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Abstract

Pesticides, widely used in modern agriculture, could potentially cause environmental pollu-
tion and affect human lives. Hence, the development of a highly sensitive sensing element
to detect pesticide residues is crucial for food safety and ecosystem protection. Optical
methods based on fluorescence properties provide an ideal approach for screening and
quantification of these compounds in different medias including water, plant, and nutritional
products. The development of fluorescence emitting carbon dot-based sensors for monitor-
ing pesticides has attracted great attention in recent years. In comparison to other fluoro-
phores, carbon dots have more promising optical features, higher quantum yields and better
biocompatibility. This article aims to present a novel fluorescent sensing method of diazinon,
glyphosate, and amicarbazone using plant-based carbon dots. A comprehensive characteri-
zation of carbon dots obtained from cauliflower was performed by methods including UV-vis-
ible, FTIR spectroscopy, fluorometry, AFM, DLS, and zeta sizer. Following this step, carbon
dots were used to detect pesticides. The fluorescence quenching property of carbon dots
has been utilized to identify detection limit of 0.25, 0.5, and 2 ng ml™" for diazinon, amicarba-
zone, and glyphosate, respectively. Also, real sample study revealed that the detection of
pesticides accompanied by our developed nano-sensor is repeatable and accurate. Accord-
ing to carbon dots specificity determination, the prepared nano sensor does not have the
potential to identify “bromacil” and “dialen super” pesticides but the other three mentioned
pesticides are detectable. The results confirm that synthesized green carbon dots are well
qualified for application in food safety and environmental monitoring.

Introduction

Pesticides are generally used in agriculture to prevent, control and eradicate weeds and pest
from interfering with the crops production chain. These involve insecticides, herbicides, and
various pest control substances which are used to meet the demands of an ever-increasing pop-
ulation[1]. Since the development of pesticides, a significant amount of them have been con-
sumed each year. Accordingly, there are great amount of pesticides releasing into the
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environment and ecosystem. Furthermore, the common detection strategies are not capable to
detect low quantities of pesticides and the remaining residues contaminate the surrounding
environment [2]. Moreover, the pesticide residues could cause serious health problems for liv-
ing organisms even in low concentrations [3]. The discussed issues express a firm requisition
to monitor such chemicals in the environment and consumable products.

Diazinon (phosphorothioic acid O, O-Diethyl O-[4-methyl-6-(propan-2-yl) pyrimidin-
2-yl]) is known as an organophosphate (OPs) pesticide with a broad spectrum of insecticide
activity against various pests of fruits, vegetables, field crops, grasslands, and ornamental plants.
Unfortunately, such pesticide remains stable for up to six months in water and causes irrevers-
ible biochemical changes. It could also be ubiquitous in the environment and presents highly
toxic effects on the immune and neurological systems, from wildlife organisms to amphibians
[4-6]. In spite of organophosphates toxicity to human beings and their widespread concern,
they are still used as pesticides [7]. It is expected that extended use of OPs would possibly influ-
ence hygiene and mankind environment [8]. Regrettably, OPs have the potential to inhibit
acetylcholinesterase (AChE) crucial enzyme and affect its longevity. This leads to accumulation
of acetylcholine in cholinergic synapse which results in threatening human life [9,10].

In the matter of controlling weeds, amicarbazone (4-amino-N-(1, 1-dimethyl ethyl)-4,
5-dihydro-3-(1-methyl ethyl)-5-oxo-1H-1, 2, 4-triazole-1-carboxamide) is noteworthy to be
mentioned. Amicarbazone originates from triazolinone herbicide with significant applications
in weed dominance within the corn and sugar fields. It acts as a photosynthesis inhibitor
which leads to chlorosis, stunted growth, tissue necrosis, and eventually eradication of weeds
[11]. However, it has been proved that unprofessional use of these chemicals could lead to
human and animal affection which could cause serious health problems [12].

Moreover, Glyphosate (N-(phosphonomethyl) glycine) as one of the largely used pesticides
in the world, has the value to be discussed. Glyphosate has the potential to inhibit 5-enolpyru-
vylshikimate-3-phosphate synthase (EPSPS), in the shikimate pathway. The inhibition of such
enzyme leads to downgrade the pathway to produce aromatic amino acids and secondary
metabolites such as lignin [13]. However, according to records that reported the resistance of
some weeds due to the increase in glyphosate usage, it has made a global concern over the use
of such pesticide [14].

