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Nicotine is a harmful sympathomimetic drug associated with serious health issues. Herein, a novel amide-
based bistren-type cage, BiP-Am, has been developed for the selective fluorescence-based sensing of
nicotine in human urine samples and cigarettes. The corresponding detection limit features a value of

0.4 nM, among the best reported in the literature. Selectivity experiments demonstrate that BiP-Am can
Received 6th February 2025 ficiently detect nicoti in th ¢ ltivle interferi vt h di tassi
Accepted 11th February 2025 efficiently detect nicotine in the presence of multiple interfering analytes such as sodium, potassium,
urea and uric acid. A plausible mechanism has been proposed herein, revealing that nicotine is showing

DOI- 10.1039/d52y00206k an inner-filter effect quenching the BiP-Am fluorescence emission. Our strategy poses a facile and
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Introduction

Nicotine is the primary alkaloid found in the tobacco plant,
featuring a major role in tobacco addiction.' The human body
can be exposed to nicotine via active and passive smoking of
cigarettes (including e-cigarettes), cigars, and other tobacco-
based products.>® The consumption of nicotine has adverse
effects on human health and can promote the development of
cardiovascular diseases, cancer, Alzheimer's disease, Parkin-
son's disease, Tourette syndrome, and various respiratory
disorders.*” It has been reported that as little as 0.5-1 mg of
nicotine per kg of body weight in adults can be fatal.® Consid-
ering the above, it is of paramount importance to develop effi-
cient, selective, and reliable methods for the facile detection
and monitoring of nicotine in human fluids, such as urine,
saliva, and serum.®**

To this end, several analytical methods have been developed
for detecting nicotine, such as gas chromatography (GC), high-
performance liquid chromatography (HPLC), radioimmuno-
assay, capillary electrophoresis, electrochemiluminescence
(ECL), and surface-enhanced Raman spectroscopy (SERS).”>™**
HPLC is the most frequently employed technique for the
quantitative analysis of nicotine in biological samples.'® Despite
their efficiency, the aforementioned techniques require intri-
cate pretreatment protocols, costly and heavy equipment, and
highly skilled trained operators.'” Therefore, emerging tech-
nologies that enable facile, highly selective, and sensitive
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versatile method for nicotine detection in portable applications.

nicotine detection without the use of expensive and complex
equipment are greatly sought after, especially for portable
applications. Evidently, fluorescence-based detection is rapid,
non-invasive, selective, and highly sensitive, enabling easy real-
time monitoring without a lengthy sample preparation
process.”® Consequently, a tailor-made fluorescence-based
nicotine sensor poses an excellent choice for detecting trace
amounts of nicotine in various samples, such as e-liquids,
wastewater, and biological fluids, to name a few.'*°

To date, various fluorescence-based probes, such as metal-
organic frameworks (MOFs), carbon nanodots, and metallo-
porphyrins (Table S1, ESIf), have been developed to detect
nicotine.”** Although these probes have several advantages as
tools for molecular recognition, their complex and expensive
synthesis and composition of toxic elements limit their wide-
spread utilization.*** Notably, fully organic molecular cages
have garnered significant research interest due to their wide
applications in gas storage, catalysis, sensing, and guest
binding.*® In recent years, the development of water-soluble
cages based on pyridinium cations, acyl hydrazone poly-
amides, urea cages, heterodimeric disulfide cages, imidazolium
cages, and imine cages has enabled them to be widely applied in
the field of molecular recognition.>**” Amide cages are widely
used for the molecular recognition of biomolecules such as
carbohydrates, amino acids, and amines.”®**" Even though
significant progress has been made, the majority of reported
methods—particularly those involving irreversible bonds—
entail challenging features such as template-based synthesis,
multistep reactions, limited yields, and laborious purification
methods.*” These characteristics hinder their widespread utili-
zation for scalable real-life applications.
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Motivated by the above, we report herein the facile synthesis
of a novel amide-based bistren cage, namely BiP-Am. Utilization
of a Schiff base condensation reaction followed by a Pinnick
oxidation step gave rise to the corresponding cage BiP-Am,
which is reported for the first time in literature. It is expected
that the introduction of multiple amide functional groups (six
per molecule) coupled with aromatic moieties will enable the
probe to interact with the analyte (nicotine) via extensive
hydrogen bonding and - stacking, thus maximizing analyte—
probe interactions. Evidently, the developed amide cage BiP-
Am, owing to hydrophobic interactions and m-m stacking,
exhibited aggregation-induced emission enhancement (AIEE)
under light activation. Interestingly, the self-assembled mole-
cules of BiP-Am exhibited a “turn-off” response towards nico-
tine in aqueous media. The probe BiP-Am exhibits nicotine-
induced quenching in emission due to the inner filter effect
(IFE), along with enhanced w-7 stacking leading to the forma-
tion of closely packed assemblies. The developed probe BiP-Am
can efficiently detect nicotine in aqueous media with a limit of
detection as low as 0.4 nM. Moreover, BiP-Am was deployed for
real-time detection of nicotine in human urine samples and
extracted commercial cigarette contents in an aqueous
medium. We point out that this is the first time a molecular
cage has been utilized for nicotine detection, to the best of our
knowledge.

