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Calcium plays a key role in various biochemical processes and cellular functions in the human body; its

imbalance can cause severe hyper- and hypo-calcemic medical conditions. In this research work, we

developed a novel AlE-active chromene-based fluorescent sensor, CFN (DMF, Aexe = 330 Nm, Aep, = 476

nm), through an easy Knoevenagel condensation reaction with solvatochromic characteristics. The

synthesized CFN sensor exhibited excellent fluorescence enhancement with a blue shift in 90% aqueous
media (9:1, HyO/DMF, Aexe = 330 nM, Aem = 410 nm). Blue shift in the fluorescence spectrum indicates
the formation of H-aggregates, which is further supported by dynamic light scattering (DLS) results. The
CFN sensor shows a large Stokes shift of 120 nm in pure DMF and 54 nm in water/DMF. The CFN sensor

was employed for extremely selective and sensitive colorimetric detection of Ca®* ions via chelation-

enhanced fluorescence quenching (CHEQ) mechanism. The calculated detection and quantification

limits were 105 nM and 35 nM,

respectively. Furthermore, UV-Vis spectroscopy, fluorescence

spectroscopy, and 'H NMR titration experiments were carried out to validate the interaction mechanism
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between CFN and Ca®* ions. The application of CFN for the detection of Ca®* ions in real samples were

accessed through real-time fluorescence titration analyses in human plasma, commercial milk, and
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1. Introduction

Calcium is one of the most abundant minerals in the human
body, which is crucial for biological activities and human life.**
It plays significant roles in body functioning, such as blood
coagulation, muscle movement, metabolism, hormone secre-
tion, fertilization, enzyme functions, gene transcription,
apoptosis, and neurotransmission, which can be mainly
controlled through sequential and three-dimensional variations
in Ca®" ions.® The safe calcium concentration level in blood
serum is 2.12 to 2.55 mM, with 1.16 to 1.32 mM in active form,
inside the human body for optimum biological functions. The
concentration of calcium above this optimum level causes
hypercalcemia, and below this level, it causes hypocalcemia.* A
reduction in the albumin level in blood serum also reduces the
level of Ca®" ions in biological systems. Significantly low
concentrations of Ca®" ions are also observed in pseudo-
hypoparathyroidism, = malnutrition, = hypoparathyroidism,
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different water samples. The portable CFN sensor-coated strips were developed for on-site sensing of
Ca®" ions, and a logic gate was designed to mimic it as a point-of-need calcium ion sensor.

excretory system disorders, and vitamin D deficiency. Major
causes of hypercalcemia include renal disorders, hyperpara-
thyroidism, thyrotoxicosis, cancer, osteoporosis, high vitamin D
intake, and sarcoidosis. The dysregulation of Ca®>" ion concen-
tration in the body nerve cells is also closely related to a few
neurodegenerative disorders,® such as Parkinson's disease (PD),
Alzheimer's disease (AD), and Huntington's disease (HD).*” To
avoid these health risks for human beings, calcium levels in
aqueous samples must be effectively monitored. Hence, proce-
dures for the qualitative and quantitative analysis of Ca®>" ions
in naturally and biologically occurring bodies should be accu-
rate, less time-consuming, and economical. In this regard,
innovative and high-performance sensing techniques that
would allow the determination of its minimal concentration in
real samples, such as food quality assessment, drinking water,
human plasma analysis, medical diagnosis, and biological fluid
analysis are required.

A range of techniques has been employed to determine
calcium in various samples, which include titration, complex-
ation-based spectroscopy (CBS), atomic absorption spectrom-
etry (AAS), inductively coupled plasma mass spectrometry
(ICPMS), ion selective electrode-based electrochemical

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra06005b&domain=pdf&date_stamp=2025-11-18
http://orcid.org/0000-0002-4226-3023
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06005b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015053

Open Access Article. Published on 19 November 2025. Downloaded on 6/10/2026 11:43:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

methods, and high-performance liquid chromatography
(HPLC).*** Though these approaches are quite sensitive and
accurate, they require special personnel, costly instruments,
and tedious sample treatment, and they suffer from the
inability to perform on-spot analysis, urging the scientists to
develop other methods. Thus, cost-effective, simple, sensitive
techniques that can timely identify calcium on site are
necessary.'>"*

Fluorescence-based sensing techniques, being the least
invasive, have shown promising results for their accuracy and
applicability.’® Calcium has been detected using many fluores-
cent sensors, which include calcium detection via mechanisms
such as resonance electron transfer, chelate fluorescence, and
aggregation-induced emission (AIE).'* Some notable examples
of calcium sensors are Fura-2 and Fluo-4, which have been
utilized for quick and sensitive calcium detection. Certain
typical organic materials show a significant aggregation-caused
quenching (ACQ) phenomenon."” Exciplex or excimer induced
by noncovalent strong interactions, such as dipole-dipole
interaction and - stacking, results in the ACQ phenomenon.
ACQ limits the practical uses of fluorophores commonly
employed as solid films in real-sample analysis."®

Tang et al. (2001) discovered a phenomenon known as
aggregation-induced emission (AIE), which is the opposite of
ACQ.™ AlE-active organic compounds are not capable of any
emission in an organic solvent, while in a poor solvent such as
water, they show enhanced emission due to aggregation.
However, aggregation-induced emission (AIE) is a characteristic
phenomenon observed in organic compounds in which weakly
emissive fluorophores exhibit exceptional emission upon
aggregation.””* To induce these features, rotatable moieties are
incorporated in the structure of such fluorophores via C-C, C-
N, and N-N type single bonds.**?*

AlE-based fluorescence sensors enable the concurrent and
localized study of calcium ions in living cells, tackling previous
challenges and expanding practical applications, particularly in
a complex medium. Furthermore, H aggregates typically lead to
fluorescence quenching because of their high aggregation
levels, which can reduce the effectiveness of fluorescence-based
sensing techniques.”* However, highly emissive H-aggregates
are also reported®>** among which some are known to be
aligned in a herringbone fashion.?” Our designed sensor also
exhibits a non-conventional photophysical behavior in its
aggregated state. In this sensor, the restricted intramolecular
motion and restricted intramolecular rotations contribute
towards high quantum yields by enhancing radiative decay
pathways despite the blue-shift caused by H-aggregates owing to
the reorganization of the excited energy level to increase the
energy gap. In fact, AIE originates as a result of rigidity and
restriction of intramolecular motions (RIM) upon the formation
of aggregates. The restriction of intramolecular motions (RIM)
prevents non-radiative decay pathways and enhances lumines-
cence. Major types of aggregates formed through self-assembly
of fluorescent dyes are known as J- and H-type aggregates. These
aggregates are formed based on specific types of molecular
arrangements that offer distinct spectral shifts in their
absorption and emission spectra compared to their monomeric
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forms of fluorophores. Head-to-tail fashion arrangement of
fluorophore molecules forms J-aggregates that shift the
absorption and emission spectrum towards longer wavelengths
compared to the monomer molecules. Sharp absorption and
narrow fluorescence bands with strong intensity are character-
istic features of J-aggregates. However, head-to-head (plane-to-
plane or face-to-face stacking) arrangement of fluorophore
molecules leads to the creation of H-aggregates. Interestingly,
absorption and emission spectra of H-aggregates of fluoro-
phores are shifted towards shorter wavelengths (blue-shift) with
suppressed or no fluorescence emission properties. In H-
aggregates, a shift towards a shorter wavelength in the
absorption and emission spectra of the molecules is observed
due to the perpendicular orientation of transition dipoles of the
fluorophores.

