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A next-generation fluorescent chemosensor
for dual-mode detection of aluminium ions and
DCP: a bridge between sensing and bio-imaging

Saurabh Gupta,†a Abhishek Kaundal,†b Gulshan Kumar, c Vijay Luxami *b and
Kamaldeep Paul *ab

In the present work, we have rationally designed and synthesized a bis-naphthalimide-based ‘‘turn-on’’

fluorescent chemosensor, BINNA, capable of dual-analyte recognition with high sensitivity and selectivity for

aluminium ions (Al3+) and the nerve agent mimic diethyl chlorophosphate (DCP) in methanol medium.

Distinct photophysical responses are observed: the addition of DCP induces a strong emission band at

370 nm, whereas the addition of Al3+ ions displays an intense emission band at 450 nm, allowing for clear

spectral discrimination. The probe demonstrates outstanding detection capabilities, with detection limits

reaching as low as 8.5 nM for DCP and 18.2 nM for Al3+. High-resolution mass spectrometry (HRMS) analyses

provide mechanistic insights into the interaction pathways of BINNA with each target analyte. Comple-

mentary theoretical investigations using computational modelling further corroborate the experimental

findings. Beyond its role in solution-phase sensing, BINNA’s photonic properties are employed to construct a

molecular logic gate system based on fluorescence signal outputs. The practical applicability of the sensor is

validated through the successful detection of DCP and Al3+ in soil samples. Moreover, BINNA’s ability to

visualize cellular uptake and fluorescence in live bacterial cells underscores its potential as a multifunctional

probe for environmental analysis and advanced bio-imaging applications.

1. Introduction

Chemosensors have emerged as pivotal tools in modern
science, offering innovative solutions for environmental sus-
tainability, health monitoring, and food quality control.1 Their
ability to provide rapid, cost-effective, and selective detection
of various analytes has revolutionized traditional sensing
methodologies.2 Traditional detection methods like atomic
absorption spectroscopy (AAS),3 voltammetry,4 and inductively
coupled plasma mass spectrometry (ICP-MS)5 have been instru-
mental in analytical chemistry. However, these techniques
often require sophisticated instrumentation, are time-
consuming, and lack the desired sensitivity and selectivity.6,7

In contrast, chemosensors, especially those based on fluoro-
phores, offer simplicity in synthesis, cost-effectiveness,
and rapid detection capabilities.8–10 Their detection limits,

selectivity, and recoverability make them ideal for detecting
various metal and biological ions.11–13 Among the fluoro-
phores, naphthalimide has garnered significant attention due
to its unique properties: a flat aromatic ring system, p-electron
deficiency, strong absorption in the visible region, high fluores-
cence quantum yield, significant Stokes shift, outstanding
photostability, rapid response, high sensitivity and selectivity,
and ease of structural modification. These characteristics
make naphthalimide an excellent candidate for developing
chemosensors.14–18

Aluminium ions (Al3+) are prevalent in daily life, found in
cooking vessels, the paper industry, textiles, agriculture, and
food additives.19 Although Al3+ is non-essential for humans,
elevated concentrations can lead to severe health issues, includ-
ing Parkinson’s disease, Alzheimer’s disease, osteomalacia, and
central nervous system malfunctions.20,21 The World Health
Organization (WHO) recommends a permissible limit of
7.14 mM in water and 3–10 mg per day for human intake.22

Currently, most of the Al3+ detecting sensors face challenges
due to interference from other metal ions like Hg2+, Cu2+, Zn2+,
and Fe3+. Therefore, there is an urgent need to develop novel
chemosensors that can selectively detect Al3+ ions without
interference.23,24 Recent studies have shown that naphtha-
limide-based chemosensors exhibit high selectivity and
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sensitivity for Al3+ detection, making them promising candi-
dates for practical applications.25,26

Moreover, organophosphorus compounds (OPs), including
diethyl chlorophosphate (DCP), are highly toxic substances
used as pesticides, herbicides, and chemical warfare agents.27

These compounds inhibit acetylcholine esterase (AchE), lead-
ing to the accumulation of acetylcholine, which disrupts nerve
function and causes respiratory failure and death.28 DCP is
often used as a simulant for G-series nerve agents like soman (GD),
sarin (GB), and tabun (GA) due to its similar structure and
reactivity.29,30 Given the high toxicity of OPs, researchers have
focused on developing chemosensors for their detection.31 Recent
advancements have led to the development of chemosensors cap-
able of detecting DCP with high sensitivity and selectivity, offering
potential for real-time monitoring and rapid response in case of
exposure.32 Therefore, the development of chemosensors, particu-
larly those based on fluorophores like naphthalimide, offers a
promising avenue for the selective and sensitive detection of harm-
ful ions and nerve agents. These advancements not only enhance
the ability to monitor environmental and biological systems but also
contribute significantly to public health and safety.

1.1. Design of BINNA and novelty of the work

In recent years, a variety of chemosensors have been designed
and synthesized for the detection of Al3+ ions and DCP.33–35

These chemosensors can detect either Al3+ or DCP, with detec-
tion limits ranging from 23 mM to 98 nM (Table S1). These
chemosensors are generally Schiff bases incorporated into
some fluorophores such as naphthalimide, rhodamine, phen-
anthroimidazole, etc., but none of the developed chemosensors
has the ability to detect Al3+ and DCP simultaneously, thereby
increasing the synthesis cost of developing different chemo-
sensors for both analytes and decreasing their multifunctional
applications in biological detection and environmental mon-
itoring. Thus, there is a need for the development of new
chemosensors that can simultaneously detect both analytes

and have better detection limits (Fig. 1). Recently, Zhang et al.25

reported a naphthalimide-based chemosensor containing a Schiff
base unit formed from (N,N-diethylamino)benzaldehyde, while an
alkyl group (ethyl morpholine) was introduced at the anhydride
position of naphthalimide. The reported sensor detected the Al3+

