addition of arginine (0-30 puM)
to the P1 solution, a gradual decrease in absorbance at 440 nm
was observed, accompanied by a slight red shift to 460 nm and
the emergence of a new absorption peak at 540 nm, as
illustrated in Fig. 7A. The detection limit of P1 was found to
be 1.24 nM. This implied that probe P1 could be used for
arginine detection at very low concentrations. The analytical
performance of probe P1, having a detection limit of 1.24 nM
(Fig. 7A), was compared with that of several reported arginine-
responsive probes, highlighting its superior sensitivity
(Table S2). To further elucidate the binding interaction, both
the binding constant and stoichiometry were evaluated using a
Benesi-Hildebrand (B-H) and Job’s plot, respectively. The B-H
plot of 1/(A — A,) versus 1/[Arginine] displayed good linearity
(R* = 0.9912), confirming a 1:1 binding stoichiometry between
P1 and arginine (Fig. 7B). The binding association constant (K,)
was calculated to be 3.74 x 10* M~ '. Additionally, the Job’s plot
exhibited a clear maximum at a 0.5 molar ratio (Fig. 7C), further
supporting a 1:1 stoichiometric interaction between P1 and
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Fig. 7

(A) The absorption spectrum of probe P1 (100 puM) on the consecutive addition of arginine (0—-30uM); (B) the Benesi—Hildebrand plot for P1-

arginine interaction; (C) Job’s plot confirming the binding stoichiometry between probe P1 and arginine, where Xyope denotes the mole fraction of P1.
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Fig. 8 Molecular geometries of the optimized probe (P1), analyte (A1), and the product (P1- - -Al) with atomic labelling of all atoms obtained at the CAM-

B3LYP/6-31+G(d,p) level of theory using the CPCM-DMSO solvation model.

arginine. The insights gained from binding stoichiometry
analysis and limit of detection studies confirm the selective
interaction of P1 and arginine. Based on this, a proposed
sensing mechanism was further outlined to explain the inter-
action between P1 and arginine.

3.6. Proposed sensing mechanism

To gain further insight into the interaction between probe P1
and arginine, NMR titration experiments were performed, and
the addition of 1 equivalent of arginine to P1 in DMSO-de
resulted in the complete disappearance of the signal at
12.10 ppm (Fig. S4). Additionally, signals at 9.97, 8.90, 8.43,
and 8.06 ppm exhibited noticeable broadening, suggesting
changes in the chemical environment due to Pl-arginine
interactions. These spectral changes indicate that the binding
likely involves the N-H proton of the Schiff base scaffold. The
proposed binding mechanism is depicted in Fig. S4. Further-
more, the interaction mode is corroborated by theoretical
investigations using DFT calculations.

3.7. DFT studies

To gain deeper insight into the sensing of arginine by probe P1
at the molecular level, DFT calculations were conducted.

3.7.1. Ground state geometry optimization. The ground
state optimized geometries of P1, A1, and C1 are shown in
Fig. 8. These geometries correspond to the minimum energy
points, as indicated by the absence of negative frequency in the
frequency calculations (Tables S3-S5). These optimized geome-
tries were employed for further calculations.

3.7.2. UV-Vis absorption spectra and molecular orbital
analysis. Experimental studies reveal spectral variations in P1
upon the addition of A1, with the 440 nm absorption band
decreasing and a new peak emerging at 540 nm, as shown in
Fig. 9. The theoretical studies conducted on P1 and C1 also
follow the same trend (Fig. 9).

As observed in Table 1, the highest oscillatory strength is
observed for the S, — S; transition for P1 and the S, — S,
transition for C1, which depicts the allowed transition. For the

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

obtained transitions, the respective oscillator strength, orbital
contribution, and % contribution of P1 and C1 are tabulated in
Table 1. For P1, the S, — S; transition was observed at
416.80 nm (2.97 eV) with a maximum oscillatory strength of
0.68, whereas in the case of C1, the S, — S, transition was
observed at 427.44 nm (2.97 eV) with a maximum oscillatory
strength of 0.95. The theoretical wavelengths were in good
agreement with the experimental outcome, as in both cases,
upon binding, a red shift is obtained in the spectra of C1.
Moreover, the increase in the oscillatory strength depicts the
highly intense absorption, which is considered ideal for sen-
sing. Therefore, considering the situation, it can be predicted
that binding of A1 with P1 increases the charge transfer
interactions. FMO analysis also reveals the major contribution
in the transitions of P1, which was observed due to HOMO to
LUMO (39.78%), HOMO to LUMO+1 (28.42%), HOMO to