A well-documented theory suggested the splitting of an
excited electronic state into two exciton states, lower and higher
energy exciton states.”® These low- and high-energy exciton
states are attributed to antiparallel and parallel dipoles,
respectively. Usually, H-aggregates are characterized by
observing a hypsochromic or blue shift in the absorption band
owing to allowed transitions to the higher energy exciton state.
A shift towards a shorter wavelength in the absorption band
occurs due to forbidden transition to the lower energy exciton
state with reduced transition probability. This reduced transi-
tion probability to the lower energy exciton state is responsible
for the quenching of fluorescence emission in H-aggregates.
However, deformation in transition dipoles allows the transi-
tions to a lower energy exciton state, and consequently, fluo-
rescence emission originates from the lower exciton state
(Fig. 1). Interestingly, a computational study on special
circumstances of H-aggregates reveals that unusual fluores-
cence emission occurs directly from the second exited state (S2)
to the ground energy state (S0), not from the first excited singlet
state (S1), as S1 is considered a dark state.* This kind of
unusual fluorescence emission from H-aggregates is linked to
an exceptional violation of Kasha's rule.

In J-aggregates, a red-shifted spectrum is obtained as a result
of the allowed electronic transition from the lower-energy
exciton state to the ground state. In H-aggregates, the higher-
energy exciton state becomes permissible upon a co-facial/
parallel arrangement of transition dipole moments of fluoro-
phores to each other, resulting in a blue-shifted spectrum.*®
Kasha's exciton model also predicts a shift towards a shorter
wavelength in the absorption spectrum of the H-aggregates as
a result of forbidden transition to the lower-energy exciton
states.’*** Generally, broad-band spectral appearance of
H-aggregates is characterized with no fluorescence emission
and low extinction coefficient. However, some recent studies
reveal the creation of fluorescent H-aggregates and challenge
the conventional understanding of H-aggregates as the only
non-emissive species. For example, Modi et al. reported
that H-aggregates of fluorinated pyridyl-azo dye exhibited
a sharp absorption band with a higher extinction coefficient
and demonstrated rare blue-shifted fluorescence
emission in a range of organic solvents with large Stokes shift.**
Fluorophore-like Rhodamine B is known to form highly
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Fig. 1 Splitting of an excited electronic state into lower and higher exciton states in H-aggregates.

fluorescent H-aggregates in polar solvents.** Some other organic
fluorophores such as Rhodamine 6G,** fluorescein, eosin Y,*
cyanine derivatives,* thioflavin-T (ref. 36) and coumarin dyes®”
exhibited fluorescent H-aggregates. It is well known that H-
aggregates are formed by plane-to-plane stacking of the mole-
cules; however, H-aggregates of imperfectly stacked molecules
offer unusual fluorescence emissions.*”**

In our case, with the increase in the contents of the aqueous
medium, the plane of the chromene-based sensor molecules
starts stacking in a twisted manner. Transition dipoles of the
molecules are twisted through imperfect parallel stacking of
molecules. As a result, unusual fluorescence emission occurs
directly from the second exited state (S2) to the ground energy
state (S0), not from the first excited singlet state (S1), as S1 is
considered a dark state. As an extension of our research efforts,
we aimed at developing novel fluorescent sensors.”*¢ We
present the design and synthesis of a novel furan and nitrile-
substituted chromene-based fluorescence sensor, CFN, which
demonstrates aggregation-induced emission with a large blue-
shift. The blue-shift in emission illustrates the formation of H-
aggregates. This sensor exhibits favorable traits such as
a straightforward synthesis procedure, high synthetic yield,
interesting photophysical properties, and a unique molecular
structure for selective sensing of calcium ions. The structural
feature of the CFN sensor induces solvatochromic and aggre-
gation properties. The aggregation-induced emission (AIE)
character of the CFN sensor makes it a suitable candidate for
the fabrication of solid strips, which is used for the on-site
sensing of biologically important minerals. Hence, the CFN
sensor is utilized for the selective sensing of calcium through
a chelation-induced fluorescence enhancement (CHEF) mech-
anism. A combination of spectroscopic techniques such as
fluorescence, UV-visible, DLS, and NMR titration experiments
was employed to elucidate the sensing mechanism, which is
responsible for selective sensing of calcium. Furthermore, all
these experimental findings are supported through DFT calcu-
lations. Real-time applications of the CFN sensor were
confirmed by experiments on real human plasma, commercial
milk, and different water samples. The portable CFN sensor-
coated strips were developed, and the logic gate was also
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designed to mimic it as a worth-applying tool for the point-of-
need calcium ion sensor.

2. Experimental work

2.1. Synthesis of the CFN sensor

In a well-dried and nitrogen-flushed round-bottom flask, 4.0
mmol malononitrile (0.27 g) was taken, and 5-methyl-2-fur-
aldehyde (0.33 g, 0.3 mL), dissolved in 5 mL ethanol, was
poured into it. TLC was used to monitor the course of the
reaction over a seven-hour duration. Both reactants were
consumed, and the intermediate was formed by the Knoeve-
nagel condensation. With diethyl amine serving as the base and
ethanol as a solvent, resorcinol (4.0 mmol, 0.45 g) was added to
the intermediate. The progress of reaction was observed using
TLC and refluxed for an additional 8 h. Subsequently, the crude
mixture was thoroughly washed with 20 mL of distilled water
and filtered. A brown residue was obtained on filter paper,
which was washed again with water and dried at room
temperature. Recrystallization from ethanol afforded the
fluorophore CFN. The product was further purified by a filtra-
tion column using ethyl acetate and n-hexane as eluent. The
desired compound CFN was obtained in 90% yield. "H NMR
(400 MHz, DMSO-d): 6 9.71 (s, 1H, OH), 6.93 (d, 1H, J = 8.4 Hz),
6.89 (s, 2H, NH,), 6.53 (dd, 2H, J = 8.3, 2.2 Hz), 6.38 (d, 1H, ] =
2.1 Hz), 5.98 (d, 2H, J = 2.9 Hz), 4.66 (s, 1H), 2.15 (s, 3H); °C
NMR (100 MHz, DMSO-de): 6 161.3 (C), 157.8 (C), 155.6 (C),
151.3 (C), 149.5 (C), 130.0 (1C), 120.9 (C), 112.7 (C), 111.6 (C),
106.7 (2 x C), 102.7 (C), 53.8 (C), 32.2 (C), 13.7 (C); DEPT (100
MHz, DMSO-de): ¢ 130.0 (C), 112.7 (C), 106.7 (2 x C), 102.7 (C),
34.2 (C), 13.7 (C).