There are several laboratory-based methods being carried out for the detection of the pesti-
cides such as high-performance liquid chromatography (HPLC), gas chromatography (GC),
capillary electrophoresis (CE), and mass spectrometry [15]. Although the mentioned methods
are sensitive and display accurate results, significant number of such methods are laboratory-
based, time consuming, and inapplicable for point-of-care detection [16]. Therefore, a simple,
sensitive, and cost-effective method was designed for detecting pesticides, which is based on
optical property. Optical based analytical probes provide a good condition of analysis since
they often involve low cost reagents, simple instruments, short response time, and effortless to
perform. A wide range of fluorescent-based sensors have been designed including organic
dyes, quantum dots, metal-organic frameworks, fluorescent proteins, etc. Carbon dots (CDs)
which have been discovered in 2004 during separation and purification process of single
walled carbon nanotubes, have considered as promising in the last decade due to their out-
standing optical properties, biocompatibility, negligible toxicity, great solubility, and facile
synthesis. CDs are typically semi-spherical including amorphous to nanocrystalline, naturally
consist of oxygen-nitrogen-based groups, and post-modified functional groups which cause
easy interaction and binding to target molecules. CDs could be derived either from natural or
non-toxic precursors which are inexpensive and appropriate for large scale applications [17].
The convenience of synthesis and unique properties of CDs have led to enormous attention
for employing different kinds of precursors and synthesis methods, which were mainly
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classified as top-down and bottom-up approaches [18-21]. The “top-down” approach includes
techniques such as arc-discharge [22], laser ablation [23], and electrochemical exfoliation [24].
As the “bottom-up” method contains microwave treatment [25], sonochemical treatment [26],
thermal decomposition [27], and thermal treatment [28]. Among the above-mentioned meth-
ods, hydrothermal treatment is one of the most prevalent bottom-up method being used to
synthesize CDs form peels or juices of fruits, known as green carbon sources. Hydrothermal
carbonization provides simple one-step experimental setup through high temperature and
pressure which avoids the need of highly toxic chemicals. Furthermore, a cost effective and
sustainable source of raw and biowaste materials should be utilized for the synthesize of CDs
[29]. Additionally, efforts to synthesize fluorescence emitting CDs have been made to use in
sensors [30]. Carbon dots-based sensors have enormously been used for metallic ions detec-
tion such as Hg** [31], Cu®* [32], K" [33], Ag* [34], and Fe’" [35]. Therefore, sensors could be
used for the detection of a vast number of biological agents and materials. One of CDs green
precursor is cauliflower (Brassica Oleracea) from the Brassicaceae family (syn. Cruciferae)
which contains many organic compounds such as gallic, pyrogallol, catechin, protocatechuic,
chlorogenic acid, rosemary acid, rutin, caffeic acid, vanillic acid, quercetin, naringenin, syrin-
gic acid, coumaric acid, cinnamic acid, and kaempferol [36]. These particular bioactive com-
pounds could bring the right and crucial elements to synthesize carbon dots.

Various CDs-based sensors have been designed in the area of food safety for pesticides
detection [37]. Important analytical strategies for pesticides detection include the inhibition of
the enzymic activity of the pesticides and other method follows the principle of the inner filter
effect (IFE) and florescence resonance energy transfer (FRET). In the first method, metabolites
from the enzymic activity quench the CDs fluorescence emission. Moreover, the presence of
pesticides in solution inhibit the enzymic activity and the quenchers which leads to recurrence
in CDs fluorescence emitting [38,39]. FRET (Fig 1) and IFE require two determinant factors,
first, the overlap of the absorption, and emission spectrum, and second, the distance between
CDs as a donor and quencher or acceptor. The difference is that FRET usually occurs at less
than 10 nm distance, while IFE mechanism turns up at more than 20 nm distance. However,
they are both more sensitive and selective than enzyme catalysis [37,40,41].

In this inquiry, CDs were prepared by using a one-step hydrothermal treatment of pesti-
cides free cauliflower. The prepared CDs were used for the detection of diazinon, glyphosate,
and amicarbazone pesticides. This method is highly reproducible, sensitive, cost-effective, tar-
get for real samples, and easy to perform. Moreover, to evaluate the accuracy of this sensing
probe, the test was carried out in cherry tomato as a real sample. Thus, by measuring the fluo-
rescent intensity of green CDs, a turn-off fluorescent based sensor for the detection of diazi-
non, glyphosate, and amicarbazone was established.

Q.Q/
000
~

Quenching
CDs pesticides

Fig 1. CDs fluorescence quenching by pesticides based on FRET mechanism. CDs as donors and three different
pesticides as acceptors.

https://doi.org/10.1371/journal.pone.0230646.9001
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Materials and methods

Diazinon, glyphosate, amicarbazone, bromacil, and dialen super were donated from Dr. Pour-
rahim. Pesticide free cauliflower as a precursor has been bought from an organic local market
(Tehran, Iran). Deionized (DI) water was purified using the Milli-Q System (Iran).

