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arbazole amphiphiles for
postharvest monitoring of pest infestation through
uric acid detection

Harshal V. Barkale and Nilanjan Dey *

Two carbazole-based fluorescent amphiphilic probes were synthesized and systematically investigated for

the selective recognition of uric acid (UA). The probes exhibit a distinctive concentration-dependent dual

fluorescence response toward UA, originating from a hierarchical binding mechanism. At low UA

concentrations, electrostatic association between protonated piperazine units and urate anions induces

fluorescence quenching, while at higher concentrations, cooperative hydrogen bonding and p–p

stacking interactions involving carbazole moieties lead to pronounced fluorescence enhancement

through excimer-state redistribution. Probe 2 shows a detection limit as low as ∼0.6 mM. Detailed

spectroscopic, lifetime, and mechanistic studies confirm the formation of static probe-UA complexes

and modulation between monomeric, partially overlapped, and fully overlapped excimer emissions.

Importantly, the sensing platform remains operational in complex food matrices; fluorescence titrations

performed in rice and other cereal extracts display excellent linearity and selectivity toward UA with

negligible interference from common cereal constituents. Quantitative estimation of UA in real rice and

wheat extracts correlates strongly with conventional enzymatic uricase assays, validating the reliability of

this non-enzymatic, multiparametric fluorescence strategy. The method provides a rapid, interference-

free, and field-deployable approach for early detection of pest infestation and contamination in stored

cereals, supporting sustainable postharvest management.
Sustainability spotlight

This work presents a non-enzymatic uorescence-based sensing platform for rapid detection of uric acid as a chemical marker of pest infestation in stored
cereals. The carbazole amphiphile probes enable sensitive and selective monitoring of grain deterioration in complex food matrices without relying on enzyme-
mediated assays, thereby reducing operational complexity, reagent instability, and analytical cost. The sensing strategy supports early identication of storage-
related contamination in staple grains such as rice, wheat, and maize, helping minimize postharvest losses, food wastage, and associated economic burdens. By
facilitating low-cost, rapid, and interference-free food quality assessment, the study contributes toward sustainable food storage, improved supply-chain
management, and enhanced food security in resource-limited settings.
Introduction

Estimated postharvest grain losses are in excess of 10–20% per
annum globally, corresponding to approximately 144 million
tons of cereal grains and $1 trillion in value overall, while in
developing countries potentially experience between 10–30%
losses mainly because of inefficient storage practices (inade-
quate silos, high humidity), out-of-control insect infestations,
poor transportation infrastructure (open trucks contaminating
grains with moisture/pests), and careless loading/discharging
practices contributing to accelerated spoilage by contamina-
tion.1 Stocked grains are most at risk to primary pests in the
form of Sitophilus oryzae (rice weevil), Rhyzopertha dominica
abad Campus, Hyderabad-500078, India.

n

y the Royal Society of Chemistry
(lesser grain borer), and secondary pests, including Tribolium
castaneum (red our beetle), which proliferate undetected in
bulk storage and deposit nitrogen-rich UA excreta as their
principal metabolic waste.2 This UA can act as a highly sensitive
and specic quantitative indicator for observed levels of grain
damage due to a linear correlation to insect population density,
actual feed times, and ensuing grain degradation levels
(primarily free fatty acids, mycotoxins, off-odors), even before
visible frass, webbing, or weight loss manifests, enabling early
intervention to preserve quality.3

