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Dual-emission ratiometric fluorescent sensor based
on tannic acid carbon dots and eosin for selective
detection of paraquat in water and food samples
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Paraquat, a highly toxic herbicide widely used in agriculture, poses severe health risks necessitating sensitive
analytical methods for residue monitoring in environmental and food samples. This work presents a novel
dual-emission ratiometric fluorescent sensor combining tannic acid-derived carbon dots (TA-CDs) and
eosin for rapid paraquat detection. The dicationic paraquat simultaneously induces aggregation-
enhanced fluorescence of TA-CDs at 445 nm while quenching eosin emission at 545 nm, generating
a self-calibrated ratiometric signal (F44s/Fs4s). The TA-CDs were comprehensively characterized using
TEM, Raman, FTIR, XPS, and spectroscopic techniques. Under optimized conditions, the sensor exhibited
excellent linearity (5.0-150.0 nM, R? = 0.9973) with a detection limit of 2.11 nM. The mechanism was
validated through spectral overlap analysis, zeta potential measurements, and TEM imaging. Exceptional
selectivity was demonstrated against common interferants due to the unique dual-recognition
requirement. The method achieved excellent recoveries of 96.4% to 98.2% in Nile River water and 96.9%

to 99.6% in cabbage extracts. Application to agricultural cabbage samples at different days post-
Received 12th October 2025 licati led d ) ¢ id . b to bel th . id limit
Accepted 5th November 2025 application revealed decreasing paraquat residues from above to below the maximum residue limit,
demonstrating practical capability for food safety monitoring. This metal-free, cost-effective platform

DOI: 10.1035/d5ra07809a offers rapid response and simplified operation for routine paraquat surveillance in environmental and
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1. Introduction

Paraquat (1,1’-dimethyl-4,4"-bipyridinium dichloride) is a highly
effective non-selective contact herbicide widely used in agri-
culture for weed control in various crops, plantation settings,
and non-crop areas." However, its widespread use has raised
significant concerns regarding human health and environ-
mental safety.>* Paraquat is highly toxic to humans, with acute
exposure potentially causing severe damage to multiple organs,
particularly the lungs, liver, and kidneys, while chronic expo-
sure has been linked to neurological disorders including Par-
kinson's disease.>” Environmentally, paraquat poses risks to
non-target organisms, soil microbiota, and aquatic ecosystems
through runoff and persistence in various environmental
compartments. Due to these hazards, many countries have
established strict maximum residue limits (MRLs) for paraquat
in food commodities, typically ranging from 0.01 to 0.5 mg kg ™"
depending on the crop type, while occupational exposure limits
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are set at approximately 0.1 mg m ™ for air and 0.005 mg L ™" for
drinking water according to WHO guidelines.® The determina-
tion and monitoring of paraquat residues in diverse matrices
including agricultural products, water, soil, and biological
samples is therefore of paramount importance for regulatory
compliance, food safety assessment, environmental protection,
and public health surveillance, necessitating the development
of sensitive, selective, and reliable analytical methods.

Most established paraquat assays carry practical drawbacks.
HPLC/LC-MS offers gold-standard selectivity but often needs
ion-pairing or derivatization, intensive clean-up, skilled opera-
tors, and expensive instruments—slowing turnaround and
raising costs.>™ Electrochemical sensors are portable yet prone
to electrode fouling, baseline drift, and redox interferents.'>™**
Colorimetric tests are simple but frequently lack ppb sensitivity
and are susceptible to matrix color/turbidity.’>'® SERS/other
optical schemes can be ultra-sensitive, but they depend on
specialty substrates, careful aggregation control, and chemo-
metric modeling,"” which complicate reproducibility and field
deployment. Immunoassays reduce hardware needs but may
suffer cross-reactivity and reagent instability.*®

By contrast, fluorometric methods (e.g., carbon-dot or
reaction-based probes) provide nM-level sensitivity, minutes-
scale assays, and simple, low-cost optics.*>* Chemistry can be
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engineered for intrinsic selectivity (e.g., reaction-based recog-
nition) or ratiometric/lifetime readouts that suppress intensity
drift, inner-filter, and background issues in colored extracts.
They work with small sample volumes, minimal pretreatment,
and translate readily to microplate or handheld formats for on-
site screening.>*?” With appropriate controls (spike-recovery,
matrix-matched calibration) and a brief selectivity panel
including structure related pesticides and common ions/
metals, fluorometric assays offer a practical balance of sensi-
tivity, specificity, and portability for routine paraquat
monitoring.>*>°