Synthesis of carbon dots (CDs)

The fluorescence emitting CDs were synthesized through hydrothermal carbonization
approach using pesticide free cauliflower juice as a carbon source. In a typical synthesis, as
shown in Fig 2, the cauliflower plant was washed off with distilled water and then the juice was
extracted with a juicer machine. Following the first step, the mixture was filtered to remove
large, biomass-based aggregates. Then, 60 ml of filtrated juice was moved to a 100 ml Teflon-
lined stainless-steel autoclave and was heated at constant temperature of 120°C for 5 hours in
the oven and then allowed to cool down. The obtained dark brown solution was centrifuged at
9000 rpm for 15 minutes and filtered with a 0.22 um membrane to remove insoluble particles.
Finally, the products were dried by a freeze dryer and were achieved to the desired concentra-
tion (1mg ml™"). The final solution was stored at 4 °C for further use.

Characterization techniques for CDs

Chemical compounds, size, topology, and structure are the most important factors that deter-
mine the characteristics of CDs.

To evaluate the synthesized solution’s fluorescent intensity, first, the solution was observed
in a UV cabin. Afterward, UV-Vis absorption spectra were recorded with PerkinElmer
Lambda 2 UV-visible spectrophotometer. CDs prepared by typical synthesis methods usually
exhibit strong ultraviolet (UV) absorption. However, the wavelength of UV absorption peaks
depends on different synthetic approach [42]. The fluorescence emission spectrum was

uv Visible
light

5h-120°C

I

Hydrothermal treatment

)

Cauliflower juice

Fig 2. Schematic illustration of CDs preparation from hydrothermal treatment of cauliflower. The cauliflower
plant was transferred to Teflon-lined autoclave after the juice was extracted. Then, the extracted juice was heated at
120°C for 5 h. The prepared CDs emitted bright blue illumination under UV light irradiation. After the heating
process, the solution turned into brown color which is an evidence of carbonization.

https://doi.org/10.1371/journal.pone.0230646.9002
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assessed with PerkinElmer LS 45 fluorescence spectrophotometer. CDs’ solution was diluted 2
folds to clarify optical property of nanoparticles. As size is the main factor to consider a particle
in nano scale, particle size was measured with dynamic light scattering (DLS, Nanophox, Sym-
patec GmbH, Germany) and also surface electric charge was justified with zeta potential ana-
lyzer (ZEN 3600, Malvern Instruments CO., USA). DLS is a common technique to determine
the size distribution of small particles by measuring the changes in the intensity of light that
scattered from a suspension. Zeta potential can be determined through the particle’s move-
ment due to the interaction between the charged particle and applied field[43,44]. Further-
more, atomic force microscopy (AFM) was used to determine morphology properties
(Nanosurf, Switzerland). The sample was prepared by pipetting a few microliters of the CDs’
solution on the Mica wafer after sonication. Small piezoelectric ceramics probe is scanned
across the specimen in the X, Y, and Z directions to achieve information about the sample’s
surface[43]. Studies on chemical composition and the surface state of synthesized CDs were
also observed with Thermo Nicolet Fourier transform infrared spectroscopy (FTIR) at wave-
numbers ranging from 500 cm™* to 4000 cm ™. CDs are generally composed of carbon, oxygen
and hydrogen. As CDs are obtained by partial oxidation of carbon precursor, the surface of
CDs is rich in hydroxyl, epoxy/ether, carboxyl or carboxylic acid groups. FTIR is a practical
instrument for analysis of these groups [42].

Quantum yield calculation

Quantum yield (QY) is a quantity that demonstrates the quality of the synthesized structure. It
could draw a comprehendible connection between emitted photons from a fluorescence mate-
rial and their absorbed photons. Also, the refractive index for synthesized CDs and standard
material was about 1.33.

Quantum yield is computed with equation below:

A, xI xn?

Y =QY, x ———F——
Q * Q N AxXIstxr]?t

(1)

Formula (1), “QY” indicates quantum yield, “A” stands for absorption or optical density
quantity, “I” states emission value in stimulator wavelength and “n;” indicates wavelength
refractive index value. Moreover, “st” and “x” index show the relative value of standard mate-
rial and carbon dots, respectively[45,46]. According to previous studies, high quantum yield
could also be an attributing factor in better selectivity and lower detection limit of carbon
dots- based sensors [47].

Detection of pesticides

The synthesized CDs are used as instrument for the detection of pesticides. Consequently, in
this study, diazinon, glyphosate, and amicarbazone were selected as a model to evaluate CDs
detection efficacy. CDs solution, owning to their highest fluorescent emission and ultrapure
water were considered as positive and negative control respectively. Therefore, CDs solutions
(1l and 1mg ml™") were added to different concentrations of mentioned pesticides (0.25, 0.5,
2, 8, 40, 200, 1000, and 5000 ng ml™"). To evaluate quenching efficacy, the fluorescence inten-
sity of CDs was evaluated in presence of amicarbazone, glyphosate, diazinon in mentioned
concentration. Three pesticides were also presented together in the same sample with the same
concentration of each pesticides individually. The quenching effect of the three pesticides have
also been assessed.

