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Ethalfluralin, a critical selective herbicide, necessitates robust and accessible detection methods to
safeguard public health and ensure food safety. Current analytical techniques often suffer from complex
sample preparation and high operational costs. Addressing this, we report a facile and sustainable
approach for synthesizing highly photoluminescent nitrogen-doped carbon dots (N-CDs) derived
entirely from agro-waste materials. This novel “green” synthesis leverages hydrothermal treatment of
common vegetable biomass (lettuce, cabbage, and spinach) combined with in situ nitrogen doping using
urea, significantly enhancing the N-CDs' optical properties. Comprehensive characterization using UV-
Vis, FT-IR, fluorescence spectroscopy, XRD, TEM, and CHN analysis confirmed the successful doping and
favorable physicochemical attributes of the synthesized N-CDs. Leveraging a Central Composite Design
(CCD), we meticulously optimized key sensing parameters (pH, N-CDs concentration, and incubation
time) to achieve maximum sensitivity. The developed N-CDs-based fluorescence sensor demonstrates
exceptional analytical performance for ethalfluralin detection, exhibiting a broad linear range of 23.3—
2012.9 ug kg™t and a remarkably low limit of detection (LOD) of 18.8 pg kg™*. Importantly, the method
exhibits high applicability and provides results in good agreement with the established GC-MS technique
when analyzing spiked vegetable samples, validating its accuracy and reliability. This work offers
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Sustainability spotlight

This work presents a sustainable advancement in food safety monitoring through the facile, green synthesis of highly sensitive nitrogen-doped carbon dots (N-
CDs) derived entirely from agricultural waste (lettuce, cabbage, spinach). This innovative approach transforms biomass waste into valuable sensing materials,
significantly reducing environmental impact and promoting resource efficiency. The developed N-CDs-based fluorescence sensor offers a cost-effective, rapid,
and accurate method for detecting ethalfluralin pesticide residues in vegetables, providing a crucial eco-friendly alternative to conventional, resource-intensive
techniques. This aligns strongly with UN SDG 12 (Responsible Consumption and Production) by valorizing waste and fostering sustainable material use, and
SDG 2 (Zero Hunger) and SDG 3 (Good Health and Well-being) by enhancing food safety and safeguarding public health against harmful chemical
contamination.

packaging, transport, or storage, or as a result of environmental
contamination.” Food contaminants are generally classified
into three categories: physical, chemical, and biological.

1. Introduction

Over the past decades, global environmental rules have sought

to prevent diseases caused by food contaminants. The Codex
Alimentarius defines a contaminant as any material not inten-
tionally added to food, which may be present as a result of
production, processing, preparation, treatment, packing,
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Chemical contaminants, which are often environmental in
origin, include major groups such as mycotoxins, pesticides,
veterinary drug residues, and other hazardous compounds.*?
Agricultural products constitute a primary source of food for the
global population. However, substantial crop losses occur
annually due to plant pests, leading to an increased reliance on
pesticides to achieve the goal of global food for all.*

Despite their benefits, pesticides can have persistent, detri-
mental effects on both the environment and food safety.
Numerous studies have demonstrated that pesticide exposure
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can lead to carcinogenic, teratogenic, and immunotoxic
consequences in humans. Consequently, the measurement of
pesticide residues has become critically important and
a frequent subject of scientific investigation in recent years.>®

Pesticides are broadly classified into three main categories:
insecticides, herbicides, and fungicides. According to the States
Environmental Protection Agency (EPA), about 40% of pesti-
cides used during 2006-2007 belong to herbicides. Conse-
quently, herbicides have become the predominant class of
pesticides used globally for weed control in agricultural fields.
Herbicides are categorized into two primary types: selective and
non-selective. Selective herbicides are designed to inhibit the
growth of specific weed species without harming the desired
crops. In contrast, non-selective herbicides are broad-spectrum
and will damage or destroy all vegetation upon contact.®®

Ethalfluralin (EFA), a dinitroaniline herbicide marketed
under the trade name “Sonalan,” is a selective broadleaf
herbicide that was first registered in 1974. Its mechanism of
action involves the inhibition of root and shoot development,
thereby preventing the establishment of weeds. EFA is primarily
used in a variety of crops, including dry beans, sunflowers,
peanuts, cucurbits, and other vegetables such as tomatoes and
potatoes.’® Human exposure to ethalfluralin (EFA) can occur
through the consumption of food containing its residues. Die-
tary sources include plants such as cucurbits, sunflower seeds,
and dry beans, as well as animal products like milk, eggs, fat,
meat, and meat by-products. The European Union (EU) has set
a general maximum residue limit (MRL) of 0.01 mg kg™ * for EFA
in plants with high water and oil content. In contrast, other
regulatory bodies, such as the Environmental Protection Agency
(EPA), have established different MRLs; for instance, an MRL of
0.05 mg kg ' is specified for crops like tomatoes.'**?