Traditionally, UA is quantied using uricase-mediated
enzymatic assays, where it is oxidatively decomposed to
produce allantoin and hydrogen peroxide, the latter being
detected via colorimetric methods.4 Despite their widespread
use, these assays suffer from notable limitations, including
interference from endogenous biomolecules such as bilirubin
RSC Sustainability
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and ascorbate, long incubation times (∼30 min), and strict
requirements for pH and temperature control.5 Although
several small organic molecule-based optical probes have been
explored as alternatives, many exhibit poor selectivity and
diminished response toward UA in aqueous and complex
matrices.6 Most reported receptors rely primarily on hydrogen-
bond-donating motifs such as amide, urea, thiourea, pyrrole,
or phenol units, which oen lack sufficient discrimination in
real biological and food samples.7 Among various nitrogen-
containing spacers, piperazine offers several advantages for
supramolecular sensing in aqueous media. The presence of two
protonatable nitrogen centers provides moderate aqueous
compatibility and enables electrostatic interactions with
anionic analytes such as urate under near-neutral conditions. In
addition, the conformational exibility and hydrogen-bonding
capability of piperazine facilitate adaptive host–guest interac-
tions and promote the formation of supramolecular assemblies.
Importantly, the piperazine spacer also regulates the spatial
orientation and intermolecular distance between carbazole
chromophores, thereby inuencing aggregation behavior, exci-
mer formation, and excited-state uorescence modulation.
These combined characteristics make piperazine an effective
structural and recognition unit for designing UA-responsive
uorescence probes.

Considering these aspects, we designed two carbazole-based
uorogenic amphiphiles (1 and 2) for the selective sensing of
UA in aqueous media. Carbazole, a nitrogen-fused polyaromatic
and planar chromophore, was chosen as the signaling unit
owing to its excellent photostability, biocompatibility, and
versatile optoelectronic characteristics.8,9 Owing to its rigid p-
conjugated framework, carbazole is widely employed as a donor
Fig. 1 (a) pH-dependent protonation equilibrium of uric acid. (b) Uric-ac
Chemical structures of compounds (1, 2) involved in the present stud
determination of uric acid.

RSC Sustainability
or p-bridge component in electron donor–p–electron acceptor
(D–p–A) architectures and has found extensive applications in
dye-sensitized solar cells, light-emitting diodes, photo-
conductors, and organic eld-effect transistors.10 In the present
study, we aim to harness the intrinsic optoelectronic and self-
assembly properties of carbazole-based amphiphiles for
biomolecular recognition. While optical sensors are attractive
due to their structural tunability and operational simplicity,
many such systems function primarily as qualitative “yes–no”
sensors and oen lack reliability in quantitative analysis of
complex real samples.11,12 To address this limitation, the
current work focuses on developing a sensing platform that
integrates uorescence intensity modulation, excited-state
dynamics, and aggregation-state variation as complementary
optical readouts.

Such a multiparametric optical approach enhances analyt-
ical condence by minimizing background interference and
false responses.13–15 Importantly, this strategy provides a foun-
dation for the future development of low-cost, self-monitoring
optoelectronic sensing. By enabling rapid, interference-free
UA detection in rice/wheat/maize extracts, validated against
uricase, the probes offer a novel non-enzymatic tool to monitor
pest-derived UA as a proxy for infestation, curbing wastage and
enhancing grain supply chain integrity.
Results and discussion
Design and synthesis of probe molecules

We have designed and synthesized two carbazole-based
amphiphilic dyes with piperazine as the hydrophilic spacer
unit in this work (Fig. 1). Compounds 1 and 2 were synthesized
id-rich staple foods are mostly available in the Indian subcontinent. (c)
y. (d) Clinically-approved enzymatic (uricase) assay available for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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following the procedure reported in the literature with slight
modications.16 Characterisation data for both compounds are
attached in the SI (Fig. S1–S6). In the case of compound 1, the
carbazole and piperazine are separated by a C4-alkyl spacer,
while for compound 2, it acts as a bridging unit between two
carbazole units. In neutral pH, piperazine mostly remains in
monocationic protonated form (pKa: 9.78 and 8.31 for 1,4-
dimethyl piperazine).17 Thus, one can expect the formation of
self-assembled structures in the aqueous medium. However,
the extent of aggregation will be somewhat inferior compared to
2,7-disubstituted carbazole derivatives with extended conju-
gated structures. UA undergoes sequential deprotonation with
pKa1 z 5.4 and pKa2 z 9.8, resulting in the predominance of
the monoanionic urate species (∼98–99%) at pH 7.4. (Fig. 1a)
This negatively charged form facilitates electrostatic association
with the protonated piperazine units of the probes, forming the
basis of the sensing mechanism. In contrast to conventional
uricase–peroxidase assays, which rely on enzymatic oxidation of
UA to allantoin and subsequent H2O2-mediated signal genera-
tion, the present system enables direct uorescence recognition
through supramolecular interactions (Fig. 1d).
Photophysical properties of 1 and 2

