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ABSTRACT: Chemical pesticide residues have negative consequen- - ( \ caps
ces for human health and the environment. Prioritizing a detection // P ‘ﬁ Fluorescence quenching

method that is both reliable and efficient is essential. Our innovative ‘ L

research explored the application of biosensors based on carbon \
quantum dots (CQDs) derived from waste tea to detect commonly
used pesticides in tea. CQDs have been synthesized using a simple
one-pot hydrothermal approach and thoroughly characterized using
advanced techniques such as high-resolution transmission electron
microscopy, ultraviolet—visible spectroscopy, photoluminescence ) 50 0 s0 600
(PL) spectroscopy, Raman spectroscopy, X-ray diffraction, atomic ' Wavelengthm |
force microscopy, and X-ray photoelectron spectroscopy. The Hydrothermal
fluorescence resonance energy transfer-based fluorescence “turn T p°gz:ﬁ;ggit)i° acid 180°C, 8 hrs
on—off” mechanism has been successfully employed to study the

detection of four different pesticides, viz., quinalphos 25 EC, thiamethoxam 25 WG, propargite 57 EC, and hexaconazole S EC. The
detection limits for quinalphos 25 EC, thiamethoxam 25 WG, and propargite 57 EC were determined to be 0.2, 1, and 10 ng/mL,
respectively. Notably, these values are significantly lower than the maximum residue level for each pesticide. We achieved a strong
linear correlation (R = —0.96) with a detection limit of 0.2 ng/mL for quinalphos 25 EC. The quantum yield was determined to be
40.05%. Our research demonstrates that the developed nanobiosensor reliably and accurately detects pesticides, including those
present in experimental samples containing mixtures of pesticides.
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1. INTRODUCTION

Tea, derived from Camellia sinensis (L) Kuntze, stands as one
of the most extensively consumed nonalcoholic beverages
globally, making significant contributions to local economies.
However, tea production faces significant challenges from
various insect pests, including the tea mosquito bug (Helopeltis
theivora Wct), tea jassid (Empoasca flavescens Fabricius), tea
aphid (Toxoptera aurantii Boyer), thrips (Taeniothrips
setiventris Bagn), common looper (Buzura suppressaria
Guen), red spider mite (Oligonychus coffeae Niet), leaf roller
(Gracilaria theivora Walsm), bunch caterpillar (Andraca
bipunctata Walk), etc. Addressing these challenges demands a
meticulous management approach.' Initially, synthetic pesti-
cides and acaricides were employed in tea cultivation to
manage the pests. These included organo-synthetic insecticides
such as organophosphates, organochlorines, synthetic pyreth-
roids, and neonicotinoids, along with herbicides and
fungicides, which were excessively used in traditional tea
gardens to control weeds and pests. Consequently, numerous
pesticides were discharged into the environment, posing
detrimental effects on both the environment and human
health. These effects include the resurgence of major pests,
extinction of natural predators, outbreaks of secondary pests,
pollution, pesticide resistance, crop damage, decline in
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honeybee populations, contamination of groundwater, pres-
ence of unwanted residues in food items” (especially in
processed tea), and ultimately, a decline in fish and bird
populations.” Moreover, even in minimal amounts, pesticide
residues have the potential to adversely affect the health of
different organisms.

Therefore, regular monitoring is essential to safeguarding
consumer health and preventing residue accumulation.
Consequently, the challenges underscore the urgent need for
a viable method to detect toxicity at a low level and monitor
these substances in the environment and food products.”
Different countries and international bodies have established
maximum residue levels (MRLs) for pesticides. Detection of
pesticides in food has been accomplished through single and
multiresidue analytical methods.
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Currently, laboratories utilize various methods to detect
pesticides, such as high-performance liquid chromatography
(HPLC),’ liquid chromatography—tandem mass spectrometry
(LC-MS/MS),” capillary electrophoresis (CE), gas chroma-
tography, and mass spectrometry.® HPLC is distinguished by
its high resolution, rapid analysis, and sensitivity with minimal
sample requirement.” Both gas and liquid chromatography
techniques offer high sensitivity and selectivity. Similarly,
electrochemical sensors (including amperometry, conductom-
etry, voltammetry, and potentiometry) provide real-time
monitoring with moderate sensitivity and carbon footprint."’
CE delivers highly sensitive and swift high-resolution
separation using diverse detection methods.'" However,
these techniques have limitations; for instance, HPLC
necessitates significant solvent quantities.12 Other chromato-
graphic methods require multistep sample preparation, which
is labor-intensive and time-consuming. Moreover, these
instruments are costly and have a substantial carbon foot-
print,'® making them impractical as readily available sensors
due to calibration complexities.