Results and discussions

BiP-Am was synthesized via the Pinnick oxidation of the Schiff
base (Scheme 1).>* The chemical structure and purity of the BiP-
Am was confirmed by various analytical techniques such as
NMR and MALDI-TOF (Fig. S1-S5, ESIY).

Following the confirmation of the chemical structure of the
probe molecule, we evaluated its optical properties. The
absorption and emission spectra of the BiP-Am cage were
examined in the presence of various solvents, such as tetrahy-
drofuran (THF), dichloromethane (DCM), acetonitrile (ACN),
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Scheme 1 The synthetic route of the BiP-Am cage: (a) 4.8 mmol of
[1,1'-biphenyl]-4,4’-dicarbaldehyde, 3.2 mmol of tris(2-aminoethyl)
amine, 275 mL of ACN, 0 °C, 7 days. (b) 0.6 mmol of Schiff base,
20.1 mmol of sodium chlorite, 7.4 mmol of ammonium chloride, and
36.8 mmol of (15)-(-)-a-pinene, 100 mL of dry THF under reflux for 48
hours. (c) The interaction of the BiP-Am probe with nicotine solution
results in a sharp decrease in the intensity of the emission spectra
when excited at 273 nm.
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and methanol (MeOH) at room temperature. The absorption
spectra (Fig. S6A, ESIt) show that polar protic solvents can
stabilize the BiP-Am probe in its ground state. The emission
spectra recorded upon varying the solvent polarity under exci-
tation at 273 nm (Fig. S6B, ESIt) revealed that polar protic
solvents such as MeOH can cause significant quenching along
with a blue shift in the emission spectra in comparison with
polar aprotic solvents such as DCM.**

Upon successive addition of water fractions, up to 99% in
a solution containing BiP-Am in DMSO, an increase in the
absorbance intensity is observed along with a slight red shift of
the recorded spectra (Fig. S7A, ESI}). As depicted in Fig. S7B,
ESIf the emission spectrum of the BiP-Am in H,O : DMSO (9.9 :
0.1, v/v, 10 uM) exhibited an intensity enhancement along with
a blue shift from 426 nm in pure DMSO (@ = 2.13%) to 410 nm
in H,0 : DMSO (9.9: 0.1, v/v, 10 uM) (@ = 5.46%) at an excitation
wavelength of 273 nm, which suggests the formation of
aggregation-induced emission enhancement (AIEE).

Upon addition of nicotine (1 mM) to a BiP-Am solution
(H,0:DMSO, 9.9:0.1, v/v, 10 uM), the absorption intensity of
the probe decreases along with the appearance of a red-shifted
absorption band of nicotine at 265 nm (Fig. S8, ESI}). As shown
in Fig. 1, photoluminescence (PL) studies revealed an accept-
able quenching (¢ = 3.04%) upon the addition of nicotine
(1 mM) into the H,O : DMSO (9.9: 0.1, v/v, 10 uM) solution of the
BiP-Am, with a quenching efficiency of 77% (Fig. 2A). Quench-
ing efficacy was calculated by using QE = 1 — (F/F,) formula; F,
represents the fluorescence intensity measured prior to the
addition of nicotine to the H,O:DMSO (9.9:0.1, v/v, 10 pM)
solution, while F represents the fluorescence intensity
measured after nicotine is added.

In Fig. 1, the effect of different nicotine concentrations on
the BiP-Am probe emission spectra is presented. The limit of

. . 30
detection (LOD) was calculated using the formula LOD = o

where ¢ represents the standard deviation of the signal and m
denotes the slope of the calibration curve. The LOD was deter-
mined to be approximately 0.4 nM (when ¢ is 0.008), demon-
strating the probe's excellent sensitivity for detecting nicotine in
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Fig. 1 Emission spectra evolution of the BiP-Am probe via succes-
sively adding 1 mM nicotine solution to a H,O : DMSO (9.9: 0.1, v/v, 10
uM) sample.
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Fig. 2 (A) PL quenching efficiency of BiP-Am probe (H,O :DMSO
(9.9:0.1, v/v, 10 pM)) upon addition of 0.1 mM nicotine solution into
3 mL probe solution; (B) calibration curve for BiP-Am probe response
to the addition of 0.1 mM Nicotine solution; and (C) the emission
intensity of pure BiP-Am in H,O : DMSO (9.9: 0.1, v/v, 10 uM) (orange
column) and its response upon the addition of various interferents
(blue and red columns) are presented. Nicotine significantly quenched
the BiP-Am probe emission.

diluted samples (Fig. 2B). Notably, this is among the best-
reported values in literature (Table S11).