Various analytical techniques have been used to determine
pesticide residues in food, with acceptable accuracy and preci-
sion, such as gas chromatography (GC) and liquid chromatog-
raphy (LC), often coupled with mass spectrometry (MS) as
a detector. Despite their reliability, these techniques present
several disadvantages, including complex sample preparation
requirements, the need for expensive instrumentation, and
a reliance on highly skilled operators.”® Therefore, there is
a clear need for more accessible and efficient analytical tech-
niques to determine pesticide residues. In recent decades,
carbon dots (CDs), a class of fluorescent nanomaterials with
a particle size typically below 10 nm, have emerged as prom-
ising sensors. Their advantages include rapid detection, low
cost, low detection limits, high chemical stability, and ease of
use.'*** Carbon dots (CDs) are typically synthesized using either
“top-down” or “bottom-up” methodologies. In the top-down
approach, macroscopic carbon sources, such as graphene or
carbon nanotubes, are fragmented, either physically or chemi-
cally, into nanoscale carbon particles smaller than 10 nm,
which predominantly feature sp” hybridization. In the bottom-
up approach, small molecule precursors such as citric acid,
urea, or ammonia are used to synthesize CDs through pyrolysis
or carbonization processes. Both top-down and bottom-up
methods, however, present drawbacks, including the use of
toxic chemical reagents, high energy consumption, and
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prolonged reaction times. To overcome these limitations,
researchers have developed greener synthesis routes utilizing
natural carbon sources. Among these, the hydrothermal
method is a prominent technique, valued for its simplicity and
ability to produce CDs with high quantum yields."** Conse-
quently, due to its low cost and operational simplicity, the
hydrothermal method has become a common technique for
preparing green CDs. A key advantage of this green synthesis
approach is the substitution of hazardous organic solvents,
such as methanol and dimethylformamide (DMF), with water as
a benign reaction medium.

The primary renewable carbon sources used in the green
synthesis of CDs can be broadly categorized as human-derived
materials, horticultural and agricultural products, and their
associated wastes (agro-waste).® Natural products serve as
excellent carbon sources due to their wide availability, stability,
and eco-friendliness. An additional significant benefit of this
approach is the valorization of waste biomass into high-value
materials. In a typical hydrothermal synthesis, the renewable
carbon source is placed in an autoclave reactor and heated to
a temperature ranging from 120 to 350 °C for a period of 3 to 12
hours to complete the reaction.”>*

In the synthesis of CDs, heteroatoms are frequently
employed as doping agents to enhance the fluorescence
quantum yield and photoluminescence properties through
surface functionalization. Consequently, significant research
efforts are dedicated to developing novel doping agents and
innovative doping methodologies. Among various doping
agents, nitrogen is the most prevalent due to its suitable elec-
tronegativity and atomic size, a lone electron pair that can be
donated into the carbon lattice of CDs, and sufficient valence
electrons to form stable bonds.**?* In this work, lettuce,
cabbage, and spinach were specifically selected as green carbon
sources not only for their sustainability and high carbon
content but also for their inherent nitrogen, which provides an
in situ doping effect, and their abundance of molecular
precursors such as amino acids and proteins. During the
hydrothermal process, these biomolecules are readily converted
into fluorescent carbon nanostructures. Furthermore, urea was
employed as an auxiliary nitrogen dopant to enhance the
quantum yield of the resulting CDs.””

In summary, this work details the development of a sensitive
fluorescent sensor for ethalfluralin (EFA) herbicide, in align-
ment with green chemistry principles. The strategy centers on
nitrogen-doped carbon dots (N-CDs), synthesized sustainably
from leafy vegetable waste using urea as a dopant. The emissive
properties of the N-CDs were enhanced through the incorpo-
ration of pyridinic nitrogen. Critical sensing conditions were
optimized using a Central Composite Design (CCD) to maxi-
mize analytical performance. The detection mechanism is
based on the inner filter effect (IFE), whereby EFA selectively
quenches the fluorescence of the N-CDs under the optimized
parameters. This robust approach establishes a practical and
field-deployable method for monitoring EFA residues in agri-
cultural samples.?®°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Reagents and instruments

All chemicals were of analytical reagent grade and used without
further purification. Ethalfluralin (EFA) standard was obtained
from LGC Standards (UK). For the preparation of Britton-Rob-
inson (BR) buffer, boric acid, phosphoric acid, acetic acid, and
sodium hydroxide were procured from Merck (Germany). The
Britton-Robinson (universal buffer) buffer, used for optimiza-
tion, was prepared by mixing 0.04 M solutions of boric acid,
phosphoric acid, and acetic acid. The pH was adjusted to the
desired value (ranging from 2 to 12) using a sodium hydroxide
solution (0.2 M). Urea and Rhodamine B were also procured
from Merck (Germany). Rhodamine B was used as a standard to
calculate the fluorescence quantum yield.