Recently, various nanobiosensors have emerged alongside
traditional chromatographic methods for pesticide testing.
These biosensors include an electrochemical biosensor
utilizing a polyimide substrate coated with MnO, nanosheets
and a laser-induced graphene electrode'” for pesticide
detection. Additional approaches involve specific detection of
the organophosphate insecticide paraoxon using CeO,@NC
enzymes'* and nitrogen-enriched conjugated polymer-assisted
metal-free carbon enzymes.'> Similarly, glyphosate detection
employs a phosphatase-like enzyme'® and a cobalt-doped
Ti;C,MXene enzyme-mediated electrochemical strategy,'’
marking significant advancements in pesticide detection
research.

Fluorescence-enhancing and quenching mechanisms are
commonly employed for detecting pesticides, particularly for
organophosphates and neonicotinoids.'®™*" Previous studies
have identified gold,”' > silver,'® graphene,'”” and aptasen-
sor”* nanoparticles as nanoquenchers in pesticide detection. A
diverse array of fluorescent-based sensors have been developed,
incorporating organic dyes, luminescent proteins, metal—
organic frameworks, and quantum dots. Notably, zero-
dimensional materials such as carbon quantum dots
(CQDs), including carbon nanoparticles (CNPs), are highly
acknowledged due to their exceptional photostability, bio-
compatibility, chemical stability, cost-effectiveness, straightfor-
ward synthesis, intense fluorescence, large surface area,
versatile functionalization, and minimal toxicity.”> CNPs
generally show a semispherical morphology with an
amorphous to nanocrystalline structure, mainly made up of
oxygen—nitrogen-based groups. They also possess post-
modified functional groups facilitating easy interaction and
binding to target molecules.”® CQDs, often derived from
natural sources or nontoxic precursors, offer cost-effective
solutions suitable for large-scale biosensing applications.”” The
versatility and efficacy of CQDs underscore their pivotal role in
advancing pesticide detection technologies.

CQDs can be manufactured through various methods,
including hydrothermal synthesis,”® electrochemical synthe-
sis,”” and microwave-assisted synthesis.’’ Among these
techniques, hydrothermal synthesis stands out for its ability
to yield high-quality materials with excellent dispersion and
straightforward control over particle size, facilitated by the
even distribution of ions in the aqueous solution.”’ > Recent

research has highlighted the remarkable efficacy of CQDs in
evaluating food quality and safety.’® Investigations have
explored dual-mode visual and smart sensing applications
using a glyphosate nanosensor based on carbon dots. This
sensor boasts a critical detection limit of 0.8 ng/mL and a high
quantum yield.”” Fluorescence biosensors play a pivotal role in
environmental monitoring, leveraging their capabilities for
fluorescence quenching and enhancement. Accurate pesticide
detection has been achieved through a fluorescence resonance
energy transfer (FRET)-based sensing mechanism. Addition-
ally, studies have explored pesticide detection techniques
employing the inner filter effect, which operates at distances
exceeding 20 nm, in contrast to FRET, which occurs within a
range of less than 10 nm. Both techniques demonstrate
superior selectivity and sensitivity compared to enzyme
catalysis.”*~*

Numerous recent studies have focused on synthesizing
CQDs from natural sources.”"*> However, the synthesis of
CQDs from tea waste remains sporadic.”’ To the best of our
knowledge, no existing research explores the potential of
utilizing tea waste for pesticide detection in tea. This novel
approach not only tackles the issue of waste disposal but also
offers a dependable and cost-effective method for pesticide
detection in tea.

Therefore, to address these critical challenges, we developed
an advanced fluorescent nanosensor using CQDs derived from
unused tea leaf waste after the tea infusion process. The
synthesis method involved an ecofriendly hydrothermal
process that utilized residual tea waste as a carbon source,
resulting in water-soluble green fluorescent tea-CQDs. It had a
higher quantum yield than other natural carbon source-derived
CQDs. To our knowledge, our study is the first to demonstrate
the detection of commonly used tea pesticides (propargite 57
EC, thiamethoxam 25 WG, hexaconazole 5 EC, and
quinalphos 25 EC) using tea-derived nanosensors (CQDs)
based on a fluorescence “turn on—off” mechanism. Our
nanosensors exhibit detection limits significantly lower than
MRL values. We analyzed pesticide concentrations and their
correlations with fluorescence intensity. These nanosensors are
cost-effective, highly selective, and sensitive, making them ideal
for the detection of environmental pollutants. Additionally, we
validated their accuracy using tea infusion as an experimental
sample. By highlighting the potential of waste tea utilization,
our research underscores the importance of sustainable
practices in the tea industry, making substantial contributions
to environmental conservation and public health.

2. EXPERIMENTAL SECTION

2.1. Reagents and Instruments. The sample used for
CQDs preparation was tea leaf waste obtained after tea
infusion preparation, serving as a carbon source. Throughout
the synthesis process, HPLC-grade water was utilized. Acetic
acid (Sigma-Aldrich), a 0.22 ym membrane filter, Whatman
no-1 filter paper, analytical-grade quinine sulfate, phosphate
buffer solution (PBS), and Tea Board of India-approved
pesticides for Indian tea gardens (including thiamethoxam 25
WG, propargite 57 EC, hexaconazole 5 EC, and quinalphos 25
EC) were employed for the detection of analysis.