50000

427nm = Experimental
/ I\ = = Theoretical
/ \ Experimental
40000 \ = = Theoretical
/ \
! \
,416nm
30000 - RN
N
/ Voo
20000 ! Vo

Extinction coefficient (cm"M b}

T
400 600
Wavelength (nm)

800

Fig. 9 Graphical representation of the experimental UV-Vis spectra of the
probe and product (straight lines), and the calculated absorption band
(dotted lines) generated at the CAM-B3LYP/6-31+G(d,p) level of theory
using the CPCM-DMSO solvation model. Red color corresponds to the
probe, and the blue color corresponds to the product.
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Table 1 Calculated wavelengths (nm) along with the experimental values
(nm), their corresponding oscillatory strengths, and % contribution of the
transition of probe P1 and product C1, calculated at the B3LYP/6-
31+G(d,p) level of theory using the CPCM-DMSO model

Molecules Probe (P1) Product (P1---Al)
Calculated transition wavelength (nm) 416.8 427.44
Calculated energy (eV) 2.97 2.9
Experimental values (nm) 440 540
Electronic transition® So = S So = S,
Oscillatory strength (f) 0.68 0.95
Main contribution H-1-1L H-1->1L

H->L H-1 - L+2

H—-L+t1 H->L

H->L+2 H - L+1
Configuration interaction (CI) —0.21 —0.18

0.45 0.14

0.38 0.44

—0.29 0.47
Contribution of transition® (%) 8.98 6.55

39.78 4.03

28.42 38.89

17.05 44.74

“ Selected low-lying excited state. ” = 2 x (CI)? x 100.

LUMO+2 (17.05%), and HOMO-1 to LUMO (8.98%). Similarly,
in C1, the major contribution was observed because of HOMO
to LUMO+1 (44.74%), HOMO to LUMO (38.89%), HOMO-1 to
LUMO (6.55%), and HOMO-1 to LUMO+2 (4.03%), suggesting
the formation of new electronic interactions in C1 (Fig. 10).
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Moreover, as depicted in the PES and NCI calculations, the
observed bathochromic shift also supports the proton transfer.
The HOMO-LUMO energy analysis reveals a slight reduction in
the energy gap from 0.059 eV (P1) to 0.0506 eV (C1), indicating
increased electronic delocalization. Moreover, the major orbital
transitions (HOMO to LUMO) suggest a potential intra-
molecular charge transfer (ICT) mechanism. The orbital orien-
tation across the donor and acceptor regions in Fig. 10 also
supports the interpretation. The same was studied via
PES plots.

3.7.3. Natural bond orbital analysis. The binding of the
analyte to the probe (P1) was evaluated through NBO charge
calculations. The calculated natural charges on key atoms are
presented in Fig. 11. The results provide clear evidence of
charge redistribution upon interaction with A1, highlighting a
proton transfer event that contributes to the stabilization in C1.
Notably, atom N63 shows a significant gain in electron density
(Ag = +0.147), consistent with proton uptake, while atom N25
becomes more negative (Ag = -0.201), indicating its role as the
proton donor. A slight decrease in the negative charge on atom
N24 (Ag = +0.057) suggests electron delocalization or reduced
participation in hydrogen bonding following the transfer.
Meanwhile, atom C26 exhibits an increase in positive charge
(Ag = +0.175), likely due to the overall electronic rearrangement
in the system rather than direct involvement in bond for-
mation. These charge shifts support a mechanism involving

LUMO +2
+ -0.19620eV
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Fig. 10 Frontier molecular orbital of ground state geometry of probe P1 and complex (P1---Al), generated at the CAM-B3LYP/6-31+G(d,p) level of
theory using the CPCM-DMSO solvation model. Red color transitions represent the major contribution.
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Fig. 11 Visual representation of atomic natural charges obtained from NBO analysis generated using the CAM-B3LYP/6-31+G(d,p) level of theory and

the CPCM-DMSO solvation model.