The materials employed in the QUEChERS extraction,
including the salts magnesium sulfate (MgSO,) and sodium
chloride (NaCl), the sorbent primary secondary amine (PSA), the
internal standard triphenyl phosphate, trisodium citrate, di-
sodium hydrogen citrate 1,5 hydrate, and the solvents acetoni-
trile and ethyl acetate—were purchased from Sigma-Aldrich
(Merck, Germany). Deionized (DI) water was produced using
a Millipore Direct-Q 8 water purification system (Merck, Ger-
many). A Metrohm 780 pH meter was used for all pH adjust-
ments. For the lyophilization step in CDs preparation, an Alpha
1-2 LD plus freeze dryer (or Alpha 2-4 LD plus) was employed.

This study did not involve the use of any human or animal
subjects. All materials used were of standard laboratory grade
and were not known to be hazardous.

2.2 Preparation of nitrogen-doped carbon dots (N-CDs)

The synthesis was carried out using a hydrothermal method.
Key parameters, including temperature and time, were opti-
mized via the one-factor-at-a-time (OFAT) approach. Fresh agro-
waste comprising lettuce, cabbage, and spinach (both leaves
and stems) was sourced from a certified organic farm in Shiraz,
Iran, ensuring a traceable supply and minimizing the risk of
pesticide contamination. The biomass was thoroughly rinsed
with deionized water, finely chopped, and homogenized in an
equal mass ratio (1:1: 1). For a typical synthesis, 1000 + 1 mg of
this homogenized biomass was mixed with 50 mg of urea and
dispersed in 30 mL of deionized water under constant stirring.
This entire methodology, from sourcing to synthesis, was
centered on the use of agricultural waste and aligns with green
chemistry principles by valorizing non-marketable biomass to
support a circular economy and avoid competition with food
resources. The mixture in a Teflon-lined stainless-steel auto-
clave was heated at 300 °C for 4 hours. After cooling naturally to
room temperature, the resulting dark brown solution was
centrifuged at 14 000 rpm for 15 minutes. The supernatant was
then filtered through a 0.45 pm membrane syringe filter to
remove large particles. Eventually, the synthesized N-CDs was
dried by freeze dryer, diluted by water to obtain an equivalent
concentration (1000 mg kg~ '), and stored in the refrigerator (4 ©
C) for further experimentations. The hydrothermal synthesis of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis of N-CDs via a green
method and the proposed mechanism for fluorescence-based
sensing of EFA.

N-CDs from green precursors is schematically illustrated in
Fig. 1.

The fluorescence quantum yields (@) of the synthesized non-
doped CDs and nitrogen-doped carbon dots (N-CDs) were
calculated using the comparative method, with Rhodamine B (@
= 0.31 in water) employed as a reference standard. The detailed
calculation procedure was provided in the SI.**

2.3 Characterization

The physical and chemical properties of the synthesized N-CDs
were investigated using multiple techniques. The morphology,
including size distribution and shape, was analyzed by trans-
mission electron microscopy (TEM) using a LEO 906E micro-
scope operating at an acceleration voltage of 100 kV. X-ray
diffraction (XRD) analysis was performed using a Bruker D8
Advance diffractometer with Cu Ka radiation (k = 0.15418 nm)
to determine the crystallographic structure of the synthesized
N-CDs. Elemental analysis (CHN) was conducted using a Lab-
tron elemental analyzer. Fourier-transform infrared (FT-IR)
spectroscopy was performed on a Bruker Tensor II spectrom-
eter equipped with a diamond iD5 ATR accessory. Spectra were
recorded in the range of 4000-500 cm ™' to confirm nitrogen
doping and identify the surface functional groups present on
the N-CDs. The crystallographic nature of the synthesized N-
CDs was investigated using a LabRAM HR Evolution confocal
Raman microscope (Horiba) to distinguish between amorphous
and graphitic structures. Furthermore, the optical properties
were characterized by fluorescence spectroscopy using an LS55
spectrofluorometer (PerkinElmer, USA) and UV-Vis spectros-
copy using a Shimadzu 1601 spectrophotometer.

2.4 Detection procedure of EFA by fluorescence quenching

The detection mechanism was based on the quenching of the
fluorescence (FL) intensity of the N-CDs upon interaction with
EFA. For the calibration curve, the net FL intensity was calcu-
lated by subtracting the intensity of the N-CDs-EFA mixture
from the initial intensity of the N-CDs solution (the blank).*> In
the general detection assay, 200 uL of the N-CDs stock solution
(1000 mg kg~ ') was mixed with 1 mL of universal buffer (pH 8.0)
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Fig. 2 Optical characteristics of the N-CDs. (a) Absorption (UV), excitation, and emission spectra. (b) Excitation-dependent emission spectra.