ions in MeOH with a limit of detection in the micromolar range.
Similarly, in 2023, Jain et al.26 developed a naphthalimide-based
chemosensor appended with a Schiff base unit derived from (N,N-
diethylamino)salicylaldehyde. They have used butylamine as an
alkyl group at the anhydride position of naphthalimide; their
developed sensor detects DCP in CH3CN with a detection limit in
the micromolar range. Over the past few years, naphthalimide
with a Schiff base unit has been largely explored for its sensing
ability, but up to now, no report on a bis-naphthalimide moiety
bearing Schiff base units has been published. In this context, we
have developed a novel chemosensor (BINNA) by modifying a
previously reported naphthalimide-based probe, specifically repla-
cing the alkyl chain with an additional naphthalimide unit and
substituting (N,N-diethylamino)salicylaldehyde with naphthalde-
hyde to create a bis-naphthalimide architecture. Our developed
chemosensor sequentially detects both the metal ion, i.e. Al3+, and
the nerve agent DCP in methanol, which could effectively reduce
the synthesis cost of different chemosensors. The probe BINNA
exhibits better selectivity and sensitivity than the reported che-
mosensors with a limit of detection in the nanomolar range for
both analytes. Moreover, BINNA also exhibited aggregation
effects, which were supported by DLS and SEM studies. Initially,
BINNA is non-fluorescent, but upon interacting with Al3+ or DCP,
an enhancement in the fluorescence intensity of the probe is
observed, thus building a ‘‘turn-on’’ fluorescent probe for detect-
ing metal ions and nerve agents. This capability not only improves
sensitivity but also offers a dependable fluorescence-based
approach for the selective detection of Al3+ ions and DCP.
The probe also demonstrates strong performance in identifying
both analytes in live bacterial cells, highlighting its versatility
and effectiveness for practical and real-world applications.

Fig. 1 Design of the probe BINNA.
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2. Experimental section
2.1. Materials and characterisation

The chemicals used for the synthesis of BINNA were purchased
from various suppliers, including Sigma-Aldrich Ltd, Loba
Chemie, and Spectrochem, depending on their availability.
All solvents utilized in the synthesis were of spectroscopic grade
and procured from Spectrochem. Reaction progress was monitored
using thin-layer chromatography (TLC) on silica plates coated with
silica gel GF-254, obtained from Spectrochem Pvt Ltd, India. UV
light at wavelengths of 254 or 365 nm was employed to visualize
changes on the TLC plates. Compound purification was carried out
using column chromatography with silica gel (60–120 mesh).
1H and 13C NMR spectra were recorded at room temperature using
a BRUKER ECS-400 MHz spectrometer (400 MHz for 1H and
100 MHz for 13C). NMR samples were prepared in deuterated
DMSO (DMSO-d6) using tetramethylsilane (TMS) as the internal
standard, with chemical shifts reported in parts per million (ppm).
High-resolution mass spectrometry (HRMS) data were obtained
using a XEVO G2-XS QTOF spectrometer.

2.2. Computational methods

Geometry optimization of the probe BINNA in its ground state
(S0) was performed using the B3LYP functional with the
6-31G(d) basis set as implemented in Gaussian 16. To account
for experimental conditions, the solvation effect of methanol
was incorporated using the integral equation formalism polar-
izable continuum model (IEFPCM). The absence of imaginary
vibrational frequencies confirmed the stability of the optimized
molecular structures. Excitation energies were calculated
employing time-dependent density functional theory (TD-DFT).
Given the molecular flexibility of BINNA at –CQN– and –N–N–
linkages, multiple conformers were explored at the S0 state. Two
stable conformers, designated BINNA-C1 and BINNA-C2, were
identified with relative energies of 0.00 and 2.57 kcal mol�1,
respectively. Boltzmann population analysis at 298 K indicated
distributions of 98% for BINNA-C1 and 2% for BINNA-C2, leading
to the selection of BINNA-C1 for subsequent analysis (Fig. S1).
Further geometry optimizations and TD-DFT calculations were
carried out using various exchange–correlation functionals (CAM-
B3LYP, B3PW91, PBE0, and M06-2X) and basis sets (6-31G(d),
6-311G(d) and 6-311G(d,p)). The CAM-B3LYP/6-31G(d) level of
theory yielded results in the closest agreement with experimental
data and was therefore employed for a detailed discussion of the
electronic and optical properties. Molecular electrostatic potential
(MEP) mapping was also conducted to assess charge distribution
across the molecule.

2.3 Synthesis of BINNA

2.3.1. Synthesis of the compound BIN-Br (1). A stirred
solution of 2-amino-1H-benzo[de]isoquinoline-1,3(2H)-dione
(500 mg, 2.3 mmol) in 50 mL of ethanol was treated with
6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (780 mg, 2.8 mmol)
along with a catalytic amount of zinc acetate. The reaction
progress was continuously monitored by thin-layer chromato-
graphy, and the reaction was refluxed until the starting material

was completely consumed in 4 h. Upon completion, the mix-
ture was filtered, and the crude product was purified by column
chromatography using a hexane–chloroform (8 : 2) mixture as
the eluent. This process yielded a white solid of compound 1
with 80% yield, an Rf value of 0.6 (chloroform), and a melting
point of 289–292 1C.36

2.3.2. Synthesis of 6-hydrazinyl-1H,1 0H,3H,30H-[2,20-bi-
benzo[de]isoquinoline]-1,10,3,30-tetraone BIN-NHNH2 (2). Hydr-
azine hydrate (27 mg, 0.84 mmol) was added to a stirred
solution of compound 1 (200 mg, 0.42 mmol) and potassium
carbonate (88 mg, 0.63 mmol) in DMF (20 ml), and the reaction
was further stirred at 100 1C for 1 h. A reaction temperature of
100 1C was selected based on preliminary optimisation experi-
ments. Temperatures below 100 1C (e.g., 80–90 1C) resulted in
incomplete conversion even after the reaction was carried out
for a longer time, whereas temperatures above 100 1C provided
no further improvement and posed a risk of decomposition of
the intermediate/product. Therefore, 100 1C was identified as
the optimal condition to ensure high yield and reproducibility.
The progress of the reaction was monitored using thin-layer
chromatography (TLC). After completion of the reaction, a
brown-colored solid was obtained by adding water. Further-
more, the obtained solid was filtered and washed with cold
water to obtain compound 2 in 86% yield and an Rf of 0.5
(5% ethyl acetate in chloroform).