2.2. Theoretical studies

2.2.1 DFT methodologies. DFT (density functional theory)
calculations were carried out by applying the Gaussian 09
software.?” The calculations such as geometrical optimization
and electronic properties were performed at the B3LYP/6-
311G(d,p) and wB97XD/6-311G(d,p) function levels of theory.
The literature has substantiated that this methodology

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determines a highly accurate and precise explanation of weak
van der Waals forces in contrast with other DFT functionals.***
Gauss-view 5.0, Gnuplot, VMD, Gaussum, and Multiwfn 3.7
were used to analyze and visualize the output data files.**** PCM
(polarizable continuum solvation model) was applied to inspect
the effect of solvent on electronic properties, including the
density of state (DOS), frontier molecular orbital (FMO), natural
bond orbital (NBO), and electron density difference (EDD), and
energy of sensor and its complex with analytes.”> NCI (non-
covalent interaction) analysis was performed to evaluate the
weak interactions between the sensor and the analyte. QTAIM
(quantum theory of atoms in molecules) was used to evaluate
the types of interactions at different BCPs (bond critical
points).>

2.2.2 Energy optimization. Analyte-sensor interaction
results in a change in energy, which was analyzed to determine
the impact of the four possible contact site sensor, CFN. For the
chosen sites, energies were calculated using eqn (1):

Epn = E. — (Es + Ed) (1)

The interaction energy is represented by Ej,, the complex
energy by E., the sensor energy by E, and the analyte energy by
E,. A higher E;,,, value at a point indicates a thermodynamically
stable sensor-analyte interaction. The E;,, value, 305.04 kcal
mol ", for CFN and Ca** present at ‘site I is most favorable for
complexation.

2.3. Quantum yield calculation

The quantum yield of CFN and CFN@Ca>" complex with respect
to quinine sulfate (® = 0.54, 0.1 M H,SO,) as a standard has
been quantified using eqn (1):

Icpn Aquinine yi uininez
Depn = Dyuinine X X x [ -1
CFN quinine (Iquinine ACFN nCFNz ( )

@cpn = quantum yield of CFN. @gyinine = quantum yield of
standard quinine sulfate. Acpy = absorbance of CFN. Aqyinine =
absorbance of standard quinine sulfate. ncgx = refractive index
of the sample's solvent. nquinine = refractive index of the stan-
dard's solvent (0.1 M H,SO,).

3. Results and discussion
3.1. Chemistry of CFN

The CFN sensor was synthesized via Knoevenagel condensation
using commercially available 5-methyl-2-furaldehyde, diethyl
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amine, malononitrile, and resorcinol (Scheme 1). Initially,
methyl-2-furaldehyde was treated with malononitrile to access
the intermediate using Knoevenagel condensation reaction
conditions. Treatment of the resulting intermediate with
resorcinol using diethyl amine as a base in the presence of
ethanol under reflux conditions afforded the desired fluoro-
phore CFN in good yields. The progress of reaction was moni-
tored using TLC. Recrystallization from ethanol afforded the
fluorophore CFN in 90% yield.

NMR spectroscopy was used to characterize the structure of
the synthesized product CFN. The "H NMR spectrum of the CFN
sensor shows a characteristic signal at § 9.71, corresponding to
the hydroxyl (OH) proton, the multiplet in the range of 5.99 to
5.93 ppm and the singlet at 2.16 ppm are assigned to the furan
ring protons and methyl group, respectively, confirming the
incorporation of the 5-methylfuran-2-yl moiety into the chro-
mene framework. Additionally, the "*C NMR spectrum exhibi-
ted fifteen peaks that are attributed to fifteen unique carbon
atoms of the synthesized compound. Seven peaks that appeared
in the DEPT135 NMR spectrum demonstrate the presence of
hydrogen-attached carbon atoms that confirmed the formation
of desired compound CFN. The details about the procedure,
instruments, titration experiments, and reagents are provided
in the SI (SI-1). The SI also contains the characterization data
(S25-542).

3.2. Comparison with previous sensors

Calcium ion sensing has been a topic of research for many
years, which leads to a great collection of scientific results in
this domain. Despite all the great contributions of previous
research, there is always room for improvement, and great work
done previously acts as a steppingstone for those improve-
ments. CFN is a new effort for improvement in the field of
fluorescent sensors. Calcium ion sensors developed earlier are
mentioned in Table S1, which depict the type of studies per-
formed and parameters mentioned. Many of those sensors have
a better LOD than CFN; however, some lack ease of synthesis to
access fluorophore, pH studies, real sample tests, binding effi-
ciency record and underlying mechanism discussion. Among all
the sensors mentioned, Ankireddy et al. developed a most effi-
cient Ca®* sensor with all its excellent properties; however, it is
a quenching-based sensor leaving the room for noise or false
positivity.>* Some sensors were organelle specific and were not
tested in water and milk samples such as that developed by
Hong et al., Shen et al., Zhang et al., Cao et al., and Gomes

H CN @\ IS
0 EtOH NER HO OH 0
O P
\ + NCCN Reflux. 71 0 S — CN
HyC~ N eflux, \\ Diethyl amine, EtOH |
H;C
3 Reflux, 8 h HO 0" “NH,
Intermediate CFN

Scheme 1 Synthetic protocol to afford the desired fluorophore CFN.
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et al.>>> Some other sensors either have a specific pH range for
calcium ion detection needs and an extra step of buffer addition
such as in the case of Hong et al. and Kacmaz et al.>>* Some of
the mentioned sensors are not fully selective such as that by
Gomes et al. and Cao et al.>®* In comparison to all these CFN
sensor is an easy to synthesize, highly selective, super sensitive
sensor applicable in a wide range of pH, temperature and type
of samples.

3.3. Photophysical properties based on structure-property
relationships

3.3.1 Optical intensity optimization. Organic fluorophores
typically exhibit a diverse emission behavior in solvents with
different polarities and concentrations due to extended -
conjugations. Considering these properties, fluorescence anal-
ysis of CFN (Aexcitation = 330 nm, S,, = 3/3) was carried out at
concentrations ranging from 10 uM to 100 pM. It showed the
best emission at 30 uM (Fig. S1). The fluorescence emission
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intensity at 10 uM and 20 uM is much lower; therefore, 30 uM is
considered as the optimal concentration for further studies.
Notably, significant quenching in fluorescence response was
observed at concentrations above 30 puM. The diminished
emission intensity at increased fluorophore concentrations is
attributed to the inner filter effect, where the emission energy of
the inner layers is reabsorbed by the outer layer of molecules.*
It was found that 30 uM is the optimized concentration of CFN
(/\excitation = 330 nm, Sw = 3/3, Aemission = 476 l'lIl'l) with
a quantum yield ¢ = 0.175, where the CFN sensor exhibits
maximum emission with minimum primary inner filter effects.
At 30 uM concentration, CFN exhibits a minimum inner filter
effect (IFE) and a large Stokes shift of 120 nm, which nullifies
secondary IFE (Fig. S2a).