To investigate the specificity of the prepared sensor, dialen super and bromacil herbicides
which control weed growth [48,49] were examined at different concentrations of 0.25, 0.5, 2, 8,
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40, 200, 1000, and 5000 ng ml™'. Moreover, the fluorescence intensity of CDs in the presence of
dialen super and bromacil were observed with a UV light and fluorescence spectrophotometer.
Eventually the results were compared together.

Pesticides detection in real sample

To further confirmation of CDs detection efficiency, pesticide-free cherry tomatoes were
selected as an example of real sample to investigate the capability of this sensor in pesticides
detection in real sample [50]. Another contributing factor in selecting such sample is that all
tomatoes were picked from the same pesticide free shrub which can provide the equality of the
properties among real samples. Cherry tomatoes were then exposed to the prepared solutions
containing CDs (1pl, 1mg ml™) and different concentrations (0.25, 0.5, 2, 8, 40, 200, 1000, and
5000 ng ml™) of pesticides. Tomatoes that submerged in ultrapure water and CDs in a pesti-
cide-free solution were considered as negative and positive control in respect. The fluorescence
intensity of CDs in tomato was evaluated once per day for 5 days. A significant penetration of
CDs into cherry tomatoes were observed at day 5th. According to that, a 5-day period was
selected to clearly determine the penetration of CDs into cherry tomatoes. Then, cherry toma-
toes juice was extracted and the fluorescence intensity of the solutions was observed with UV
light and their fluorescence emission spectrums (excitation at 365 nm) were recorded, after 5
days. Also, this test was repeated three individual times.

Statistical analysis

All experiments were treated and analyzed in triplicate. Mean and standard deviations were
expressed and graphs were drawn with Origin Pro 2019 64-bit software. The significant of dif-
ference among these means were analyzed by ANOVA test (SPSS 16.0 software) and p < 0.05
was considered as statistically significant.

Result and discussion
Synthesis and characterization of CDs

In this research, CDs were synthesized by carbonization of pesticide free cauliflower plant
which contains sulfur compound that contribute in surface functional group of CDs with facile
and cost-effective hydrothermal technique [51]. The hydrothermal method has become an
approach to synthesize CDs from organic precursors. In this technique, organic materials
undergo high levels of pressure and heat, aiming to form carbon dots. Possible processes to
form CDs from organic resources could be procedures such as dehydration, fragmentation,
condensation, aromatization, and carbonization [52].

The prepared CDs were characterized by different techniques. The Morphology of CDs was
investigated by AFM. As it shows in Fig 3A, height distribution was reported about 4nm and
3-5 layers of graphite have been detected. The achieved data has also been observed in previ-
ous studies[53,54]. According to other researches, size enlargement due to aggregation is not
an unexpected fact. Herein, size increase of CDs has been observed in AFM measurements
which has also been observed in other reports [55]. DLS analysis revealed that the diameter of
CDs is 1.54 nm which gives an evidence to CDs monodispersed structure (Fig 3B). Addition-
ally, the prepared nanoparticles were smaller in size in comparison to other studies[56,57].
According to Fig 3C, zeta potential evaluation presented negatively charged surface (-6.29
mV) of CDs. That implicates the presence of hydroxyl and carboxylate groups on the surface
of the CDs as reported before [52,58-60]. In CDs FT-IR spectra (Fig 3D), 3269.27 cm™* absorp-
tion band refers to O- H and N-H vibrations. Additionally, bands at 1588.69, 1407.5, and
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Fig 3. CDs characterizations analysis. (A) AFM analysis represents the morphology of nanoparticles and size of 4
nm. B) DLS analysis indicates CDs size of 1.54 nm (C) Zeta potential analysis of synthesized CDs which is used for
particles’ zeta measurement approves -6.29 mv charge of prepared CDs (D) FT-IR analysis of CDs confirms the
formation of different functional group including C = O, C-H, C-H; O- H and N-H based on various absorption
bands (E) UV-visible spectroscopy absorption of the aqueous dispersion carbon dots represents absorbance band at
wavelength of 280 nm (F) excitation- dependent fluorescence spectra of CDs at different excitation wavelengths with
the interval of 25 nm.