Inset: Photograph of the N-CDs solution under 320 nm UV light.

in a quartz cuvette. Different volumes of an EFA standard
solution were then spiked into the cuvette, and the mixture was
diluted to a final volume of 3 mL with the same buffer. After a 5-
minute incubation period (determined as optimal), fluores-
cence spectra were recorded with an excitation wavelength of
320 nm, and the emission was scanned from 350 to 650 nm. The
maximum fluorescence emission intensity of the N-CDs was
observed at 430 nm.

2.5 Real sample treatment

Tomato and cucumber samples, representing real-world
commodities, were purchased from a local market (Shiraz,
Iran) and sampled according to the Codex Alimentarius guide-
lines for sampling in pesticide residual analysis (CODEX,
1999).* The sampling vegetables, were subsequently washed
with deionized water, air-dried at room temperature, sliced into
small pieces, and homogenized. Prior to spiking, all samples

were analyzed using the GC-MS method and QuEChERS
extraction to verify the absence of EFA residues, thereby estab-
lishing a reliable blank and ensuring the accuracy of subse-
quent quantification. To evaluate the analytical performance
and potential matrix effects of the N-CDs based fluorescence
sensing method, recovery studies were conducted. Vegetable
samples were spiked with EFA standard at three different
concentration levels: 30, 200, and 800 pg kg '. The spiked
samples were then incubated for 24 hours to simulate potential
analyte-matrix interactions and environmental stability prior to
analysis. For each vegetable type, a blank (unspiked) sample
was processed alongside the spiked samples. An adequate (10 £
0.1 g) portion of each homogenized sample (spiked and blank)
was combined with 10 mL of ethyl acetate and gently agitated.
The mixture was then centrifuged at 5000 rpm for 15 minutes at
—5 ©°C. The resulting organic (upper) layer was carefully
collected and filtered through a 0.45 pm. The filtered extracts
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Fig. 3 Structural and chemical characterization of synthesized N-CDs. (a) TEM image. (b) XRD pattern. (c) Raman spectrum. (d) FT-IR spectrum

(non-doped CDs and N-CDs).
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Fig. 5 Emission spectra of N-CDs with varying EFA concentrations.
Inset: Calibration curves for the low (23.3-626.5 ug kg™) and high
(626.5-2012 pg kg™!) concentration ranges.

were analyzed using the same fluorescence sensing procedure
established for standard solutions. To validate the proposed N-
CDs-based method, the samples were also analyzed using gas
chromatography-mass spectrometry (GC-MS) coupled with
a QuEChERS extraction, performed in accordance with the
standard method CEN EN 15662:2018.>**" Comprehensive
details regarding the QUEChERS extraction procedure and the
reference GC-MS method are provided in the SI.

The proposed N-CDs fluorescence sensor was statistically
validated against the reference GC-MS method. An F-test was
performed using Microsoft Excel 2013 to compare the variances
of the two methods and evaluate the homogeneity of their
precision. All statistical analyses were based on triplicate

View Article Online
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measurements (n = 3) for each data point to ensure the repro-
ducibility of the results.”® Any replicate with a signal deviation
exceeding 5% from the mean was excluded and re-measured to
ensure data reliability. The analytical sensitivity was character-
ized by the limit of detection (LOD), calculated using eqn (1):

LOD = 3.3d/S (1)
where ¢ is the standard deviation of the blank signal (n = 10)
and S is the slope of the calibration curve within the linear
range.

2.6 Design of experiment

Among the statistical methods used to identify and optimize
significant variables, Central Composite Design (CCD) was the
primary approach employed.*® To determine the optimal
sensing conditions for EFA analysis, CCD was employed. The
model investigated the simultaneous effects of three significant
variables: pH, N-CDs concentration, and incubation time, on
the fluorescence response. Numerous studies have demon-
strated that pH significantly influences the photoluminescence
properties of CDs. This effect is primarily attributed to electron
transfer processes induced by protonation and deprotonation
of surface functional groups (e.g., amine and carboxyl), which
subsequently alter the fluorescence intensity. In addition to pH,
other critical factors affecting CDs optical properties include
their concentration, incubation time, and temperature, all of
which were considered for optimization in this study.*® The
emission and excitation wavelengths for fluorescence determi-
nation, along with temperature, were optimized using the one-
factor-at-a-time (OFAT) approach. The remaining critical
parameters, pH, N-CDs concentration, and incubation time,
were optimized simultaneously using a CCD. Initially, an
appropriate range of selected factors was chosen based on the
literature review.** Based on the three selected factors, a single-
block CCD comprising 20 randomized runs was employed to
minimize the effects of uncontrolled variables. The design
incorporated five levels for each factor: a central point, two
factorial points, and two axial points located at —« and +a. The
assigned values to each factor (five levels) were demonstrated in
Table S1. The analysis of variance (ANOVA) was used to identify
significant factors and their interaction effects. A regression
model was subsequently developed to describe the relationship
between these factors and the experimental response, which
was defined as the change in fluorescence intensity (AF) for
each run. All statistical design and analysis were performed
using Design-Expert software (version 7.0, Stat-Ease Inc., USA).