Carbon dots (CDs), also known as carbon quantum dots or
carbon nanodots, have emerged as a promising class of fluo-
rescent nanomaterials for analytical applications, particularly
in pesticide detection.*® These quasi-spherical nanoparticles,
typically less than 10 nm in diameter, exhibit exceptional pho-
toluminescent properties, including tunable emission wave-
lengths, high quantum yields, photostability, and resistance to
photobleaching.***> CDs can be synthesized through simple,
cost-effective, and environmentally friendly methods using
various carbon-rich precursors, including biomass, organic
compounds, and even agricultural waste, making them attrac-
tive alternatives to conventional semiconductor quantum dots
and organic fluorophores.*® Their unique optical properties,
combined with abundant surface functional groups (hydroxyl,
carboxyl, and amino groups), enable versatile surface modifi-
cation and functionalization strategies for selective molecular
recognition.*® In the context of pesticide detection, CDs have
demonstrated remarkable sensitivity and selectivity through
various sensing mechanisms, including fluorescence quench-
ing or enhancement, fluorescence resonance energy transfer
(FRET), and inner filter effects.*® CDs-based fluorescent probes
have been successfully applied for detecting various pesticide
classes including organophosphates, carbamates,
icotinoids, and bipyridinium herbicides like paraquat in
complex matrices such as food products, water samples, and
soil extracts.***® The advantages of CD-based sensors include
rapid response times, low detection limits (often at ppb or sub-
ppb levels), minimal sample preparation, potential for on-site
and real-time monitoring, biocompatibility, and low toxicity,
positioning them as powerful tools for ensuring food safety and
environmental monitoring in the context of pesticide
contamination.*

The novelty of this work lies in the development of an
innovative dual-emission ratiometric fluorescent sensing plat-
form for paraquat detection, combining tannic acid derived
carbon dots (TA-CDs) and eosin. Unlike conventional single-
emission fluorescent sensors that are susceptible to environ-
mental interferences and instrumental fluctuations, the
proposed ratiometric system offers significant advantages
through self-calibration and enhanced reliability. The unique
sensing mechanism is based on the differential response of the
two fluorophores to paraquat: upon addition of the target ana-
lyte, the fluorescence emission of eosin at 545 nm is quenched,
while simultaneously, the fluorescence emission of TA-CDs at
445 nm is enhanced. This opposite and concurrent change in
the two emission signals enables ratiometric detection with
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improved accuracy, sensitivity, and resistance to background
interference. The dual-signal response mechanism eliminates
false-positive results and compensates for external factors such
as photobleaching, pH variations, and matrix effects, which
commonly plague single-emission sensors. The practical
applicability of this novel sensing platform has been success-
fully demonstrated for paraquat determination in vegetables
and environmental samples, offering a rapid, sensitive, and
reliable analytical tool for food safety monitoring and environ-
mental surveillance without requiring sophisticated instru-
mentation or complex sample pretreatment procedures.

Regarding the selection of tannic acid-derived carbon dots
and eosin, the design was theoretically deduced based on
rational complementary criteria: (a) we identified TA-CDs from
literature exhibiting aggregation-induced emission enhance-
ment at ~445 nm with excitation at 335 nm—a desirable
property for positive ratiometric response;** (b) eosin was
selected as it can be co-excited at the same wavelength (335 nm)
while emitting at a distinct wavelength (545 nm), providing
spectral separation; and (c) both components possess negative
charges conducive to electrostatic interaction with dicationic
paraquat, enabling dual opposite responses (TA-CD enhance-
ment via aggregation and eosin quenching via binding).

2. Experimental

2.1. Materials and reagents

Paraquat dichloride, dichlorvos (DDVP), glyphosate, atrazine,
pendimethalin,  fluroxypyr,  propisochlor,  quizalofop,
tribenuron-methyl, acetochlor, MCPA-Na, metolachlor, tebuco-
nazole, eosin Y, tannic acid, and humic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Citric acid, urea,
sodium chloride (NaCl), potassium chloride (KCl), calcium
chloride (CaCl,), magnesium chloride (MgCl,), ammonium
chloride (NH,4Cl), sodium nitrate (NaNO;), and sodium sulfate
(Na,SO,) were obtained from Merck (Darmstadt, Germany).
Sodium bicarbonate (NaHCO3), trisodium phosphate (NazPO,),
ferrous sulfate (FeSO,), copper(u) sulfate (CuSO,), and zinc
sulfate (ZnSO,) were supplied by Alpha Chemika Co., India.
Nickel(u) sulfate (NiSO,), lead(u) nitrate [Pb(NO3),], mercury(u)
chloride (HgCl,), and aluminum chloride (AlCl;) were
purchased from El-Naser Co. Cario, Egypt. All stock and
working solutions were prepared with ultrapure water (18.2 MQ
cm) and stored in acid-washed polyethylene bottles.

2.2. Instrumentation and characterization

Please refer to the accompanying SI for the full instrumentation
details.

2.3. Synthesis of TA-CDs

Tannic acid-derived carbon dots were synthesized via a facile
one-step previously reported hydrothermal method with slight
modification.”® Under continuous magnetic agitation, tannic
acid (1.0 g) was fully solubilized in ultra-pure water (40 mL).
The aqueous mixture was placed in a Teflon-lined stainless-
steel reaction vessel (50 mL capacity), tightly closed, and
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subjected to hydrothermal treatment at 160 °C for a duration
of 4 hours. Following spontaneous temperature reduction to
ambient conditions, the brown-colored product underwent
centrifugal separation at 10 000 rpm for 15 minutes. The liquid
phase was recovered and purified through dialysis tubing
(1000 Da molecular weight cutoff) against ultra-pure water
over 24 hours, replacing the external water every 6 hours. The
refined TA-CDs dispersion was then reduced in volume via
rotary evaporation and preserved at 4 °C until required for
experiments.