The UV-visible absorption spectra of 1 and 2 exhibit character-
istic p–p* transitions of the carbazole framework at ∼270 nm
and ∼330 nm, along with a weak n–p* band near 370 nm
(Fig. 2a). Notably, 2 shows higher overall absorbance intensity
Fig. 2 (a) UV-visible spectra of 1 and 2 (10 mM) in bufferedmedium (pH 7.
medium (pH 7.0). (c) Fluorescence excitation spectra of 1 (10 mM) at 37
spectra of 1 and 2 (lex = 340 nm, 10 mM) at 370 nm in buffered medium

© 2026 The Author(s). Published by the Royal Society of Chemistry
and broader spectral features compared to 1, which can be
attributed to the extended p-conjugation and additional stack-
ing interactions introduced by its bis-carbazole architecture.18

The uorescence spectra of 1 and 2 ([1] = [2] = 10 mM) in
solvents where the probes remain molecularly well-dispersed,
such as THF, exhibited characteristic “carbazole-like” emis-
sion with well-resolved vibronic features (Fig. S7 and S8).
Generally, the uorescence bands in the 340–360 nm region can
be assigned to monomer emission, while the peaks appearing
between 360–430 nm are attributed to partially overlapped
excimer states. To further investigate the inuence of the
solvent environment on the excited-state behavior, the uores-
cence spectra of 1 and 2 were recorded in solvents of different
polarity. Both probes displayed relatively structured vibronic
emission in good organic solvents, indicating predominantly
monomeric carbazole emission under well-solvated conditions.
However, with increasing solvent polarity and aqueous content,
gradual spectral broadening and red-shied emission charac-
teristics were observed, particularly for 2. The enhanced long-
wavelength emission in aqueous medium suggests
aggregation-assisted excimer formation arising from hydro-
phobic association and p–p stacking interactions between
carbazole units. These solvent-dependent spectral variations
further support the aggregation-regulated uorescence
behavior proposed for the present system.19 A broad, redshied
emission band centered at about 470 nmwas observed explicitly
for compound 2, which suggests an intramolecular p-stacking
interaction. The emission due to the full overlap excimer is
0). (b) Fluorescence spectra of 1 and 2 (lex= 340 nm, 10 mM) in buffered
0 and 470 nm in buffered medium (pH 7.0). (d) Fluorescence lifetime
(pH 7.0).
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observed between 430–500 nm. Such electronic coupling of the
individual chromophores (carbazole) is expected to stabilize the
excited states to a greater extent (of lower energy) and results in
the observed redshi in emission maxima.20,21 In principle,
forming a new emissive species via p-stacking interaction can
be a ground-state phenomenon (before photoexcitation) or an
excited-state phenomenon (aer photoexcitation). To distin-
guish between these two possibilities, excitation spectra of 2 in
water were recorded at each of the two major emission bands,
370 and 470 nm, respectively (Fig. 2c). A similar excitation
spectrum observed in these two emission bands suggests that
they originated from the same photoexcited species.

Similarly, the excitation spectra recorded at different emis-
sion wavelengths of 1 showed identical features, suggesting the
presence of a single photoexcited species. Unlike 2, compound 1
didn't exhibit excimer or aggregate emission even at longer
excitation wavelengths. The powder XRD analysis showed the
formation of an additional peak at 23.9° for 2, which indicates
a p-stacking distance of 3.7 A° (ref. 22) (Fig. S9). Further, on
raising the temperature of the solution, substantial uores-
cence quenching was observed at the excimer band for
compound 2. This might be due to the temperature-induced
destacking of carbazole units in the aqueous medium
(Fig. S10). Similarly, protonation at the piperazine unit (spacer)
could change conformation, diminishing the excimer uores-
cence. Time-dependent uorescence studies with both 1 and 2
indicate a decrease in the average lifetime values of the excited
Fig. 3 Fluorescence titrations of (a) 1 and (c) 2 (lex = 340 nm, 10 mM) with
of (b) 1 and (d) 2 (lex = 340 nm, 10 mM) with UA (0.1–1.1 mM) in buffere

