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Development of a natural product-based selective
fluorescent sensor for Cu®* and DNA/protein:
insights from docking, DFT, cellular imaging and
anticancer activityf
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The natural product seselin (SS), was synthesized and characterized spectroscopically for the selective
detection of Cu?* and biomolecules such as ct-DNA and BSA. The probe exhibits strong bluish emission
in a MeOH-H,O (7:3, v/v) HEPES buffer solution (pH 7.4) at 453 nm. Upon exposure to Cu?*, the SS
solution shows a selective fluorescence ‘turn-off with a binding constant of 213 x 10° M~ and
a detection limit of 3.48 x 1078 M. The HOMO-LUMO energy gap of the probe SS decreases from AE =
7.97 eV to AE = 7.77 eV upon binding with Cu?*, indicating enhanced stability due to ligand—metal
complex formation. Significantly, the ligand SS exhibits fluorescence enhancement in the presence of ct-
DNA and BSA, resulting in a visible fluorescence change from colorless to blue, with binding constants of
4.8 x 10* M7t and 4.7 x 10* M2, respectively. The binding interactions of SS with biomacromolecules
have been explored through molecular docking studies, revealing that the probe can serve as
a promising anti-cancer and anti-viral agent. Furthermore, the probe SS demonstrates potent anticancer
activity in treatments involving MCF-7 and HLC cells. Additionally, the probe SS is capable of detecting

rsc.li/methods

1. Introduction

Polyphenols are secondary metabolites with wide distribution
in the plant kingdom. Heterocyclic polyphenols hold significant
importance in chemistry due to their diverse applications in
drug development, photochemistry, agrochemicals, dyes, and
more." Notably, the pyranocoumarin framework stands out as
a highly promising heterocyclic structure present in both
natural and synthetic compounds. It exhibits a wide range of
biological activities, including anti-inflammatory, anti-HIV,
antitubercular, anti-HBV, anti-dyslipidemic, antiplatelet, anti-
oxidant, and antibacterial properties.>* Seselin, a pyr-
anocoumarin, has been isolated from roots of shamouti orange,
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intracellular Cu?* in live MCF-7 cell lines.

sour orange, sweet lime and grapefruit.® Seselin significantly
influences root development by inhibiting radicle growth in
cucumber, lettuce, radish, and wheat seedlings cultivated in
darkness.® Seselin exhibits DNA-damaging properties and
demonstrates cytotoxic effects against various cell lines,
including Vero monkey cells, L1210 murine leukemia, CEM
leukemia, SW1573 lung tumor, and P-388 lymphocytic
leukemia.””® Naturally occurring seselin-type coumarins, such
as anomalin, have been shown to suppress skin tumor promo-
tion and counteract the TNF-B-induced reduction in L929 cell
viability." However, the chemosensing applicability of seselin
has not been disclosed exclusively. Among the different
methods available for studying chemosensing behavior, the
fluorimetric method is considered as versatile by researchers
due to its several advantages like operational simplicity, low
cost, super sensitivity, etc. However, only a small percentage of
fluorescent probes are derived directly from natural sources;
most are synthesized through organic reactions with certain
hazardous chemicals and laborious procedures.'* Furthermore,
compared to synthetic dyes, natural dyes have superior biode-
gradability, are derived from renewable resources, and exhibit
environmentally favourable properties.'**

In this context, selective detection of analytes like Cu**
cations by seselin is highly important as copper is an important
cation involved in biological processes in both plants animals.