2.3.3. Synthesis of (E)-6-(2-((2-hydroxynaphthalen-1-yl)-
methylene)hydrazinyl)-1H,10H,3H,30H-[2,20-bibenzo[de]isoquino-
line]-1,1 0,3,30-tetraone (BINNA). Compound 2 (200 mg,
0.47 mmol) and 2-hydroxy naphthaldehyde (3) (97 mg,
0.56 mmol) were dissolved in ethanol (35 ml) and refluxed
in a round-bottom flask for 5 h. The progress of the reaction
was monitored using TLC. On completion of the reaction, an
orange colour solid was obtained. The orange colour solid was
filtered and washed with hot ethanol to obtain pure BINNA
with a yield of 75% and an Rf of 0.4 (10% ethyl acetate in
chloroform) (Scheme 1). The structure of BINNA was con-
firmed by 1H NMR (Fig. S2), 13C NMR (Fig. S3) and mass
spectrometry (Fig. S4). 1H NMR (400 MHz, DMSO-d6): d ppm:
9.75 (s, 1H, CH, H15), 8.51 (dd, J = 7.3 Hz, 2H, ArH, H1,6), 8.37
(d, J = 7.9 Hz, 2H, ArH, H3,4), 8.32 (t, J = 7.7 Hz, 2H, ArH,
H16,18), 7.96 (d, J = 9.0 Hz, 1H, ArH, H7), 7.80 (t, J = 7.7 Hz, 4H,
ArH, H2,5,12,13), 7.78 –7.73 (m, 1H, ArH, H9), 7.56–7.48 (m, 2H,
ArH, H14,17), 7.39–7.30 (m, 2H, ArH, H10,11), 7.20 (d, J = 9.0 Hz,
1H, ArH, H8); 13C NMR (100 MHz, DMSO-d6): d ppm: 170.8,
170.7, 161.1, 160.9, 138.9, 136.2, 135.3, 135.1, 132.7, 131.9,
131.7, 129.5, 128.9, 128.3, 127.9, 127.8, 127.4, 124.5, 122.8,
122.5, 119.2, 108.6: HRMS (ESI) calcd for C35H20N4O5 [M + H]+

577.3180; found 577.3192 with a difference of 0.0012 and an
error of 2.1 ppm, which lies well within the typical high-
resolution instrument error range (�3–5 ppm), confirming
the structural accuracy.

2.4. Preparation of stock solutions

Stock solutions of individual anions and metal ions were prepared
in acetonitrile (CH3CN) and distilled water at a concentration of
1� 10�1 M. The ligand stock solution was prepared separately in a
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DMSO/CH3CN mixture at a concentration of 1 � 10�3 M. These
stock solutions were then further diluted to the required concen-
trations using the appropriate solvents.

2.5. Absorption and emission studies

The absorption and emission spectra of BINNA were analysed at a
concentration of 20 mM. Absorption measurements were per-
formed using a UV-2600 spectrophotometer and quartz cuvettes
of 1 cm path length. Emission spectra were recorded with a Varian
Cary Eclipse fluorescence spectrophotometer (G9800A) using slit
widths of 10 nm for excitation and 20 nm for emission at the
stated excitation wavelength. Time-resolved fluorescence measure-
ments were carried out using a DeltaFlex Modular Fluorescence
Lifetime Spectrofluorimeter (HORIBA Scientific – PPD-850). The
stoichiometric ratios between the ligand and metal ions/nerve
agent were determined using Job’s plot analysis.

3. Results and discussion
3.1. Photophysical behavior of BINNA

The photophysical studies of BINNA were conducted using
spectroscopic techniques of absorption and emission. In
CH3OH solvent, two absorption bands were displayed by BINNA
(20 mM) at 325 and 355 nm, while weak fluorescence was
observed, as shown in Fig. 2a and b. Different solvents were

used to explore the spectral behaviour of BINNA with different
polarities, such as MeOH, THF, toluene, DMF, CH3CN, CHCl3,
cyclohexane, IPA, ethyl acetate, ethanol, DMSO, and hexane.
No significant change in the absorption and emission spectra
of BINNA on moving from low to high polarity was observed.

3.2. Aggregation-induced emission enhancement (AIEE)
behaviour of BINNA

To investigate the aggregation behaviour of the synthesized
BINNA, absorption and emission spectra were recorded in
CH3CN with increasing amounts of water. Initially, BINNA
solution (20 mM in CH3CN) displayed two absorption bands
at 325 and 355 nm. As the water content was increased from
0 to 60%, a significant reduction in absorption intensity was
observed. However, with further addition of water (70 to 100%),
a new absorption band at 375 nm was observed along with a
tail-off absorption between 500 nm and 700 nm, suggesting
aggregate formation in the mixed solvent system (Fig. 3a).
Fluorescence measurements further confirmed the aggregation
behaviour. BINNA exhibited very low fluorescence intensity in
pure CH3CN, and no significant change in the fluorescence
intensity was observed upon gradual addition of water up to
50% (1 : 1; H2O : CH3CN). Upon further incremental addition of
water from 60 to 90%, a significant increase in fluorescence
intensity at 380 nm was observed. In pure water, the fluorescence

Scheme 1 Synthetic route of BINNA.

Fig. 2 (a) Absorption and (b) emission spectra of BINNA in different solvents.
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intensity of BINNA was quenched significantly as compared
to 90% H2O : CH3CN (v/v), indicating significant aggregation-
induced emission enhancement effects (Fig. 3b). These results
confirmed the formation of aggregates upon increasing water
concentration.

A dynamic light scattering (DLS) study was conducted to
explore how varying water content influences the particle size
and aggregation behaviour of BINNA. In pure acetonitrile
(CH3CN), BINNA displayed a relatively uniform particle size,
averaging 145� 3 nm, with a polydispersity index (PDI) of 0.372
(Fig. 4a). However, as water was incrementally introduced into
the system, a clear trend of particle growth emerged, signifying
enhanced aggregation. At 50 : 50 H2O : CH3CN ratio, the average
hydrodynamic diameter expanded to 844 � 10 nm, accompa-
nied by a PDI of 0.479 (Fig. 4b). Further increasing the
water content to 70% resulted in an increase of particle size

to 1185 � 16 nm, with a PDI of 0.587 (Fig. 4c). Moreover, at a
water content of 90%, the particle size of BINNA increased to
2608 � 8 nm (Fig. 4d), and in pure water, BINNA exhibited
an average particle size of 3092 � 10 nm with a PDI value of
0.717 (Fig. 4e). This progressive increase in both particle size
and PDI underscores the aggregation of BINNA in aqueous
environments, suggesting a growing heterogeneity in particle
size distribution as the water content increases.

Furthermore, to explore how water content influences the
structure of BINNA, FE-SEM images were recorded with increas-
ing concentration of water in CH3CN. FE-SEM clearly demon-
strated that the particle size increased with a higher H2O ratio.
In a pure CH3CN environment, BINNA displayed small rod-like
mixed morphology, i.e., small needle-like as well as rod-like
shapes with particle size between 130 and 140 nm (Fig. 5a).
However, upon increasing the water content to 50%, these

Fig. 3 (a) Absorption spectra of BINNA (20 mM) and (b) emission spectra of BINNA (20 mM) with incremental addition of H2O in CH3CN.