2.4. Quantum yield of the prepared TA-CDs

Details of the quantum-yield calculation are provided in the SI
file.

2.5. Procedure for detection of paraquat

For paraquat detection, a dual-emission sensing system was
constructed using eosin and the TA-CDs. In a typical analysis,
500 pL of TA-CDs solution (1.0 mg mL™"), 200 pL of eosin
solution (0.1 0.01 mg mL "), and 200 uL of phosphate buffer
(50 mM, pH 8.0) were mixed in a quartz cuvette. Various
concentrations of paraquat standard or sample solutions (100
pL) were then added, and the mixture was diluted to a final
volume of 3.0 mL with ultra-pure water. The solution was
thoroughly mixed and incubated at room temperature for 1.0
minute. Fluorescence measurements were performed at an
excitation wavelength of 335 nm, monitoring dual emission at
445 nm (TA-CDs emission) and 545 nm (eosin emission). The
ratiometric fluorescence intensity (F,45/Fs45) was calculated and
correlated with paraquat concentration for quantitative
analysis.

2.6. Detection of paraquat in real samples

To assess the practical performance of the dual-emission
ratiometric system, real-world samples including Nile River
water and cabbage were analyzed. River water specimens were
obtained from Ibrahimiya Canal (Assiut, Egypt) using cleaned
polyethylene containers, subjected to membrane filtration
(0.45 um pore size) for particulate removal, and maintained at
4 °C prior to testing. Fresh cabbage was obtained from local
markets in Assiut, Egypt, cleaned sequentially with municipal
and deionized water, and allowed to dry naturally under
ambient conditions. Sample extraction involved blending
finely cut cabbage tissue (10 g) with acetonitrile (20 mL) in
a high-speed homogenizer for three minutes. Following
centrifugation (8000 rpm, 10 min), the liquid phase was iso-
lated and concentrated to complete dryness using nitrogen
gas. The dried extract was redissolved in deionized water (5
mL) and clarified through 0.22 um filtration. Accuracy evalu-
ation was performed by fortifying both processed water and
cabbage matrices with paraquat standards at three concen-
tration levels (5.0, 10.0, and 15.0 nM) prior to fluorescence
measurement.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterization of TA-CDs

Transmission electron microscopy (TEM) analysis revealed that
the synthesized TA-CDs exhibited uniform dispersion with
near-spherical morphology (Fig. 1A). Particle size distribution
analysis showed carbon dots ranging from 2.7 to 6.8 nm in
diameter, with a mean particle size of 5.4 nm, indicating
successful formation of quantum-confined nanostructures. The
narrow size distribution and excellent monodispersity demon-
strate the effectiveness of the hydrothermal synthesis approach
in producing homogeneous carbon dots suitable for consistent
optical performance.

Raman spectroscopy was used to analyze the structural
properties of the TA-CDs (Fig. 1B). The spectrum exhibited two
prominent peaks: the D band at 1379 cm ™, corresponding to
disordered or defective carbon structures with sp® hybridiza-
tion, and the G band at 1603 cm ™', linked to the in-plane
vibration of sp> hybridized carbon atoms in graphitic
domains. The intensity ratio of G/D bands (Ig/I) was calculated
to be 1.46, indicating a relatively high degree of graphitization
with well-organized sp> carbon networks, which contributes to
the favorable optical properties of the carbon dots.**

Fourier-transform infrared spectroscopy (FTIR) was per-
formed to identify the surface functional groups of TA-CDs
(Fig. 1C). The broad absorption band at 3434 cm ' was
assigned to O-H stretching vibrations from hydroxyl and
carboxyl groups. The peak at 2922 cm ' corresponded to
aliphatic C-H stretching vibrations. Strong absorption bands at
1693 cm ™" and 1612 cm ™' were linked to C=O stretching of
carboxylic acid/carbonyl groups and aromatic C=C stretching,
respectively, originating from the polyphenolic structure of
tannic acid precursor.* The peaks at 1434 cm™ ' and 1320 cm ™"
were associated with O-H bending and C-O stretching vibra-
tions. Additional bands at 1235 cm™ " and 1021 em ™" indicated
C-O-C stretching vibrations from ether linkages and C-OH
stretching, while the peak at 580 cm™* corresponded to out-of-
plane bending vibrations. These abundant oxygen-containing
functional groups enhance the hydrophilicity and colloidal
stability of TA-CDs in aqueous solution.*

X-ray photoelectron spectroscopy (XPS) was conducted to
determine the elemental composition and chemical states of
TA-CDs (Fig. 1D). The survey spectrum revealed two prominent
peaks at 286.58 eV and 533.51 eV, corresponding to carbon (C
1s) and oxygen (O 1s), respectively, indicating that the carbon
dots consist mainly of carbon and oxygen atoms originating
from tannic acid. The high-resolution C 1s spectrum was
resolved into three distinct peaks at 284.68 eV (C-C/C=C, sp>-
hybridized carbon), 285.66 eV (C-O associated with hydroxyl
and epoxy groups), and 288.38 eV (C=O corresponding to
carbonyl and carboxyl functionalities) (Fig. 1E).** The O 1s
spectrum was resolved into three components at 531.26 eV (C=
O in carbonyl groups), 532.37 eV (C-O in hydroxyl and ether
groups), and 533.23 eV (O-C=O0 in carboxyl groups) (Fig. 1F).*®
The XPS analysis corroborates the FTIR results, confirming the
presence of multiple oxygen-containing functional groups on
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the carbon dot surface, which are essential for their fluores-
cence properties and interaction with paraquat analyte.