This journal is © The Royal Society of Chemistry 2025
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It is a constituent of different enzymes, proteins, and vitamins
required for mammals. An excess and deficiency of Cu®>* may
cause various health issues.** Copper is the third most abun-
dant soft transition metal in the human body, following iron
and zinc. In a healthy adult, the total copper content is
approximately 80 mg, with the highest levels present in the liver
and brain. As an essential trace element for higher plants and
animals, copper plays a vital role in numerous physiological
processes, including iron and zinc metabolism, free radical
elimination, bone development, and the production of skin and
hair pigments. An imbalance in copper levels, whether defi-
ciency or excess, can lead to diseases such as Menkes disease,
Wilson's disease, and cancer.” Therefore, accurate monitoring
and detection of Cu®" levels are crucial. Although many che-
mosensors and chemodosimeters for Cu(u) have been devel-
oped, limitations remain, including complex synthesis, high
detection limits, dependence on organic solvents, and inter-
ference from coexisting transition metals with similar
reactivity.'**® Although different synthetic materials and
methods have been designed and reported for Cu*>* sensing, the
reports on the use of natural product-based phytochemicals for
the selective detection of copper ion are relatively rare (Table S1,
ESIY).

Furthermore, molecular docking is a powerful computa-
tional technique that serves a key tool in drug discovery and
structural molecular biology."** Molecular docking is
a computational technique used to model the interaction
between small molecules and proteins at the atomic level. This
approach helps in understanding the behavior of small mole-
cules within the binding site of target proteins and provides
insights into fundamental biochemical processes.”*** Docking
can save time and money in the drug development process,
determine the structure of proteins with unknown structures,
study protein interactions, support drug discovery, predict side
effects and biodegradation, and help understand how enzymes
work and how they interact with ligands.***” SS can disrupt the
activity of Src, GSK-3B, and ERK cancer cells, cooperate with
cisplatin to promote the phosphorylation of p53 in cells, and
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then stimulate the activity of caspase-3 in cells and cause cell
death.”® In this work, we performed docking studies of SS with
DNA and protein. Seselin alleviated sepsis induced by caecal
ligation and puncture, reducing pro-inflammatory factor levels
and inhibiting STAT1 and p6 activity. Its anti-inflammatory
effects are attributed to modulation of Jak2 activity.*® There-
fore, we have utilized the phytochemical SS for the detection of
copper and DNA/protein in solution as well as in live cells along
with docking studies to further explore its potential. The
phytochemical SS has been characterized by "H NMR and mass
spectrometry (Fig. S1-S37).

2. Experimental section
2.1 Material and methods

The materials and the methods of the study are described in the
ESL.f The detailed photophysical studies (solution preparation,
fluorescence study, binding constant determination,***" detec-
tion limit,*> etc), DFT calculations,®*" molecular
docking'*?**>-** and bio-imaging*>*>*° are described in the ESL¥

2.2 Synthesis of seselin (SS)

The total synthesis of seselin was carried out in two steps as
shown in Scheme 1.

2.2.1 Synthesis of umbelliferone (3). 4-Hydroxy salicy-
laldehyde (1) [0.5 mmol], ethyl 3-(trimethylsilyl) propiolate (2)
[0.5 mmol] and Cul [0.05 mmol] were taken in a clean and dry
10 ml round-bottom flask. Then, dichloromethane [3 ml] was
added to it under stirring, followed by the addition of Et;N [1.0
mmol]. The reaction mixture was stirred overnight. After
completion of the reaction (confirmed by TLC monitoring), it
was quenched with 1(N) HCl and then worked up; the combined
organic layer was washed with brine solution and eventually
extracted with DCM. Umbelliferone was purified by column
chromatography with ethyl acetate in petroleum ether (1:7) as
the eluent (yield: 94%). "H NMR (DMSO-d, 400 MHz): 6 (ppm):
6.13 (1H, d), 6.68 (1H, d), 6.76 (1H, s), 7.47 (1H, d), 7.87 (1H, d),
10.47 (1H).
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Scheme 1 Total synthesis of seselin.
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Fig. 1 (a) Change in emission intensity of SS (5 x 107° M) in the presence of various interfering metal ions (2 x 107> M). (b) Corresponding
fluorescence spectrain MeOH-H,O (7 : 3, v/v) HEPES buffer medium at pH 7.4 upon excitation at 330 nm. In the UV-vis spectroscopic analysis of
SS (5 x 107° M) with Cu?* (2 x 107° M) in a MeOH—-H,O (7: 3, v/v) HEPES buffer solution at pH 7.4, a pronounced ligand absorption peak at

330 nm gradually decreased upon incremental addition of Cu?*

ions. Concurrently, a red-shifted absorption band emerged at 400 nm,

accompanied by a distinct isosbestic point at 370 nm (Fig. S71). These significant spectral changes, particularly the red-shifted band, suggest

strong interaction between SS and Cu?* ions.

