
Development of Fluorescent Co (II)-Integrated Carbon Dots and
Their Application as a Off−On Mesotrione Detection Sensor
Rani, Faiz Ali,* Mian Muhammad, and Zeid A. AlOthman

Cite This: ACS Omega 2023, 8, 49115−49128 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A very simple mesotrione-sensing medium with enhanced sensitivity detection limits has been proposed. A renovated
hydrothermal method was adopted for synthesizing fluorescent carbon dots from ethylenediamine and glucose using a Teflon-lined
simple autoclave in a GC oven. The resultant carbon dots were characterized via TEM, FTIR, UV−vis, particle size distribution, and
EDX and evaluated in a fluorimeter as the sensing medium for mesotrione detection. The binding approach of the Co (II)-integrated
glucose-bound carbon dots toward mesotrione is selective, making them an effective sensor for the real sample applications, where
majority of the coexisting substances showed insignificant interference effect. Formation of the metastable state due to the molecular
interaction between carbon dots and Co (II) resulted in fluorescence quenching at 456 nm. Enhancement in the fluorescence
intensity occurred when mesotrione was added in the concentration range of 0.2−5.0 μg mL−1, with a limit of detection, limit of
quantification, standard deviation, and relative standard deviation of 0.054, 0.164, 0.00082 μg mL−1, and 0.682%, respectively.
Mesotrione determination was demonstrated in soil, water, and tomato samples with recoveries in the range of 95.38−104.7%. The
selectivity of the sensor was found to be good enough when checked for the complex tomato sample spiked with different pesticides
of the triketone family having structural similarities to mesotrione.

1. INTRODUCTION
In modern agriculture, pesticides find a crucial place in
mitigating the adverse effects of pests and weeds, ensuring a
steady and sufficient food supply to the ever-expanding global
population.1 However, it is imperative to acknowledge that
even at low concentrations the residual presence of pesticides
can pose significant threats to the environment and overall
health of living organisms worldwide.1,2 Consequently, there is
a pressing need for precise, reliable, and swiftly validated
analytical protocols and strategies to accurately determine
pesticide concentrations.3−13

Mesotrione (2-(4-(methylsulfonyl)-2-nitrobenzoyl)-1,3-cy-
clohexanedione) belongs to the triketone herbicide family
and serves as an effective pre- and post emergence herbicide,
specifically safeguarding maize crops against broadleaf, annual
grass weeds, and certain gramineous weeds. Undoubtedly,
mesotrione plays a crucial role in agricultural production, but
the persistence of its residues in the soil/water can lead to
detrimental consequences for sensitive crops and pose drastic

hazards to human and animal health. Consequently, the
detection of mesotrione residues by developing sensitive, easy,
selective, and cost-effective analytical methods and strategies
acquires significance.14−19

To date, numerous detection methods have been reported
for the detection of mesotrione, including liquid chromatog-
raphy mass spectrometry,17 solid-phase microextraction,20

enzyme-linked immunosorbent assay,21 mass spectrome-
try,22,23 high-performance liquid chromatography (HPLC),23

square wave voltammetry, fluorimmuno assay, spectrophoto-
metric method, diode array detection and cyclic voltammetry,
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and differential pulse voltammetry. A short comparison of
those methods is given in Table S1. Among these techniques,
HPLC remains the most employed method for mesotrione
detection and analysis.23 The limitations associated with these
methods such as prolonged analysis time, difficulty in sample
preparation, complicated usage, need of costly and sophisti-
cated instruments, and the availability of skilled technicians24

compelled the researchers to search for methods/strategies
with least shortcomings. Developing a new method for the
sensitive, rapid, selective, and simple quantification of
mesotrione poses a significant challenge.24 It is essential to
solve these constraints to develop a mesotrione detection
approach that is more reliable and practical. However, optical
analysis methods present a promising alternative for pesticide
analysis due to their simple instrumentation, shorter response
time, cost effectiveness, and ease of operation.

Fluorescence-based sensors utilizing various materials such
as quantum dots, metal organic frameworks, fluorescent
proteins, and organic dyes have been reported for the
determination of pesticides.25,26 Comparison of the sensors
and sensing media is summarized in Table S2.

In 2004, during the cleaning process of single-walled carbon
nanotubes (SWCNTs), carbon dots (CDs) were discovered
accidentally.27 These CDs bear structural similarities to
quantum dots and belong to the class of zero-dimensional
carbon nanoparticles, exhibiting an amorphous to nanocrystal-
line structure with a small particle diameter less than 10 nm.
CDs possess a sp3-bonded carbon skeleton like that of graphite
oxide particles.27−29 They are made up of a crystalline graphitic
core, which is surrounded by several functional groups that
contribute to their water solubility.