The optical properties of TA-CDs were systematically inves-
tigated using UV-visible absorption and fluorescence spectros-
copy. The UvV-vis absorption spectrum exhibited two
characteristic peaks at 213 nm and 275 nm, attributed to 7-7*
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transitions of aromatic C=C bonds and n-m* transitions of
C=0 groups, respectively (Fig. 2A), consistent with the poly-
phenolic structure derived from tannic acid precursor.*® Fluo-
rescence analysis revealed optimal excitation at 335 nm with
maximum emission at 445 nm, exhibiting bright blue fluores-
cence characteristic of carbon dots. The influence of excitation

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07809a

Open Access Article. Published on 11 November 2025. Downloaded on 12/23/2025 9:06:15 PM.

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

(cc)

Paper
A —— Abs. TA-CDs
0.8 Ex. TA-CDs [ 300
—— Em. TA-CDs :
250 &
0.6 =y
g L200 £
= o
s =
S g4 150 g
@»n : =
= 5
< 100 3
5
0.2 4 =
L 50 =
0.0 T T T - T T —Lo
200 250 300 350 400 450 500 550

Wavelength (nm)

250

200

150 1

100 A

50 4

Fluorescence intensity (a.u.)

T T T T T 1
420 440 460 480 500 520

Wavelength (nm)

Fig. 2 (A) UV-vis absorption (black), excitation (red), and fluorescence
emission (blue) spectra of 1.0 mg mL~* of TA-CDs in phosphate buffer
(50 mM, pH 8.0). (B) Emission spectra recorded at excitation wave-
lengths from 310 to 370 nm in 10 nm steps.

wavelength on emission characteristics was investigated across
a spectral range of 310 to 370 nm (Fig. 2B), revealing that the
emission peak position was maintained at 445 nm throughout
this excitation window, although the fluorescence signal
strength exhibited wavelength-dependent variations. This
excitation-independent emission behavior indicates uniform
surface states and homogeneous energy levels within the TA-
CDs, contrasting with typical carbon dots that exhibit
excitation-dependent emission due to heterogeneous surface
chemistry.”” The fluorescence quantum yield of TA-CDs was
determined to be 17.23% using quinine sulfate in 0.1 M H,SO,
as a reference standard (quantum yield = 54%), indicating

moderate fluorescence efficiency suitable for sensing
applications.
3.2. Stability assessment of TA-CDs

The stability of TA-CDs under various environmental conditions
was systematically evaluated to assess their suitability for
practical analytical applications. pH stability studies revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the fluorescence intensity remained relatively constant
across a broad pH range from 3 to 8, indicating excellent
resistance to acidic and near-neutral conditions (Fig. S1A).
However, a fluorescence decrease was observed at pH values
above 8, likely due to deprotonation of surface functional
groups and potential aggregation under strong alkaline condi-
tions, which may alter the electronic structure and surface
states of the carbon dots.*® Ionic strength tolerance was exam-
ined by varying NaCl concentration from 0.01 to 2.0 M
(Fig. S1B), demonstrating that TA-CDs maintained stable fluo-
rescence across this wide range, confirming minimal salt-
induced aggregation and robust colloidal stability attributed
to electrostatic and steric repulsion from abundant surface
oxygen-containing groups. Photostability assessment under
continuous UV irradiation (365 nm) showed that TA-CDs sus-
tained approximately 400 minutes of exposure with negligible
fluorescence decay (Fig. S1C), indicating exceptional resistance
to photobleaching compared to conventional organic dyes.
Temperature-dependent studies demonstrated stable fluores-
cence signals from 20 to 80 °C (Fig. S1D), suggesting that
thermal effects do not significantly impact the carbon dot
structure or surface states within this operational range.
Collectively, these results confirm the robust stability of TA-CDs
under diverse environmental conditions, making them highly
suitable for reliable sensing applications in complex matrices.