Selectivity studies of BiP-Am probes were performed in the
presence of potential interfering analytes such as Na*, K*, Ca*",
Mg>*, NH,", CI™, F~, alanine, arginine, leucine, bovine serum
albumin (BSA), glucose, cholesterol, urea, uric acid, pyridine,
pyrrolidine, and nicotine. The concentration of all interferents
was 1 mM and a negligible quenching effect was observed in the
presence of these analytes except for nicotine (Fig. 2C). This
performance demonstrated the excellent selectivity of the probe
molecule and its potential for utilization in real-world samples.

Toward this end, for real-time evaluation of BiP-Am in bio-
logical samples such as urine, we carried out competitive
experiments in the presence of all the above-mentioned inter-
fering analytes by setting their concentration to 1 mM, in the
presence of 1 mM nicotine. As shown in Fig. S9, ESI,T nicotine
addition in the presence of interfering analytes quenches PL
intensity indicating the strong selectivity of the probe towards
nicotine.

A Stern-Volmer diagram is depicted in Fig. S10, ESL¥
showing the ratio of sample PL intensity before and after the
addition of the quencher versus the quencher's concentration,
Fo/F = K[Q] + 1. Here, F, is the fluorescence intensity before the
addition of nicotine to the solution H,O : DMSO (9.9: 0.1, v/v, 10
uM), and F is the fluorescence after the addition of nicotine, K is
the quenching constant, and [Q] is the quencher’s concentra-
tion. The linear dependence (R> = 0.953) of the ratio Fo/F on the
quencher concentration suggests the dynamic nature of

This journal is © The Royal Society of Chemistry 2025
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quenching. The slope of the linear regression between F,/F and
[nicotine] gave a value of K = 0.6 mM .

To evaluate the excited state interactions, we carried out
time-resolved photoluminescence (TRPL) studies with an exci-
tation wavelength of 300 nm (Fig. S11, ESIf).** The time-
resolved studies of BiP-Am in H,O:DMSO (9.9:0.1, v/v, 10
uM) showed an amplitude-weighted average lifetime (7,mp) and
an intensity-weighted average lifetime (7, of 6 ns and 19 ns,
respectively (t; = 1.22 ns, 14.87%; 1, = 10.11 ns, 22.61%; 13 =
26.47 ns, 62.52%). Upon addition of nicotine to the BiP-Am
solution, there was a significant decrease in both 7., and 7y, to
4 ns and 13 ns, respectively (t; = 1.19 ns, 23.84%; 7, = 9.31 ns,
34.44%; 13 = 23.51 ns, 41.72%), suggesting that the quenching
mechanism is primarily dynamic.

Moreover, to get an insight into the molecular interaction
between nicotine and BiP-Am, we carried out "H NMR studies in
DMSO-ds: D,O (9:1, v/v). It was revealed that the aromatic
protons of the BiP-Am exhibited a slight upfield shift (0.008
ppm) (Fig. S12, ESIT). This suggests potential nicotine-induced
enhanced m-m or hydrogen bond interactions of the analyte
with the probe molecules. Furthermore, dynamic light scat-
tering (DLS) results revealed an aggregation upon the addition
of nicotine to the BiP-Am sample (H,O : DMSO (9.9: 0.1, v/v)),
while the particle size changed from 825 nm to 1345 nm
(Fig. S13, ESIt). The induced aggregation upon the addition of
nicotine solution to the BiP-Am sample was analyzed by scan-
ning electron microscopy (SEM). The BiP-Am probe SEM image
in Fig. 3A shows dispersed spherical-shaped particles, which
form closely packed aggregates in the presence of nicotine
(Fig. 3B), corroborating further the strong interaction among
the probe molecules in the presence of the analyte.