UV light with a wavelength of 365 nm facilitated the
observation of the CQDs solution’s color. Fluorescence and
ultraviolet—visible (UV—vis) spectroscopy techniques were
utilized to determine the luminescence characteristics of the
CQDs. High-resolution transmission electron microscopy
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Figure 1. Synthesis of CQDs from tea waste.
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(HRTEM) aided in characterizing the morphology and
determining sample size. Raman spectroscopy provided
insights into the chemical structure, crystallinity, and molecular
interactions. X-ray diffraction (XRD) was employed to analyze
crystallinity, while atomic force microscopy (AFM) was used
to investigate the surface topography and size range of the
CQDs. X-ray photoelectron spectroscopy (XPS) analysis was
conducted to investigate the elemental composition of the
CQDs.

2.2, Synthesis of CQDs. CQDs were derived from
accumulated unused tea leaf waste following the preparation
of tea infusion by employing an environmentally friendly
hydrothermal method (Figure 1). Initially, 0.2 g of tea waste
powder was combined with 60 mL of a 20% acetic acid
solution in a 100 mL beaker. Subsequently, the mixture
underwent sonication for 30 min. This prepared mixture was
transferred into a Teflon-coated reactor and subjected to a
reaction at 180 °C for 8 h in a hot air oven. Afterward, the
solution was allowed to cool to room temperature. The
resulting yellow to light brown solution underwent centrifu-
gation at 12,000 rpm for 15 min, followed by filtration through
a 0.22 ym membrane filter twice to obtain a yellow-colored
CQDs solution, which was then stored at 4 °C for further
analysis.

2.3. Characterization of CQDs. 2.3.1. UV-Vis Spectros-
copy. In our investigation, 1 mL of crude CQDs solution,
obtained via hydrothermal methods, was diluted 1000-fold
using HPLC-grade water and subjected to sonication before
analysis under a UV-—vis spectrometer (Systronics). The
instrument features a high-resolution, dependable, single-
beam setup with digital wavelength adjustment (in 0.1 nm
increments), a 0.5 nm bandwidth, and a flexible range
facilitated by a low-noise photo multiplier tube detector. The
spectral recording was conducted within the range 200—1000
nm. HPLC-grade water served as the medium for the blank
and reference measurements.

2.3.2. High-Resolution Transmission Electron Microscopy.
The structural characteristics, including shape, size, and spatial
arrangements of the CQDs, were examined by using HRTEM.
Initially, the sample solution was subjected to ultrasonication,
and droplets were then deposited onto TEM grids.
Subsequently, the drop-casted samples on TEM grids were

left to air-dry at room temperature for 12 h. Carbon films (50
nm) were applied and exposed to infrared radiation for 2 min.
All TEM images were captured using a Technai HRTEM
instrument that operated at an accelerating voltage of 200 kV
and was equipped with a camera.

2.3.3. Raman Spectroscopy. Raman spectra were captured
by using the EnSpectr instrument. This device utilizes a 30
mW single mode 532 nm laser, a 20 (30 optional) ym entry
slit, an 1800 g/mm holographic grating, a state-of-the-art low-
pass filter, and other advanced components, enabling precise
Raman and luminescent measurements across a wide spectrum
range from 100 to 4000 cm™'. The integration time for
measurements was set at 10 s. The experiments were
conducted at room temperature utilizing a 100X objective,
with the laser power maintained below 1.2 mW to prevent
sample degradation.

2.3.4. Photoluminescence Spectroscopy. Photolumines-
cence excitation (PLE) spectra were obtained using the PTI
(Photon Technology International) Quanta Master TM 300
phosphorescence/fluorescence spectrofluorometer equipped
with a pulsed xenon source for excitation. The spectroscope’s
detection system comprised a photon-counting detector and a
monochromator featuring a single grating. Felix GX software
facilitated all of the data collection processes. Excitation
occurred within the range of 280 nm, while emission was
measured within the 300—600 nm range. A slit size of 1.25 mm
and an integration time of 0.5 s were employed for each
measurement.

2.3.5. XRD Pattern. XRD analysis of the CQDs was
conducted by using a Bruker D8 Discoverer X-ray diffrac-
tometer. The instrument performed a 20 scan at 20 mA and 40
kV. Employing Ni-filtered Cu Ka radiation (4 = 1.54056 A) in
reflection geometry, the diffractometer was equipped with a
position-sensitive detector. The XRD analysis utilized a slow
scanning speed and a small step size for 20 values ranging
between 10 and 70°.

2.3.6. Atomic Force Microscopy. The NTEGRA SPEC-
TRA-NT-MDT spectrum instruments were employed to
capture the topographical image of the synthesized CQDs in
a noncontact mode, with analysis conducted using Gwyddion
software.
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Figure 2. Characterization of CQDs: (a) HRTEM image depicting CQDs, (b) histogram illustrating the size distribution of CQDs, and (c)
HRTEM image revealing clear lattice spacing with an interfringe distance of 0.22 nm.