Fig. 4 Hydrodynamic size of BINNA in (a) CH3CN, (b) 50% H2O, (c) 70% H2O, (d) 90% H2O and (e) H2O only.
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small rod-like structures start accumulating together to form
aggregates with a particle size between 800 and 870 nm; hence,
an increase in size can be observed (Fig. 5b). Furthermore,
upon increasing the water concentration to 90%, BINNA exhib-
ited an elongated rod-like structure with a particle size between
2400 and 2800 nm and a diameter between 180 and 220 nm,
clearly indicating an increase in the particle size of BINNA
(Fig. 5c), whereas in pure water, these rod structures started
accumulating, leading to the formation of aggregates with a
particle size between 3000 and 3300 nm (Fig. 5d). The particle
size determined from FE-SEM and DLS were consistent. These
evolving structures indicate the progressive self-assembly and
aggregation of the molecules.

To further elucidate the aggregation-induced emission
enhancement (AIEE) behavior of BINNA, time-correlated single
photon counting (TCSPC) measurements were conducted by
varying the water content in CH3CN. Initially, in pure CH3CN,
BINNA displayed an average fluorescence lifetime of 0.42 ns,
having three decay components with lifetimes and populations
of 0.81 ns and 3%, 4.15 ns and 2%, and 0.24 ns and 95%
(Table 1). Upon increasing the water content to 50%,
i.e., CH3CN : H2O (1 : 1), a noticeable increase in the average
lifetime of BINNA was observed with a lifetime value of 0.57 ns,
corresponding to three decay components with lifetimes and
populations of 0.57 ns and 50%, 1.18 ns and 0%, and 0.57 ns
and 50%. Furthermore, a significant enhancement in the

average fluorescence lifetime of BINNA was observed upon
increasing the water content to 90% (CH3CN : H2O = 1 : 9), with
lifetime reaching 1.06 ns, having three decay components with
lifetimes and populations of 0.46 ns and 0%, 1.06 ns and 50%,
and 1.06 ns and 50%. In pure water, the lifetime of BINNA was
decreased and the average lifetime was found to be 0.51 ns with
three decay components having lifetime and population values
of 0.56 ns and 63%, 1.44 ns and 6%, and 0.29 ns and 31%. The
progressive enhancement in fluorescence lifetime with increas-
ing water content suggests the formation of molecular aggre-
gates, leading to an enhancement of the excited state. The
enhancement of fluorescence lifetime (from 0.42 ns to 1.06 ns)
with increasing water content is a direct consequence of the
molecular packing mode. The formation of intermolecular p–p
stacked aggregates in the poor solvent (high water content)
restricts the intramolecular rotation, which, in turn, reduces
the non-radiative transitions and enhances the probability of

Fig. 5 FE-SEM images of BINNA in (a) CH3CN; (b) 50% (H2O : CH3CN); (c) 90% (H2O : CH3CN); and (d) H2O only.

Table 1 Fluorescence lifetime measurements of BINNA with increasing
concentration of water

t1 (ns) t2 (ns) t3 (ns) a1 a2 a3 tav (ns) w2

CH3CN 0.81 4.15 0.24 0.03 0.02 0.95 0.42 1.10
CH3CN : H2O (1 : 1) 0.57 1.88 0.57 0.50 0.00 0.50 0.57 1.05
CH3CN : H2O (1 : 9 ) 0.46 1.06 1.06 0.00 0.50 0.50 1.06 0.99
H2O 0.56 1.44 0.29 0.63 0.06 0.31 0.51 1.11
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radiative decay, thereby increasing the fluorescence lifetime.
These findings are consistent with the results obtained from
steady-state fluorescence, dynamic light scattering (DLS), and
scanning electron microscopy (SEM), collectively reinforcing
the hypothesis of aggregation-induced emission enhancement
in BINNA.

3.3. Sensing properties of BINNA towards metal ions

3.3.1. Absorption behaviour in the presence of different
metal ions. UV-visible spectroscopy was used to evaluate the
metal ion-sensing capability of BINNA. Initial screening was
carried out in various solvents, including CH3CN, CH3OH, H2O,
and their mixtures. Among these, MeOH yielded the most
promising results, showing both high sensitivity and selectivity.
Consequently, further investigations were conducted using
MeOH as a solvent system.

To assess metal ion detection, UV-vis absorption spectra
of BINNA (20 mM, MeOH) were recorded in the absence and

presence of various metal ions, including Cu2+, Ni2+, Ga3+, Al3+,
Pb2+, Mg2+, Cr3+, Mn2+, Fe3+, Co2+, Zn2+, Na+, and Hg2+ (Fig. 6a
and c). In its native state, BINNA exhibited two absorption
bands at 325 and 355 nm. Upon the addition of aluminium
ions (Al3+), a new band at 340 nm along with a red shift was
observed, with the emergence of a new absorption band at
408 nm, accompanied by a noticeable light-yellow colour visible
to the naked eye (Fig. 6d), whereas no significant spectral
change was observed with other metal ions, suggesting that
BINNA exhibits selectivity towards Al3+ ions. Further titrations
with increasing concentrations of Al3+ ions (0–43 mM) revealed a
gradual increase in the absorption band at 338 nm and the
concurrent appearance of a 408 nm band, along with a clear
isosbestic point at 388 nm, indicating the presence of two or
more species in dynamic equilibrium at that wavelength
(Fig. 6b).