3.3. Optimization of fluorescence detection

To achieve optimal analytical performance for paraquat detec-
tion, key experimental parameters affecting the dual-emission
ratiometric response were systematically optimized. The effect
of pH on the fluorescence ratio (Fy45/Fs45) was investigated over
the range of 4 to 10 in the presence of a fixed paraquat
concentration (Fig. S2A). The detection mechanism relies on
electrostatic interactions between the positively charged para-
quat cation and the negatively charged surfaces of both eosin
and TA-CDs. At lower pH values (4-6), protonation of carboxyl
and hydroxyl groups on TA-CDs and eosin reduces their nega-
tive charge density, weakening electrostatic attraction with
paraquat and diminishing the ratiometric response. The fluo-
rescence ratio increased with pH and reached maximum at pH
8, where optimal ionization states enable strong electrostatic
binding: paraquat induces quenching of eosin fluorescence
(545 nm) through charge transfer interactions, while simulta-
neously causing aggregation-induced fluorescence enhance-
ment of TA-CDs (450 nm) via electrostatic cross-linking. At pH
values above 8, excessive negative charge and potential struc-
tural changes in the carbon dots led to non-specific aggregation,
reducing the analytical signal. Therefore, pH 8 was selected as
optimal, providing maximum ratiometric response and physi-
ological relevance for real sample analysis. The reaction time
between paraquat and the dual-emission system was optimized
from 0.5 to 15 minutes (Fig. S2B). The fluorescence ratio
changed rapidly within the first minute, reaching equilibrium
at approximately 1.0 minute due to fast electrostatic interac-
tions, after which the signal remained stable for at least 15
minutes. Consequently, 1.0 minute was chosen as the optimal

RSC Adv, 2025, 15, 44071-44082 | 44075
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incubation time, ensuring complete electrostatic binding while
maintaining high sample throughput for practical applications.

3.4. Detection of paraquat using dual-emission ratiometric
system

The analytical performance of the eosin/TA-CDs dual-emission
system for paraquat detection was evaluated by monitoring
fluorescence changes upon increasing paraquat concentration
from 0 to 150 nM (Fig. 3A). Upon addition of paraquat, a distinct
ratiometric response was observed: the TA-CDs emission at
445 nm progressively increased due to aggregation-induced
fluorescence enhancement via electrostatic cross-linking of
negatively charged carbon dots by positively charged paraquat
cations, while eosin emission at 545 nm simultaneously
decreased through electrostatic interaction-induced quenching.
This opposite fluorescence behavior created a robust ratio-
metric signal (Fy45/Fs45) that exhibited excellent linearity over
the concentration range of 5-150 nM with a strong correlation
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Fig. 3 (A) Fluorescence spectra of the eosin/TA-CDs system with
paraquat from 0 to 150.0 nM in phosphate buffer (50 mM, pH 8.0). (B)
Linear calibration of the intensity ratio Fs45/Fs45 versus paraquat
concentration (5.0-150.0 nM).

44076 | RSC Adv, 2025, 15, 44071-44082

View Article Online

Paper

coefficient (R* = 0.9973) and a regression equation of F5/Fs45 =
0.051 + 0.0104 [paraquat] (Fig. 3B). The limit of detection was
calculated as 2.11 nM based on 3¢/slope, where ¢ represents the
standard deviation of ten blank measurements. The dual-
emission ratiometric readout offers significant advantages
over previously reported single-signal fluorescence methods
(Table S1), providing built-in self-calibration that eliminates
environmental interferences, improves measurement reli-
ability, and simplifies the detection procedure.

The analytical performance of the proposed eosin/TA-CDs
dual-emission ratiometric sensor was compared with previously
reported fluorescent methods for paraquat detection (Table S1).
The developed method exhibits a competitive limit of detection
(2.11 nM) that surpasses many conventional fluorescent probes
including squaraines (372 nM),* polymeric probes (11 000 nM),>®
pyramine (200 nM),*” CdS quantum dots (38.9 nM),*® and fluo-
rescent ionic liquids (64.0 nM),*> while being comparable to
advanced nanomaterial-based sensors such as TGA CdTe/CdS
NCs (3.5 nM),** GSH/B-CDs-AuNCs (4.7 nM),” and SiO,@CdTe
QDs@MIP (1.94 nM).** Although some methods such as BPNSs
(0.70 nM),** calix[6]arene (0.12 nM),** and cucurbit[8]uril (0.24
nM)*® achieve lower detection limits, the proposed method offers
several distinct advantages: (1) dual-emission ratiometric readout
provides built-in self-calibration that eliminates environmental
interferences from instrumental fluctuations, sample turbidity,
and matrix effects—a critical advantage over single-signal
methods that are susceptible to false positives; (2) simulta-
neous applicability to both water and food matrices without
requiring different protocols or modifications, whereas many
reported methods are limited to specific sample types; (3) utili-
zation of metal-free, low-toxicity carbon dots derived from
biocompatible tannic acid precursor, avoiding the environmental
and health concerns associated with cadmium-based quantum
dots (CdS QDs, CdTe QDs);****** (4) simple, one-step hydro-
thermal synthesis requiring no complex organic chemistry or
expensive reagents, contrasting with elaborate syntheses needed
for calixarenes,® cucurbiturils,* or molecularly imprinted poly-
mers;™ (5) rapid analysis (1 minute reaction time) with minimal
sample pretreatment and straightforward operation suitable for
on-site testing; and (6) cost-effective instrumentation using
conventional fluorescence spectroscopy without requiring
specialized detection systems. The practical linearity range
(0.005-0.15 pM) adequately covers environmentally and agricul-
turally relevant concentrations, making this method highly suit-
able for routine monitoring of paraquat residues in food safety
and environmental surveillance programs.