Since their fortuitous discovery in the early 2000s, carbon
dots have been considered as a green alternative to the
traditional quantum dots.30 These nanomaterials consist of
oxygen and nitrogen-based groups as well as modified
functional groups, facilitating easy interaction/binding with
analyte molecules.27−31 Fluorescent nanoparticles from the
family of carbon nanomaterials are ideal bioimaging probes
because of their strong biocompatibility and potentially lower
cytotoxicity when compared to semiconductor quantum dots.

The remarkable properties of CDs, such as low toxicity,
stability, high biocompatibility, broad excitation/emission
range, photoluminescence (PL), easy functionalization,
utilization of low-cost precursors, enhanced solubility, facile
synthesis, and brightness, have made them widely applicable in
various fields.1,2,32−42 Notably, the fluorescence emission
characteristic of carbon dots (CDs) renders them particularly
appealing as sensing media in fluorescence-based sensing.

Carbon-dot-based sensors have shown promising capabilities
in detecting various metal ions, including Cu2+, K+, Hg2+, and
Ag+. Additionally, they have been reported for the detection of
materials and different biological agents, such as viruses,
bacteria, and various pathogenic organisms. However, the
application of carbon-dot-based systems as sensing media for
pesticide detection could not get the desired attention and this
field of research is still in its evolutionary phase.43,44

Glucose-containing carbon dots (CDG) were synthesized
from glucose and ethylenediamine via the renovated hydro-
thermal protocol and incorporation of a simple Teflon-lined
autoclave using a GC oven instead of a conventional autoclave.
Only two articles report on the specific fluorescence detection
of mesotrione,14,45,46 but the current study demonstrates a very
simple, direct, and cost-effective fluorescence method for the

highly specific detection of mesotrione, which much improved
analytical and statistical parameters such as regression
coefficient, % recovery, LOQ, and % RSD. The CDGs came
out with good results when checked for MST determination.
The synthesized CDGs exhibited excellent porous and
fluorescent properties, leading to stable fluorescent intensity
(FI) in aqueous media. In the presence of Co(II), the FI of
CDGs was quenched owing to the formation of a metastable
fluorescent ground-state complex, CDG-Co(II). Notably, the
addition of MST to the solution containing CDG-Co(II) led
to the enhancement of FI, confirming the results of this
procedure with improved sensing capabilities. To thoroughly
assess performance of the newly proposed system, various
physical and chemical parameters including concentration of
CDG and Co (II), pH, time, and the potential interferences of
other pesticides and metal ions were investigated. Under
optimized conditions, the proposed method was rigorously
validated using statistical parameters and analytical figures of
merit to ensure its reliability. The analytically validated
approach was successfully applied to determine MST
concentrations in spiked and different real environmental
samples.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Mesotrione, pirimicarb

(PRC), atrazine (At), chlortoluron (Chl), imidacloprid (Imd),
methomyl (MT), and carbofuran (CB), sulcotrione, tembo-
trione, and benzofenap were purchased from (Sigma-Aldrich,
Germany) as their technical standards. While boric acid (ACS
reagent grade), phosphoric acid (85%), NaOH, cobalt(II)
chloride, cadmium(II) chloride, chromium nitrate, copper
acetate, silver nitrate, magnesium sulfate, sodium chloride,
calcium chloride, and monolith grade acetic acid (ACS
reagent) were purchased from Phillipsburg, NJ.
2.2. Instrumentation and Solution Preparation. SEM

(JSM 5910, JEOL Japan) and TEM for analyzing the surface
morphology of CDGs, EDX (JSM-6390 LV) for elemental
composition, FTIR (PerkinElmer) for surface identification of
the functional groups and their investigation, a spectrofluor-
ometer (RF-5301, Shimadzu, Japan) equipped with a quartz
cell having excitation and emission slit width of 5 nm for
fluorescence measurement, and an analogue pH meter (model
PHS-3BW 2908 N Chicago) for pH measurement were used.

Stock solutions (100 μg mL−1) of mesotrione, cobalt(II)
chloride, and glucose-containing carbon dots (CDG) were
prepared in HPLC-grade. Britton Robinson buffer (BRB)
solutions of different pH were prepared and used for pH
adjustment.
2.3. Synthesis of Glucose-Containing Carbon Dots.