https://doi.org/10.1371/journal.pone.0230646.g003

1014.25 cm ™ are analogous to C-H, C-Hs, and C-O bonds vibrations respectively. Eventually,
C = O that accounts for CDs characteristics was detected at 1658.73 cm™' which was compati-
ble with other reports [61,62]. Consequently, the solubility of synthesized CDs was pledged by
hydroxyl, epoxy, carbonyl, carboxylic acid, and amino-propyl groups. Also, the consistency of
the results can be observed in other studies [58,63]. The UV- visible absorption and fluorescent
emission spectra were performed to analyze the optical properties of obtained CDs. Referring
to n—-1* and n—1* of the C = O bonds of carboxyl group and conjugated C = C bonds conver-
sion, an extensive absorbance band was observed at 280 nm as it was observed by UV-visible
spectrum (Fig 3E). Moreover, other studies reported the exact results [64,65]. Fig 3F presents
CDs emitted fluorescence spectra in the range of 300 to 600 nm and the excitation wavelengths
with the interval of 25 nm. The optimum fluorescence intensity was observed at the excitation
wavelength of 325nm. CDs also have presented a great emission peak at an excitation wave-
length of 350 nm. Hereafter, due to the increase in excitation wavelength, fluorescent emission
peak shifted to longer wavelength, along with gradual decrease of fluorescent intensity. As
CDs are excitation dependent, their fluorescent activity could be supervised by both size and
surface defects such as oxidation [59]. Also, the discussed findings have been composed of pre-
vious studies [52,58,59].
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CDs quantum yield assessment has reported about 43%. Self-surface passivation of CDs
with distinctive elements leads to such great QY. This property could potentially promote
CDs’ optical attribution. Elements that modify CDs play an important role in CDs’ functionali-
zation [66]. It has been claimed in various reports that CDs synthesized from natural and
green precursors have a parallel (1% to 50%) range of QYs [53]. Hence, our synthesized carbon
dots could be counted in this high QY boundary.

Fluorescence quenching by different pesticides

In this study, CDs were applied as a nano-sensor with the purpose of detecting compounds
used in agriculture. Despite the fact that there have been enormous researches implemented
on CDs applications as industrial sensors, studies on using CDs as nano-sensors for agricul-
tural pesticides are still insignificant.

In the past researches, gold (Au), and copper (Cu) NPs were used as nano-quencher to
detect organophosphates. In comparison to previous nanomaterials, CDs are more available
and more cost-effective. In addition to that, CDs show more accurate results in different real
samples [9,67]. Herein, the fluorescence intensity of CDs was detected in the presence of dif-
ferent concentrations of pesticides. The interaction between CDs and pesticides result in fluo-
rescence quenching which is dependent to pesticides concentration including 0.25, 0.5, 2, 8,
40, 200, 1000, 5000 ng ml1 ™. Therefore, pesticides concentration can be recognized by quench-
ing intensity. A significant decrease in fluorescence intensity of CDs could be observed with
naked eyes under a UV lamp. As shown in Fig 4, the addition of diazinon, glyphosate, and
amicarbazone into CDs solution has caused fluorescent intensity to quench with a concentra-
tion-dependent manner. According to Fig 4A, the fluorescent intensity of CDs-diazinon has
significantly decreased with an increase in diazinon concentration from 0.25 to 5000 ng ml™".
Meanwhile, the solution changes from bright blue to colorless under a UV lamp by having an
increase in diazinon concentration which can be seen with the naked eye. Glyphosate quench-
ing efficiency was not as much as diazinon. Fig 4B shows that 0.25 and 0.5 ng ml"* of this com-
pound have not any significant impact on the fluorescent quenching, while with an increase in
concentration from 2 to 5000 ng ml ™', emission peaks decreased significantly. The results were
also observed under UV- light. Fig 4C shows a significant decrease in fluorescent intensity at
emission peaks with an increasing concentration range of amicarbazone (0.5-5000 ng ml™).
When excitation was performed at 365 nm, the fluorescence changes could be observed by the
naked eye as well. Compared with CDs fluorescent intensity, 0.25 ng ml" of amicarbazone has
not made any significant difference in fluorescent emission. As it was expected, high concen-
tration leads to more fluorescent quenching.

The three mentioned pesticides were examined at the same sample (Fig 4D). At the lowest
concentration (0.25 ng ml™") the fluorescence intensity is perceptible. By increasing the con-
centration, CDs would be fully quenched that presents the resemblance when the test was car-
ried out with diazinon. However, three pesticides at same sample could be detected with lower
concentration comparing to amicarbazone and glyphosate with 0.5 and 2 ng ml"! of quenching
start-point in respect. Moreover, tested pesticides showed no reduction effect on each other’s
fluorescent intensity when all of three pesticides were presented at the same sample.

Furthermore, the specificity was examined by monitoring the change of fluorescence emis-
sion intensity of CDs in the presence of dialen super and bromacil pesticides. It has been
recorded that dialen super pesticide did not significantly affect the CDs fluorescence intensity
(Fig 5a). By increasing the concentration, the quenching intensity showed trivial change which
is negligible compared to amicarbazone, glyphosate, and diazinon quenching potential. In
addition to that, increase in dialen super presented a minor fluorescence quenching which
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Fig 4. Fluorescent emission spectra of CDs in the presence of different concentrations of pesticides. Different
concentrations of pesticides including 0.25, 0.5, 2, 8, 40, 200, 1000, and 5000 ng ml™" in (A) diazinon, (B) glyphosate,
(C) amicarbazone, and (D) all three pesticides at the same sample. Also, CDs have been selected as positive control
owing to highest fluorescent emission intensity and ultrapure water was considered as negative control. Photographs
present quenching intensity at different concentrations under the UV-light. The fluorescent emission and
concentration of pesticides show sensitivity of these systems. Fluorescent emission was decreased due to increase in
concentration of pesticides. The curves of fluorescence quenching between fluorescent emission and log C were
analyzed.