2.2.2  Synthesis of seselin (4). Umbelliferone (3) [0.3 mmol]
and 3-chloro-3-methylbut-1-yne [0.33 mmol] were taken in
a clean and oven-dried 10 ml reaction vial along with CuCl,
[0.003 mmol] as the catalyst and DBU [0.33 mmol] as the base in
acetonitrile solvent at ice-bath temperature. The reaction was
then allowed to proceed at ambient temperature under an argon
atmosphere for 24 h to get the substitution product interme-
diate I. Then, intermediate I without purification was treated
with Ph;PAuNTf, [0.003 mmol] as the catalyst for eventual
annulation in dichloromethane at room temperature for an
hour in the same reaction pot (after evaporation of the aceto-
nitrile solvent) to obtain the target product seselin (4) after work
up with dichloromethane. Seselin was purified by column
chromatography with ethyl acetate in petroleum ether (1:10) as
the eluent (yield: 81%). The melting point was determined in
open capillary tubes using a Kofler block apparatus and was
found to be 119.6 °C.

'H NMR (CDClj, 400 MHz): 6 (ppm): 1.49 (6H, s), 5.7 (1H, d),
6.2 (1H, d), 6.7 (1H, d), 6.9 (1H, d), 7.2 (1H, d), 7.63 (1H, d). ESI-
MS: 229.0 (found), 228.07 (caled.). **C NMR (CDCl; 100 MHz):

(@) |

Emission Intensity (a.u.)

420 480 540 600

Wavelength (nm)

6 (ppm): 161.11, 156.33, 150.12, 143.96, 130.79, 127.79, 115.02,
113.56, 112.63, 109.32, 28.14.

3. Results and discussion

3.1 Spectroscopic response of SS towards several cations

Spectroscopically to check the sensing behavior of the probe SS
towards various cations, fluorescence spectra of S (5 x 10~° M)
was recorded in the presence of different metal ions in MeOH-
HEPES buffer (7 : 3 v/v). The probe exhibits strong fluorescence
at 453 nm (¢ = 0.197) upon excitation at Ax = 330 nm (Fig. 1).
Before continuing the sensing process, the pH stability of the
probe as well as its stability in the working buffer solution were
investigated for its biomedical application. In this context, the
emission change of SS was separately recorded by varying the
pH of the solvent (pH = 2-12). The results show that it is highly
emissive in neutral-pH or even in slightly high-pH solutions,
exhibiting the highest emission capabilities (Fig. S4f). The
fluorescence spectra were recorded over time and it was
observed that there was minimal change in the fluorescence

y =-0.086 * x +2.55
R, =0.99

(b)
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Fig. 2 (a) Change in emission intensity of SS (5 x 107 M) after incremental addition of Cu(i)(1-25 pM) in MeOH—-H,O (7: 3 v/v) HEPES buffer
solution at pH 7.4. (b) Determination of the LOD value of SS for Cu(u) ions.
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Scheme 2 Probable binding mode of SS with Cu®* complex in methanol-water medium.

spectra of the probe, indicating that it was stable in the working
buffer medium (Fig. S5t). After standardizing the pH of the
buffer, the fluorescence spectra were recorded in MeOH-HEPES
buffer medium (7 : 3 v/v) at pH 7.4. Herein, it was observed that
among several cations, only in the presence of Cu(u) ions, the
fluorescence intensity of the probe was quenched while other
cations did not make any significant change in the fluorescence
response of the probe (Fig. 1). This result suggests that the
natural product SS can act as a selective sensor for Cu®".