3.3.2 Solvatochromism. The structural features of CFN
motivate us to investigate the optical emission properties of
CFN in different organic solvents. The optimized 30 puM
concentration of the CFN was scanned in solvents of varying
polarity, such as acetone (ACT), EtOAc, ACN, MeOH, DMF,
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0.8 4 —— DMSO
5 —— EtOAc
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8 0.6+
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2
ot
2
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Fig. 2 Absorption spectra of fluorophore CFN in different solvents (a), CIE diagram for absorption spectra (b), emission spectra of fluorophore

CFN (c), and CIE diagram for emission spectra (d).
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DMSO, and glycerol (Fig. 2). The CFN fluorophore exhibits n-7m*
and m-7t* transitions, which are responsible for the appearance
of absorption bands at different wavelengths depending on the
types of dominance of the possible transition. Fluorophore CFN
exhibits a maximum absorption band at 348 nm in ethyl
acetate. A significant red shift was observed in DMF (356 nm),
illustrating stabilization of the excited state of the CFN fluoro-
phore in a polar aprotic solvent, probably due to high dielectric
constant, viscosity, interaction with the fluorophore, and good
lone pair donating ability. Acetone (352.5 nm), ACN (352 nm),
and DMSO (352 nm) show almost similar absorption bands,
indicating the same polarity effect (Fig. 2a). Polar solvents
interact with 7* electrons through dipole-dipole interaction
and stabilize the excited state more significantly than the
ground state, resulting in a bathochromic shift. DMSO is an
aprotic but highly polar solvent that stabilizes polar
compounds. CFN becomes more polar in its excited state, and
DMSO stabilizes its excited polar state with reduction in its
energy gap, leading to a substantial red shift as compared to less
polar solvents. While in the case of methanol, n-7* transition
forms hydrogen bonding with a fluorophore and stabilizes its
ground state, which increases the energy gap between ground
and excited states (n-m*), resulting in a slight blue shift. The
chromaticity diagram demonstrates the overall variation in
absorption wavelengths in different solvents (Fig. 2b).

Similarly, the CFN exhibits maximum emission at different
wavelengths in different polarity solvents such as ACN (370 nm),
acetone (373 nm), EtOAc (409 nm), MeOH (410 nm), DMSO (462
nm), glycerol (469 nm) and DMF (476 nm) depending on solvent
viscosity, their interactions with the CFN fluorophore and their
respective dielectric constants (Fig. 2c). Moreover, the CIE
diagram illustrates the changes in emission wavelengths
(Fig. 2d). The ground- and excited-state emissions of fluoro-
phores are impacted by solvent polarity, resulting in a change in
absorption and emission properties.®” Additionally, the free-
rotating phenyl rings attached to the developed sensors impart
various optical properties in response to changes in the solvent
polarity. The study of Stokes shift, dipole moments and charge
translations such as twisted intramolecular charge transfer
(TICT) and intermolecular charge transfer (ICT) in sensor
molecules is made possible by solvatochromism.®® As shown in
Fig. 2, CFN displayed a red-shift in absorption bands within the
range of 348 nm to 356 nm with the increase in solvent polarity.
The m-m* transition attributed to the bathochromic shift of 8
nm for CFN was observed in absorption spectra when moving
from low- to high-polarity solvents. As evident from the emis-
sion spectrum, the more proclaimed positive solvatochromic
behavior is probably due to extended 7 conjugation in the
molecular structure. The CFN sensor displayed intense emis-
sion bands at 476 nm in DMF. Furthermore, a 106 nm bath-
ochromic shift was observed when moving from low- to high-
polarity solvents. For example, emission of CFN is observed at
370 nm in acetone compared to 476 nm emission maxima in
DMF.

Generally, under high polar conditions, fluorophores
encounter solvent relaxation, resulting in longer wavelength
emissions due to vibrational energy at the excited state being

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transferred to surrounding molecules.®* The notable changes in
fluorescence intensity and wavelength (A,.x) are also observed
due to the impact of polar solvents on dipole moments of
excited fluorophores.®® The photophysical properties of the
sensors that have been developed are summarized in Table S2.
The quantification of emission changes for the sensor due to
solvent polarity was further done using the Lippert-Mataga
plot, which displayed linear relationships (R*> = 0.795) between
Stokes shifts and polarizability (Af) (Fig. S3a).®® These plots were
further considered to investigate solvatochromism via the
change in dipole moments (Au) among the excited and ground
states, which gave 9.7 D for CFN. The dipole moment (Ay)
values infer that the developed sensor can discriminate between
solvents of varying polarity. The detailed structure-property
relationship studies prompted the application of the developed
material for biological and environmentally crucial metal ions.
Further optical studies were carried out in DMF due to the
substantial quantum yield and Stokes shift in fluorescence
emission observed.

3.3.3 Optical studies based on aggregation-induced emis-
sion (AIE). Present twisted substitutes on organic fluorophores
result in negligible fluorescence emission in dilute solutions,
but the optical response is enhanced by aggregation or forma-
tion of solids, the process termed AIE.***® AIE was incorporated
into the CFN core by adding freely rotatable phenyl rings via -C-
C- association. The optical characteristics of the sensor were
examined by gradual addition of water (0-90%) in DMF. The
sensor was found to be sparingly soluble in a water-DMF
combination but thoroughly soluble in organic solvents. Hence,
the DMF: H,O mixture was chosen for aggregation studies.
However, with a further change in water contents (20-80%),
a significant increase in absorption was observed for CFN with
a steep increase in absorbance from 80% to 90% water fraction
(Fig. 3a). Further addition of water did not change the absorp-
tion spectra, and the Mie scattering effect characterized by
a level-off tail was noted (Fig. 3a). The absorption bands are
changed slightly with water fractions (0-90%) in DMF due to the
solvent polarity effect, and the overall linear response of the
CFN sensor was observed with the increase in water fraction
(Fig. 3b).*”

Various amounts of water (f, = 0-90%) were added to the
DMF solution of the sensor to conduct thorough emission
experiments. Despite extended mw-conjugation, CFN showed
comparatively weak emissions in DMF caused by non-radiative
decay routes of free rotation of phenyl rings. However, with the
addition of water, the emission intensity of CFN (30 puM)
significantly increased by shifting from 476 nm to 410 nm
(Fig. 4a). These absorption changes with increased water
proportions suggest the H-aggregate formation.®®* Moreover,
with the increase in water fractions (0-90%) the emission
enhancement of about 5 times for CFN was seen with a blue-
shift of 66 nm, further indicating the formation of H-aggregates.