2.3.7. X-ray Photoelectron Spectroscopy. In our study, the
hydrothermally derived filtrate containing CQDs was freeze-
dried to identify the chemical constituents. XPS analysis was
performed using a Thermo Fisher K-Alpha photoelectron
spectrometer equipped with a 180° double-focusing hemi-
spherical analyzer, a 128-channel detector, a monochromatic
X-ray source, and an ion gun capable of an energy range from
100 to 4000 eV.

2.4. Quantum Yield. The fluorescence quantum yield (Q)
represents the ratio of absorbed to emitted photons, reflecting
the efficiency of the fluorescence emission. Quinine sulfate (¢
= 0.54 in 0.05 M H,SO,) served as the reference sample. Both
the reference sample and the synthesized CQDs exhibited a
refractive index of approximately 1.33. The following equation
is utilized for the quantum yield calculation.

A X I xn’
Qx — Qr X r X ’7)(2

A X I X7 (1)
In the provided equation, “Q” denotes the quantum yield, “A”
represents the absorbance at the excitation wavelength, “I”
signifies the emission value at the stimulating wavelength, and
“n” denotes the refractive index value. Additionally, the
subscripts “x” and “r” pertain to the CQDs and reference
sample, respectively. This quantum yield calculation method
offers several advantages over traditional optical approaches,
including enhanced accuracy, user-friendly operation, minimal
sample consumption, and wide-ranging applicability.”” Pre-
vious research has suggested that a high quantum yield may
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enhance selectivity and narrow the detection limit range for
sensors based on CQDs.”

2.5. Detection of Pesticides Using CQDs. The
synthesized CQDs serve as a tool for pesticide detection.*’
In this study, quinalphos 25 EC, thiamethoxam 25 WG,
propargite 57 EC, and hexaconazole 5 EC were selected as
model pesticides to evaluate the effectiveness of CQDs as
biosensors. Positive controls consisted of CQDs solution with
maximum fluorescence emission, while negative controls
utilized HPLC-grade water.

Various concentrations of the pesticides as mentioned above
(0.2, 1, 10, 50, 250, 1000, 2500, and 5000 ng/mL) were
combined with CQDs solutions. The fluorescence intensity of
CQDs was then measured in the presence of each pesticide to
assess their individual fluorescence quenching or enhancing
efficacy. Additionally, all four pesticides were combined in the
same sample at different concentrations, and their collective
quenching or enhancing ability was evaluated due to their
dynamic interactions.

The hydrothermally derived CQDs solution was initially
diluted 1000 times with HPLC-grade water. Subsequently, 800
uL of CQDs mixed with 400 yL of PBS (pH = 7.4) was
pipetted into a 3 mL vial. Next, 800 uL of each pesticide
solution (at concentrations of 0.2, 1, 10, 50, 250, 1000, 2500,
and 5000 ng/mL) was added separately and in combination.

To ensure optimal conditions, the reaction mixtures were
incubated for 30 min at 37 °C, after which the fluorescence
intensity was measured using a photoluminescent spectropho-
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Figure 3. (a) UV—vis spectroscopy analysis of CQDs. (b) Raman spectrum of CQDs.
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Figure 4. (a) PL intensity of fluorescent CQDs, (b) XRD pattern of CQDs, and (c) AFM image depicting CQDs and their size distribution.

tometer. HPLC-grade water served as the negative control,
while the CQDs solution acted as the positive control for the
experiment.

2.6. Detection of Pesticides (Quinalphos 25 EC,
Thiamethoxam 25 WG, Propargite 57 EC, and
Hexaconazole 5 EC) in Tea Infusions (Experimental
Sample) Using CQDs. The CQDs-based method was
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employed to detect tea adulteration with specific pesticides
(quinalphos 25 EC, thiamethoxam 25 WG, propargite 57 EC,
and hexaconazole S EC) to evaluate its practical utility.
Pesticide-free Darjeeling orthodox black tea from the second
flush was selected as the experimental sample (standard) to

assess the detection potential of the CQDs.

https://doi.org/10.1021/acsomega.4c04449
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Figure 5. XPS spectra of CQDs derived from tea waste. (a) XPS survey spectrum. High-resolution spectra of (b) C 1s, (c) N 1s, and (d) O 1s.

Each adulterated tea sample was prepared as 2 g of pesticide-
free standard tea sample was boiled with 20 mL of HPLC-
grade water for 5 min. After cooling at room temperature, the
mixture was filtered, and the resulting tea infusion was
transferred to a beaker and sonicated for S min to ensure
uniform dispersion. The tea infusion was then diluted 10 times
with PBS buffer (pH 7.4). Subsequently, 1 mL of tea infusion
was combined with 1 mL of various pesticide concentrations
(0.2, 1, 10, 50, 250, 1000, 2500, and 5000 ng/mL). Each
solution mixture was vortexed for 2 min and filtered.