The fluorescent active carbon dots were synthesized by
adopting sophisticated changes in the basic hydrothermal
method following the bottom-up approach.62 In the initial step,
glucose (0.8 g) and ethylenediamine (1.39 mL) were dissolved
in distilled water (30 mL). The reagent mixture was placed in a
Teflon-lined autoclave and kept in a gas chromatographic oven
at a temperature of 120 °C for 8 h. The resultant brownish
color product was dried for 2−3 days at 140 °C in a GC oven.
The dried product was subsequently dispersed in ethanol (20
mL) and subjected to sonication for 30 min, followed by
centrifugation for 20 min at a rate of 12,000 rpm. After
filtration, the sample was dried at 60 °C overnight. The final
product was obtained in the form of brownish/black color
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CDGs. The synthesis procedure of CDGs is represented in
Figure 1.
2.3.1. Measurement of Quantum Yield. The quantum yield

(%) of fluorescent CDGs was investigated using quinine sulfate
as the selected standard reference. Quinine sulfate, with a
known literature quantum yield of 0.54, was dissolved in a 0.1
M H2SO4 solution. Meanwhile, the CDG samples were
dissolved in distilled water.
2.4. Mesotrione Sensing through CDGs. A series of

volumetric flasks of 10 mL each were taken. To get 30 μg mL−1

(CDG) and 15 μg mL−1 (Co−II), 3.0 mL of CDG solution
(100 μg mL−1) and 1.5 mL of Co (II) solution (100 μg mL−1)
were mixed. The effect of mesotrione on the fluorescence
intensity of the CDGs was investigated by taking different
volumes of the mesotrione solution (0.2−5.0 mL) each from
the 10 μg mL−1 and 100 μg mL−1 solutions into separate
volumetric flasks. The mesotrione concentrations in the range
of 0.2−5.0 μg mL−1 were achieved. Subsequently, the FI of
each solution was measured against the reagent blank at λem =
456 nm following excitation at λex = 375 nm. The solution of
CDG-Co(II) exhibited a pale-yellow color, while the
fluorescent color was blue when checked under emission
excitation inside the spectrofluorometer, where the different
color images are given in Figure S1.
2.5. Analysis of Interference Effects. A comprehensive

investigation was conducted using a series of 10 mL volumetric
flasks. 0.1 mL of mesotrione solution having a concentration of
10 μg mL−1 was added to each flask. Different pesticides
having concentrations of 100 μg mL−1 were added into the
flasks. The optimized concentrations of Co(II) and CDGs
were added to each flask. Fluorescence intensity measurements
were carried out against their respective blanks. To explore the
effect of metal ions, a similar approach was adopted. 0.1 mL of
the MST solution (10 μg mL−1) and 3.0 mL of CDG solution
(100 μg mL−1) were added to the 10 mL volumetric flasks.
Metal ions were added into the flasks in concentrations ranging

from 0.2 to 0.6 mL. The FI was recorded against reagent
blanks for all the samples.
2.6. Sample Collection/Preparation. To demonstrate

the practical applicability of the CDGs as a sensor for
mesotrione in various environmental samples, spiking and
recovery studies were conducted. The water samples were
collected from rivers, lakes, and drinking water sources as well
as soil and tomato samples collected from crop fields where the
mesotrione was not used. All of the samples were thoroughly
cleaned.

Triplicate sets of each sample (5−15 g for soil and tomato
samples and 2−6 mL for water samples) were taken and spiked
with standard mesotrione solutions to achieve concentrations
of 2.0, 4.0, and 6.0 μg g−1 for the soil and tomato samples and
0.1, 0.3, and 0.5 μg mL−1 for the water samples. Respective
blanks for each sample type were prepared. For the facilitation
of equilibration, 20 mL of distilled water was added to each
mixture, and all samples were allowed to stand in position for 1
h prior to extraction.
2.7. Extraction of Mesotrione. After the spiking and

equilibration process, each sample was filtered and 2.0 mL of
the filtrate from each sample was taken in separate flasks of 10
mL capacity. 30 μg mL−1 of CDG solution, 15 μg mL−1 of
Co(II) solutions, and BR buffer were added to each flask. The
fluorescence intensity of each solution was recorded against the
respective sample blank. Appropriate volumes of tomato and
soil samples were taken in beakers. 30 μg mL−1 of the CDG
solution, 15 μg mL−1 of Co (II) solutions, and 0.1 μg mL−1 of
mesotrione solution were added to each beaker and diluted
with distilled water. The FI was measured in each case against
the blank, and the concentrations of mesotrione and
percentage recovery were calculated for each sample.
2.8. Selectivity toward Mesotrione (MST). The sensing

approach was extended to determine other mesotrione family
herbicides including sulcotrione, tembotrione, and benzofenap
in tomato samples. The same procedure for the tomato sample

Figure 1. Schematic representation (upper scheme) and synthetic reaction mechanism (lower scheme) for the synthesis of CDGs along with the
image of the Teflon-lined autoclave.
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was repeated after spiking with sulcotrione, tembotrione, and
benzofenap, and the fluorescence intensity (FI) was detected
in each case.