3.3.2. Fluorescence response towards different metal ions.
The fluorescence response of BINNA (20 mM, MeOH) to various

Fig. 6 (a) UV-vis absorption spectra of BINNA (20 mM, CH3OH) in the presence and absence of metal ions (1000 mM). (b) Variation in the absorption
spectra of BINNA (20 mM) on gradual addition of Al3+ ions at a concentration of 0–43 mM in CH3OH. (c) Bar graph representation of the change in the
absorbance of BINNA in the presence and absence of metal ions at 408 nm. (d) Visible color change of BINNA after adding different metal ions.
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metal ions such as Cu2+, Ni2+, Ga3+, Al3+, Pb2+, Mg2+, Cr3+, Mn2+,
Fe3+, Co2+, Zn2+, Na+, and Hg2+ (Fig. 7a and c) was investigated
using steady-state fluorescence spectroscopy to evaluate its
sensing capability in the excited state. In MeOH, BINNA exhib-
ited a weak fluorescence emission at 405 nm when excited at
325 nm with a quantum yield (Ff) of 0.11. However, the
addition of aluminium ions (Al3+) led to a significant increase
in emission intensity at 450 nm, whereas no significant change
was observed in the presence of other metal ions. The probe
exhibited a remarkable fluorescence enhancement specifically
toward Al3+, with the emission intensity at 450 nm increasing
by more than 21-fold compared to other metal ions with a
quantum yield (Ff) of 0.85. The result inferred that BINNA
displays excellent selectivity toward Al3+ ions. A visible colour
change, along with enhanced fluorescence under UV light, was
also observed (Fig. 7d). To further understand this interaction,
spectrofluorimetric titrations were conducted in the presence
of Al3+. As the concentration of Al3+ ions increased from 0 to
43 mM, the fluorescence intensity of BINNA progressively
increased, corresponding to the emission band at 450 nm
(Fig. 7b). This enhancement depicted the efficient binding of
Al3+ ions with BINNA.

3.3.3. Detection limit of BINNA and interference studies
towards Al3+ ions. The linear plot of Al3+ versus fluorescence
intensity was used to calculate the detection limit. The detec-
tion limit of BINNA towards Al3+ ions was found through
fluorimetric titration profiles and determined to be 18.2 nM
(Fig. S5). This low detection limit makes the fluorescence probe
suitable for detecting Al3+ in biological and environmental
samples. The permissible limit of Al3+ in drinking water, as
established by the WHO, is 7.41 mM. Therefore, the observed
detection value is considerably lower, indicating the excep-
tional sensitivity of the probe towards Al3+. To assess the
selectivity of BINNA for Al3+, interference studies were con-
ducted by mixing BINNA and Al3+ (10 mM) in MeOH and
introducing 10 mM of various competing metal ions. We also
checked the selectivity of BINNA for Al3+ ions in the presence of
a higher concentration of interfering ions (50 mM). These
interfering ions had no significant effect on the detection of
Al3+ at 450 nm (Fig. 7e and Fig. S6), indicating that BINNA
exhibits strong selectivity and practical applicability for detect-
ing Al3+ in the presence of other cations.

3.4. Sensing properties of BINNA towards anions and nerve
agents

3.4.1. Absorption response towards anions and nerve
agents. As the probe BINNA displayed promising results in
MeOH towards metal ions, we investigated the sensing ability
of BINNA towards various anions and nerve agent mimics in
MeOH. To evaluate the detection capability for anions and
nerve agents, UV-vis absorption spectra of BINNA were mea-
sured in both the absence and presence of anions and nerve
agents, including CN�, SCN�, Br�, CH3COO�, H2PO4

�, HSO4
�,

F�, Cl�, I�, P2O7
4�, S2�, DCP, TEP and TBP (Fig. 8a). In its

unbound state, BINNA displayed two absorption peaks at
325 and 355 nm. The absorption band at 325 nm disappeared

with the formation of a new band at 335 nm, and the absorp-
tion band intensity corresponding to 355 nm was decreased in
the presence of DCP. On the other hand, anions and other
nerve agents did not display notable spectral changes, indicat-
ing that BINNA demonstrates exceptional selectivity for DCP
only. Progressive titrations with increasing concentrations of
DCP, ranging from 0 to 38 mM, showed a steady depletion of the
absorption band at 325 nm, along with the appearance of a new
absorption band at 335 nm, while the absorption band at
355 nm was gradually decreased (Fig. 8b).

3.4.2. Fluorescence response towards different anions and
nerve agents. To explore the excited-state sensing potential of
BINNA, its fluorescence response toward various anions and
nerve agents, including CN�, SCN�, Br�, CH3COO�, H2SO4

�,
HSO4

�, F�, Cl�, I�, P2O7
4�, S2�, DCP, TEP and TBP, was

evaluated using steady-state fluorescence spectroscopy (Fig. 8c
and e). Upon excitation of the free probe at 325 nm, no
subsequent emission band was observed, indicating that the
free probe is in its quenched state with a quantum yield (Ff) of
0.12. Remarkably, the introduction of DCP triggered a dramatic
fluorescence enhancement, exhibiting an emission band at
371 nm. None of the other tested anions and nerve agents
exhibited a comparable response. The probe displayed a remark-
able fluorescence enhancement specifically toward DCP, with the
emission intensity increasing 22-fold more than that of other
metal ions at 371 nm and a quantum yield (Ff) of 0.79. The result
inferred that BINNA displays excellent selectivity toward DCP,
highlighting BINNA’s exceptional selectivity for DCP. To investi-
gate deeper into the mechanism of this interaction, spectrofluori-
metric titrations were performed. With incremental additions of
DCP ranging from 0 to 38 mM, a consistent increase in emission
intensity at 371 nm was recorded (Fig. 8d), indicating a strong and
efficient complexation between BINNA and DCP. This progressive
enhancement underscores the potential of BINNA as a highly
responsive fluorescent probe for DCP detection.

3.4.3. Binding efficiency towards DCP. To gain deeper
insights into the interaction affinity between BINNA and DCP,
the binding constant for the BINNA–DCP complex was deter-
mined using the Benesi–Hildebrand method. By plotting
1/(I � I0) against 1/[DCP], a linear relationship was established,
yielding a binding constant of 4.5 � 104 M�1 for DCP (Fig. S7a).
The result shows that the fluorescence intensity increased
almost linearly with incremental addition of DCP up to
38 mM. Impressively, the detection limit was calculated to be
as low as 8.5 nM, underscoring the remarkable sensitivity of
BINNA as a fluorescence-based probe (Fig. S7b). Further inves-
tigation into the binding stoichiometry was carried out through
fluorescence titrations. A maximum emission intensity was
observed at a molar ratio of 0.5, indicating a 1 : 1 binding mode
between BINNA and DCP (Fig. S7c).