The experimental adulterated tea samples were detected
using the same technique as outlined in Section 2.5. A solution
containing only CQDs with pesticide-free tea infusion served
as the positive reference, while the tea infusion alone served as
the negative reference.

To prepare the reaction mixture, 800 uL of CQDs (diluted
1000 times) with 400 uL of PBS (pH 7.4) was pipetted into a
3 mL vial. Next, 800 uL of each experimental sample
(containing pesticides) was added separately. The reaction
mixtures were then incubated for 30 min at 37 °C. Finally, the
fluctuations in the fluorescence intensity of CQDs in the
experimental sample were assessed using a photoluminescent
spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. CQDs Characterization and Determination of
Quantum Yield. Figure 2a presents the HRTEM image of
CQDs, revealing densely packed nanoparticles with irregular
spherical shapes ranging from 3 to 9 nm. The average size
distribution, depicted in the histogram shown in Figure 2b, was
5—6 nm. Figure 2c illustrates lattice fringes of CQDs with clear

50206

lattice spacing, indicating an interfringe distance of 0.22 nm,
corresponding to the (002) facet of graphene’s sp” graphitic
crystal phase.**

The absorption and emission properties of the CQDs were
analyzed according to their optical characteristics. As depicted
in the UV—vis spectra (absorption features) shown in Figure
3a, all CQDs demonstrated broad absorption across the UV
region, with spectral tails extending into the near-visible region.
At 280 nm, each CQD sample displayed an absorption
behavior.

In Figure 3b, the Raman spectra of CQDs are illustrated.
Two characteristic bands, D (associated with sp*-hybrid-
ization) and G (related to sp>-hybridization), were observed at
1373 cm™' and 1585 cm™’, respectively. The G band arises
from the E,, mode in the two-dimensional hexagonal graphite
lattice, representing the vibrations of sp>-bonded carbon atoms.
Conversely, the D band is indicative of structural disorder
within the graphite sp® cluster, attributed to vibrations of
dangling bonds in the termination plane.*’

The PL spectra exhibit a peak at 561.36 nm, as illustrated in
Figure 4a. Figure 4b displays the XRD pattern of CQDs,
specifically depicting the (002) plane. Due to the relatively
small size of the obtained CQDs, a broad diffraction peak
emerged, centered at approximately 22.0°. This peak
corresponds to the lattice spacing of carbon materials along
the (002) plane.45

To validate the size distribution, we conducted additional
AFM of the quantum dots, which revealed a size distribution
consistent with HRTEM images, as depicted in Figure 4c. The
AFM image confirmed that the carbon dots are within the
range of 10 nm. It provided a topographical representation of
the produced CQDs.

https://doi.org/10.1021/acsomega.4c04449
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The elemental composition and oxidation states of the
produced CQDs samples were confirmed through XPS
analysis, as depicted in Figure Sa. The XPS spectra illustrate
three elements: C 1s at 286.18 eV, N 1s at 400.98 eV, and O 1s
at 532.98 eV, with atomic percentages of C-65.55%, N-5.81%,
and O-28.64%, respectively. A detailed examination of the C 1s
high-resolution deconvoluted spectra (Figure Sb) reveals five
distinct peaks at 284.87, 286.30, 287.1, 292.90, and 296.23 eV
corresponding to C=C/C—C of graphitic carbon, C—N, C—
O, C=0/C=N bonds, and COOH group, respectively. The
N 1s deconvoluted spectra exhibit peaks at 399.92, 400.34, and
401.1 eV attributed to C—N—C, C—N, and N—H (amino)
bonds, respectively (Figure 5c),***” indicating the presence of
electron-rich amino groups on the CQDs surface. Additionally,
the O 1s spectra display distinct peaks at 532.14 and 533.2 eV
(Figure Sd), corresponding to C=0 and C—OH/C—-0-C
bonds, respectively. These findings demonstrate the function-
alization of CQDs with carbonyl, carboxyl, hydroxyl, and
amino groups, enhancing their water solubility without
additional chemical modifications, thereby making them
suitable for sensor applications.**

Quantum yield was determined using eq 1, resulting in a
fluorescence quantum yield of 40.05% at an excitation
wavelength of 280 nm. Quinine sulfate served as a reference
sample for comparison. Our investigation revealed that the
quantum yield of CQDs derived from tea waste is significantly
higher than that of other natural precursors, as summarized in
Table 1.