https://doi.org/10.1371/journal.pone.0230646.9004

could be considered as insignificant when it is compared to other three pesticides. The graph
shows the insignificancy of the bromacil in CDs fluorescence quenching. By increasing the
concentration from 0.25 to 5000 ng ml, no significant change was observed (Fig 5b). As men-
tioned above, quenching effect of these substances was negligible which confirms specificity of
CDs to detect glyphosate, diazinon and amicarbazone. For detecting the potential of sensitivity
from peaks of each graph, the curve fitting plots were analyzed. Fluorescent emission of CDs
versus concentration of pesticides (C) were plotted with power nonlinear curves that highlight
the quenching level. Also, the range of each “adj R square” has been reported. Furthermore,
the interaction between fluorescent emission and log concentration of pesticides with linear
behavior has been displayed in Figs 4 and 5 (by y = a+b™ equitation).

Compared with other pesticide detection methods based on fluorescence characteristics of
quantum dot materials, the limit of detection of this report was lowest. Also, this method was
sensitive and had a wide detection range [64]. To the best of our knowledge, the detection lim-
its that have been observed in other reports were 20-280 ug L. Therefore, it could be con-
cluded that green synthesized CDs exhibit more promising biocompatibility in contrast to
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beolacil. Two pesticides showed no significant reduction on fluorescent intensity under UV light. The curves of
fluorescence quenching between fluorescent emission and log C were analyzed.
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CDs derived from other precursors [2,10,18,68,69]. Furthermore, analytical performance of
the proposed method has been compared with some typical sensing methods for mentioned
pesticides in Table 1.

Pesticide and CDs interaction in real sample

To evaluate the feasibility of this method, the fluorescent sensing behavior of CDs for diazinon,
glyphosate, and amicarbazone in real fruit samples was investigated. Herein, pesticide-free
cherry tomatoes were exposed to different concentrations of mentioned pesticides and the
extracted tomatoes juice were observed under 365nm UV light after 5 days. Fig 6 explains that
diazinon, glyphosate, and amicarbazone exhibit quenching behavior at the presence of carbon
dots in tomato juice. Also, the solution containing only CDs and cherry tomato juice was con-
sidered as positive control and the cherry tomato juice was selected as negative control. How-
ever, the quenching intensities at cherry tomato juice were lower than the solution that only
contains CDs and pesticides. This is due to the fact that with the penetration of CDs into toma-
toes, the concentration of free CDs in the solution would be diluted. Therefore, fluorescence
intensity would be slightly reduced. It could be observed in Fig 6A that by increasing of diazi-
non concentration in CDs-cherry tomatoes solution, fluorescence emission intensity has been
significantly decreased. This also could be confirmed by images that have been taken under

Table 1. Analytical features of some typical sensing methods employed for glyphosate, diazinon, and amicarbazone determination.

Pesticides Analytical Methods Detection limit References
Glyphosate High performance chromatography (HPLC) 50 ng ml™* [70]
Gas chromatography- mass spectrometry (GC-MS) 0.1 g ml™ [71]
capillary electrophoresis (CE) 85 ng ml! [72]
Ion- chromatography 0.042 ug ml! [73]
Diazinon High performance chromatography (HPLC) 0.5 ng ml! [74]
Liquid chromatography-UV (LC/UV) 2.96 ng ml™ [75]
Amicarbazone Liquid Chromatography/Mass Spectrometry (LC-MS/MS) 5ugkg” [76]

https://doi.org/10.1371/journal.pone.0230646.t001
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Fig 6. Fluorescence intensity spectra of CDs at various concentrations of pesticides. Different concentrations of
pesticides including 0.25, 0.5, 2, 8, 40, 200, 1000, and 5000 ng ml™" in real sample (cherry tomato juice) depicted by
using origin software (A) diazinon, (B) glyphosate, (C) amicarbazone, and (D) all three pesticides at the same sample.
cherry tomato juice was considered as negative control and pesticide free CDs-tomato juice solution was selected as
positive control. The interaction between fluorescent emission and log C was observed. The images show quenching
intensity increment by the increase in pesticides concentration which is observable under UV light. Fluorescent
emission versus concentration of pesticides (C) were plotted with power nonlinear curve to explain sensitivity.