The proposed TA-CDs/eosin sensor outperforms similar
dual-emission ratiometric systems through superior sensitivity
(LOD 2.11 nM vs. 3.03-6.5 nM),"*** metal-free cost-effective
design eliminating expensive copper/gold nanoclusters, and
a unique dual opposite-response mechanism (aggregation-
enhancement + quenching) providing greater signal dynamic
range than single-quenching approaches. Critically, validation
in real agricultural cabbage samples with time-resolved residue
monitoring demonstrates practical food safety capability
beyond laboratory-spiked samples typical of reported dual-
emission methods.

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

The selectivity of the dual-emission ratiometric sensor was
systematically evaluated by measuring the fluorescence
response to 50 nM paraquat in the presence of various poten-
tially interfering species at ten-fold higher concentrations (500
nM) (Fig. 4). The tested interferents included various herbicides
(diquat, diazinon, dichlorvos, glyphosate, atrazine, pendime-
thalin, fluroxypyr, propisochlor, quizalofop, tribenuron-methyl,
acetochlor, metolachlor, and tebuconazole), common organic
substances (humic acid, urea, and citric acid), monovalent
cations (Na*, K", NH,"), divalent cations (Ca*", Mg**, Fe*", Cu*,
Zn**, Ni**, Pb*>*, Hg*"), trivalent cations (AI**), and common
anions (Cl~, NO;~, SO,>~, HCO;~, PO,*"). The results demon-
strated that none of these interferents caused significant
changes in the fluorescence ratio (Fy45/Fs45), with deviations
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Fig. 4 Response of the eosin/TA-CDs system to different (A) struc-
turally related herbicides, common organic substances, (B) metal ions
and anions.
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remaining below £5% compared to paraquat alone, except for
diquat which exhibited a response comparable to paraquat.
Original fluorescence spectra of the eosin/TA-CDs system upon
addition of various herbicides (Fig. S3) demonstrate selective
ratiometric response exclusively to paraquat and diquat among
all tested compounds, with both inducing simultaneous TA-CD
emission enhancement at 445 nm and eosin quenching at
545 nm. The response to both paraquat and diquat is attributed
to their shared structural feature: permanent dicationic
quaternary nitrogen centers (N,N’-dimethyl-4,4’-bipyridinium
for paraquat; ethylene-bridged bipyridinium for diquat) with
delocalized positive charges capable of simultaneous electro-
static bridging between negatively charged TA-CDs and eosin.
This selectivity mechanism was further validated through
complementary characterization techniques. Zeta potential
measurements (Fig. S4A) revealed significant increases
(reduced negative charge) of TA-CDs only upon interaction with
paraquat (—28.5 to —12.3 mV) and diquat (—28.5 to —5.7 mV),
while other herbicides produced negligible changes, confirming
that electrostatic interaction and subsequent aggregation occur
specifically with dicationic species. TEM imaging of TA-CDs
after interaction with an electrostatically inert herbicide such
as diazinon (Fig. S4B) revealed maintained dispersion with
individual particles averaging 6.8 nm, contrasting sharply with
paraquat-induced cluster formation, thereby validating the
aggregation-based fluorescence enhancement mechanism.
Additionally, systematic evaluation of herbicide effects on eosin
fluorescence (Fig. S5) demonstrated that only paraquat and
diquat—both possessing permanent dicationic structures—
induce significant eosin quenching at 545 nm, while other
tested herbicides including weakly basic (atrazine) or neutral
species (diazinon, glyphosate) produce negligible effects (<5%),
confirming that the static quenching mechanism via electro-
static binding is specific to strongly dicationic herbicides. The
exceptional dual-channel selectivity arises from the unique
recognition mechanism requiring simultaneous fulfillment of
two conditions: (1) the analyte must be a dication with appro-
priate charge density and molecular geometry to induce elec-
trostatic aggregation of TA-CDs, causing fluorescence
enhancement at 445 nm, and (2) it must simultaneously quench
eosin emission at 545 nm through specific charge-transfer and
electrostatic interactions. Diazinon and other tested pesticides,
despite some being structurally similar organics, are predomi-
nantly neutral or monoanionic species lacking permanent
positive charges, thus failing to trigger the electrostatic-driven
dual response. Metal cations, despite their positive charges,
do not induce the characteristic ratiometric response due to
their inability to simultaneously bridge and aggregate carbon
dots while quenching eosin through m-m or charge-transfer
interactions. While the response to both paraquat and diquat
represents a limitation for exclusive single-analyte detection, it
can be viewed as an advantage for broader quaternary bi-
pyridinium herbicide monitoring, as these compounds are
rarely co-applied and both require environmental and food
safety surveillance. This dual-response requirement acts as
amolecular logic gate, ensuring high selectivity even in complex
environmental and agricultural matrices.
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3.6. Mechanism of detection