To validate BINNA’s selectivity, interference studies were
performed by co-incubating BINNA with DCP (10 mM) in
methanol, followed by the addition of various competing nerve
agents and anions at equivalent concentrations (10 mM).
We further checked the selectivity of BINNA for DCP ions in the
presence of a higher concentration of interfering ions (50 mM).
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Fig. 7 (a) Fluorescence spectra of BINNA (20 mM, CH3OH) with and without 1000 mM of cations added. (b) Variation in the fluorescence intensity of
BINNA (20 mM) on gradual addition of Al3+ ions at a concentration of 0–43 mM in CH3OH. (c) Bar graph representation of the fluorescence change of
BINNA in the presence and absence of metal ions at 450 nm. (d) Fluorescence color change of BINNA after adding different metal ions under UV light.
(e) The relative intensity of BINNA at 450 nm in the presence and absence of Al3+ ions (10 mM), while considering various competing metal ions (10 mM).
The change in the emission intensity of BINNA with different metal ions is represented by orange bars, whereas yellow bars represent the changes in the
emission intensity of BINNA in the presence of Al3+ ions and different competing ions.
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Fig. 8 (a) UV-vis absorption spectra of BINNA (20 mM, CH3OH) in the presence and absence of 1000 mM of anions and nerve agents. (b) Variation in the
absorption spectra of BINNA (20 mM) on progressive addition of DCP (0–38 mM) in CH3OH. (c) Fluorescence spectra of BINNA in the absence and
presence of anions and nerve agents (1000 mM). (d) Fluorescence intensity variation of BINNA (20 mM) on gradual addition of DCP at a concentration of
0–38 mM in CH3OH. (e) Bar graph representation of the fluorescence changes of BINNA in the presence and absence of anions and nerve agents at
371 nm. (f) Relative intensity of BINNA at 371 nm in the presence and absence of DCP (10 mM) with several anions (10 mM). The fluorescence intensity
change of BINNA with different anions and nerve agents is represented by blue bars, and orange bars represent BINNA–DCP in the presence of different
competing ions and nerve agents.
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The fluorescence signal at 371 nm remained virtually unaffected
(Fig. 8f and Fig. S8), clearly demonstrating that BINNA maintains
high reliability in DCP detection even in the presence of poten-
tially disruptive nerve agents and anions. This robust selectivity,
combined with its low detection limit, reinforces BINNA’s utility
as a reliable and high-performance sensor for DCP.

3.5. Time-dependent study of BINNA

The response time of a fluorescence probe is crucial for the
real-time detection of cations and nerve agents. Accordingly,
time-dependent emission studies were performed to evaluate
the response of BINNA toward Al3+ ions and DCP. As shown in
Fig. 9, BINNA displayed weak fluorescence at 405 nm in the
absence of Al3+ ions and DCP, with no significant change over
time. However, upon the introduction of DCP, a pronounced
increase in fluorescence intensity at 370 nm was observed,
reaching a steady plateau within 40 s, whereas, upon the
introduction of Al3+ ions, a marked increase in emission
intensity at 450 nm was observed, reaching a steady plateau
within 100 s. This rapid enhancement clearly demonstrates the
fast response of the BINNA probe toward DCP and Al3+ ions,
confirming its suitability for real-time detection applications.

3.6. Plausible mechanism

Furthermore, to gain insight into the mode of interaction of
BINNA with Al3+ ions and DCP, we recorded the HRMS spectra
of BINNA in the absence and presence of Al3+ ions and DCP.
The mass spectrum of free BINNA displayed an m/z peak of
577.3213 (M + H)+, whereas upon the addition of Al3+ ions to the
solution of BINNA, the peak corresponding to the mass of
BINNA at m/z 577.3213 diminished with the appearance of
new peaks at m/z 194.9906 corresponding to the mass of
compound 3 + Na+, whereas the peak at m/z 273.0049 corre-
sponds to the mass of compound 3 + Al3+ + CH3OH + CH3CN
and the peak at m/z 459.9230 is the peak corresponding to the
mass of compound 2 + 2H2O. These results inferred that BINNA
is hydrolyzed in the presence of Al3+ ions (Fig. S9). We also
recorded the absorption and emission spectra of BINNA,
BINNA + Al3+ and compound 3 to support the hydrolysis
of BINNA in the presence of Al3+ ions (Fig. S10). The results

of absorption and emission spectroscopy are in accordance
with the HRMS results of BINNA in the presence of Al3+ ions.

Furthermore, in the presence of DCP, new peaks at m/z
733.1271 corresponding to the mass of 4 + H2O and one peak at
m/z 753.0900 corresponding to the mass of 4 + CH3CN were
observed. These results indicated that DCP binds with BINNA
in a 1 : 1 stoichiometry (Fig. S11). The plausible mechanisms
for the detection of Al3+ ions and DCP by BINNA are shown in
Fig. 10.

3.7. Time-correlated single photon counting (TCSPC) study

To gain further understanding of BINNA’s interaction with Al3+

ions and DCP at 325 nm, a time-correlated single photon
counting (TCSPC) experiment was conducted. Both BINNA
and its complexes with Al3+ ions and DCP exhibited tri-
exponential decay profiles, suggesting the presence of three
distinct decay pathways (Fig. S12). For BINNA alone, three
decay components with lifetime values of 1.38 ns, 6.20 ns,
and 0.25 ns and populations of 18%, 7%, and 75% were
observed, resulting in an average lifetime of 0.85 ns (Table 2).
Upon interaction with DCP, the same three decay components
were obtained with lifetimes of 0.81 ns, 5.10 ns, and 0.13 ns and
populations of 3%, 4%, and 94%, with an average lifetime of
0.32 ns. Similarly, upon the addition of Al3+ ions, the complex also
exhibited three decay components with lifetime values of 1.27 ns,
0.32 ns, and 5.90 ns and populations of 29%, 68%, and 3%,
respectively, having an average lifetime value of 0.79 ns. The
average lifetime of BINNA changed largely upon interaction with
Al3+ and DCP, suggesting that its binding with metal ions and
nerve agents occurred through a purely dynamic mechanism.

3.8. Theoretical studies

The ground-state optimized geometries of BINNA and its
derivative BINNA�DCP are shown in Fig. 11. Additionally, three
low-lying Franck–Condon excitations (FCEs) were computed at
S0 geometry, as summarized in Table 3. The time-dependent
density functional theory (TDDFT) calculations revealed S0 -

S1 excitation at 397 nm (experimental lmax E 355 nm), primar-
ily comprising HOMO - LUMO+1 (B60%) and HOMO -

LUMO (B24%) transitions, with an oscillator strength of
1.1718. Molecular orbital analysis indicates electron density
transfer from the naphthaldehyde moiety (HOMO) to the
naphthalimide moiety (LUMO+1), suggesting an intramolecular
charge transfer (ICT) process. This is supported by hole–electron
analysis showing a modest spatial overlap (Sr = 0.69183) and a
centroid separation of 1.676 Å. Additional transitions, S0 - S2 and
S0 - S3, were calculated at 316 nm and 303 nm, with oscillator
strengths of 0.0967 and 0.3561, respectively. Solvent effects
(chloroform, acetone, DMSO, and methanol) produced only
minor spectral shifts (392–399 nm) and the corresponding dipole
moment variations (4.52–5.38 D), though these modest shifts
appreciably influence emission behaviour (Table S2).