3. RESULTS AND DISCUSSION
3.1. Characterization. 3.1.1. Fourier Transform Infrared

Spectrum of the CDGs. The FTIR spectrum (Figure 2)
depicts the successful synthesis of the CDGs containing the
corresponding functional groups of reacting moieties. The
characteristic band observed at 3066.81 cm−1 indicates the
presence of an amino (−NH2) group, while the broad peaks at
3383.14 and 1095.56 cm−1 are attributed to the stretching
vibrational mode of the hydroxyl functional group (O−H)
located on the CDG surface. The shoulder peaks at 2852.34,
2916.36, 1562.34, and 1118.71 cm−1 are attributed to the
stretching vibration of the C−H bonds. Moreover, bands at
1450.46 and 921.97−1026.13 cm−1 correspond to vibrations of
C−O−C and C−O bonds, respectively. The sharp peak at
1643.35 cm−1 is associated with the amide linkage

(−CONH−), indicating the presence of ethylenediamine
coated at the surface of the carbon dots through the amide
group −CONH- linkages. The band observed at 1535.33 cm−1

corresponds to the bending vibrations of N−H. Furthermore,
bands at 775.38 cm−1 correspond to the wagging vibrations of
N−H2. Overall, the FTIR findings convincingly confirm the
presence of amino and hydroxyl groups originated from
ethylenediamine and glucose, respectively.
3.1.2. Morphological Analysis of the CDG via TEM

Imaging. Morphological appearance of the carbon dot is
visualized in the form of TEM images (Figure 3), which clearly
shows that particles are irregular in shape and dimensions. The
shape diversity of the particles ranges from spherical through
oval to bent structures. The extent of agglomeration of the
CDG is clear from the low-resolution TEM image showing the
overcrowded nature of the GDG. The TEM images clearly
indicated that the CDG particles are in the range of 1 nm,
which satisfies the definition of carbon dots. The CDG surface

Figure 2. FTIR spectrum of glucose-containing carbon dots.

Figure 3. TEM image of glucose-containing carbon dots.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07171
ACS Omega 2023, 8, 49115−49128

49118

https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07171?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exhibits some fused pores of quite a small size, which likely
contribute to an increased surface area of the CDG.
3.1.3. Energy-Dispersive X-ray (EDX). The elemental

composition and atomic ratios of C, O, and N in the CDG
were estimated from the EDX spectrum. The EDX spectrum
revealed the presence of various elements, with carbon being
the most abundant. The percentage composition of C, O, and
N in the CDG was estimated to be 70.64, 25.37, and 3.99%,
respectively, as illustrated in Figure 4.
3.1.4. Emission Spectra of Carbon Dots (CDGs) at

Different Excitation Wavelengths. The maximum fluores-
cence intensity (FI) for CDGs was detected at 456 nm under
excitation at 375 nm. Moreover, the aqueous CDG solution
manifested strong blue fluorescence upon excitation at 375 nm.
In the case of CDGs, the emission wavelengths displayed a
broad spectrum dependent on the excitation wavelengths
applied. Notably, when excited at 10 nm interval increments in
the range of 355−405 nm, the fluorescence spectra exhibited
visual variations, as graphically depicted in Figure 5.
3.1.5. UV−Visible Spectroscopy. The optical characteristics

of carbon dots (CDG) were investigated through UV−visible
spectroscopy, as shown in Figure 6 (on the left side). This
analysis revealed distinct absorption peaks at 224 and 330 nm,
attributed to the presence of surface functional states. Another
broad low-intensity peak is seen at about 280 nm, which could
be caused by the existence of the n-σ* signal, which indicates
the presence of the −OH group. The peak observed at 330 nm
can be attributed to the transitions, which may arise from the
existence of C−N or C−O functional groups associated with
the CDG framework.
3.1.6. Particle Size Distribution Analysis of the CDG. The

volume-based particle size of the CDG was determined

through master sizers (Figure 6) on the right side. The
particle size of CDG is in the range of 1 nm. The particle size
distribution data agree with the results of TEM imaging.
3.2. Turn on Fluorescence Sensing of Mesotrione

using the CDG. The FI response of the CDG-Co (II) sensor
to mesotrione was thoroughly investigated, which is given in
Figure 7 (upper plot). As the concentration of mesotrione
increased, a significant enhancement in fluorescence intensity
was observed at λem = 456 nm using λex at 375 nm. The
optimized conditions resulted in the FI enhancement of CDF-
Co (II) toward mesotrione clearly showing a linear relation-

Figure 4. EDX plot of the carbon dots.