To elucidate the fluorescence enhancement mechanism of TA-
CDs upon paraquat addition, spectral overlap analysis was
performed between the UV-vis absorption spectrum of paraquat
and both the excitation and emission spectra of TA-CDs. The
results revealed no significant spectral overlap between
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paraquat absorption and either the excitation spectrum
(maximum at 335 nm) or emission spectrum (maximum at 445
nm) of TA-CDs (Fig. 5A). This absence of spectral overlap
conclusively rules out inner filter effect (IFE) and Forster reso-
nance energy transfer (FRET) as potential mechanisms for the
observed fluorescence changes.*® Since neither mechanism
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Fig. 5

(A) Spectral overlay of UV-vis spectrum of paraquat, excitation and emission spectra of TA-CDs, (B) zeta potential of TA-CDs before and

after addition of paraquat, (C) and (D) TEM images of TA-CDs before and after addition of paraquat, (E) Stern—Volmer plot at different

temperatures.
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applies here, the fluorescence enhancement observed upon
paraquat addition must arise from aggregation-induced emis-
sion (AIE) or aggregation-enhanced emission (AEE)
phenomena,®” where restriction of intramolecular motions and
changes in the electronic environment upon nanoparticle
assembly lead to increased radiative decay pathways
(Scheme 1).

Surface charge characterization was performed using zeta
potential measurements to confirm electrostatic interactions
between paraquat and TA-CDs (Fig. 5B). The pristine TA-CDs
exhibited a highly negative zeta potential of approximately
—22.5 mV at pH 8, attributed to the abundant carboxyl (-COO ")
and hydroxyl (-O™) groups on their surface as confirmed by
FTIR and XPS analyses. Upon addition of paraquat (concen-
tration ratio of 1:1), the zeta potential shifted significantly
toward less negative values (approximately —3.2 mV), indicating
neutralization of the surface negative charges through electro-
static binding with the dicationic paraquat molecules. This
substantial reduction in surface charge confirms strong elec-
trostatic interactions and provides direct evidence for the
proposed mechanism wherein positively charged paraquat
cations bridge between multiple negatively charged TA-CDs,
reducing electrostatic repulsion and facilitating aggregation.
The residual negative charge after paraquat addition suggests
incomplete surface neutralization, maintaining colloidal
stability while enabling controlled aggregation that enhances
fluorescence.

Transmission electron microscopy was employed to directly
visualize the morphological changes of TA-CDs upon paraquat
addition (Fig. 5C and D). TEM images of pristine TA-CDs

View Article Online
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showed well-dispersed, individual nanoparticles with an
average diameter of 5.4 nm, consistent with the initial charac-
terization. In contrast, TEM images obtained after addition of
paraquat (10 nM) revealed distinct aggregation behavior, with
carbon dots assembling into larger clusters with apparent
diameters ranging from 10 to 16 nm. The aggregated structures
maintained relatively uniform size distribution, suggesting
controlled assembly rather than random precipitation. Impor-
tantly, the aggregation process is reversible upon dilution or
addition of competing anions, indicating non-covalent electro-
static interactions as the driving force. These morphological
changes provide direct visual evidence supporting the
aggregation-induced fluorescence enhancement mechanism:
the dicationic paraquat molecules act as electrostatic cross-
linkers between negatively charged TA-CDs, bringing multiple
nanoparticles into close proximity. This aggregation restricts
intramolecular rotations and vibrations of surface functional
groups, reduces non-radiative decay pathways,*® and potentially
creates new emissive states through inter-particle electronic
coupling, collectively resulting in the observed fluorescence
enhancement at 445 nm.

To elucidate the quenching mechanism responsible for the
decreased eosin fluorescence upon paraquat addition, Stern—
Volmer analysis was performed at different temperatures. Eosin
fluorescence can be quenched through multiple pathways
including ion-pairing, dynamic (collisional) quenching, static
quenching (ground-state complex formation), and FRET. The
fluorescence quenching data were analyzed using the Stern-
Volmer equation: Fy/F = 1 + K,[C], where F, and F represent the
fluorescence intensities of eosin in the absence and presence of

TA-CDs

T U —

Fluorescence intensity (a.u.)

Wavelength (nm)

Scheme 1 Summary of detection mechanism of paraquat using Eosin/TA-CDs system.
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Table 1 Results of the analysis of paraquat in real samples (n = 3)
Proposed method Reported method
Sample Added (nM) Found (nM) Recovery% RSD% Found (nM) Recovery% RSD%
Cabbage 5.0 4.98 99.6 3.51 4.78 95.6 4.12
10.0 9.69 96.9 4.28 9.91 99.1 3.31
15.0 14.79 98.6 3.38 14.53 96.9 3.64
River water 5.0 4.82 96.4 3.02 4.82 96.4 3.81
10.0 9.82 98.2 2.82 10.02 100.2 2.99
15.0 14.72 98.1 3.36 14.66 97.7 3.61