Table1l Two regression equations with corresponding correlation coefficients and detection limit of the proposed N-CDs fluorescence sensor®

Correlation Detection limit
Linear range (ug kg™") Regression equation coefficient (ng kg™
23.3-626.5 F—-F,= 0.132[C]1 +21.173 0.988 18.8
626.5-2012.9 F — Fo = 0.124[C] + 33.277 0.991

@ C": concentration of EFA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Ethalfluralin (EFA) results in spiked tomatoes and cucurbits by the proposed N-CDs fluorescence sensor and reference method (GC-MS)

Proposed method

Reference method (GC-MS)

Experimental result

Experimental

Sample Spiked level (ug kg™) (ng kg™ Recovery (%) RSD result (ug kg ™) Recovery (%) RSD

Tomatoes 30 27.8 £ 0.5 92.7 3.6 29.5 £ 0.4 98.3 3.2
200 204.0 £ 0.4 102 3.1 190.4 £ 0.4 95.2 3.1
800 768.0 = 0.2 96 2.6 804 £ 0.2 100.5 2.9

Cucurbits 30 28.2 + 0.3 94 3.1 30.9 £ 0.5 103.1 3.8
200 190.0 £ 0.2 95 2.1 211.0 £ 0.2 105.5 2.7
800 840.1 + 0.4 105 3.5 788.0 £ 0.5 98.5 3.1

3. Results and discussion

3.1. Characterization

3.1.1. Optical properties (spectroscopic method). The
synthesized green N-CDs displayed unique fluorescence (FL)
spectra with a sharp emission peak at approximately 430 nm
upon excitation at a wavelength of 320 nm. UV absorption
spectra analysis revealed an intense peak at 200 nm and two
weaker peaks around 280 and 300 nm (Fig. 2a). The peaks at 200
and 280 nm are attributed to polyaromatic chromophores and =
— m* transitions corresponding to aromatic Sp> groups,
respectively. As shown in Fig. 2b, an excitation wavelength of
320 nm yielded maximum emission intensity without any shift
in the maximum emission wavelength. A blue illumination was
observed under UV light (320 nm), as seen in the inset
photograph.

The Raman spectrum (Fig. 3¢c) showed two distinct peaks at
around 1356 and 1580 cm ™', corresponding to the D and G
bands, respectively. The D band is linked to sp* bonds, while the
sharper G band indicates sp*> bonds. An IG/ID ratio greater than
1 suggests that the structure of the synthesized N-CDs mainly
consists of sp” carbon, with some sp® carbon present as defects
in the synthesis process. These Raman results imply that the
proposed N-CDs have a graphitic structure.

Table 3 Comparison of the proposed N-CDs fluorescence sensor with

The FT-IR spectra of both non-doped and nitrogen-doped
CDs (N-CDs) are shown in Fig. 3d. Both types of CDs exhibi-
ted similar characteristic peaks, including a broad band around
3390 em™ " corresponding to O-H and N-H stretching vibra-
tions. A band at 3130 cm " was attributed to C-N and C-H
bending vibrations, while the peaks at 1580, 1480, and 985 cm ™
were associated with C-O-C, CH,, and C-N vibrations, respec-
tively. A key difference was observed upon comparison: the N-
doped CDs showed a distinct additional peak at around
1595 cm ™', which is characteristic of the C=N group. This peak
was absent in the non-doped CDs. In summary, the FT-IR
analysis confirms the successful nitrogen-doping of the CDs
and verifies the presence of hydroxyl, carbonyl, and other
hydrophilic functional groups on the surface of the synthesized
green N-CDs.%”%*

Following the comparative method described in Section 2.2,
the quantum yield (@) of the CDS was determined to be 6%
before doping and 32.5% after nitrogen doping with urea. This
substantial increase demonstrates the critical role of nitrogen
incorporation in enhancing the photoluminescence efficiency.

3.1.2. Structural investigation. Transmission electron
microscopy (TEM) analysis revealed that the synthesized N-CDs
were spherical and exhibited a uniform size distribution
(Fig. 3a). The particle diameters were estimated to range from 1

literature for the determination of EFA in agricultural products

Method

LOD LOQ Recovery RSD Linear range
Sample (g kg™) (g kg™) (%) (%) (g kg™") Ref.
Capillary GC-MS 0.006 0.02 96 7 3-100 49
Canola seed
Voltammetry 0.36 — 98-99 1.34 0.44-44.0 55
Cucurbit
GC-ECD-MS — 4 94.8 5.5 — 51
Soybean
GC-NCI/MS* 0.05 0.17 76 8 0.025-0.5 52
Garlic
GC-Q-Orbitrap/MSb 20 50 114.2 <20 0.1-50 53
Silage
GC-MS-MS 1.4 5 83.3 9.9 0.5-100 54
Tomato
Proposed N-CDs 18.8 23.3 98.1° 1.3 23.3-2012.9 This work