The molecular electrostatic potential (MEP) analysis identifies
significant negative regions at the oxygen atoms of the naphtha-
limide and naphtholic units, indicating sites of electrophilic
attack, while positive potential regions are localized around

Fig. 9 Time-dependent fluorescence response of BINNA upon the addi-
tion of Al3+ and DCP.
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hydrogen atoms attached to the naphthalene, azine, and terminal
naphthalimide rings, possible sites for nucleophilic interactions
(Fig. 11). The analysis further suggests that the DCP analyte can
engage in electrophilic interaction with the hydroxyl group on the
naphthol ring.

Following geometry optimization of BINNA�DCP, TDDFT
computations of electronic spectra show S0 - S1 excitation at
390 nm, with dominant contributions from HOMO - LUMO+1
(B73%) and HOMO - LUMO (B17%), and an oscillator

strength of 1.1294. Similar to BINNA, this excitation reflects
electron density migration from the naphthaldehyde to the
naphthalimide moiety. However, hole–electron analysis reveals
slightly reduced orbital overlap (Sr = 0.67792) and increased
centroid separation (D = 1.903 Å), suggesting mildly hindered
ICT character upon DCP binding. S0 - S2 and S0 - S3 transitions
in BINNA�DCP were computed at 305 nm and 303 nm, with
oscillator strengths of 0.1507 and 0.3795, respectively. Collectively,
these results elucidate the electronic structures and solvent-
responsive photophysical properties of BINNA and BINNA�DCP,
underscoring their ICT potential and the modulation of their
excited-state characteristics by solvent effects and analyte binding.

3.9. Practical applications for the detection of Al3+ ions and
the nerve agent

3.9.1. Cell imaging. Based on selective ‘‘turn-on’’ fluores-
cence response, the probe BINNA appears to be a promising

Fig. 10 Plausible mechanisms for the detection of Al3+ ions and DCP.

Table 2 Fluorescence lifetime measurements of BINNA and its com-
plexes with DCP and Al3+

t1 (ns) t2 (ns) t3 (ns) a1 a2 a3 w2 tav (ns)

BINNA 1.38 6.20 0.25 0.18 0.07 0.75 1.09 0.85
BINNA + DCP 0.81 5.10 0.13 0.03 0.04 0.94 1.03 0.32
BINNA + Al3+ 1.27 0.32 5.90 0.29 0.68 0.03 1.12 0.79

Fig. 11 Optimized structure of (a) the probe BINNA and (d) BINNA�DCP along with their molecular electrostatic potential (b) and (e) and the contributing
molecular orbitals for electronic spectra: (c) the probe BINNA and (f) the probe BINNA�DCP.
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candidate for detecting Al3+ ions and DCP in living cells. Before
cell imaging, the cytotoxicity of BINNA towards E. coli was

evaluated using the MTT assay. As depicted in Fig. S13, incuba-
tion of E. coli with BINNA at various concentrations (10–50 mM)

Table 3 Electronic spectral details of the probe BINNA and BINNA�DCP

Probe Transition Absorption peak (l; nm) Oscillation strength (f) Contributing molecular orbitals (MOs, %)

BINNA-C1 S0 - S1 397.56 1.1718 H - L + 1 (59.7%), H - L (24.3%)
S0 - S2 316.64 0.0967 H - L + 2 (63.6%), H-1 - L + 1 (17.5%), H-1 - L (7.6%)
S0 - S3 303.65 0.3561 H-3 - L (72.9%), H-3 - L + 1 (23.4%)

BINNA-C1-DCP S0 - S1 390.07 1.12560 H - L + 1 (73.5%), H - L (16.6%)
S0 - S2 305.59 0.15290 H - L + 2 (67.2%), H-1 - L + 1 (13.9%)
S0 - S3 303.38 0.37480 H-2 - L (81.7%), H-2 - L + 1 (13.7%)
S0 - S1 397.21 1.1688 H - L + 1 59.6%, H - L 24.5%

Fig. 12 (a) Bio-imaging visualisation of Al3+ and DCP in live E. coli cells using BINNA and (b) the corresponding fluorescence intensity graphs for (a).
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for 24 h resulted in over 85% survival of E. coli cells, indicating
the biosafety of BINNA. To evaluate the ability of BINNA to
image Al3+ and DCP in live cells, confocal fluorescence micro-
scopy was performed using live E. coli cells (Fig. 12a). The cells
were first incubated with BINNA (20 mM) for 30 minutes at
37 1C, followed by washing with PBS. Initial fluorescence
imaging revealed that the cells did not exhibit discernible
fluorescence after being pre-incubated with BINNA due to the
weak fluorescence of the probe. However, when Al3+ (5 mM) and
DCP (5 mM) were introduced to BINNA-treated cells and incu-
bated for additional 10 minutes at 37 1C, a marked increase
in fluorescence was observed in fluorescence images in both
cases. This enhancement is likely due to the formation of
complexes BINNA–Al3+ and BINNA–DCP. The statistical analy-
sis of fluorescence intensity (Fig. 12b) also confirmed the high
sensitivity of BINNA towards Al3+ ions and DCP. These findings
indicate that BINNA is both cell-permeable and effective as a
fluorescent sensor for detecting Al3+ and DCP in live cells.

3.9.2. Construction of logic devices. Recent advancements
have highlighted the growing interest in supramolecular
systems functioning as molecular logic gates. Among these,
systems that use chemically encoded inputs and generate UV-
vis or fluorescence signals as outputs have gained significant
attention. In view of this, we have constructed a molecular
system based on the probe BINNA, as it exhibits a distinct
fluorescence spectral response upon interaction with DCP and
Al3+ ions. Specifically, BINNA demonstrates no emission band
at 370 nm and 450 nm in the absence of DCP and Al3+ ions,
respectively. However, upon the addition of DCP, a strong
emission band at 370 nm is observed, while the addition
of Al3+ ions gives an intense emission band at 450 nm. These
selective spectral responses suggest that BINNA is a suitable
candidate for implementing molecular logic operations.