Figure 5. Emission of CDG at different excitation wavelengths.
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ship with concentration in the range of 0.2−5.0 μg mL−1 where
the coefficient of determination (R2) was 0.9988, as given in
Figure 7 (lower plot). Both the fluorescence ON and OFF
spectra have been distinctly separated for improved clarity, and
comprehensibility is given in Figure 7 (middle plot). In both
cases of CDG and CDG-Co(II) Stokes shift occurs; in this
shift, the emission (fluorescence) occurs at a longer wavelength
(lower energy) at λem = 456 nm, compared to the excitation
λex at 375 nm. This indicates that energy is lost during the
relaxation process of excited electrons, typically due to
vibrational and rotational transitions. The experimental results
demonstrated the potential of the CDG-Co (II) as an effective
sensing tool for mesotrione detection. The linear increase in FI
response with increasing mesotrione concentration makes the
proposed method very effective for mesotrione detection and
determination. The higher coefficient of determination (R2)
value validates the reliability of the sensor’s response,
suggesting its suitability for practical applications in the
quantification of mesotrione in various environmental samples.
3.3. Batch Analysis: Spectrofluorometric Determina-

tion of Mesotrione. 3.3.1. Effect of CDG and Co (II)
Concentrations on FI. Different concentrations of CDG
solutions (5.0−40.0 μg mL−1) were mixed with a fixed
concentration of Co (II) solution (5.0 μg mL−1) and
mesotrione (0.1 μg mL−1). The FI was measured and analyzed
in response to varying CDG concentrations. The results shown
in Figure 8a show a gradual increase in the FI with increasing
CDG concentration up to 30 μg mL−1. However, the FI
decreased when checked beyond 30 μg mL−1. So, 30 μg mL−1

of the CDG solution was used as the standard for further
analysis.

Optimization of the Co (II) concentration at ambient
temperature (Figure 8b) was carried out. A gradual increase of
the Co (II) concentration (from 5 to 30 μg mL−1) into the
aqueous solution of a fixed/optimized concentration of the
CDG (30 μg mL−1) resulted in the immediate decrease in the
emission peak at 456 nm. The differential quenching effect of
Co (II) might be attributed to its electronic nature. The
presence of unsaturated electronic states in Co (II) facilitates
nonradiative energy/charge transfer from CDG to Co (II),
resulting in the formation of a Co (II) complex at the surface
of the CDG.63

3.3.2. pH and Time Effect on FI. pH of the sensing media
plays a critical role during mesotrione detection. FI of the
CDG-Co (II) sensor was enhanced by increasing the pH of the
medium, reaching its maximum at pH 8. However, the FI

demolished gradually beyond pH 8 (Figure 8c). A strong peak
was observed in the pH range of 2−8. This behavior might be
attributed to the p-p* and n-p* electronic transitions, which
are influenced by the filling or depleting of valence bands with
pH variations. Under acidic conditions, the groups present at
the surface of CDG-Co (II) become protonated, enabling
them to coordinate with mesotrione. However, above pH 8,
the FI was decreased, which could be attributed to the
deprotonation process of the −NH2 and −OH groups at the
CDG surface. As the fluorescence signal of the CDG remains
stable from pH 2−8, pH 8 was selected as the optimum pH.

As a result of time optimization, FI of the CDG-Co (II)
probe for mesotrione detection remains stable up to 75 min
(Figure 8d), while the FI decreased slightly when the time
exceeded 75 min.
3.3.3. Effect of Different Concentrations of NaCl and

Various Solvents. Experiments were conducted utilizing
varying concentrations of NaCl and various solvents.
Remarkably, the introduction of various NaCl solution
concentrations yielded negligible alterations in the exper-
imental outcome (Figure 8e). The observed fluorescence
intensity remained consistently stable across a spectrum of
ionic strengths, as depicted in this result. Consequently, it is
apparent that further experiments involving NaCl are
unnecessary. Notably, the data demonstrates a pronounced
increase in the CDG reaction’s efficacy when dispersing in
water, in contrast to other solvents, as illustrated in Figure 8f.
3.4. Sensing Mechanism. The exact mechanism under-