proton transfer from N25 to N63, accompanied by electronic
reorganization that stabilizes the resulting product. This inter-
pretation is further supported by PES analysis, which confirms
the formation of a more stable, low-energy product configu-
ration, in agreement with the experimental observations.
3.7.4. Noncovalent interaction index. The reduced density
gradient (RDG) method is a powerful tool for identifying and
analyzing non-covalent interactions. RDG scatter plots, along
with non-covalent interaction (NCI) plots, provide a visual
representation of these interactions between molecular enti-
ties. In this technique, the RDG is plotted against the electron
density multiplied by the sign of the second eigenvalue of the
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Fig. 12 NCl isosurfaces and RDG scatter plots for probe P1 and product

Hessian matrix (sign(,)p).** As shown in Fig. 12, this approach
effectively captures both intermolecular and intramolecular
interactions. Green spikes on the positive side of the
sign(4,)p axis indicate van der Waals interactions, while red
spikes correspond to steric repulsions. The NCI analysis of the
probe structure reveals a prominent hydrogen bond inter-
action, indicated by a distinct blue region at negative values
of sign(4,)p in the scatter plot, highlighting the highly direc-
tional nature of the interaction. This corresponds to the proton
being closely associated with the donor nitrogen atom of the
imine group, while simultaneously engaging with the acceptor
oxygen atoms of the nitro group. Upon introduction of A1, a
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(P1---Al1) generated at the CAM-B3LYP/6-31+G(d,p) level of theory using the

CPCM-DMSO solvation model. The RDG cut-off is sign(/,)p = 0.5 a.u., with a color scale from —0.030 to 0.020 a.u., where blue, green, and red indicate

attractive, van der Waals, and repulsive interactions, respectively.
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Fig. 13 Potential energy scanning plot generated between probe P1 and analyte Al with a bond length of N25-N63, calculated at the CAM-B3LYP/6-
31+G(d,p) level of theory using the CPCM-DMSO solvation model. The pink color represents the atoms involved in the proton shift.

notable attenuation and shift of this interaction are observed,
evidenced by a reduction in the intensity of the blue region and
the emergence of broader green areas in the NCI plot of the
product. This transition reflects a weakening of the hydrogen
bond and an increase in van der Waals interactions, consistent
with a proton transfer event that stabilizes the product through
a reorganization of the surrounding noncovalent interaction
network.

3.7.5. Potential energy scanning analysis. To understand
the mechanistic insights for a sensor, a potential energy surface
(PES) scan was generated with a focus on key bond length
changes between atom N25 and N64, as shown in Fig. 13. A
significant shortening of the N63-H42 bond from 2.400 A to
1.00 A was observed in C1, indicating strong bond formation.
Concurrently, the N25-H42 bond elongates from 1.028 A
to 1.97 A, suggesting proton transfer during the process
(Table S6). These two changes point to a bond substitution or
migration event as the central feature of the reaction. Other
bonds show minimal variations, indicating localized changes
around the reactive centre. This analysis highlights a concerted
mechanism involving bond breaking and formation, with the
formation of the N63-H42 bond being the driving force behind

the observed structural shift. The formation of the bond was
further verified by the NCI calculations.

3.7.6. Electrostatic potential analysis. The ESP plots used a
color code to predict the nature of the molecular region. The
red region depicts the high electron density area, the blue
region represents the low electron density area, and the
green/yellow region represents the neutral part of the molecule.
The ESP plots of P1 and C1 are shown in Fig. 14. It is visible that
the hydrogen atom involved in the shifting belongs to the
blue area; thus, the part can act as a hydrogen bond
donor. Moreover, the ESP plot of C1 is more polarized, suggest-
ing the formation of noncovalent interactions, and the
same has been explained in NCI calculations. Thus, combined
PES, NCI, UV-Vis, and ESP calculations confirm the proton
transfer during the sensing of A1, which is facilitated by
intramolecular charge transfer (ICT), as depicted by FMO
analysis. This acts as the primary mechanism responsible for
showing the optical response of probe P1 in the presence of the
analyte arginine.