The quantum yield of CFN also increased from @ = 0.175 to
@ = 0.420. The CFN shows a Stokes shift of 54 nm at 90% water
fraction (Fig. S2b). The higher water content results in the
formation of well-organized aggregates. The aggregate forma-
tion was characterized through the monitoring of particle size

RSC Adv, 2025, 15, 45268-45282 | 45273


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06005b

Open Access Article. Published on 19 November 2025. Downloaded on 6/10/2026 11:43:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
a 90%| a0l
0.6 80% i
> 70% 3.5
Z 60%
(]
§ 90% H,0 50%| 31
; (]
£ 047 40%
8 o254
= 30%||=
< 20%| 20- comion |17 Mgt 811
(=] lof
E 0.2 4 10% 5\|/e:ght Instrumental (=1/ei*2)
< — 0% 1.5+ ge’cept c? 528799914;(? 600322565
— B B2 4.61255E 6+334356E
1.0 - Residual Sum of S 3. 77671
V) uares
0.0 - 0 / 0 qR—Square (COD) 0.99401
Adj. R-Square 0.9923
L] L) L] T L] 0'5 L] L L] L] L)
275 300 325 350 375 400 0 20 40 60 80 100

Wavelength (nm)

Water fraction (0-90 %)

Fig. 3 UV-Vis absorption spectra (a) and linear-fitting regression line (b) calculated after gradual mixing of water fractions (0-90%) in a 30 uM

DMEF solution of the CFN sensor.

sx10'd a 90 % H,0

44
410 H-Aggregates

3x10%+

2x104

Fluorescence intensity

1x104

400 450
Wavelength (nm)

359.2 nm

| Sensor CFN

16+

p—
N
'l

o
'l

Intensity (a.u.)
Intensity (a.u.)

E°S
'l

y = Intercept
34 canten B
2

No Weighting
0.19005

Weight
Residual Sum
of Squares

400 -200 200 400 600 800 1000 1200

Average Size (nm)

2 T 23 RS e Value Standard Error
2S0P: Aj\ Intercept 1.17836 0.12955
1 d 280P:A=1 B2 -3.85606E-4 7.17077€-5
-t T T T T
0 20 40 60 80 100
Water fractions (f = 0-90%)
16
485 nm
12+
Sensor CFN
in 80% water
8=
4
0 L] L] LJ LJ L)
-400 -200 O 200 400 600 800 1000 120(

Average Size (nm)

Fig. 4 Fluorescence spectra of the CFN sensor (30 uM) at consistently increasing water fractions (f,, = 0-90%) in aqueous solutions (a) and
a polynomial fit plot demonstrating the association between emission intensity and different water contents (b). DLS size distribution analysis of
the CFN sensor (c) and after the addition of 80% (d) water portion into its 30 uM DMF solution.

45274 | RSC Adv, 2025, 15, 45268-45282

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06005b

Open Access Article. Published on 19 November 2025. Downloaded on 6/10/2026 11:43:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

via dynamic light scattering (DLS) analysis (Fig. S3b). The
particle size kept increasing from 359 nm to 485 nm upon
increasing the water content from 0% to 80% (Fig. 4c and d).
The free rotations of substituted phenyl rings (RIR) in the
molecules are also suppressed, resulting in non-radiative decay
pathways and enhanced fluorescence.®

Using a polynomial fit plot, the determination of the corre-
lation between emission intensity and the addition of water
fraction in DMF solvent was made possible (Fig. 4b). The
materials showing enhanced fluorescence through the AIE
mechanism ought to exhibit consistent behavior in a viscous
environment.”

3.4. Photosensitive detection of biologically important
nutrient calcium

The CFN sensor (H,O : DMF, 9:1, v/v, 30 uM), with Ae,e = 330
nm, Sy, = 3/3, and Aemission = 410 nm, possesses unique struc-
tural features with nitrogen heteroatoms, which uniquely show
complexation with metal ions. This characteristic prompted us
to evaluate the detection capabilities of the sensor against
various metal ions in various media, including food, water, and
industrial effluents. We tested the specific concentrations (1000
nM) of a range of metal cations with competing anions
including Cu®’, Cr**, Fe*"'?*, Mn?*, Mg?", AI**, Zn?*, Ni**, Ca*",
Co*", Ag*, Na*, Pb*>", K", Hg*", Ba®*, SCN, I, F, Cl", Br’,
$0,%>7, NO, , CN~, HSO;, OAc™, OH, NO;*>7, HS™, and BrO~
with an AlE-active CFN sensor. The emission spectra were ob-
tained in H,O : DMF (9: 1, v/v, 30 UM, Acxcitation = 330 nm, S, =
3/3), as shown in Fig. 5.

The CFN sensor displayed an intense peak at 410 nm upon
the addition of a wide range of metal ions. However, a signifi-
cant quenching of fluorescence emission was observed at
444 nm for Ca*>" (500 nM). This indicates distinct and prefer-
ential complexation of the sensors with calcium ions. Addi-
tionally, a noticeable change in color from pale yellow to dark

1.6x10° CFN
A Fe*', Fe’', Zn*' Hg*',
Mn?", Mg, Cd*", Na',Co*", Ni*",
Ag',Ba*', Cu®’, Cr'", K", and Pb*"
1.2x10°

8.0x10%

Emission Intensity (CPS)

4.0x10*

Wavelength (nm)

Fig. 5 Fluorescence emission spectra of the CFN sensor scanned in
the presence of a range of competing metal ions. The emission spectra
were obtained in H,O : DMF (9 : 1, v/v; 30 uM; Aexe = 330 nm; S, = 3/3).
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yellow with the addition of 1 uM calcium further indicated the
utility of the developed sensor for naked-eye detection of the
analyte in daylight (Fig. S4).

Given the identical absorption and color changes of the AIE-
based CFN sensor for the oxidation state (Ca**). Ca**-focused
UV-visible absorption experiments were conducted by analyzing
the change in the absorption spectrum of CFN by gradually
increasing the amount of Ca®* (0-1000 nM) (Fig. 6). As shown in
Fig. 6, the intensity of the absorption peaks of CFN at 356 nm
was progressively increased. A substantial change in the color of
CFN was observed after the addition of Ca** ions under a UV
365 nm lamp (inset Fig. 6b). The absorption intensity reached
its maximum concentration (1000 nM) in a solution containing
H,O0:DMF (9:1 v/v), indicating stronger analyte-sensor
complexation. Further fluorescence emission experiments
were conducted to investigate the sensitivity of the AIE-based
CFN sensor to calcium after the absorption studies. The emis-
sion spectra of the sensor were taken before and after
complexation with the analyte (Fig. 7). With the increase in Ca®*
concentration, the fluorescence emission of CFN steadily
decreased starting from 410 nm emission maxima and
achieving the highest quenching at 1000 nM at 444 nm emis-
sion maxima, leading to a bathochromic shift of 34 nm (Fig. 7).
The quantum yield of CFN decreased from ® = 0.420 to
@ = 0.035.

The sensitivity of the AIE fluorescence-based CFN sensor was
confirmed by calculating the limit of detection (LOD) using the
established IUPAC procedure.

The LOD of 10.5 nM with CFN was found against Ca>*, which
is significantly lower than the permissible calcium level of 2.12-
2.62 mmol L™' by WHO recommendations in dietary supple-
ments and previously reported literature (Table S2).”