Tomato and cucurbit

“ GC-NCI/MS: gas chromatography-negative chemical ionization-mass
Orbitrap Mass Spectrometry. ¢ Average values.
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to 12 nm. While the spherical morphology is clear, discernible
lattice fringes were not observed in the TEM images, which may
be attributed to the predominantly instrumental resolution
limitations. The X-ray diffraction (XRD) pattern was recorded in
the 26 range of 20° to 60° with a scanning rate of 0.07° s~
(Fig. 3b). The pattern exhibited two broad diffraction peaks
centered at approximately 23° and 39°, which correspond to the
(002) and (100) planes of graphitic carbon, respectively. This
confirms the formation of a carbon structure with graphitic
domains. The particle size distribution, as shown by TEM
images, was consistent with and provided a morphological
explanation for the broadened peak observed in the XRD
pattern.

The results of the CHN elemental analysis for both non-
doped CDs and N-CDs are presented in Table S2. The data
confirm the successful incorporation of nitrogen into the CDs
structure during synthesis. This result is consistent with other
characterizations, such as the observed increase in quantum
yield following nitrogen doping.’**

3.1.3. Characterization of nitrogen doping configurations.
The type of nitrogen configuration incorporated into the
structure related to CDs was investigated by correlating the
synthetic route with optical characterization and property
analysis. The hydrothermal method, employing urea as a small-
molecule doping agent, is well-documented to facilitate
nitrogen incorporation primarily at the edges of the developing
carbon lattice, favouring the formation of pyridinic nitrogen.
The spectroscopic data strongly supported this assignment.

As observed, the FT-IR spectrum of the N-CDs (Fig. 3d)
showed the emergence of a distinctive signature for C=N bonds
in the range of 1550-1650 cm™ ', which corresponds to aromatic
structures containing nitrogen, which was absent in the spec-
trum of the non-doped CDs.”” The functional significance of the
pyridinic configuration was demonstrated by the substantial
enhancement in quantum yield and the specific fluorescence
quenching response to the electron-accepting EFA molecule.
These optical properties are directly attributed to the lone
electron pair on pyridinic nitrogen, which creates localized
electron-rich sites on the CDs surface. These sites serve a dual
role: as efficient radiative recombination centers that enhance
fluorescence, and as high-affinity binding sites for EFA that
facilitate electron transfer. Collectively, these findings confirm
that nitrogen is predominantly incorporated in the pyridinic
form within the N-CDs structure*>*

3.2. Design of experiment

3.2.1. Identification and optimization of significant
factors. A factorial design was implemented to identify the most
significant factors affecting the fluorescence (FL) sensing of
ethalfluralin (EFA) residues. The design, comprising 20
randomized experimental runs and their corresponding fluo-
rescence responses, is detailed in Table S3. This table provides
a comprehensive overview of the factor combinations and their
impact on sensing performance. The emission intensity was
used as the experimental response for the subsequent analysis
of variance (ANOVA), the results of which are presented in Table

© 2026 The Author(s). Published by the Royal Society of Chemistry
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S4. Initially, a full quadratic model was fitted to evaluate the
significance of all factors and their interactions. Based on the
statistical analysis (P-values), three main factors; pH, N-CDs
concentration, and incubation time, were identified as signifi-
cant. However, some of their two-factor interactions were found
to be statistically insignificant (P > 0.1) and were consequently
removed from the final model to enhance its robustness and
predictability.”® Initially, a full quadratic model was fitted to
evaluate the significance of all factors and their interactions.
Based on the statistical analysis (P-values), three main factors;
pH, N-CDs concentration, and incubation time, were identified
as significant. The model was then refined by removing statis-
tically insignificant two-factor interactions (P > 0.1) to enhance
the robustness and predictive power of the final model. These
results demonstrated that these factors significantly impact the
fluorescence (FL) sensing process.

The response surface methodology (RSM) with 5 levels («—,
1—, 0, 1, at+) was employed to find the optimal values related to
significant factors. As mentioned previously, a polynomial
regression model, the selected variable quadratic model (SVM),
was chosen due to its superior correlation coefficients,
including R? of prediction (Rpred.”), R* adjusted (Rag;.%), R* lack of
fit, and R* calibration (R.,.?) (Table S4). The final uncoded
(actual variables) equation based on the selected variable
quadratic model is given in eqn (2) to describe the response
(fluorescence emission intensity):

Fluorescence emission intensity = 16.06 + 1.37 x (pH) + 0.03
x (CDs concentration) — 0.94
x (incubation time) + 0.005
x (CDs concentration x incubation time) (2)

Compared to the initial full quadratic model, the final
reduced model suggest a more straightforward and simplified
equation, enhancing its practical utility for predicting the
fluorescence response. As observed in Table S4, all variables in
the SVM model exhibited a p-value lower than 0.1, except
incubation time. However, this factor was retained in the model
because of its involvement in the interaction between the
concentration of CDs and incubation time, which played a role
in the final equation. AS the full variable model (FM), the p-
value associated with the Selected Variable Model (SVM) indi-
cated that the model was significant, while the lack of fit was
insignificant. By comparing the statistical results of two
designed models (FM, SVM), it was identified that the F-values
of the model increased from 34.6 to 62.2, while the F-value of
lack of fit remained approximately constant in both models.
Based on literature reviews, correlation coefficients related to
the refined model (Re” = 0.94) and R,q;> = 0.93 indicate
sufficient goodness of fit,*® and also, the prediction ability of the
refined model improved by an increase in Rpred,2 (increased to
0.88).