3.1.1 Fluorescence titration of SS with Cu(u). To demon-
strate the sensitivity of SS towards Cu(u), a fluorescence study
was performed at a fixed concentration of the probe SS (5 x
10~° M) in MeOH-HEPES buffer solution (7 : 3, v/v). Initially SS
exhibited strong fluorescence due to its conjugated m-electron
system, which spans the fused coumarin and furan rings.
Moreover, the rigid planar structure of seselin reduces non-
radiative decay pathways, enhancing emission intensity at
453 nm. Additionally, the presence of electron-donating and
withdrawing groups on the coumarin moiety can influence its
photophysical behavior by modulating the energy gap between
the excited and ground states. From the titration profiles, it was
observed that upon incremental addition of Cu(u) (1-25 uM) to
the ligand solution, the fluorescence intensity at 453 nm was
gradually diminished with a red shift in the emission maxima
(A4 = 10 nm) (Fig. 2a). The Cu** ion has an open shell d°
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Fig. 3

electronic configuration and exhibits notable quenching
response on binding with SS due to the chelation enhanced
quenching (CHEQ) effect.*** The formation of the $S-Cu**
complex was confirmed by the appearance of a mass peak at m/z
= 393 (calculated mass: 392.97) (Fig. S9t), corresponding to the
[Cu(SS)(Cl),(MeOH)] ensemble (Scheme 2). From the titration
plot of emission intensity vs. metal concentration, the detection
limit (LOD) of SS towards Cu(u) was calculated to be 3.48 x
10® M (Fig. 2b). From linear fitting and the intercept of the
titration plot, the binding constant was calculated to be 2.13 x
10° M~ (Fig. $107) and through Job’s plot analysis, the 1:1
binding stoichiometry for $S-Cu®** complexation was verified
(Fig. S8%).

3.2 Reversibility and interference performance

Reversibility and reproducibility are crucial attributes for
sensors, offering significant advantages for sustainable
research and practical applications. During the sensing of
Cu(n), the reversibility of SS can be achieved by the alternative
addition of Cu(u) ions and ethylenediaminetetraacetic acid
(EDTA) into the SS—-Cu(1) complex solution. Here EDTA acts as
a masking agent for Cu(). From experimental results, it has
been observed that this reversible cycle can be performed up to
10 times with a marked contrast in emission intensity alterna-
tion (Fig. 3a).

(b) - Seselin
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(a) Reversibility experiment of SS by alternate addition of Cu(i) and EDTA in MeOH-H,O (7: 3 v/v) HEPES buffer solution. (b) Change in

emission intensity of the SS—Cu(i) conjugate in the presence of several competitive cations in MeOH-H,O (7 : 3 v/v) HEPES buffer solution.
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Fig. 4 Geometry-optimized molecular structure of (a) SS (L) and (b) [Cu(L)(Cl),(MeOH)I>*(1); (c) Frontier molecular orbitals of SS and 1.
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Fig. 5 (a) Fluorescence titration of SS (c = 2.0 x 10> M) upon incremental addition of ct-DNA (c = 2 mM) in Tris—HCl buffer, pH = 7.2. (b)
Concentration vs. intensity changes of SS with ct-DNA.

To explain the interference by other competitive cations

during the sensing of Cu(u), emission spectra of the SS-Cu(u)

complex in the presence of several competitive cations were
recorded and no significant interference from any other metal
ions was observed in the binding of SS with Cu(u) (Fig. 3b).

o
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3.3 Geometry optimization and electronic structure

The optimized geometries of the probe SS and its Cu(i) complex
are depicted in Fig. 4a. HRMS data confirmed the composition
of the complex as [Cu(SS)(Cl),(MeOH)](1), which was subse-
quently subjected to theoretical geometry optimization using

Relative Fluorescence Intensity

0.00 0.01 0.02 0.03 0.04 0.05
[BSA]/nM

Fig. 6 (a) Fluorescence titration of SS (c = 2.0 x 10> M) upon incremental addition of BSA protein (c = 2 mM) in Tris—HCl buffer, pH = 7.2. (b)
Concentration vs. intensity changes of SS with BSA protein.
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Table 1 Results of SS docking with proteins

SS

Name of targeted proteins PDBID docking score (kcal mol )

—8.7
—-9.4

BSA in complex with ketoprofen 6QS9
BSA in complex with naproxen =~ 40R0

Table 2 Results of SS docking with DNA

SS

Name of targeted DNAs PDB ID docking score (kcal mol ™)

Structure of a B-DNA dodecamer 1BNA —7.4

the DFT/B3LYP method. The positive and negative phases are
illustrated in orange and blue, respectively.