The results align with the absorption experiments, support-
ing the CFN-Ca®" complex, which is supported by atomic

1.2

1000 nM

0.9 4

0.6 4

Absorbance (a.u)

0.3 4

0.0 == — T
280 320 360 400 440
Wavelength (cm)

Fig. 6 UV-Vis absorption spectra generated after the concomitant
addition of Ca?* (0-1000 nM) to aqueous solution (water : DMF=9:1,
v/v) of the CFN sensor (a) and photographs showing the visual
colorimetric detection of Ca®* under a 365 nm UV lamp (b).
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Fig. 7 Fluorescence emission spectra (a) and the corresponding 3D Stern—Volmer plot (b) of the CFN sensor upon the consistent addition of

Ca?* (0-1000 nM) in aqueous solutions (H,O : DMF = 9: 1, v/v).

radius, charges, and binding energy of calcium metal ion. In
Fig. 7b, 3D SV plot demonstrates a selective quenching against
Ca*" ion. A linear relationship between the fluorescence inten-
sity and the analyte concentration was found by calculation
using the Stern-Volmer plot. With a significant correlation
coefficient value of 0.999, it suggests a single chelation-
enhanced quenching mechanism for CFN (Fig. S5). The SV
binding constants (Ky,), value for Ca>" were determined to be
1.76 x 10~7 M " with CFN (Fig. S5). Additionally, CFN exhibited
stable emission upon exposure to 100 equivalents of interfering
species, thus showing good selectivity towards the Ca>" analyte
(Fig. S6). The sensitivity of the developed sensor was further
implied by the continuous variation method, and the output
was plotted to elucidate its binding stoichiometry. The solvent
system H,O : DMF (9: 1, v/v) with a fixed concentration of CFN
was utilized to analyze various mole fractions (0-1.0) of the
analyte. The results suggested a 1:1 complexation stoichiom-
etry between metal ions and the developed highly selective AIE
sensor (Fig. S7). The fluorescence results were corroborated by
density functional theory (DFT) studies (vide infra). Hence, after
thorough UvV-visible absorption and fluorescence emission
experiments, the CFN sensor was found to be a suitable choice
for sensitive and selective monitoring of Ca®" in aqueous media
(H,O : DMF).

3.5. Analysis of counter ions and reversibility

The specific chelation of Ca** with CFN was further examined
through counter-experiments. Aqueous solutions of various
calcium salts, including CaSO,, CaCl,, CaF,, and Cal, were
added to the sensor solution, followed by emission analysis
(Fig. S8). The results established the selectivity of CFN even in
the presence of counter ions. In addition, reversibility is an
important parameter of a sensor for the development of real-
sample analysis. The reversible detection of calcium was ach-
ieved by the addition of ethylene diamine tetraacetic acid
(EDTA, 0-3 equivalents) to a metal-sensor complex (1 uM Ca*")
in an optimized solvent medium (9 : 1, H,O : DMF) (Fig. S9). The
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original fluorescence intensity was restored outstandingly, thus
successful release of calcium from the complex was confirmed.

3.6. Evaluation of pH, photostability and response time

For ensured real-time application of CFN, its behavior under
various pH conditions and photostability was assessed. The
emission response of CFN (10 pM) was taken across a pH range
of 1-14 (Fig. S10). Significant quenching in response to the
presence of the analyte was observed over the pH range (5.0-
11.0), indicating the suitability of the observed pH range for
Ca”* sensing (Fig. S11). Sensor response time was evaluated for
real-time applicability of the sensor. The sensor was mixed with
a 500 nM Ca”* solution, and a fluorescence change was moni-
tored over 0-60 seconds time periods. Significant quenching
after 10 seconds was observed for CFN up to 60 seconds
(Fig. S12a). Similarly, the quenching response of CFN was tested
under different temperatures from 28 °C to 38 °C, and the
results remained promising as evident from Fig. S12b. These
findings demonstrated the potential of the sensor as a reliable
tool for the sensitive, selective, and rapid on-site detection of
Ca®" in aqueous media.

Another vital aspect of practical applications of fluorescence-
based sensors is its photostability. Following exposure to high
energy excitation radiation, the emission of the sensor was
observed, in both the presence and the absence of analytes in
a selected H,O:DMF solvent combination (Fig. S13). The
promising stability of the developed sensor was confirmed
under the tentative conditions by no disruption in emission and
sensing response.

3.7. Mechanism of the CFN sensor for Ca>* detection

3.7.1 Possible mechanism of sensing. The distinctive
characteristics based on the structure of the AIE-active CFN
sensor make it more selective for Ca**. The nitrogen atom of the
nitrile group, oxygen from the furan ring, and protons of the
methyl group interact with Ca®", even in the presence of inter-
fering species. Calcium and magnesium are known to undergo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chelation with compounds or ligands via nitrogen and oxygen.”>
Doubtlessly, the -OH group in the structure of CFN can
potentially interact with the calcium ion. In this regard, the
calcium interaction with the -OH group must exhibit a blue-
shift in the emission spectra of the CFN sensor due to reduced
intermolecular charge transfer from the phenolic OH group to
the other end of the molecule, where the electron-withdrawing
cyano group and oxygen of furan ring are present in the
CFN@Ca** complex. This reduced flow of intermolecular
charge transfer (ICT) can significantly reduce the electronic
conjugation and charge separation. Subsequently, reduced
conjugation and charge separation should result in a blue-shift
with decreased fluorescence emission that is not observed in
the emission spectra of CFN. In contrast, nearly a 34 nm bath-
ochromic shift was noticed in the emission spectra of CFN after
its interaction with calcium ions that ruled out the possible
interaction of calcium ions with the -OH group. The absence of
ICT with a blue-shift clearly demonstrates that the interaction of
calcium with the -OH group is negligible or its complexation
with the ~-OH group is not stable enough. Furthermore, DFT
calculations were performed multiple times and every time DFT
did not support the interaction of calcium ions with a phenolic
hydroxyl group. Probably, the calcium ion has been trapped by
the other side of the molecule functional groups instead of the
hydroxyl moiety through the presence of combined significant
interaction of nitrogen of the cyano group and oxygen of the
furan ring system with calcium ions in CFN. Due to this,
calcium forms a stable complex with the nitrile group, the
oxygen of furan and the hydrogen of methyl group in CFN that is
validated through computational analysis. The dynamic light
scattering (DLS) technique authenticated the chelate formation
more significantly. The particle size monitored upon water

CFN
+
1 Equiv. Ca*

View Article Online

RSC Advances

aggregation (485 nm) increased immensely after the formation
of CFN with calcium ions to 890.2 nm as shown in Fig. S14. The
AlIE-active fluorescent CFN sensor exhibits emission intensity in
DMF/water due to the minimum inner filter effect and absence
of intramolecular charge transfer, when the CFN interacts with
Ca®" and starts chelation (CFN@Ca>"). After chelation, the
CFN@Ca>" complex is formed in which the binding of Ca** ions
facilitates the intramolecular charge transfer in the CFN mole-
cule. Therefore, the ICT changes the overall electronic envi-
ronment of CFN, which directly induces the non-radiative decay
and quenches the emission intensity of the CFN sensor. This
phenomenon is also known as chelation-quenched fluores-
cence (CHEQ). The CHEQ is the main sensing mechanism
involved in the sensitive and selective sensing of Ca*' ions.
Moreover, the interaction between CFN and Ca®' ions was
further validated through DFT calculations. FMO and DOS
analysis demonstrate the significant reduction in HOMO-
LUMO energy gap that validates the sensitivity of CFN toward
Ca>". Additionally, EDD analysis represents the distribution of
charge over the CFN@Ca®" complex and 2D, 3D-NCI analysis
demonstrates the types of interactions present between CFN
and Ca®>" ions. Furthermore, QTAIM analysis illustrates the
chelation between CFN and Ca®" ions.