“Adequate precision” refers to a performance measure that
evaluates the signal-to-noise ratio by comparing the criteria of
predicted values with the average error associated with the
prediction process. In the final proposed model, “adequate
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precision” increased from 20 to 27.2 when ratios greater than 4
confirmed adequate model distributions.****

Fig. S1A presents a normal probability plot versus internally
studentized residuals, displaying a straight line with moderate
deviations. This pattern indicated that the error followed
a normal distribution, confirming the underlying assumption
of the statistical analysis. In Fig. S1C, errors distribution
(residual) vs. runs were illustrated. As observed, the data points
were randomly distributed around the zero line within the
acceptable range (+30), with an equal number of negative and
positive point obtained data.** Fig. S1B depicted a strong
correlation between the actual fluorescence (FL) intensity
responses and the predicted values, further validating the
model's accuracy. The R? value of the model (0.94) and the R,q;.”
value (0.93) demonstrated the high accuracy and predictive
ability of the proposed model. These results suggest that the
SVM model effectively represents the experimental outcomes
and offers a reliable method for predicting the fluorescence
sensing performance of N-CDs in detecting EFA.*

3.2.2. Comparison of variables interaction. Three-
dimensional (3D) surface plots Fig. S2A-C were used to inves-
tigate the effect of significant interaction in the designed model.
In these plots, the impact of two interactions between variables
was drawn versus the response surface while the third variable
was considered fixed at the center level of the CCD plot. As can
be observed, the slope of the surface plot for the interaction of
PH versus concentration of CDs had a low slope, and the
interaction of incubation time and pH has a complex surface
due to inflection in its 3D surface. The interaction between the
concentrations of CDs versus incubation time had the sharpest
slope. Interestingly, the interaction between CDs concentration
and incubation time was the only interaction that remained in
the final equation, and the other interactions were eliminated.

3.2.3. Optimal conditions. After identifying the significant
variables, the CCD software used the simplex algorithm to find
the optimized values in fluorescence sensing. The final opti-
mized conditions for the fluorescence sensing of EFA were
determined as follows: pH 8.0, an N-CDs volume of 200 pL (1000
ppm), and an incubation time of 5 minutes. The close agree-
ment between the experimental results (fluorescence intensity)
obtained under optimal conditions and the values predicted by
the model further validates the accuracy and reliability of the
proposed model. This agreement demonstrates the effective-
ness of the model in identifying significant factors and opti-
mizing the conditions for fluorescence (FL) sensing of EFA
using N-CDs.

3.3. Interaction mechanism of EFA and N-CDs

To elucidate the sensing mechanism, the excitation and emis-
sion spectra of the N-CDs were compared with the UV-Vis
absorption spectrum of EFA (Fig. 4). A significant spectral
overlap was observed, suggesting that the fluorescence
quenching likely occurs via an inner filter effect (IFE). To
confirm the IFE mechanism, two validation methods were
employed: (1) application of the Lakowicz correction formula
for fluorescence, and (2) comparison of the experimental
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absorption spectrum of the N-CDs-EFA mixture with the arith-
metic sum of the individual N-CDs and EFA spectra. The results
from both approaches confirmed the IFE as the dominant
quenching mechanism. Detailed results of this analysis are
provided in the SL.***?

3.4. Analytical characteristics

As described in the methodology, the assay was performed by
mixing the optimum volume of N-CDs (200 pL) with varying
volumes of a standard EFA solution and diluting the mixture to
a final volume of 3 mL with universal buffer (pH 8.0). The
solutions were vortexed thoroughly and then incubated at
ambient temperature for 5 minutes before fluorescence
measurement. The fluorescence emission spectra of the final
solutions, recorded under 320 nm excitation, were shown in
Fig. 5 for EFA concentrations ranging from 23.3 to 2012.9 pg
kg '. As demonstrated, the fluorescence intensity of the N-CDs
decreases progressively with increasing EFA concentration,
confirming a concentration-dependent quenching effect. The
inset illustrates the relationship between the change in fluo-
rescence intensity (F, — F) and the EFA concentration at the
emission maximum of 430 nm, where F, and F represent the
fluorescence intensity in the absence and presence of EFA,
respectively. As shown in the inset of Fig. 5, a linear relationship
was observed across two concentration ranges: 23.3-626.5 ug
kg™' and 626.5-2012.9 pg kg~'. The corresponding linear
regression equations, correlation coefficients, and the calcu-
lated limit of detection (LOD) are summarized in Table 1.