https://doi.org/10.1371/journal.pone.0230646.g006

UV-light. Raising up the concentrations of diazinon from 0.25 ng ml™* to 5000 ng ml™* caused
the blue color to change into colorless under UV-light. On the other hand, glyphosate fluores-
cence quenching effect has been observed in more concentration ranges than diazinon. With
0.25 ng ml™" and 0.5 ng ml™* of glyphosate, no significant change in CDs fluorescence emission
was observed. However, the fluorescence quenching gradually started when the concentration
of glyphosate reached to 2 ng ml™" and by increasing the concentration, promotion in the fluo-
rescence quenching has been observed. Also, images taken under UV-light verify the color
change in high dosages of glyphosate (Fig 6B). It could be observed in Fig 6C that the fluores-
cence quenching starts at 0.5ng ml"' of amicarbazone and no significant quenching could be
found in 0.25 ng ml™'. Moreover, images approve the process of downgrading fluorescence
emission intensity with the increase of amicarbazone concentration. As expected, test carried
out with the presence of three pesticides in one sample shows similarity in result of diazinon
which presented fluorescence quenching at the lowest concentration. Comparing to amicarba-
zone and glyphosate with the 0.5 and 2 ng of quenching start point, the quenching initiation of
the three pesticides in one sample could be recorded in lower concentration (Fig 6D).
Non-linear curve fitting has been analyzed for these systems and their sensitivity has been
illustrated (Fig 6). Moreover, linear behavior of each system was plotted by fitting to they =a
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+b™ equitation. The above discussed reports have divulged that this detection method is accu-
rate and repeatable for the determination of these pesticides. Additionally, the results are har-
monious with previous reports [2,16,77].

Conclusion

As the pesticide residues have caused a global concern over mankind’s health and the environ-
ment, an accurate and expeditious detection method should be at the top priority. Carbon dots
derived from cauliflower precursor and hydrothermal synthesis technique were synthesized as
anano-sensor to detect pesticides. The most encouraging advantages of CDs-based fluorescent
sensors are that they are simple to form, non-toxic, time-saving, and inexpensive for industrial
uses. The synthesized carbon dots have the potential to quench fluorescence emission intensity
considerably in the presence of pesticides. The limit of detection is estimated to be 0.25, 0.5,
and 2 ng ml™" for diazinon, amicarbazone, and glyphosate respectively, which is considered the
lowest limit of detection among typical detection method such as different kinds of chroma-
tography, capillary electrophoresis, and carbon dots detection in previous studies. The selectiv-
ity of the prepared sensor could be confirmed by the absence of CDs fluorescence quenching,
when they interfere with dialen super and bromacil. The synthesized CDs have the ability to
detect glyphosate, amicarbazone and diazinon. Moreover, the presence of three pesticides in a
one sample has also exhibits increase in quenching. However, it is possible that CDs may not
be able to distinguish the pesticides in a sample containing the three pesticides. In addition to
that, this method could be applied for the detection of these compounds in fruits and other
agricultural products. Moreover, it is expected that by the worldwide use of such nano-sensor,
many infected consumable products could be detected and human health would gain
promotion.

Acknowledgments

The authors gratefully acknowledge the anonymous referees for their useful and constructive
comments.

Author Contributions

Conceptualization: Neda Esfandiari.
Formal analysis: Zahra Fatahi, Seyedeh Fatemeh Ghasemi, Neda Esfandiari.

Investigation: Fatemeh Ashrafi Tafreshi, Zahra Fatahi, Seyedeh Fatemeh Ghasemi, Neda
Esfandiari.

Methodology: Neda Esfandiari.

Project administration: Neda Esfandiari.

Resources: Fatemeh Ashrafi Tafreshi, Seyedeh Fatemeh Ghasemi, Neda Esfandiari.
Supervision: Neda Esfandiari.

Validation: Zahra Fatahi, Neda Esfandiari.

Visualization: Fatemeh Ashrafi Tafreshi, Zahra Fatahi, Seyedeh Fatemeh Ghasemi, Amirali
Taherian.

Writing - original draft: Amirali Taherian, Neda Esfandiari.
Writing - review & editing: Zahra Fatahi, Neda Esfandiari.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 12/17


https://doi.org/10.1371/journal.pone.0230646

PLOS ONE

Ultrasensitive fluorescent detection of pesticides in real sample by using green carbon dots

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Manuweera G. The International Code of Conduct on Distribution and Use of Pesticides. In: Chemicals,
Environment, Health [Internet]. CRC Press; 2011 [cited 2020 Jan 17]. p. 187—201. http://www.fao.org/
3/y4544e/y4544e00.htm#Contents

Nsibande SA, Forbes PBC. Fluorescence detection of pesticides using quantum dot materials—A
review. Anal Chim Acta [Internet]. 2016 Nov; 945:9-22. Available from: http://dx.doi.org/10.1016/j.aca.
2016.10.002 PMID: 27968720