Job's plot was drawn based on fluorescence titration experi-
ments at different mole fractions, which showcased the binding
stoichiometry of 1:1, pointing towards the nature of chelates
formed (Fig. S7). In the case of CFN, calcium ions showed best
interaction with the nitrogen of the -CN group, oxygen of furan,
and hydrogen of methyl group. The interaction is followed by
fluorescence quenching due to the chelation-enhanced
quenching (CHEQ) mechanism.**
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Fig. 8 H NMR titration spectra of CFN upon the addition of 0.5 and 1.0 equivalents of calcium ions in DMSO-ds.
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Fig. 9 Proposed sensing mechanism for calcium ion sensing by the CFN sensor.

"H NMR titration was carried out to further validate the
sensitive detection of Ca®>" via fluorescence quenching (S44-
S46). The '"H NMR assay was conducted before and after the
titration with 0.5 and 1.0 equivalent of Ca*>" from CaCl, in
DMSO-de. The NH, proton signals of CFN exhibited a signifi-
cant downfield shift (Fig. 8), which suggests efficient complex-
ation. The signal broadening is likely due to the paramagnetic
nature of Ca*'. The complexation of CFN@Ca>" changes the
overall electronic environment over the structure of CFN, which
alters the proton NMR signals. Moreover, a significant change
in the chemical shift of the -OH group in the structure of CFN
was observed. This demonstrates that the complexation of
CFN@Ca** induced ICT that reduces the charge density over the
oxygen atom of the -OH group, which increases the acidity of
this group. Due to this, the OH group of CFN easily deproto-
nates or starts to exchange its proton with the solvent, which is
not only responsible for a downfield chemical shift, but also
quenches the intensity of the signal. The proposed metal-sensor
complexation mechanism is depicted in Fig. 9.

3.7.2 Optimization of geometry and thermodynamic
stability. The geometry of the CFN molecule contains -OH, -
CH;, and -NH, as electron-donating functionalities and -CN as
an electron-withdrawing group attached to the ring structures.
It was crucial to depict the conformational studies along with
the theoretical binding energy estimation of individual CFN
molecules as well as the CFN-Ca®>" complex. The structural
optimization of the CFN molecule and CFN-Ca®" complex was
executed on the wB97XD and B3LYP/6311G(d,p) basis sets by
utilizing the Gaussian 09 program (Fig. S15). After structural
optimization, binding energies at various interfaces between
the CFN sensor and the Ca*" ion were calculated to evaluate the
most stable interaction site between CFN and Ca”". The basis
set superposition error (BSSE) correction process was used to
determine the binding energy of the CFN-Ca®" complex. BSSE
correction findings at various sites were 305.04, 205.01, and
263.07 kcal mol*, respectively. The most stable interaction site
was site I, with a binding energy value of 305.04 kcal mol
selected for further DFT calculations (Fig. S16).

3.7.3 FMO and DOS studies. Significant tools like frontier
molecular orbitals (FMO) and density of states (DOS) analysis

45278 | RSC Adv, 2025, 15, 45268-45282

are employed to interpret the stability and reactivity of
substances. A piece of detailed and in-depth information
regarding the sensitivity of the sensor towards the analyte will
be attained by using their electronic properties. The attenuation
of the HOMO-LUMO (H-L) gap of the sensor (H-L) signifies
susceptibility, while the resistivity is the result of an increase in
the H-L gap. Mainly, the reduction in HOMO-LUMO gap was
observed due to intereaction between HOMO of CFN and LUMO
of the analyte. The electronic properties of CFN were examined
with and without Ca®" ions. The interaction of CFN with Ca**
ions showed a noteworthy reduction in the H-L energy gap and
electron density. The H-L energy of the CFN sensor was at —5.76
eV and —0.81 eV, respectively. The H-L energy gap of the CFN
sensor turned out to be 4.95 eV. Similarly, the H-L energy gap of
the CFN-Ca®" complex was reduced to 4.06 €V as its H-L energy
levels were found to be at —7.03 eV and —2.97 eV, respectively
(Fig. S17a).

The reduction in the H-L gape of the CFN sensor was
observed due to the overlapping of molecular orbitals of CFN
with the atomic orbital of Ca®. Moreover, the charge density
distribution in the CFN sensor and its complex with Ca>* was
evaluated to identify the variation in their HOMO-LUMO
energies. The H-L charge density was distributed over the
sensor molecule before its interaction with the analyte. None-
theless, the HOMO-LUMO charge density of the CFN sensor
was slightly over Ca®>* ions after its interaction with the CFN
sensor. Moreover, the entire characterization of the sensitivity/
selectivity of CFN extensively depends on the DOS (density of
state) analysis. DOS analysis was performed to evaluate the
formation of new energy levels. The DOS results confirmed the
formation of new energy levels (virtual energy states) and
a sufficient reduction in the H-L gap in the CFN sensor-Ca>"
from 4.95 eV to 4.06 eV, which showed the significant sensitivity
of CFN for Ca”" ions, the eventual detection goal (Fig. S17b & c).
DOS is one of the supreme DFT analyses to examine the
sensitivity of the sensor.

3.7.4 EDD and NBO analysis. EDD and NBO analysis are
also the two unconventional electron density transfer analyses
that have been employed to further demonstrate the sensitivity
of CFN against calcium ions. EDD provides a visual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) 3D NCl isosurface plot of the CFN-Ca?*complex. (b) 2D RDG-NCI graph of the CFN-Ca®* complex.

demonstration of charge transfer in the CFN and CFN-Ca>*
complex. As shown in Fig. S18, charge density reduction is
demonstrated by the dark red and purple tones expounding the
accumulation of charge density. The charge density accumula-
tion between CFN and Ca”" is evident from the purple color in
the 3D EDD iso-surfaces of the CFN-Ca>" complex. Similarly,
the amount of electron density transfer from CFN to Ca*" is
calculated by NBO analysis. In NBO calculations, the quantity of
charge represents the transfer of charge from the CFN sensor
molecule to the electron-deficient Ca** ion. NBO represents the
charge transfer from the CFN sensor (electron-rich) and Ca>*
ions (electron deficient). The CFN sensor expressed itself to
have an NBO value of —1.9119¢~ upon CFN-Ca** complex
formation.

3.7.5 NCI and QTAIM analysis. Three-dimensional NCI
illustrates the nature of weak forces between CFN and Ca®" ions.
Three-dimensional NCI was deployed to make the iso-surface of
the CFN-Ca®" complex, in which the green contours are the
representation of weak non-covalent interactions between CFN
and Ca**, and red patches in the aromatic region of CFN depict
the existence of repulsive forces (Fig. 10a). However, two-
dimensional NCI studies were accomplished using the Mul-
tiwfn system. A spectral plot between (42p) on the x-axis and
reduced density gradient (RDG) on the y-axis was plotted in the
result of 2D NCI. The existence of weak forces (van der Waals)

BCP-03
BCP-01

Fig. 11 QTAIM analysis results of the CFN-Ca®" complex.