DCP and Al3+ are designated as input signals In DCP and
In Al, respectively. The corresponding outputs are monitored
at lem = 450 nm (output-1) and lem = 370 nm (output-2), with
threshold values set at 120 for fluorescence intensity. Signal
outputs exceeding these thresholds are defined as ‘‘1’’ (ON),
and those below as ‘‘0’’ (OFF), consistent with binary logic
operations (Fig. 13a).

We constructed a logic circuit with two inputs (In DCP and
In Al) and two outputs, measured as lem (output-1) and lem

(output-2). As shown in the truth table in Fig. 13b, monitoring
the emission band at 450 nm (output-1) results in an INHIBIT
logic gate, where a fluorescence signal is observed only in the
presence of Al3+ and is suppressed when DCP is concurrently
present. Mechanistically, DCP possesses a highly reactive phos-
phonyl chloride group that can competitively react with the
hydroxyl site of BINNA with a response time of only 40 s,
forming a stable phosphorylated BINNA–DCP product, preventing
the hydrolysis of BINNA in the presence of Al3+ as the response
time for Al3+ to react with BINNA is 100 s, which is higher than
that of DCP. Consequently, when both Al3+ and DCP are present,
the fluorescence is strongly quenched (‘‘OFF’’ state) at 450 nm,
matching the behaviour of an INHIBIT logic gate, where DCP acts
as the inhibitory input. This INHIBIT behaviour arises from a
logical integration of AND and NOT operations, where the nega-
tion is applied to the input rather than the output. However, the
analysis of output-2 indicates a YES logic gate response, where the
presence of DCP and Al3+ or their combination leads to an
emission band above the threshold. The integration of YES and
INHIBIT gates within this molecular system enables the for-
mation of a combinational logic circuit (Fig. 13c), demonstrating
the potential of BINNA as a functional molecular logic element.

3.9.3. Soil sample analyses. The pronounced response
of the probe BINNA to Al3+ and DCP strongly motivates us to

Fig. 13 (a) Emission profile at 370 and 450 nm in the presence of different inputs. (b) Truth table and (c) fabrication of a logic gate integrating YES and
INHIBIT gates.
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explore its practical applicability in detecting Al3+ and DCP
within environmental soil matrices. To evaluate this potential,
we investigated BINNA’s performance in identifying Al3+ and
DCP in various soil types, such as sand, clay, and field soil. For
this study, we followed a systematic protocol: (1) 0.5 g of each
soil sample was placed in separate vials; (2) the samples were
then treated with 100 mM of Al3+ and DCP solution and dried in
air; (3) pretreated soils (0.5 g) with various concentrations of
Al3+ and DCP were introduced into a 20 mM BINNA solution
(2 mL in MeOH); and (4) fluorescence changes were monitored
under ambient conditions.

3.9.3.1. Detection of DCP in soil samples. We evaluated
BINNA’s ability to detect DCP in actual soil samples. Upon
UV irradiation at 325 nm, all soil samples exhibited a marked
fluorescence enhancement at 370 nm (Fig. 14a and Fig. S14a–c).
Notably, sand samples exhibited a rapid and pronounced increase
in fluorescence, while field and clay soils demonstrated progres-
sive responses, reaching peak intensity within 10 and 20 minutes,
respectively. These variations in response kinetics are attributed
to intrinsic differences in soil characteristics, such as particle size,
surface area, dispersibility, and light scattering behaviour in
MeOH medium. Following the above procedure, the soil samples
were spiked with DCP at various known concentrations, and the
recovery rate was examined (Fig. S15a and Table 4). These results
highlight BINNA’s strong potential for sensitive and selective
detection of DCP in real-world environmental samples, particu-
larly in soil contexts with recovery rates 495%.

3.9.3.2. Detection of Al3+ in soil samples. Furthermore, we
investigated the capacity of the receptor BINNA to detect Al3+

ions in actual soil samples. Upon exposure to UV light at
325 nm, all tested soil samples displayed a significant increase
in fluorescence at 450 nm (Fig. 14b and Fig. S16a–c). Among
them, clay soil samples responded the fastest and most inten-
sely, whereas field and sandy soils showed a slower, gradual
rise in fluorescence. Following the above procedure, the soil
samples were spiked with various known concentrations of Al3+

ions and the recovery rate was examined (Fig. S15b and

Table 4). Overall, these findings underscore the strong cap-
ability of BINNA for the sensitive and selective detection of Al3+

in real environmental soil samples with a recovery rate 4 90%.

4. Conclusion

In this study, we have successfully developed a bis-naphthal-
imide-based ‘‘turn-on’’ fluorescent probe, BINNA, for highly
sensitive and selective detection of Al3+ ions and DCP in an
MeOH solvent system, representing excellent aggregation-
induced emission enhancement. BINNA responds distinguish-
ably towards both analytes; upon the addition of DCP, a strong
emission band at 370 nm was observed, while an intense
emission band at 450 nm was observed upon the addition of
Al3+. BINNA exhibits exceptional sensing performance towards
aluminium ions (Al3+) and DCP with detection limits as low as
18.2 and 8.5 nm, respectively. HRMS spectra of BINNA were
recorded in the absence and presence of the analytes to gain
insight into the sensing mechanism. In addition, theoretical
studies were conducted to support the experimental results. In
addition to solution-based sensing, the optical properties of
BINNA were harnessed to fabricate a logic gate by integrating
‘‘Yes’’ and ‘‘INHIBIT’’ gates using fluorescence inputs. The
probe’s applicability extends to real-world scenarios, success-
fully detecting DCP and Al3+ in environmental soil matrices.

Fig. 14 The bar plots of the emission intensity unspiked and spiked (a) at 370 nm for DCP and (b) at 450 nm for Al3+ ions in different soil samples such as
sand, field, and clay.

Table 4 BINNA for the determination of Al3+ ions and DCP in real soil
samples

Al3+/DCP
(spiked, mM)

Al3+

(found, mM)
Recovery
(%)

DCP
(found, mM)

Recovery
(%)

Sand soil 10 9.04 90.4 9.87 98.7
20 18.24 91.2 19.54 97.7
30 27.5 91.6 29.47 98.2

Field soil 10 9.21 92.1 9.65 96.5
20 18.20 91.0 19.56 97.8
30 28.55 95.1 28.98 96.6

Clay soil 10 9.43 94.3 9.75 97.5
20 18.65 93.2 19.23 96.1
30 28.85 96.1 29.12 97.0
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Moreover, its effectiveness in live-cell imaging of bacterial
systems highlights its potential utility for environmental mon-
itoring and bioimaging applications.
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