RSC Sustainability
state species on going from THF to water medium (Fig. 2d). This
might be due to hydrogen-bonding interactions with solvent
molecules. On the other hand, the average uorescence life-
times at the 370 nm band were found to be larger than the
355 nm band, irrespective of the solvent system. This is quite
expected, as emission at the 370 nm band originated from
‘partially-overlapped’ excimer, while the monomer species is
responsible for the uorescence band at 355 nm.
Spectroscopic investigations with uric acid

Since the piperazine unit is known as the specic supramolec-
ular host for UA, we were interested in investigating the effect of
UA on the uorescence signal of both compounds 1 and 2. The
addition of UA to the aqueous solutions of both 1 and 2 led to
bright blue uorescence (turn-on response), as observed under
a long UV lamp. As expected, an increment of FL intensity by
∼2.4-fold was observed when ∼1 mM of UA was added to the
aqueous solution of 1 (Fig. 3b). On the contrary, compound 2,
under similar conditions, witnessed a ∼3.8-fold increment in
the FL intensity (Fig. 3d). At the same time, the relative ratios of
intensities at excimer (IE) and monomer (IM) bands (IE/IM ∼0.22
to 0.13) also changed upon the addition of UA (Fig. 4a and b).
However, an interesting observation was made during the
titration studies with UA. At a lower concentration of UA (0 to
0.1 mM), we observed concentration-dependent quenching in
uorescence intensity (Fig. 3a and c). However, the further
increase in UA concentration (0.1–1.1 mM) resulted in a drastic
UA (0–0.07 mM) in buffered medium (pH 7.0). Fluorescence titrations
d medium (pH 7.0).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Change in fluorescence intensity of 1 and 2 (lex = 340 nm, 10 mM) at 370 nm upon addition of UA (a) 0–0.07 mM and (b) 0.1–1.1 mM in
buffered medium (pH 7.0). UV-visible spectra of (c) 1 and (d) 2 with UA in buffered medium (pH 7.0).
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rise in FL intensity. The same was also witnessed during the
uorescence titration of 2 with UA. We believe that such a dose-
dependent, abrupt change in FL intensity indicates two
different modes of interaction with UA.23 When we analyze the
changes in emission intensities of 2 at different uorescence
bands (354, 392, and 467 nm) upon the addition of UA, we
encountered an interesting observation. With a gradual
increase in UA concentration, the relative contribution from
partially overlapped excimer increases at the expense of fully-
overlapped excimer (with respect to the monomer emission).
This indicates a change in the conformation (from full- to
partially-overlapped excimer) of 2 due to multimodal interac-
tion with UA. The titration studies indicate compound 2 can
detect UA as low as ∼0.62 mM.

The UV-visible spectral studies suggest that the absorption
bands at 332 and 345 nm experience hypsochromic shis in the
presence of UA (Fig. 4c and d). Further, a tailing was observed in
the presence of UA, especially on the longer wavelength side,
indicative of a charge transfer (CT) process.24–26 To diagenesis of
UA-related diseases, the analysis of biological samples, such as
human blood serum or urine, is essential. Since these samples
contain a wide range of biomolecules other than UA, we checked
the interaction of the compound with other analytes, such as
creatinine, cysteine, glucose, dopamine, acetylcholine, ethanol-
amine, etc. Though minor enhancements in FL intensity were
observed upon adding a few analytes, such as HSA, glycine, urea,
etc., the extents were insignicant compared to that observed
with UA (Fig. 7c). The SEM images of both compounds 1 and 2
© 2026 The Author(s). Published by the Royal Society of Chemistry
showed at tape-like (fragmented) structures, which converted to
spherical aggregates in the presence of UA (Fig. 7b).