lying the fluorescence nature of carbon dots remains a subject
of ongoing research, as reported by Tafreshi et al.1 The CDG
surface containing hydroxyl groups and basic amine exhibits
fluorescence generated through surface-trapped states and
electron hole recombination pathways. The electrons are
excited to higher energy levels on excitation at 375 nm,
resulting in the fluorescence of a beautiful blue color. Due to
their low cost and biocompatibility, CDGs have the potential
to be integrated with optical analytical equipment to detect
drugs, biomolecules, and pesticides using a variety of sensing
techniques.64 In chemical sensing, changes in the CDG
fluorescence are monitored in the presence of an analyte.
Different heteroatoms are present at the CDG surface, which
can potentially enhance sensing phenomena, making it tailored
to interact with specific analytes. Fluorescence quenching
mechanisms can generally be categorized as static quenching,
dynamic quenching, or a combination of the two. The
annihilation mechanism is associated with either a single

Figure 6. UV−visible absorption spectra of the CDG (on the left) and particle size distribution (on the right).
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Figure 7. Effect of mesotrione concentration on the fluorescence intensity of the carbon dots (upper plot), the FI-OFF (upper right), and the FI-
ON (upper left) spectra. Linear range of FI in the presence of different concentrations of mesotrione (lower plot).
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dynamic or static quenching process when the fluorescence
intensity increased linearly with the quencher concentration
(Q).14 Carbon dots of the current project show higher
selectivity toward Co (II) due to the presence of OH and NH2
at the CDG surface, which allows for rapid chelation with Co
(II), demonstrating a static fluorescence quenching resulting
from the formation of a nonradiative complex between CDG
and Co (II). The strong effect of Co(II) fluorescence
quenching indicated the CDG’s high selectivity for Co (II)
over other metals.65,66 The quenching effect may also be
attributed to the transfer of charge between CDG and Co (II)
ions.2

CDG-based sensing offers a unique approach compared with
traditional methods. A comprehensive understanding of the
chemical, physical, and optical behaviors of the CDG can lead
to improved detection limits of the synthesized CDs.65 To
locate the specific CDG functional groups actively participating
in the interaction with target analyte/mesotrione is very
challenging and is not always straightforward. However, it is
quite genuine that mesotrione selectively interacts with NH2
and OH groups located at the CDG surface. Mesotrione might

undergo either hydrogen bonding, ionic interactions, or
covalent binding with the functional groups present at the
surface of CDG-Co (II), resulting in the fluorescence
enhancement of CDG-Co (II). The interactions between
mesotrione and CDG-Co (II) are mainly driven by ground-
state complex formation through amino and hydroxyl groups
with minor involvement of a dynamic electron transfer
reaction.66 As a result, the precursor of the probe with intense
fluorescence is created from the nonfluorescent probe with the
photoinduced electron transfer mechanism.45 The mesotrione
determination via fluorescence sensing was successfully
established because of the “off−on” strategy.67,68 The
fluorescence efficiency (ΔF) was calculated using the equation
ΔF = F0 − F, where F0 and F are the fluorescence intensities
recorded at 456 nm in the absence and presence of mesotrione
in the detection system, respectively.13,25,26 The schematic
representation of the sensing mechanism is illustrated in Figure
9.
3.5. Selectivity. Fluorescence response of the CDG-Co(II)

sensor toward mesotrione was investigated in the presence of
pesticides (carbofuran, pirimicarb, chlortoluron, imidacloprid,

Figure 8. Concentration effect of CDG (a) and Co (II) (b), effect of pH (c) time, (d) NaCl (e), and effect of various solvents (f) on FI.
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methomyl, and atrazine) and metal ions (Ca2+, Na+, Mg2+,
Cu+, K+, Zn2+, Ag+, Cr3+, and Cd2+). Enhancement in the FI of
CDG with mesotrione was significantly higher than that with
other pesticides (Figure 10A). Similarly, the FI response of the
CDG toward mesotrione was much higher in the presence of
Co(II) compared to other metal ions (Figure 10B),
demonstrating insignificant interference effect from similar
types of metals in the sensing phenomenon.

3.6. Stability of the CDG. The physical and chemical
stabilities of carbon dots are very important for their practical
applications. The carbon dots synthesized in the current
project were monitored regularly right after their synthesis at
time intervals of three months, five months, seven months, and
one year. FI of the CDG remained very stable throughout
these intervals since the emission intensity at 456 nm was
nearly unchanged (Figure 11). The carbon dots exhibited very
good thermal, mechanical, and chemical stability over extended

Figure 9. Schematic representation of the mesotrione-sensing mechanism via CDGs.