The metal center Cu®*' is penta-coordinated in complex 1
with a neutral bi-dentate ligand (L) (with O, donor sites), two
Cl™ ions and one MeOH molecule as solvent, adopting a dis-
torted square pyramidal geometry to form [Cu(SS)(Cl),(MeOH)]

Fig. 7

View Article Online
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(1). The calculated Cu-O and Cu-Cl bond distances fall in the
range of 1.94-2.11 A and 2.11-2.12 A respectively. Interestingly,
it was observed that upon formation of the monomeric complex
with probe SS, the HOMO-LUMO energy gap (AE = 7.77 eV for
1) decreases compared to that of the bare probe (AE = 7.97 eV)
(Fig. 4b).

3.4 Fluorometric binding study of SS with DNA and protein
BSA

The fluorescence experiments of SS with DNA/protein have been
performed in Tris-HCI buffer at pH = 7.2. In the emission
spectra, SS showed a weak emission signal at 462 nm (A, = 330
nm) in the absence of ct-DNA and BSA. However, the increasing
concentration of ct-DNA and BSA in the SS solution led to
significant fluorescence enhancement at 460 nm and 458 nm,
respectively (Fig. 5 and 6). The detection limits of SS for ct-DNA
and BSA from fluorescence measurements are 1.05 uM and
0.0024 pM, respectively (Fig. S117). The binding constants of SS
with ct-DNA and BSA obtained from non-linear fitting curves of
spectrofluorometric titrations are 4.8 x 10* M™" and 4.7 x 10*
M™", respectively (Fig. S121). The enhancement of the
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B:450
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(a) Pictorial observation of the docked SS inside the active site of 6QS9, with an engrossed (b) 2D interpretation of its interaction with

binding site amino acid residues. (c) Pictorial observation of the docked SS inside the active site of 40RO, with an engrossed (d) 2D interpretation

of its interaction with binding site amino acid residues.
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fluorescence response of SS on binding with ct-DNA and BSA is
due to the polarity of the binding cavities, where the CS or ICT
state of SS is stabilized more efficiently inside the more polar
DNA and protein binding cavity.* The detailed interaction
pathways of SS with DNA and proteins have been explained
through molecular docking analysis.

3.5 Docking study of SS with biomacromolecules

The BSA proteins PDB-ID: 6QS9 (bovine serum albumin in
complex with ketoprofen) and 40RO (crystal structure of bovine
serum albumin in complex with naproxen) showed strong
binding with SS. The calculations reveal the maximum free
energy change for these interactions as AG = —8.7, and
—9.4 keal mol ™" (Table 1).

The binding energy between SS and CT-DNA (PDB-ID: 1BNA),
from docking calculations, reveals a maximum free energy
change of AG = —7.4 kecal mol ™" (Table 2).

Fig. 7a presents the docked SS at the active site of 6SQ9 with
two hydrogen bonds between the ligand and the 217th and
256th ARG residues of chain B (Fig. 7b), and Fig. 7c presents the
docked SS at the active site of 40R0 with two hydrogen bonds
between the ligand and the 194th and 217th ARG residues of
chain B (Fig. 7d).

Fig. 8 reveals the binding of docked SS with the B-DNA
dodecamer (1BNA), showing a hydrogen bond interaction with
the 16th DG residue of chain B. Thus, the docking results with
these bio-macromolecules predict that it has good binding
properties and can be considered a potent inhibitor for the
development of new cancer treatment drugs.

%

DA
B:17
DG
DG A:10
B:16
DC
B:15
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3.6 Anticancer activity of SS and biosensor imaging

The docking study shows that the probe has good anti-cancer
activity. To verify this prediction, cytotoxicity was evaluated
experimentally using MCF 7 and HLCs cell lines according to
the standard protocol. Moreover, an in vitro cell imaging study
with SS was also performed to explore the biological utility of
the probe for Cu®".