Apart from its sensing capability, the potential of P1 was
further evaluated via combined in silico and biological studies
to check the anticancer activity of the probe.

Fig. 14 Electrostatic potential plots of probe P1 and complex (P1---Al), generated at the CAM-B3LYP/6-31+G(d,p) level of theory using the CPCM-
DMSO solvation model. The pink color represents the atoms involved in the proton shift.
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Fig. 15 3D docked complex of molecule P1 within the active site of the Mcl-1 protein with PDB ID 5FC4.

3.8. Molecular docking analysis

On performing molecular docking of the selected compound P1
with the Mcl-1 protein, it was observed that P1 binds well
within the active site of the Mcl-1 protein, as shown in
Fig. 15. Also, on comparing our compound P1 with the selected
reference inhibitors, 5WL, 5X2, LC3, Q0D, 5X3, and 70R, it was
observed that all molecules bind in the same binding pocket of
the enzyme (Fig. S5). On comparing the docking score, it was
observed that P1 displayed the highest docking score of
—15.48 keal mol ', followed by 5WL, having a docking score
of —12.63 kcal mol™!, LC3 (—9.790), 5X2 (—8.860), QOD
(—7.090), 5X3 (6.650), and 70R (9.480) (Table S7). Based on
the resolution, 5FC4 was selected as the reference, and Fig. 16
displays the docking pose of 5WL and P1. The selected com-
pound P1 formed hydrogen bonds with the amino acids Arg263
and Thr266. Also, it forms pi-pi interactions with Phe228, and
pi-alkyl interactions with Ala227 and Met231 (Fig. 17A). These
interactions suggest favourable binding of P1 with the protein.
In comparison, the 5SWL formed hydrogen bonding interactions
with amino acids Arg263 and Thr266, halogen bond interaction
with Ala227, pi-pi interaction with Phe270 and His224, and

pi-alkyl interaction with Phe228, Met231, and Leu267
(Fig. 17B). From the interaction analysis, the higher docking
score and presence of interaction with important amino acids
Arg263 and Thr266 suggest that the selected molecule P1
possesses the capability to act as an anticancer compound.*?
To validate the docking outcome and study the functional
impact of P1 on cancer cell viability, the MTT assay was
subsequently performed using MCF7 breast cancer cells, HeLa
(cervical cancer cells) and WS1.

3.9. Cell viability analysis

3.9.1. MTT assay. To experimentally study the anticancer
potential of the synthesized compound P1, the MTT assay was
conducted on the MCF7 breast cancer cell line. Selection of
MCF7 was made based on the overexpression of Mcl-1 enzyme
in breast cancer.** This cell line provides a relevant model to
assess the functional impact of molecule P1 on the Mcl-1
protein. The MTT assay using MCF7 breast cancer cells reveals
an ICsq value of 20 puM, which indicates moderate biological
activity (Fig. 18A). P1 showed dose-dependent cytotoxicity in
cervical cancer cells (HeLa) in a similar fashion to that observed

(D i

Fig. 16 Overlay of the docked molecule (P1 green) and experimentally co-crystallized inhibitor (SWL red) within the binding domain of the Mcl-1

protein.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the Mcl-1 protein.

in MCF7 breast cancer cells. The ICs, value for P1 in
cervical cancer cells was 20 uM (Fig. 18B). In contrast, cisplatin
demonstrated a much lower ICs, of 5.75 pM, suggesting
stronger potency.”> This comparison highlights that the
new compound is less effective than cisplatin and may benefit
from further optimization to enhance its activity. This result
revealed that P1 induces cytotoxicity similarly in different
cancer cells. Further mechanism of action behind this
phenomenon will be ascertained in our future studies.
This concentration was used further for conducting the
haemolytic assay.

3.9.2. Non-cytotoxic effect of P1 in normal fibroblast cells
(WS1). As P1 was found to be cytotoxic, the effect of P1 in
normal cells was calculated in normal fibroblast cells (WS1).
The results showed that P1 displayed almost no cytotoxicity on
the normal fibroblast cells in the concentration range studied.
Hence, it is clear that P1 is less cytotoxic (almost nil) on normal
cells, and hence it could be safe if used in normal cells for
diagnostic or prognostic approaches (Fig. 18C).