Figure 10. FI response of the CDG-Co(II) sensor toward mesotrione in the presence of other pesticides (A) and metal ions (B).
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periods of time, ensuring their reliability and usefulness in
practical applications. Furthermore, no visual discoloration or
detrimental photobleaching was observed. The CDG showed
stability under acidic and neutral media where a slight decrease
in the FI was observed at higher pH.
3.7. Application of the Proposed Method to Real

Sample Analysis. To assess the feasibility, efficacy, and
efficiency of the proposed sensor in real sample applications,
the sensing approach was extended to determine mesotrione in
various environmental samples, including water samples from
rivers, lakes, and drinking sources, as well as soil and tomato
samples. The results demonstrated the highest recovery
percentage in all cases, confirming the applicability of the
proposed method. As summarized in Table 1, the range of

recovery fell within 95.38−104.7%, indicating the reasonable
accuracy and reproducibility of the fluorescence sensor.
Consequently, it can be effectively employed for the detection
of mesotrione in real samples.
3.7.1. Selectivity toward Mesotrione (MST). The sensing

approach of the newly proposed Co (II)-integrated carbon
dots was extended to determine other members of the
triketone class of pesticides, such as sulcotrione, tembotrione,
and benzofenap, in tomato samples. The results showed the
highest percentage recovery of mesotrione, and a very small
fluorescence enhancement was observed for sulcotrione,
tembotrione, and benzofenap. Among the pesticides other
than mesotrione, the highest recovery of 20% was recorded for
sulcotrione due to its structural similarity to mesotrione. The

Table 1. Analytical Results for Mesotrione Determination in Different Samples using the CDGs

sample
mass of sample (g),

mL
mass of MST added

(μg) F/Fo

concentration found (μg
mL−1)

mass of MST found
(μg)

percent
recovery

average % recovery
± SD

tomato
sample

5 20 1.0125 0.019 19.8 99.39 99.73 ± 0.57
40 1.0136 0.040 40.1 100.40
60 1.0145 0.059 59.6 99.39

10 20 1.0125 0.019 19.0 95.38 98.44 ± 2.65
40 1.0135 0.039 39.9 99.89
60 1.0145 0.060 60.0 100.06

15 20 1.0126 0.020 20.6 103.41 102.52 ± 2.46
40 1.0136 0.041 41.7 104.41
60 1.0145 0.059 59.8 99.73

soil sample 5 20 1.0217 0.203 20.3 101.70 101.00 ± 0.61
40 1.0316 0.402 40.2 100.55
60 1.0417 0.604 60.4 100.76

10 20 1.0217 0.204 20.4 102.10 100.77 ± 1.49
40 1.0317 0.404 40.4 101.05
60 1.0412 0.594 59.4 99.16

15 20 1.0220 0.209 20.9 104.71 103.28 ± 1.89
40 1.0323 0.415 41.5 103.96
60 1.0418 0.607 60.7 101.17

river water 2 1 1.0165 0.099 0.99 99.59 100.04 ± 0.66
3 1.0265 0.299 2.99 99.73
5 1.0367 0.504 5.04 100.80

4 1 1.0164 0.098 0.98 98.19 99.14 ± 2.56
3 1.0266 0.301 3.01 100.53
5 1.0366 0.503 5.03 100.72

6 1 1.0163 0.096 0.96 96.18 96.18 ± 2.58
3 1.0265 0.299 2.99 99.79
5 1.0368 0.506 5.06 101.20

lake water 2 1 1.0166 0.100 1.00 100.40 100.66 ± 0.46
3 1.0266 0.301 3.01 100.40
5 1.0368 0.506 5.06 101.20

4 1 1.0164 0.096 0.96 96.38 98.39 ± 2.01
3 1.0266 0.301 3.01 100.40
5 1.0361 0.491 4.91 98.39

6 1 1.0164 0.096 0.96 96.38 96.38 ± 2.22
3 1.0264 0.297 2.97 99.06
5 1.0367 0.504 5.04 100.80

drinking
water

2 1 1.0166 0.100 1.00 100.40 100.53 ± 0.23
3 1.0266 0.301 3.01 100.40
5 1.0367 0.504 5.04 100.80

4 1 1.0166 0.100 1.00 100.40 98.83 ± 2.15
3 1.0265 0.299 2.99 99.73
5 1.0366 0.502 5.02 100.40

6 1 1.0164 0.096 0.96 96.38 96.38 ± 1.61
3 1.0262 0.293 2.93 97.72
5 1.0364 0.497 4.97 99.59
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overall results, which are briefly summarized in Table 2,
confirm the applicability of the proposed method with very
good accuracy of the proposed fluorescence sensor.
3.8. Analytical Figures of Merit. Under the optimum

experimental conditions, the calibration curve exhibited a
linear response over the concentration range 0.2−5.0 μg mL−1.
Parameters of the calibration curve including the linear range,
intercept, slope, regression equation, regression coefficient,

standard deviation, limit of detection, and relative standard
deviation are summarized in Table 3.
3.9. Comparison of Modifications in Hydrothermal