3.6.1 Cell viability study on MCF 7 and human lymphocyte
cells (HLCs). The cytotoxicity of SS against MCF-7 cells was
assessed using the MTT assay. The results demonstrated that SS
significantly reduced cell viability in a dose-dependent manner
showing strong cytotoxic activity against these cells. The ICs,
value of SS was found to be 23.17 ug ml~", which is comparable
to the IC5, value of the standard anticancer drug 5-FU (16.14 pg
ml "), demonstrating that SS also has a cytotoxic effect (Fig. 9a).
A time-dependent cell viability study exhibited that SS inhibited
cell viability by 53.87% and 40.16%, at 24 h and 48 h, respec-
tively (Fig. 9b). These findings clearly demonstrate the cytotoxic
potential of SS against MCF-7 cells. Furthermore, SS did not
exhibit significant toxicity to lymphocytes at doses up to 50 pg
ml~!, with only a slight reduction in lymphocyte viability
observed (Fig. 9c). These findings suggest that SS could be
a potent anticancer agent for use in treatments involving MCF-7
cells.

3.6.2 Bio-imaging study. During one-hour incubation at
37 °C with SS at its IC5, concentration, intense intracellular blue
fluorescence was detected, indicating high intensity of SS inside
the cells. However, when cells were incubated with an external
Cu®' ion solution, no notable intracellular emission was
observed. SS easily penetrated the cell membrane and showed

Fig. 8 Pictorial representation of the docked SS inside the active site of the DNA-binding protein 1BNA, providing a detailed understanding of its

interaction with nucleotides.
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Fig. 9 (a) The cytotoxic effect of SS on MCF-7 cells was evaluated at different concentrations. (b) Cell viability was assessed at 24- and 48-hours

following treatment with SS, and the ICsq value was determined. The results are presented as mean + SEM (n = 3); ***p < 0.001, #p < 0.05, ##p <
0.01, and ###p < 0.001; * compared with the control; # compared with 5-FU. (c) A minimal reduction in lymphocyte viability was observed at SS
concentrations as high as 50 ug ml™*. Data are expressed as mean =+ SEM from three independent experiments; **p < 0.01 and ***p < 0.001
compared to the control group.
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Fig. 10 Intercellular biosensor cell imaging study performed on MCF7 cells. Cells were incubated with free SS and brighter blue fluorescence

was observed compared to the SS + Cu®* treated groups.

blue fluorescence but when SS was incubated with Cu®" ions,
the fluorescence images did not show significant blue fluores-
cence for the formation of the $-Cu®" complex (Fig. 10). These
findings suggest that SS could act as a selective sensor for
detecting Cu®* ions in bio-imaging at specific concentrations
and incubation times.

4. Conclusion

The natural product seselin (SS) was synthesized and charac-
terized spectroscopically, exhibiting strong bluish emission at
453 nm. In the presence of Cu®*, the probe solution showed
a turn-off sensing phenomenon among various cations, with
the binding constant and detection limit determined to be 2.13
x 10° M~" and 6.97 x 10~® M, respectively. DFT calculations
revealed that the binding of Cu®" with SS decreases the HOMO-
LUMO energy gap from AE =7.97 eV to AE = 7.77 eV, indicating
stable complex formation between the ligand and metal.
Notably, the ligand SS displays fluorescence enhancement in
the presence of ct-DNA and BSA, resulting in a visible fluores-
cence change from colorless to blue. The binding constants
were determined to be 4.8 x 10* M™* and 4.7 x 10* M,
respectively. The probe SS also exhibits promising anticancer
and antiviral properties, as supported by docking studies with
DNA biomacromolecules. Furthermore, the potent anticancer
activity of SS was confirmed by an MTT assay using MCF-7 and

This journal is © The Royal Society of Chemistry 2025

HLC cells. Moreover, the probe SS is capable of detecting
intracellular Cu®" in live MCF-7 cells.
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