Mechanistic investigations with uric acid

Spectroscopic and NMR experiments were performed to deter-
mine the exact interaction mode with UA. Though the solution-
based studies were performed in the aqueous medium, 1H-NMR
of compounds (1, 2) with UA was recorded in DMSO-d6. The
aliphatic protons of 2 present near the piperazine unit experi-
enced downeld shis upon the addition of UA (Fig. S11). This
might be due to the hydrogen bonding interaction between the
piperazine nitrogen centers and amide –NH groups of UA.27 On
the other hand, the aromatic protons showed distinct upeld
shis upon the addition of UA (Fig. 6). In the case of 1, the
interaction with UA is dominated mainly by hydrogen bonding
and electrostatic association involving the piperazine unit,
leading predominantly to deshielding effects and consequent
downeld shis. In contrast, for 2, the presence of two carba-
zole moieties facilitates aggregation-assisted p–p stacking and
conformational reorganization upon UA binding, generating
local aromatic shielding effects that result in noticeable upeld
shis. The stronger shielding behavior observed for 2 is also
consistent with its excimer emission characteristics and aggre-
gation propensity in aqueous medium. This is presumably due
to the formation of the p-stacked sandwiched complex with UA.
Similarly, the piperazine protons of 1 showed a similar kind of
downeld shi upon the addition of UA. However, the extents of
upeld shi at carbazole protons was insignicant. The FT-IR
RSC Sustainability
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Fig. 6 Partial 1H-NMR spectra of compounds 1 and 2 (5 mM) upon addition of UA (5 mM) in DMSO-d6 medium.

Fig. 5 (a) Partial FT-IR spectra of 1 with UA. (b) Fluorescence lifetime spectra of 1 (lex = 340 nm) at 370 nm upon addition of UA in buffered
medium (pH 7.0). (c) Fluorescence spectra of 1 (lex = 340 nm, 10 mM) with UA in the presence of NaCl (2 M) in buffered medium (pH 7.0). (d)
Change in fluorescence intensity of 1 (lex = 340 nm, 10 mM) upon addition of UA at different pH conditions (pH 2, 7, and 12) in buffered medium.

RSC Sustainability © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) DLS of compounds 1 and 2 (10 mM) and 1. UA (10 mM) adduct in bufferedmedium (pH 7.0). (b) FESEM images of 1 and 2with and without
UA. (c) Changes in fluorescence intensity of 1 (10 mM, lex = 340 nm) at 370 nm upon addition of different biomolecules in buffered medium (pH
7.0). (d) Changes in fluorescence intensity ratios of 1 and 2 upon addition of UA in buffered medium (pH 7.0).
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spectra with UA showed the formation of a broad peak in the
region of 2470–3305 cm−1, which again conrms the hydrogen-
bonding interaction28,29 (Fig. 5a).

Apart from the hydrogen bonding interaction, we could also
expect an electrostatic interaction between compound 1 or 2
and UA. In neutral pH, the compounds will exist in cationic
form due to protonation at the piperazine (pKa= 9.7) unit, while
UA will be present in monoanionic urate anion (pKa = 5.4, 10.3)
form.30 Since electrostatic interaction/charge pairing some-
times led to uorescence quenching, we were intrigued to know
whether or not the initial uorescence quenching was due to
such a phenomenon. To conrm this, the uorescence spectra
of 1 with UA (80 mM) were recorded at the high salt condition
(NaCl = 2 M). No FL quenching was observed in this case,
presumably due to the salt-induced screening effect31 (Fig. 5c).
This undoubtedly proved that the formation of the hydrogen-
bonded p-stacked complex was initiated by electrostatic inter-
action (Fig. 9a and b). To conrm this, the responses of 1 with
UA were investigated in different buffered conditions (pH 2 and
12) (Fig. 5d). Extents of uorescence quenching was less in
these cases than observed at pH 7. At acidic pH, electrostatic
interaction was weak due to the unavailability of the urate
anion, while poor interaction at basic pH was due to the scarcity
of the protonated form of piperazine. DLS analysis shows
a marked increase in hydrodynamic size upon the addition of
UA, indicating the formation of aggregated probe-analyte
© 2026 The Author(s). Published by the Royal Society of Chemistry
assemblies. The average particle diameter shis from ∼65 nm
to ∼180 nm for 1 and from ∼85 nm to ∼210 nm for 2, con-
rming aggregation-assisted excimer formation (Fig. 7a). This
size evolution corroborates the uorescence enhancement at
higher UA concentrations, where hydrogen bonding and p–p