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

between CFN and Ca*" ions is illustrated through green dotted
lines, which were found in the region of —0.025 to —0.015
(Fig. 10b). However, red spikes revealed the existence of repul-
sive forces.

To further understand the weak interactions and to evaluate
the BCPs (bond critical points) of bonds between CFN and Ca>*
ions, QTAIM studies were enacted using the Multiwfn program.
Three bond critical points were obtained using QTAIM theo-
retical calculations (Fig. 11).

The presence of weak interactions (NCIs) between CFN and
Ca”" is represented through resulting parameter values such as
V? p(r) and p(r) in the range of 0.0149 to 0.0171 a. u. and 0.081 to
0.091 a. u. Correspondingly, and the other BCP values represent
the parameters of NCIs given in Table S3.

4. Analytical applications
4.1. Determination of Ca®>" in human plasma

Accurate detection of Ca*>" levels in real samples is vital because
of the crucial role of Ca** in various biological processes,
highlighting the suggested sensor's effectiveness. Its cytotox-
icity was evaluated to ensure that the CFN sensor is suitable for
biological applications (Fig. S19). Human plasma (Cerulo-
plasmin, Human Plasma) samples were purchased from Sigma-
Aldrich (Product No. 239799, Description: Ceruloplasmin,
Human Plasma, CAS 9031-37-2, from human plasma, is
involved in serum copper transport and plays a protective role
against oxygen radicals generated by iron and ascorbate), and
30 uM of CFN was added to different amounts of human plasma
in double-distilled water (0-50 pL mL™"). The solution (DMF :
H,0, 1:9 v/v) was used to record the fluorescence spectra, as
shown in Fig. S20a.

The results indicated a gradual decrease in fluorescence
emission as a proportion of human plasma increased. Subse-
quently, different amounts of calcium were added to human
plasma, and the resulting emission spectra were analyzed. The
fluorescence emission spectra of CFN show a continuous
decrease with the increase in Ca** concentration from 0 to 500
nM, as shown in Fig. S20b. Then 50 pL of human plasma was
found to contain 300 nM of Ca>", calculated by comparing the
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Fig. 12 CFN-coated handy TLC strips for the detection of Ca®* in daylight and UV light.

change in emission spectra and plotting a standard linear graph
before and after spiking with Ca**. The findings demonstrate
the suitability of the CFN sensor for biological environments in
quantifying Ca>".

4.2. Recovery experiments of water and milk samples

The real-time applicability of CFN for monitoring the calcium
ion concentration in river water and tap water samples was
investigated. Water samples from Kunhar River, Garhi Hab-
ibullah, normal tap water from COMSATS University Islamabad,
Abbottabad Campus, and commercial tetra pack milk of Olpers
Pakistan from Shaheen Chemists Abbottabad were collected in
glass vials and were diluted to suitable concentrations in
double-distilled water for further analysis, performed without
any delay. After removing impurities with a 0.2 pm syringe filter,
the samples were spiked with different amounts of Ca”>*. The
fluorescence experiments were performed in triplicate with low
to high spiking concentrations of 350 nM to 1000 nM. The
graphs were plotted for all three types of samples (Fig. S21).
Spike and recovery measurements were performed from the
calibration curve of analyte concentration versus fluorescence
results. The recovery percentages range from 102% to 109.8%
with its relative standard deviation up to 2.37, showcasing the
strong interaction of the sensor and the analyte (Tables S4-S6).

4.3. Portable handheld fluorescent films

Modernization with uncontrolled industrialization and
mounting environmental pollution have created an urgent need
for a straightforward, onsite monitoring mechanism for Ca**
monitoring. Building on the promising sensing capabilities of
CFN, we developed portable, reliable, and cost-effective sensor-

loaded fluorescent films. A 30 uM solution in THF was prepared,

45280 | RSC Adv, 2025, 15, 45268-45282

and thin-layer chromatography plates were dipped into the
solution to fabricate these sensing films, which were dried at 35
°C for 20 minutes in a drying oven. The films appeared
brownish in daylight while exhibiting a green color under 254
nm UV light (Fig. 12).

When 10 uM Ca** was applied to these active fluorescent
films, changes in color and absorption were observed as brown
turns to greyish shade under daylight and light green turning to
light blue under UV, respectively (Fig. 12). The results
confirmed the effectiveness of the sensor-coated TLC films
against the Ca®" analyte as a convenient, efficient, potable and
straightforward solution for onsite monitoring.

4.4. Fabrication of logic devices

Digital computing has modernized and simplified fluorescence
sensing by converting fluorescence emission signals into
chemically encoded information through the use of logic

IN-1
CFN
F1 ON |
IN-2
Ca?*

>¢ \ﬂ’

Fig. 13 Logic gate flow sheet configuration of CFN for calcium ion
sensing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gates.”” Combining innovation and encouraging CFN sensor
spectroscopic results, we developed a logic gate framework. A
logic circuit consisting of NAND, AND, and NOT gates is used in
the suggested configuration. Input-1 (IN-1) and input-2 (IN-2)
are the corresponding input signals from CFN and Ca”". Fig. 13
shows an employed setup consisting of an output signal (OUT)
at an emission spectrum of 444 nm.

The threshold for the detection of Ca®" was set by the
emission peak at 420 nm. The signals at 420 nm wavelength or
higher were categorized as “ON” or “1”, while those below this
were marked as “OFF” or “0”. Therefore, the logic gate
demonstrated “OFF” when the complex CFN-Ca>* was supplied
as input and reverted to “ON” when only CFN was the input
because of the use of a NAND gate. A truth table based on the
logic circuit results that corresponded to fluorescent emission
was drawn (Table S7). In conclusion, our research indicates that
these sensors could be effectively integrated into contemporary
electronic devices, facilitating easier and more efficient analyt-
ical procedures.

5. Conclusion

In conclusion, a novel chromene-based AlE-active and sol-
vatochromic CFN sensor was synthesized and characterized by
NMR spectroscopy. The CFN sensor with novel structural
features and structure-property relationship demonstrated
solvatochromism, large Stokes shift (120 nm), and aggregation-
induced emission enhancement (AIE). The CFN sensor was
employed for highly specific and sensitive colorimetric sensing
of Ca** in an aqueous solution (e, = 444 nm, DMF: H,0, 1: 9
v/v) in the presence of potential interferents. Chelation-
enhanced fluorescence quenching (CHEQ) is involved as
a primary sensing mechanism in the sensing of Ca®>" ions. The
CFN@Ca”" complexation was confirmed through titration NMR
analysis, dynamic light scattering (DLS) analysis, and DFT
studies. A continuous variation method confirmed 1: 1 binding
stoichiometry between the CFN and Ca®" ion. Moreover, the
detection and quantification limit were found to be 10.5 nM and
35 nM, respectively. Furthermore, the CFN sensor was
employed for the quantification of Ca®>" ions in real samples,
including human plasma, river water, tap water and commer-
cial milk using spike recovery measurements. Additionally,
a portable, cost-effective fluorescent TLC strip was fabricated for
effective on-site monitoring of Ca>* ions. Finally, a logic gate
was constructed for the electronic monitoring of Ca®" ions.
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