3.9.3. Apoptotic assay by Annexin V-PI binding. The
results of the effect of P1 in Annexin V-PI binding assay
revealed that there is a significant increase in the percentage
of apoptotic cells in the treatment groups when compared to
the control (Fig. 19).

From Fig. 19, it is observed that the percentage of live,
apoptotic, and dead cells in untreated and 10 uM, 20 pM, and
30 uM treated groups was found to be 78:21:0.06; 19:80:0.12;
13:86:0.03 and 11:87:0.65, respectively, indicating a dose-
dependent increase in the apoptosis levels on MCF7 cancer
cells with P1 treatment. The percentage increase in the early
apoptotic cells on treatment with P1 revealed that P1 exhibits
cytotoxicity in cancer cells in a programmed manner. The
apoptosis exhibited by P1 may be through the mitochondria-
mediated pathway. Further mechanistic studies should be
planned in the future to reveal this anticancer mechanism of
action in cancer cells.

9078 | Mater. Adv, 2025, 6, 9064-9084

Arginine is needed for the multiplication of cancer cells like
MCF7 and HelLa cells. Though arginine is not a cancer biomar-
ker, it is an important amino acid involved in protein synthesis
required for cancer cell progression. Increased arginine
demand was seen in the tumor microenvironment, which was
reported in many cancers. It is a precursor of nitric oxide, which
is essential for the progression of many cancer cells. At the
same time, arginine is needed for the functioning of immune
cells, such as NK cells. NK cells destroy the cancer cells, and
they inhibit the cancer cell progression. Hence, it is ironic to
note that though arginine demand is high, the cells secrete
arginine-inhibiting enzymes (arginases) in their microenviron-
ment to control its utilisation by the cancer-fighting immune
cells. Based on these facts, since our compound P1 interacts
with arginine and senses it, this could possibly be utilised in
the development of novel diagnostics for cancer.*®*”

Mcl-1 belongs to the family of Bcl2, a group of anti-apoptotic
proteins. In the case of cancer progression, poor treatment
response, and cancer cell resistance to therapies, high expres-
sion of Mcl-1 is observed. Hence, Mcl-1 plays a pivotal role in
cancer; interaction of our novel compound P1 with Mcl-1
protein could possibly contribute to new cancer diagnosis
and therapeutic strategies.*®

Heterocyclic ring compounds like pyrrole, pyrazole, quino-
line, and indole act as Mcl-1 inhibitors. Many Mcl-1 inhibitors
are currently in clinical trials to evaluate their potential as
potent anticancer drugs in humans. To the best of our knowl-
edge, no Mcl-1 inhibitor has been approved as an anticancer
drug to date.***® This gives us a compelling possibility to
design compound P1 as an anticancer agent.

3.9.4. Haemolysis assay. The in vitro biocompatibility of
probe P1, both as a sensor and therapeutic agent, is important
for its safe biomedical applications. Upon administration into
the body, the compound first comes into contact with the
circulatory system, particularly red blood cells, before reaching
its target site. Hence, it becomes essential to evaluate its effects

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on red blood cells to assess its safety for in vivo application. To
asses this, a haemolysis assay was performed to examine the
extent of red blood cell damage upon exposure to the synthe-
sized compound (Fig. 20). P1 was tested at various concentra-
tions, and the results showed that P1 accounted for no
significant dose-dependent haemolysis up to 20 uM, in com-
parison to positive and negative control (PC and NC), respec-
tively, indicating that P1 is non-haemolytic and exhibits
acceptable biocompatibility at biologically relevant concentra-
tions. The data are summarized in Fig. 20. These findings
support the potential for safe and systemic administration of
P1 in future therapeutic applications.>*** Following the con-
firmation of biocompatibility, molecular dynamics simulations
were conducted to further evaluate the structural stability and
interaction energy profile of the P1-Mcl-1 complex under
physiological conditions.

3.10. Molecular dynamics simulations

Molecular dynamics simulations were conducted for 300 ns on
each system, and plots like RMSD, RMSF, RoG, and H-bond and
interaction energies were computed to evaluate the stability of
the docked complex.