Table 1. Comparison of the Quantum Yield (Q) of CQDs
Prepared by Numerous Natural Precursors

sl

no. source size (nm) color  Q (%) refs

1 Punica granatum fruit 3.5 blue 7.6 49

2 apple juice 45+ 1.0  blue 427 50

3 willow bark 1-4 blue 6 S1

4 apple juice 2.8+ 04  blue 6.4 52

5 mushroom (fungus) 2.3 blue 15.3 53

6 strawberry juice 52 blue 6.3 54

7 carrot juice S5 blue 516  SS

8 orange juice 2.5 green 26 56

9 tea waste 5—6 green  40.05  our study

3.2. Detection of Specific Pesticides (Individually and
in Combination) and Exploring Their Impact on
Fluorescence through a “Turn On-—Off” Mechanism.
Our hypothesis suggests that introducing chemical pesticides
alongside CQDs induces collisional activation or deactivation
of excitation intensity, influenced by different binding affinities,
ultimately serving as an intensity-enhancing or quenching
agent. Accordingly, we devised an assay utilizing CQDs as
fluorescent signal sources to track different pesticide
concentrations.

Fluorescence quenching and enhancement were observed
across concentrations of 0.2, 1, 10, 50, 250, 1000, 2500, and
5000 ng/mL during the interaction between selected pesticides
and CQDs. The four chosen pesticides were detected
individually and in combination. Notably, concentration-
dependent quenching and fluorescence increments were
detected under a UV lamp.

3.2.1. Individual Detection of Four Pesticides Using CQDs.
Propargite 57 EC was undetectable at concentrations of 0.2

and 1 ng/mL. However, it was readily detectable at a
concentration of 10 ng/mlL, as illustrated in Figure 6a. A
detection limit of 10 ng/mL was determined, showcasing an
exceptionally high quenching ability at 5000 ng/mL. In
contrast to other pesticides, propargite 57 EC exhibited nearly
identical quenching ability to water (used as a negative
control) at a 5000 ng/mL concentration. The study also
observed changes in fluorescence color under UV light (365
nm) with increasing pesticide concentrations. Figure 6a shows
a notable decrease in fluorescence emission peaks as pesticide
concentrations ranged from 0.2 to 5000 ng/mL.

Conversely, Figure 6b illustrates that the addition of various
concentrations of pesticide (thiamethoxam 25 WG) signifi-
cantly reduces the fluorescence intensity in a concentration-
dependent manner. Unlike quinalphos 25 EC, thiamethoxam
25 WG did not exhibit significant changes in the fluorescent
intensity at 0.2 ng/mL, as depicted in Figure 6b. However, the
detection limit for thiamethoxam 25 WG showed slight
variation. At 1 ng/mL, thiamethoxam 25 WG exhibited a
decrease in fluorescent intensity compared to the previous
concentration; this quenching trend of fluorescence intensity
persisted with subsequent increasing concentrations.

The fluorescence intensity quenching was observed with
thiamethoxam 25 WG and propargite 57 EC. It is likely that in
an aqueous solution of pesticides, the functional groups of
CQDs undergo conversions such as COOH to COO™ and H,
OH to O~ and HY, and NH; to —NH;*/—NH, respectively.
Within an aqueous environment, CQDs may form complexes
through ionic interactions and hydrogen bonding, leading to
the stacking of CQDs. This eventually diminishes their
fluorescence intensity through energy transfer from CQDs to
pesticides via the FRET mechanism, resulting in CQDs
quenching.

Subsequently, Figure 6¢ illustrates that the quenching effect
of hexaconazole S EC is negligible compared with that of other
pesticides. Moreover, a concentration-dependent quenching
trend is absent in hexaconazole 5 EC compared to other
pesticides (propargite 57 EC and thiamethoxam 25 WG). This
specific phenomenon can be attributed to the component
specificity of CQDs. Not every pesticide is capable of
interacting with, quenching, or enhancing the fluorescence
intensity of CQDs. This distinctiveness elucidates the
specificity of CQDs in distinguishing between thiamethoxam
25 WG, propargite 57 EC, and quinalphos 25 EC from
hexaconazole 5 EC.

In Figure 6d, it can be observed that the fluorescence
intensity of CQDs noticeably escalates with the increasing
concentration of pesticide quinalphos 25 EC ranging from 0.2
to 5000 ng/mL. Even at the lowest concentration of 0.2 ng/
mL, quinalphos 25 EC demonstrates a discernible impact on
fluorescence intensity, with its peak steadily rising to confirm
the presence of the pesticide. This fluorescence intensity
continues to trend upward as the pesticide concentration
increases significantly. Furthermore, under UV light, alterations
in the solution’s color, transitioning from green to a vivid green
hue, were noted with escalating concentrations of quinalphos
25 EC.

In this scenario, the surface of CQDs derived from tea waste
contains carboxyl, hydroxyl, and amine groups. These
functional groups enable CQDs to potentially bind with the
highly reactive phosphorothioate group of the quinalphos 25
EC pesticide through their amino groups. Meanwhile, carboxyl
and hydroxyl groups may remain unbound on the surface,
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Figure 6. Various concentrations (0.2, 1, 10, 50, 250, 1000, 2500, and 5000 ng/mL) of different pesticides, namely, (a) propargite 57 EC, (b)
thiamethoxam 25 WG, (c) hexaconazole S EC, and (d) quinalphos 25 EC, were introduced to CQDs samples. Changes in fluorescence intensity
were observed under PL and UV light conditions, and a concentration-dependent graph is presented using logarithmic values.