stacking stabilize supramolecular aggregates.
The ratiometric uorescence response further supports this

aggregation-driven mechanism. With increasing UA concen-
tration, the emission intensity ratio I392/I355 increases, while
I467/I392 decreases, indicating a gradual transition from mono-
meric to excimer-dominated emission states (Fig. 7d). The time-
dependent uorescence studies indicate no change in the
average uorescence lifetime values of 1 and 2 upon addition of
UA (70 mM and 1 mM) (Fig. 5b). This indicates the formation of
a static complex of probe molecules with UA.
DFT analysis of Comp-1 and uric acid complexation and
electronic reorganization

Density functional theory (DFT) calculations were carried out to
gainmechanistic insight into the interaction of 1with UA and to
rationalize the experimentally observed uorescence modula-
tion. For 1 the HOMO is localized on the electron-rich pipera-
zine moiety (Fig. 8b), while the LUMO is located on the electron-
decient carbazole ring (Fig. 8c) with an energy gap of 4.48 eV
(HOMO at−0.187 a.u., LUMO at−0.022 a.u.). Within the Comp-
1-UA complex, the HOMO orbital increases proximity to the
RSC Sustainability
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Fig. 8 DFT-calculated (a) Mulliken charge distributions, (b) HOMO, (c) LUMO, and (d) electrostatic potential (ESP) maps of Comp-1 and Comp-1-
UA complex. The color scales (−0.779 to +0.779 and −0.839 to +0.839) represent electron-rich (red) and electron-deficient (green) regions,
illustrating charge redistribution and orbital delocalization upon interaction.
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carbazole donor molecular orbital, while the LUMO orbital
expands into the UA acceptor molecular orbital, increasing ICT
and decreasing the energy gap to 4.35 eV (HOMO: −0.198 a.u.;
LUMO: −0.038 a.u.), which explains uorescence intensity
increase due to UA concentration increase.32

Mulliken charge analysis reveals signicant charge redistri-
bution, particularly around the piperazine nitrogen centers,
crucial for hydrogen bonding. The N1 atom in Comp-1 bears
a partial positive charge of +0.463, increasing to +0.510 in the
Comp-1-UA adduct, while the N4 atom increases from +0.465 to
+0.563 due to greater polarization and more signicant electron
withdrawal upon the formation of strong hydrogen bonds33

(Fig. 8a). These charge enhancements (DN1 = +0.047; DN4 =

+0.098) strengthen electrostatic interactions with the UA and
rigidify the complex geometry.34,35 The ESP maps of Comp-1
show positive potential concentrated at the protonated pipera-
zine nitrogens, while contrasting with negative domains on
carbazole36 (Fig. 8d). In the UA adduct, stronger positive regions
around the piperazine perfectly complement deep negative
potentials on urate O/N atoms, which corroborates the strong
electrostatic synergy that drives the H-bonding, complex stabi-
lization, and photophysical response.37

The formation of the complex also resulted in a lowering of
the dihedral angle in the piperazine ring, specically near the
two nitrogen atoms from 55.37° to 44.37° (Table S1). The total
energy reduced from −980.49 a.u. to −1618.36 a.u., while the
dipole moment increased from 1.58 D to 8.23 D. These ndings
are consistent with the formation of a polarized bi-component
complex. The optimized Comp-1$UA complex features short
N/H–N (1.97 Å, to piperazine N-1) and N/H–N (1.81 Å, to N-4)
H-bond distances, indicative of strong interactions. These
values fall within the range for robust hydrogen bonds (typically
1.8–2.2 Å), where shorter distances inversely correlate with bond
strength due to enhanced orbital overlap and electrostatic
attraction. Such directional, strong H-bonds rigidify the
complex, complementing the electrostatic preorganization and
promoting the observed ICT and excimer stabilization.
RSC Sustainability
Analysis of uric acid in natural water and cereal samples