The selectivity of the N-CDs-based sensor for EFA was eval-
uated against all at the same concentration (393.3 pg kg™ )
various competing herbicides, including trifluralin, benefin,
isopropalin, pirimicarb, propiconazole, clomazone, tri-
flumizole, fenbuconazole, tetraconazole, abamectin, di-
notefuran, fluopicolide, spirodiclofen, and flubendiamid. As
shown in Fig. S4, no significant fluorescence quenching was
observed for these potential interferents, confirming the high
selectivity of the probe for EFA in complex agricultural samples.

3.5. Analysis of real samples

The practical applicability of the proposed N-CDs sensor was
evaluated by detecting EFA in real agricultural samples. The
sensor's performance was compared against the standard GC-
MS method with QUEChERS extraction by analyzing pesticide-
free tomato and cucurbit samples spiked with known concen-
trations of EFA. The analytical results are summarized in Table
2. The recovery percentages for the N-CDs fluorescence method
ranged from 92.7% to 105.0% with relative standard deviations
(RSDs) of 2.1-3.6% (n = 3). The GC-MS method yielded recov-
eries of 95.2-105.5% with RSDs of 2.7-3.8% (n = 3). As observed,
the recovery values for both methods are comparable, indi-
cating that the extraction procedure is effective for EFA sensing
using the proposed N-CDs-based method. Furthermore, the low
and compatible RSD values demonstrate the good precision of
the proposed methodology.

A one-way ANOVA (single factor) was performed using
Microsoft Excel (2013) to evaluate any significant difference

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the two methods. The calculated F-values for tomato
(0.00064) and cucurbit (0.00077) were significantly lower than
the critical F-value (7.7). This statistical comparison demon-
strates no significant difference between the proposed sensor
and the reference GC-MS method, confirming that both tech-
niques are effective for the accurate detection and quantifica-
tion of EFA in complex real samples.

3.6. A comparative analysis of the proposed N-CDs
fluorescence sensor with conventional methods and carbon-
based nanomaterials

The optical properties of the proposed N-CDs were compared to
existing N-CDs. A quantum yield of 32.5% positions these N-
CDs competitively against other N-CDS derived from sustain-
able biomass. While the hydrothermal synthesis method aligns
with works such as Issa et al.,*>*” the initial precursor used in
this study offers environmental sustainability, thereby vali-
dating the efficacy of our green synthesis protocol. Further-
more, this work demonstrates that ubiquitous, low-cost leafy
vegetables can serve as effective carbon sources for fabricating
highly fluorescent N-CDs without compromising performance,
thereby expanding the repertoire of viable biomass precursors
for specific sensing applications.””**#

From an environmental sustainability perspective, the
proposed N-CDs sensor possesses greener profile than the
methods listed in Table 3. Its advantages include aqueous-
based operation, minimal organic solvent consumption, low
energy requirements, and the use of non-toxic, sustainably
sourced materials. These results collectively underscore the
potential of the developed fluorescent sensor as a reliable,
sensitive, and environmentally friendly alternative for moni-
toring EFA in agricultural products.

To the best of our knowledge, no prior study has reported the
detection of EFA residues using a fluorescent sensing probe. A
comparison of common analytical methods for EFA determi-
nation in plant-based foodstuffs is provided in Table 3. As
shown, the proposed fluorescence sensor based on green N-CDs
exhibits superior precision, as indicated by its comparatively
lower relative standard deviation (RSD) values. Furthermore,
the developed sensor offers a wider linear dynamic range than
most other reported methods for EFA detection. The average
recovery values achieved are also highly competitive with those
of established techniques.*>*

4. Conclusion

This study successfully established a robust fluorescent sensing
platform utilizing green-synthesized nitrogen-doped CDs (N-
CDs) for the sensitive and selective detection of EFA. The
sensor demonstrated excellent analytical performance, with
a broad linear range (23.3-2012.9 ug kg™ ') and a low detection
limit of 18.8 ug kg *. The methodology, which operates via the
inner filter effect (IFE), presents a rapid and cost-effective
alternative to complex instrumental techniques for EFA moni-
toring. While the sensor shows great promise, its adoption for
regulatory applications requires further validation across
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a wider range of complex, real-world matrices, with perfor-
mance benchmarked against established gold-standard
methods like GC-MS. Future work will focus on the rational
design of novel CDs with enhanced properties to detect
a broader spectrum of pesticide residues. Concurrently, inte-
grating this sensing technology into portable, user-friendly
devices will be crucial for enabling convenient, on-site anal-
ysis. These advancements hold significant potential to revolu-
tionize environmental monitoring, improve pesticide
management, and safeguard food safety and public health.
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