Table 2. Analytical Characteristics of Various Common Sensing Techniques Utilized for Determining the Levels of
Thiamethoxam 25 WG, Quinalphos 25 EC, Propargite 57 EC, and Hexaconazole 5 EC

sl no pesticides utilized in
1 thiamethoxam 25 WG
food sample
2 quinalphos 25 EC vegetable
3 propargite 57 EC black tea

hexaconazole 5 EC surface water

analytical method detection limit refs
RP-HPLC 0.119 pug/mL 57
electrochemical 4.9 nM S8
GO-SELEX 0.37 nM 59
chemiluminescence assay 0.0055 pug/mL 60
HPLC 5.07 mg/kg 61
LC-MS/MS 0.07 mg/L 62

weakening their self-complexation and resulting in isolated or
detached CQDs. Consequently, their fluorescence intensity
increases compared to that when they are not detached. This
phenomenon could facilitate the development of a CQDs-
based “turn-on” sensor for this insecticide, with fluorescence
enhancement occurring through the FRET mechanism.

A linear curve was utilized to graph the logarithm of
fluorescence emission from CQDs against the pesticide
concentrations (C) to assess quenching levels in the peak
sensitivity analysis. Excel-2021 was employed to analyze the
correlation between pesticide concentrations and logarithmic
fluorescence intensities, revealing a robust correlation between
the concentration of thiamethoxam 25 WG, quinalphos 25 EC,
and propargite 57 EC and their respective logarithmic
fluorescence intensities. Specifically, thiamethoxam 25 WG
and propargite 57 EC exhibited negative correlation values of
—0.97 and —0.96, respectively, indicating that fluorescence
intensity decreases as the pesticide concentration increases.
Conversely, quinalphos 25 EC displayed a positive correlation
value of 0.96, suggesting that the fluorescence intensity
increases with increasing pesticide concentration. In contrast,
hexaconazole 5§ EC exhibited a weak correlation, with a value
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of —0.34. These findings elucidate the relationship between the
pesticide concentration and fluorescence intensity.

This study has achieved the lowest detection limit compared
to alternative pesticide recognition methods that utilize the
fluorescence characteristics of CQD materials. The approach
exhibits remarkable sensitivity and offers a broad detection
range. Previous studies on nanoparticles have reported
detection limits of 2 ng/mL for quinalphos and 16 ng/
mL*”" for thiamethoxam 25 WG, with no prior reports on the
detection of propargite 57 EC and hexaconazole S EC using
CQDs. Hence, it can be inferred that CQDs synthesized via
green synthesis possess a greater biocompatibility potential
than those produced using conventional precursors.

The synthesized CQDs’ selectivity is demonstrated by their
lack of fluorescence quenching upon interaction with
hexaconazole S EC. The estimated detection limits for
quinalphos 25 EC, thiamethoxam 25 WG, and propargite 57
EC are 0.2, 1, and 10 ng/mL, respectively. Additionally, Table
2 provides insights into the analytical performance of the
proposed method across various commonly utilized sensing
modalities for the listed pesticides.

This study has been found to possess a significantly lower
detection limit compared to the MRL of the selected pesticides
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examined in this study, as detailed in Table 3, which highlights
their use in tea gardens.

Table 3. Four Chosen Pesticides, along with Their MRL
Values and the Detection Limits (in ppm) Determined in
Our Study

MRL detection limit
sl name of the value with CQDs
no  type of pesticide pesticide (ppm) (ppm)

1 neonicotinoid thiamethoxam 20 0.001
25 WG

2 acaricide propargite 10 0.01
57 EC

3 fungicide hexaconazole N NA
S EC

4 organophosphate  quinalphos 0.7 0.0002
25 EC

3.2.2. Pesticide Mixture. The four selected pesticides were
combined as a pesticide mixture and tested with the same
CQDs solution to assess their impact on the fluorescence
intensity. Gradually increasing the concentrations of the
pesticide mixture from 0.2 to 5000 ng/mL led to a
transformation of the original green color of the CQDs into
a colorless solution under UV light. Fluorescence intensity
quenching typically commenced with the rising concentration
of the four selected pesticide mixtures, as depicted in Figure 7.
Analysis of the correlation between pesticide concentrations
and logarithmic fluorescence intensities revealed a strongly
negative correlation value of —0.95. There exists a trade-off
between the fluorescence intensity and pesticide concentration.