3.10.1. Root mean square deviation (RMSD). RMSD mea-
sures structural deviations of the protein backbone from the
starting to final coordinates during the simulation, indicating
structural stability. Lower RMSD values typically suggest a
greater stability of the system. In this context, the RMSD for
the protein-ligand complexes was assessed, as illustrated in
Fig. 21. The mean RMSD values for 5FC4_5WL and 5FC4_P1
were 0.200 = 0.021 nm and 0.230 & 0.015 nm, respectively. It
was observed that the docked molecule exhibits a slightly
higher RMSD value than the reference. Although P1 possesses
a high RMSD value, most of its deviation occurs only between
0.2 nm and 0.25 nm. In contrast, the 5WL deviation fluctuates
between 0.15 nm and 0.225 nm, indicating a more variable
deviation than P1. Therefore, the stable deviation of P1 sug-
gests greater stability than the reference 5WL.

3.10.2. Root mean square fluctuation (RMSF). RMSF ana-
lysis was conducted to assess the protein backbone’s flexibility
throughout the 300 ns molecular dynamics simulation run. The
RMSF values indicate how much each residue varies from its
average position throughout the simulations, offering insights
into the stability and flexibility of particular areas within the
protein structure. The average RMSF values of 5WL and P1 were
calculated to be 0.107 4+ 0.053 nm and 0.097 + 0.043 nm,
respectively. As shown in Fig. 22, the residues of 5FC4 bound to
5WL exhibit greater fluctuation than those of P1. Therefore, the
interaction of P1 is stronger than that of 5WL, resulting in less
deviation of the protein residues and suggesting stable beha-
viour compared to the reference ligand.

3.10.3. Radius of gyration (RoG). A 300 ns MD simulation
was utilized to evaluate RoG, which helps examine the
overall compactness and shape of the protein throughout the
simulation. It assesses how the protein mass is distributed
in relation to its centre of mass for each trajectory frame,
comparing this with the hydrodynamic radius obtained from
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experiments. As shown in Fig. 23, the binding of P1 with the
protein results in a more compact and stable structure com-
pared to that of 5WL. The average RoG values for 5WL and P1
were found to be 1.446 + 0.009 nm and 1.432 + 0.009 nm,
respectively.

3.10.4. Hydrogen bond (H-bond) interaction analysis.
Investigating H-bonds is essential for studying their influence
on the selectivity and stability of protein-ligand complexes.
These bonds stabilize the ligand’s attachment to the protein,

9080 | Mater. Adv, 2025, 6, 9064-9084

affecting its stability and specificity. The number of H-bonds
formed by the reference and docked molecules over 300 ns is
shown in Fig. 24. The average number of H-bonds for 5WL and
P1 was 0.340 £ 0.641 and 0.293 + 0.524, respectively. Fig. 24
shows that after 190 ns, P1 establishes more hydrogen bonds
within the protein’s binding site, indicating a stronger inter-
action between P1 and the protein.

3.10.5. Protein-ligand interaction energy. The analysis of
interaction energy reveals the strength of ligand interactions

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00683j

Open Access Article. Published on 09 Nhlangula 2025. Downloaded on 2026-03-15 20:11:56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

0.5

S
W

RMSD (nm)

&
S

0.1]"

"‘llﬁ‘\t' ; il \Ml‘l i ‘ ,i‘ i ,
| ‘ﬁ i iy “WM"" L ity | ||” i ‘ wa 'MM

|

0 50 100

150 200 250 300

Time (ns)
Fig. 21 RMSD plot of 5FC4 in complex with reference 5WL (black) and molecule P1 (red) generated over a 300 ns time frame.