The present system showed fairly good selectivity towards UA.
This is an essential criterion of an ideal sensor, particularly for
analyzing real-life samples. Interestingly, the current system
showed a concentration-dependent shi from a turn-off (at low
UA concentration) to a turn-on (at high UA concentration)
response. UA is one of the essential chemical indicators for
polluted water, as its presence is mainly attributable to human
excreta.38 As much as 600 mg of UA is excreted per day through
the urine of one person.39 Thus, the concentration of UA in raw
wastewater primarily lies in the range of 2–4 mg L−1. Consid-
ering these, we have analyzed two different water samples from
the laboratory tap and the nearby pond (Fig. 9c). No signicant
difference was noticed when uorescence spectra of 1 were
recorded in pond and tap water samples. It indicates that levels
of UA in these samples are lower than the detectable range re-
ported for the present system. Then, both the samples were
treated with 0–20 mM of UA, and the changes in FL intensity
were recorded at the 370 nm band. The concentration of UA was
purposefully chosen in the micromolar range to mimic the
actual real-life situation. A dose-dependent, gradual quenching
in FL intensity was noticed in the presence of UA. Further, linear
variations in FL intensity were noticed when plotted against the
concentration of added UA in both cases. Thus, from these
linear regressive equations, one can easily determine the pres-
ence of UA in unknown wastewater samples. Furthermore, UA
quantication was performed independently using a commer-
cially available uricase assay kit. A comparison with conven-
tional enzymatic assay indicates recovery values from 97.2% to
102.5% for the present system. Additionally, small relative
standard deviation values (2.5–4.2%) indicate the high accuracy
of the present method for the quantication of UA (Fig. 9d).
Therefore, it can be inferred that the current strategy can be
pretty reliable for detecting UA in real-life samples. Though
a few optical sensors are known in the literature for detecting
UA, no effort has been made to analyze wastewater samples.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The schematic diagram shows multimodal interactions of compound 2 with UA. (b) Different fluorescence responses for carbazole-
based probes, monomer, partially overlapped excimers, and fully overlapped excimers. (c) Change in fluorescence intensity of 2 (lex = 340 nm,
10 mM) at 370 nm upon addition of UA spiked water samples (0.1–0.5mM) in bufferedmedium (pH 7.0). (d) The table shows analytical parameters
for the quantitative analysis of UA in various natural water samples.
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Insect infestation in stored grains such as rice, wheat, and
maize leads to the accumulation of UA, a nitrogen-rich meta-
bolic byproduct excreted by common storage pests.40 Moni-
toring UA levels in these grains provides an effective indirect
measure of pest activity and overall grain quality.41 To replicate
real postharvest conditions, the developed uorescent probes
were tested in aqueous extracts of commonly consumed cereal
grains spiked with known UA concentrations. These matrices
closely mimic the chemical complexity and organic composi-
tion of real food systems, allowing reliable evaluation of probe
performance under practical conditions.42 Such analysis
bridges laboratory observations with real-world applicability,
enabling early and non-enzymatic detection of pest-derived UA
contamination in staple grains.