3.3. Mechanism of Fluorescence “Turn On and Off".
During the experiment, it was observed that a reciprocal
relationship existed between the pesticide concentration and
fluorescence intensity when all four pesticides were tested.
This underscores the pivotal role of CQDs in modulating
fluorescence through FRET in pesticide detection, as
illustrated in Figures 8 and 9. The diagram elucidates the
distribution of the fluorescence energy between CQDs and
pesticides. Utilizing intermolecular long-range dipole—dipole
coupling, an excited molecular fluorophore (the donor) can
transfer energy nonradiatively to another fluorophore (the
acceptor) via a distance-dependent physical mechanism.

Additionally, CQDs can alter their fluorescence intensity by
self-complexation in the presence of pesticides.

3.4. Interaction between CQDs and Pesticides within
a Tea Infusion. The fluorescence sensing behavior of CQDs
for quinalphos 25 EC, thiamethoxam 25 WG, propargite 57
EC, and hexaconazole 5 EC within a tea infusion from the
experimental sample was investigated to assess the practical
applicability of this method. Processed tea leaves available on
the market often contain various combinations of pesticides at
differing concentrations. Thus, the quenching behavior of
various pesticide mixtures (quinalphos 25 EC, thiamethoxam
25 WG, propargite S7 EC, and hexaconazole S EC) in
experimental tea infusion samples mixed with green CQDs was
recorded, as depicted in Figure 10.

The quenching intensities observed in the experimental
sample of tea infusion were lower than those observed in the
solution containing only CQDs with pesticides. This difference
in fluorescence intensities can be ascribed to the presence of
polyphenols in tea, which are known for their antioxidant
properties. These polyphenols interact with the CQDs and
slightly diminish the fluorescence intensities, although not
entirely quenching them.

CQDs exhibited significant quenching at various concen-
trations (0.2, 1, 10, 50, 250, 1000, 2500, and 5000 ng/mL) of
pesticide mixture. This observation was further validated by a
photograph captured under UV light (Figure 10). With
increasing concentrations of the pesticide mixture, the
fluorescence intensity decreased. This outcome aligns with
the quenching trend observed when individual pesticides
interact with CQDs. Thiamethoxam 25 WG and propargite 57
EC demonstrated fluorescence quenching, while quinalphos 25
EC exhibited fluorescence-enhancing behavior. Conversely,
hexaconazole 5 EC showed no significant changes in the
fluorescence intensity. However, in a mixture of all of the
pesticides, it was observed that the fluorescence intensity
decreased with increasing concentrations of the pesticides.
This phenomenon likely reflects the varying binding affinities
of each pesticide, which may override each other’s natural
interactions and result in quenching of the CQDs’
fluorescence. The four pesticides may have engaged in
hydrogen bonding and ionic interactions with the surface
groups of the CQDs in an aqueous environment. During this
interaction, the intensity of CQDs was quenched due to the

6
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Figure 7. Pesticide mixture with CQDs and the corresponding graphical representation.
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Figure 10. Effects of pesticide mixture on the experimental sample and the corresponding linear graphical representation.

high binding affinity and selectivity toward thiamethoxam 25
WG and propargite 57 EC. The fluorescence intensity was
quenched, presumably due to energy transfer between the
CQDs and pesticides following the FRET mechanism.
Following this, we assessed the linear relationship between
pesticide concentrations and logarithmic fluorescence inten-
sities (depicted in Figure 10) to rigorously validate the
sensitivity of the reaction. The pesticide mixture exhibited a
robust negative correlation value of —0.97, indicating that as
pesticide concentrations increase, the fluorescence intensity
decreases. In summary, the specificity of the synthesized CQDs
is affirmed by their lack of fluorescence quenching when

interacting with hexaconazole 5 EC. The estimated detection
limits for quinalphos 25 EC, thiamethoxam 25 WG, and
propargite 57 EC are 0.2, 1, and 10 ng/mL, respectively. This
study boasts the lowest detection limit compared with widely
employed detection methodologies in previous research,
encompassing chromatography, carbon dots detection, and
various forms of CE. The synthesized CQDs demonstrate the
capability to detect quinalphos 25 EC, thiamethoxam 25 WG,
propargite 57 EC, and hexaconazole 5 EC in experimental
samples. Moreover, owing to their effective quenching
properties, the simultaneous detection of all four pesticides
in a single sample is also achievable.
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4. CONCLUSIONS

CQDs synthesized from tea waste exhibited a remarkable
quantum yield of 40.05%. The fluorescence of CQDs was
modulated by quinalphos 25 EC, thiamethoxam 25 WG, and
propargite 57 EC, both individually and in combination with
hexaconazole 5 EC, showcasing efficient fluorescence quench-
ing. Our study reported detection limits ranging from 0.2 to 10
ng/mL. The synthesized CQDs demonstrated high stability
and facilitated rapid pesticide detection. Moreover, our
findings revealed the capability of detecting four pesticides
simultaneously in a single sample, owing to their effective
quenching properties. Thus, our research offers valuable
insights into the practical application of CQDs derived from
waste tea leaves (post tea infusion preparation) for the specific,
swift, and low-level detection of pesticides in processed tea
leaves.
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