0.4

RMSF (nm)

01 / N MIAN

] 1 1 i !
180 190 200 210 220

1
({70

230 240 250 260 270 280 290 300 310 320

Residues
Fig. 22 RMSF plot of 5FC4 in complex with reference 5WL (black) and molecule P1 (red) generated over a 300 ns time frame.

within the binding site of the protein. In this context, the
calculations of non-bonded interactions (Coulombic energy)
and bonded interactions (Lennard-Jones energy) are
performed for both the reference (5FC4_5WL) and the docked
compound (5FC4_P1). The average Coulombic energy for 5SWL
and PL1 was estimated to be —24.439 4 26.622 k] mol™* and
—29.717 4 12.386 kJ mol ', respectively. Therefore, the non-
bonded interaction of P1 is slightly greater, indicating that the
molecule exhibits a strong non-bonded interaction with the
protein. As illustrated in Fig. 25A, P1 exhibits unstable
deviations up to 50 ns, followed by a linear deviation ranging
from —25 k] mol™! to —75 k] mol *. Meanwhile, 5WL shows
more fluctuating deviations, which indicates the stable

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

behaviour of P1. Furthermore, the Lennard-Jones energy was
also calculated, and the mean values for 5WL and P1 were
—160.250 + 21.123 k] mol™* and —150.02 + 14.316 k] mol™*,
respectively. Although the mean Lennard-Jones energy value of
5WL is higher than that of P1, this compound demonstrates a
more stable interaction than the reference molecule. As shown
in Fig. 25B, P1 represents a smoother deviation, ranging
between —130 k] mol™* and —180 kJ mol !, while 5WL does
not exhibit the linear deviation seen in P1.

Overall, from the molecular dynamics simulations of the
P1-Mcl-1 complex, the RMSD, RMSF, RoG, H-bond, and inter-
action analysis demonstrate the stability of P1 at the active site
of the enzyme under the physiological conditions.

Mater. Adv., 2025, 6, 9064-9084 | 9081
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4. Conclusions

In the current work, we have developed a highly efficient and
selective colorimetric chemosensor for the detection of arginine,
which offers distinct advantages such as rapid response time,
operational simplicity, and a visible color change detectable by the
naked eye. The sensor demonstrated excellent sensitivity, with a
detection limit as low as 1.24 nM according to UV-Vis spectro-
scopy, and its practical applicability was validated through suc-
cessful sensing in real biological and nutritional samples. The
sensing mechanism has been thoroughly elucidated through
"H NMR spectroscopy, which was supported by DFT calculations,
providing deep insights into the interaction and binding selectiv-
ity toward arginine. In addition to its chemosensing capabilities,

9082 | Mater. Adv, 2025, 6, 9064-9084

this molecule was also evaluated for its anticancer potential.
Molecular docking studies using targets generated by Way2Drug
software offered insights into the possible mechanisms under-
lying its anticancer activity, further strengthening its role as a
multifunctional compound. Overall, the molecule interaction
analysis of the compound reveals that the dinitrobenzene scaffold
forms key hydrogen bonding interactions with Arg263 and
Thr266. The residue Arg263 is considered a crucial amino acid
present in the P2 pocket of the enzyme, responsible for forming a
strong electrostatic interaction with the ligand.”® The additional
hydrogen bond with Thr266 stabilizes the compound at the
binding site of the protein. Moreover, the anthracene moiety of
the molecule forms a pi-pi interaction with the residue Phe228,
which aligns well with the known Mcl-1 inhibitors. The outcome

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Graphical representation of the protein—ligand interaction energy, where (A) represents Coulombic interaction energy and (B) represents
Lennard-Jones interaction energy for reference 5WL (black) and molecule P1 (red) generated over a 300 ns time frame.

suggests that our compound fits well at the binding site of the
Mcl-1 enzyme, particularly in the P2 domain of the protein, thus
mimicking the key interactions responsible for the high affinity of
the molecules against the Mcl-1 enzyme.*® Preliminary biological
studies revealed promising anticancer effects at 20 pM concen-
tration, indicating its dual functionality as both a sensor and a
therapeutic agent. This dual application, both as a diagnostic
chemosensor and a potential anticancer therapeutic agent, under-
scores its value in biomedical research. It is important to note that
P1 was found to be nontoxic in normal cells in the concentration
range studied. The results of anticancer activity in the present
study are promising. Furthermore, molecular dynamics simula-
tions confirm the stable behaviour of the molecule P1 in the
binding pocket P2 of the enzyme, responsible for forming a strong
electrostatic interaction with the ligand. Overall, this work not
only presents a novel molecular tool for the selective detection of
arginine but also opens avenues for future research on exploring
its therapeutic potential, making it a compelling candidate for
integrated sensing and treatment strategies.
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