A uorescence titration experiment was carried out in rice
extract to examine whether the probe could function efficiently
in a complex biological matrix rich in carbohydrates, proteins,
and inorganic salts. (Fig. 1b) Upon gradual addition of UA (0–80
mM) to the rice extract containing the probe, a systematic
evolution of the uorescence spectra was observed, character-
ized by a concentration-dependent turn-off uorescence
(Fig. 10a). The overall spectral prole and response trend closely
resembled those obtained in a buffered aqueous medium,
indicating that the intrinsic probe-UA interaction remains
intact even in the presence of multiple matrix components. This
observation conrms that nonspecic adsorption or competi-
tive binding from rice-derived constituents might not signi-
cantly perturb the sensing event. To further establish the
© 2026 The Author(s). Published by the Royal Society of Chemistry
generality of the method, similar uorescence titration studies
were extended to extracts of different cereals, including wheat,
maize, and other commonly consumed grains (Fig. 10b). In all
cases, the probe exhibited uorescence quenching upon incre-
mental addition of UA, with good linearity over the relevant
concentration range. The comparable sensitivity and response
slopes across different cereal extracts highlight the matrix-
tolerant nature of the amphiphilic carbazole probes and
underscore their suitability for routine food-sample analysis.
The selectivity of the sensing platform was evaluated by moni-
toring the uorescence response in the presence of various
potential interferents commonly present in cereals, such as
glucose, starch hydrolysates, amino acids, urea, metal ions, and
organic acids (Fig. 10c). These analytes induced only negligible
changes in uorescence intensity, whereas the addition of UA
produced a pronounced and characteristic response, clearly
establishing the high specicity of the probe toward UA under
competitive conditions. Finally, the quantitative performance of
the developed uorescence method was benchmarked against
the clinically established enzymatic uricase assay43 (Fig. 10d).
UA concentrations determined using the present optical
approach in different cereal extracts showed excellent agree-
ment with those obtained from the uricase method, with
minimal deviation and high recovery values. This close corre-
lation validates the accuracy and robustness of the non-
enzymatic sensing strategy and demonstrates its potential as
a rapid, reliable, and interference-free alternative for UA esti-
mation in complex food matrices.
RSC Sustainability
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Fig. 10 (a) Fluorescence titration of 1 (10 mM) with rice extract spiked with UA in buffered medium (pH 7.0). (b) Changes in fluorescence intensity
of 1 (10 mM, lex = 320 nm) at 370 nm upon addition of UA spiked cereal extract (pH 7.0). (c) Interference study showing minimal fluorescence
response variation in the presence of common cereal constituents, confirming the high selectivity of the probe toward UA. (d) Quantitative
estimation of UA using the present method vs. the uricase method.
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Conclusion

In summary, two easily synthesizable carbazole-based uores-
cent amphiphilic probes (1 and 2) were developed for the
selective recognition of UA in aqueous media. Carbazole was
chosen as the signaling unit owing to its excellent photo-
stability, biocompatibility, and favorable optoelectronic prop-
erties. Both probes exhibited a UA-specic uorescence
response, with probe 2 displaying a low detection limit of ∼0.6
mM. Comprehensive spectroscopic and mechanistic investiga-
tions revealed a hierarchical, multimodal interaction between
the probes and UA, involving initial electrostatic charge pairing
between protonated piperazine units and urate anions at low
analyte concentrations, followed by cooperative hydrogen
bonding and p–p stacking interactions at higher UA levels. This
interplay resulted in an unusual concentration-dependent
transition from uorescence quenching to pronounced uo-
rescence enhancement, accompanied by redistribution among
RSC Sustainability
monomeric, partially overlapped, and fully overlapped excimer-
emissive states.

Importantly, the sensing platform demonstrated excellent
performance in complex matrices relevant to food analysis.
Fluorescence titration studies carried out in rice and other
cereal extracts showed good linearity, high selectivity, and
minimal interference from common cereal constituents, con-
rming the matrix-tolerant nature of the amphiphilic probes.
Given that UA serves as a chemical marker for pest infestation
and storage-related deterioration in grains, the present non-
enzymatic uorescence-based approach offers a rapid and reli-
able strategy for food-quality monitoring. Furthermore, quan-
titative analysis of UA in real samples showed excellent
agreement with the conventional uricase assay, with high
recovery values and low relative standard deviations, under-
scoring the accuracy and robustness of themethod. Overall, this
work establishes a multiparametric uorescence sensing plat-
form with broad applicability in biological, environmental, and
food-safety analysis.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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