paraquat, respectively, K, is the Stern-Volmer quenching
constant, and [C] is the paraquat concentration (Fig. 5E).*
Temperature-dependent studies were conducted at 298 K, 318
K, and 338 K, revealing that the Stern-Volmer quenching
constant (K;,) decreased systematically with increasing
temperature (K, values: 0.0123 nM ™" at 298 K, 0.0099 nM " at
308 K, and 0.0072 nM ' at 318 K). This inverse temperature
dependence is characteristic of static quenching mechanisms,
wherein ground-state complex formation between eosin and
paraquat occurs, and elevated temperatures destabilize the
complex, reducing quenching efficiency. In contrast, dynamic
(collisional) quenching exhibits increased K, values at higher
temperatures due to enhanced diffusion rates and collision
frequencies. The observed behavior indicates that static
quenching dominates the eosin-paraquat interaction, involving
electrostatic binding between the negatively charged xanthene
moiety of eosin (containing carboxylate and brominated
aromatic groups) and the positively charged bipyridinium
structure of paraquat, forming a non-fluorescent ground-state
complex. This electrostatic complex formation not only
quenches eosin fluorescence at 545 nm but also serves as the
complementary signal change in the ratiometric detection
system, working synergistically with the aggregation-enhanced
fluorescence of TA-CDs at 445 nm to provide a robust dual-
response sensor for paraquat.

3.7. Application of the proposed method to real samples

The practical applicability of the dual-emission ratiometric
sensor was evaluated using real environmental and food
matrices, including Nile River water and cabbage samples.
Recovery studies were conducted by spiking three different
concentrations of paraquat (5.0, 10.0, and 15.0 nM) into both
pre-analyzed matrices. For Nile River water samples, excellent
recovery percentages ranging from 96.4% to 98.2% were ob-
tained with relative standard deviations (RSD) below 3.36% (n =
3), demonstrating high accuracy and precision even in the
presence of natural organic matter, dissolved ions, and other
matrix components (Table 1). Similarly, cabbage extracts yiel-
ded satisfactory recoveries between 96.9% and 99.6% with RSD
values less than 4.28%, confirming the method's robustness in
complex food matrices containing pigments, proteins, and
other interfering substances. To validate the reliability of the
proposed method, parallel analyses were performed using
a previously reported chromatographic method,” and the

44080 | RSC Adv, 2025, 15, 44071-44082

results were subjected to statistical comparison using a paired ¢-
test at the 95% confidence level. The analysis revealed no
statistically significant difference between the two methods for
both Nile River water samples (fcaicutated = 1-85 < teritical = 4.30, p
>0.05) and cabbage extracts (¢caiculated = 2-21 < Zeritical = 4.30, p >
0.05), confirming that the dual-emission ratiometric sensor
provides comparable accuracy to established chromatographic
techniques across different sample matrices while offering
advantages of simplified sample preparation, reduced analysis
time, and lower instrumentation costs.

To demonstrate real-world applicability, the developed
method was applied to analyze paraquat residues in cabbage
leaves collected from agricultural fields where the herbicide had
been applied according to standard farming practices. Fresh
cabbage samples were obtained from Assiut farms at different
time intervals post-application (1, 3, 7, and 14 days after
spraying). Following the extraction procedure described in
section 2.6, paraquat concentrations were determined to be
98.65, 77.65, 37.56, and 12.35 ug ¢~ ' at 1, 3, 7, and 14 days post-
application, respectively, showing a gradual decline over time
due to natural degradation and washing effects. Notably,
samples collected 1 and 3 days after application exhibited
paraquat levels exceeding the maximum residue limit (MRL) of
0.05 mg kg~ * (50 pg g~ ') established by international food safety
regulations (Codex Alimentarius and EU regulation), while
samples collected at 7 and 14 days showed concentrations
below the MRL threshold. These findings highlight the impor-
tance of adhering to pre-harvest intervals and demonstrate that
the proposed ratiometric sensor can effectively monitor
compliance with food safety standards. The method's ability to
rapidly detect paraquat residues in real agricultural products
without complex sample pretreatment positions it as a valuable
tool for routine food safety monitoring, protecting consumer
health, and ensuring regulatory compliance in agricultural
supply chains.

4. Conclusion

This work established a novel dual-emission ratiometric fluo-
rescent sensor for paraquat detection by combining tannic acid-
derived carbon dots and eosin as complementary optical
reporters. The dicationic paraquat simultaneously induces
aggregation-enhanced fluorescence of TA-CDs and static
quenching of eosin, generating a self-calibrated ratiometric
signal resistant to matrix interferences. Comprehensive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characterization and mechanistic validation through spectral
analysis, zeta potential, and electron microscopy confirmed the
dual-recognition mechanism involving electrostatic cross-
linking and ground-state complex formation. The sensor
demonstrated excellent sensitivity, wide linearity, and excep-
tional selectivity due to the stringent requirement for simulta-
neous dual-response generation. Successful application to
environmental water and food matrices with high recovery and
validated accuracy against chromatographic methods confirms
practical reliability. Real-world testing on agricultural produce
demonstrated capability to track pesticide degradation and
assess regulatory compliance. This biocompatible, metal-free
platform offers rapid analysis, simplified sample preparation,
and cost-effectiveness, addressing critical needs in food safety
surveillance. The bioorthogonal recognition strategy estab-
lished here can be extended to other ionic pesticides and
environmental contaminants, contributing to safer agricultural
practices and enhanced public health protection in the global
food supply chain.
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