In order to demonstrate the mechanism of action in the
detection of nicotine by the probe molecules, we performed the
following experiments. The emission spectra of the BiP-Am
probe in the presence of nicotine at different excitation wave-
lengths, from 233 nm to 313 nm, were carried out. It was
observed that by changing the excitation wavelength, a variation
in emission intensity was recorded, while no change in A, was
detected (Fig. S14, ESI}), suggesting an IFE mechanism of
action.*®

The absorption spectrum of nicotine recorded in H,O:
DMSO (9.9: 0.1, v/v, 10 uM) displayed a narrow absorption band
from 250-300 nm with A, at 260 nm, which barely overlaps
with the emission spectrum of probe BiP-Am ranging from 300-
650 nm with A, at 410 nm (Fig. S15A, ESIt). Simultaneously,

20.0kV 11.0mm x500 SE(M) —

100um _20.0kV 11.6mm x1.80k SE(M)

Fig. 3 SEM images of (A) the BiP-Am sample at 100 um scale and (B)
the BiP-Am-nicotine aggregate at 30 um scale.
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Table 1 Nicotine detection in real-world samples

Sample Detected nicotine (mM) Added nicotine (mM) Found (mM) STD (%) RSD (%)
Cigarette 0.208 0.03 0.17
Spike 1 0.500 0.723 0.04 0.08
Spike 2 0.700 0.901 1.03 1.50
Urine Not detected

Spike 1 0.300 0.326 0.45 1.49
Spike 2 0.500 0.512 0.27 0.54
upon analysis, the emission spectrum of nicotine, which ranges Conclusion

from below 300 to 600 nm slightly overlaps with the BiP-Am
probe absorption spectrum 250-360 nm with A, at 273 nm
(Fig. S15B, ESIT). These results rule out FRET as a possible
mechanism in this system.

Density Functional Theory (DFT) and Time-Dependent
Density Functional Theory (TDDFT) calculations, employing
the B3LYP functional with the 6-31G(d) basis set, were con-
ducted to investigate the possibility of photo-induced electron
transfer in the BiP-Am probe upon excitation. The results,
summarized in Table S2, ESI,{ indicate that such a transfer is
unlikely, as the excited-state HOMO energy level of BiP-Am
(—5.029 eV) is higher than the ground-state HOMO energy
level of nicotine (—5.508 eV). This energy difference suggests
that electron transfer from nicotine to BiP-Am is not energeti-
cally favorable.

In order to demonstrate the potential of our probe molecule
in real-world samples, we utilized BiP-Am for the detection of
nicotine in human urine samples and extracted nicotine solu-
tions from cigarettes. The cigarette samples were diluted in
distilled water, followed by sonication, centrifugation, and
filtration to obtain a clear solution. The nicotine content in
cigarettes, calculated using the standard calibration method
without spiking, was found to be 0.208 mM. We further spiked
the cigarette solution with standard nicotine solution (0.500
and 0.700 mM) and calculated the amount of nicotine using the
calibration curve. Examining closely the cigarette and 0.500 mM
spike case, we determined an amount of 0.723 mM, very close to
the total expected one (0.500 + 0.208 = 0.708). Apparently, the
determined amounts matched the actual nicotine amounts
pretty well, demonstrating the robustness of the method
(Fig. S16A, ESIY).

Considering the human urine sample analysis, a 100-fold
dilution was performed before the quantification of the nicotine
content. The urine samples were also spiked with a known
concentration of nicotine (0.300 and 0.500 mM), while a stan-
dard calibration curve was used to identify the spiked nicotine
concentration (Table 1). Notably, the relative standard deviation
was found to be less than 1.5%, while the determined amount
matches very closely the spiked amount (e.g. 0.500 mM vs.
0.512 mM, Fig. S17B, ESIt). These results suggest that the BiP-
Am probe holds potential for the selective and efficient detec-
tion of nicotine in real-world samples, such as human urine and
cigarettes. Further modifications and optimizations could
enhance its performance and broaden its practical applications.

2324 | Anal. Methods, 2025, 17, 2321-2325

In conclusion, we designed and synthesized a new amide-based
cage, namely BiP-Am, and utilized it as a probe to detect nico-
tine in aqueous media with excellent selectivity and sensitivity.
The corresponding detection limit lies in the nanomolar range,
among the best reported in the literature, making it suitable for
real-time applications. TRPL and DFT studies confirmed the
dynamic quenching mechanism primarily due to the inner-
filter effect of nicotine. Further validation through "H NMR
studies, dynamic light scattering, and SEM measurements
provided insight into the molecular interactions and aggrega-
tion behaviour of the BiP-Am probe in the presence of nicotine.
The probe was effectively applied to detect nicotine in real
samples, including cigarette extracts and human urine, show-
casing its potential for practical applications. Our findings
suggest that BiP-Am has the potential to serve as a foundation
for developing a more effective sensor for nicotine detection.
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