Protocols Reported for the Synthesis of Carbon Dots.
Different research groups renovated the basic hydrothermal
protocol for the synthesis of carbon dots in terms of reaction
time, solvent media, and temperature; the summary is given in
Table 4. In the current study, various batches of carbon dots
were synthesized each time making some changes in the
hydrothermal method. Finally, a set of parameters was
optimized, which successfully resulted in the synthesis of
carbon dots. Besides those changes, we used a Teflon-lined
autoclave instead of the traditional autoclave, which is time
effective and very easy in operation. We expect very good yield
of the carbon dots in the current study, and the carbon dots are
not agglomerated, which can be seen form the TEM image.
The protocol and method used in the current study seems
better than the reported methods, making it a better choice for
carbon dot synthesis.
3.10. Comparative Analysis of the Currently Pro-

posed and Reported Methods. Limited methods have been
reported for the determination of mesotrione. A thorough
comparison of the results obtained in the current study with
those of the reported literature being summarized in Table 5
supports the superiority of the sensing probe designed in the
current study. The parameters selected for comparison are
percentage recovery, determination coefficient (R2), limit of
detection, limit of quantification, % relative standard deviation,
and linear range.49,53−5455565758596061

4. CONCLUSIONS
A facile and cost-effective procedure for the direct synthesis of
Co(II)-integrated glucose-bound carbon dots was proposed by
incorporating simple modifications in the hydrothermal
process. A simple Teflon-lined autoclave was used instead of
the traditional autoclave. The carbon dots exhibited strong
fluorescence, which was efficiently quenched by the addition of
Co (II), owing to the formation of a fluorescent CDG-Co (II)
ground-state complex. However, addition of the mesotrione to
the system resulted in a reasonable enhancement of the
fluorescence intensity due to the strong affinity of mesotrione
toward Co (II). Thus, a reliable determination method for the
mesotrione was established with improved characteristics such
as specificity, accuracy, sensitivity, precision, acceptable
recovery, and a wide linear range. The fast, simple, and cost-
effective nature of the compound makes it an attractive option
for practical applications. The proposed sensing system is a
promising approach for the detection of mesotrione traces in
real environmental and agricultural samples. The current study
not only contributes to the advancement of nanomaterial-

Figure 11. Stability of carbon dots (CDGs).

Table 2. Selectivity toward Mesotrione Determination in
the Presence of Other Triketone Pesticides in the Tomato
Sample using the CDGs

name of
pesticide

spiking
amount of
pesticides

(μg) F/Fo

conc
found

(μg mL−1)

mass of
pesticides

found
(μg)

percent
recovery

mesotrione 40 1.0136 0.04 40.16 100.40
sulcotrione 40 1.0120 0.008 8.032 20.08
tembotrione 40 1.0118 0.004 4.016 10.040
benzofenap 40 1.0117 0.002 3.008 7.52

Mass of the tomato sample was 5 g in each case.

Table 3. Analytical Figures of Merit

title value

λexi (nm) 375 nm
λemi (nm) 456 nm
linear range (μg mL−1) (0.2−5.0 μg mL−1)
slope 0.0498
intercept 1.0116
regression equation 0.0498x + 1.0116
regression coefficient (R2) 0.9988
standard deviation (SD) (μg mL−1) 0.00082 μg mL−1

relative standard deviation (RSD) (%) 0.682%
LOD (μg mL−1) 0.054 μg mL−1

LOQ (μg mL−1) 0.164 μg mL−1

Table 4. Comparison of Parameters/Steps Used in the Hydrothermal Method Practiced by Different Research Groups

precursors time (h) solvent temperature (°C) quantum yield (%) references

feather 7 H2O2, NH3 160 29
3-aminobenzeneboronic acid 12 H2O 180 31
L-arginine 14 H2O 240 44
3-aminophenol 12 ethanol, HCl, HNO3, ethyl acetate, ethanol 140 2.5 69
radish 7 H2SO4, NaOH 200 70
P phenenediamine+urea 10 H2O, ethyl acetate and ethanol 160 35 71
aloe 11 H2O, dichloromethane 180 10.37 72
glucose + ethylendiamine 8 H2O 120 22 current study
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based sensing technology but also addresses the pressing needs
for efficient detection methods of mesotrione.
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