Azab HA, Orabi AS, Abbas AM. New probe for fluorescence detection of Azinphous ethyl, Malathion
and Heptachlor pesticides. J Lumin [Internet]. 2015 Apr; 160:181-7. Available from: http://dx.doi.org/
10.1016/j.jlumin.2014.12.007

Nemeth-Konda L, Flleky G, Morovjan G, Csokan P. Sorption behaviour of acetochlor, atrazine, carben-
dazim, diazinon, imidacloprid and isoproturon on Hungarian agricultural soil. Chemosphere [Internet].
2002 Aug; 48(5):545-52. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0045653502001066 PMID: 12146633

Matouq MA, Al-Anber ZA, Tagawa T, Aljbour S, Al-Shannag M. Degradation of dissolved diazinon pesti-
cide in water using the high frequency of ultrasound wave. Ultrason Sonochem [Internet]. 2008 Jul; 15
(5):869—74. Available from: https://linkinghub.elsevier.com/retrieve/pii/S1350417707001873 PMID:
18178508

Girén-Pérez MI, Santerre A, Gonzalez-Jaime F, Casas-Solis J, Hernandez-Coronado M, Peregrina-
Sandoval J, et al. Immunotoxicity and hepatic function evaluation in Nile tilapia (Oreochromis niloticus)
exposed to diazinon. Fish Shellfish Immunol [Internet]. 2007 Oct; 23(4):760-9. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S1050464807000344 PMID: 17478099

LinB, YanY, GuoM, Cao Y, YuY, Zhang T, et al. Modification-free carbon dots as turn-on fluorescence
probe for detection of organophosphorus pesticides. Food Chem [Internet]. 2018 Apr; 245:1176-82.
Available from: https://doi.org/10.1016/j.foodchem.2017.11.038 PMID: 29287338

ChangJ, LiH, Hou T, Li F. Paper-based fluorescent sensor for rapid naked-eye detection of acetylcho-
linesterase activity and organophosphorus pesticides with high sensitivity and selectivity. Biosens Bioe-
lectron [Internet]. 2016 Dec; 86:971-7. Available from: http://dx.doi.org/10.1016/j.bios.2016.07.022
PMID: 27498323

Li N, Wang X, Chen J, Sun L, Chen P. Graphene quantum dots for ultrasensitive detection of acetylcho-
linesterase and its inhibitors. 2D Mater [Internet]. 2015 Sep 24; 2(3):034018. Available from: http://dx.
doi.org/10.1088/2053-1583/2/3/034018

Yan X, Song Y, Wu X, Zhu C, Su X, Du D, et al. Oxidase-mimicking activity of ultrathin MnO 2
nanosheets in colorimetric assay of acetylcholinesterase activity. Nanoscale [Internet]. 2017; 9
(6):2317-23. Available from: http:/xlink.rsc.org/?DOI=C6NR08473G PMID: 28134376

Dayan FE, Trindade MLB, Velini ED. Amicarbazone, a New Photosystem Il Inhibitor. Weed Sci [Inter-
net]. 2009 Dec 20; 57(6):579-83. Available from: https://www.cambridge.org/core/product/identifier/
S0043174500019123/type/journal_article

Gupta PK. Toxicity of Herbicides. In: Veterinary Toxicology: Basic and Clinical Principles: Third Edition
[Internet]. Third Edit. Elsevier; 2018. p. 553-67. http://dx.doi.org/10.1016/B978-0-12-811410-0.00044-1

Bai SH, Ogbourne SM. Glyphosate: environmental contamination, toxicity and potential risks to human
health via food contamination. Environ Sci Pollut Res [Internet]. 2016 Oct 19; 23(19):18988-9001.
Available from: http://dx.doi.org/10.1007/s11356-016-7425-3

Myers JP, Antoniou MN, Blumberg B, Carroll L, Colborn T, Everett LG, et al. Concerns over use of
glyphosate-based herbicides and risks associated with exposures: a consensus statement. Environ
Heal [Internet]. 2016 Dec 17; 15(1):19. Available from: http://dx.doi.org/10.1186/s12940-016-0117-0

Yuan, Jiang J, Liu S, Yang J, Zhang H, Yan J, et al. Fluorescent carbon dots for glyphosate determi-
nation based on fluorescence resonance energy transfer and logic gate operation. Sensors Actuators B
Chem [Internet]. 2017 Apr; 242:545-53. Available from: http://dx.doi.org/10.1016/j.snb.2016.11.050

Wu X, Song Y, Yan X, Zhu C, Ma Y, Du D, et al. Carbon quantum dots as fluorescence resonance
energy transfer sensors for organophosphate pesticides determination. Biosens Bioelectron [Internet].
2017 Aug; 94(December 2016):292—7. Available from: http://dx.doi.org/10.1016/j.bios.2017.03.010

Romero V, VilaV, de la Calle |, Lavilla I, Bendicho C. Turn—on fluorescent sensor for the detection of
periodate anion following photochemical synthesis of nitrogen and sulphur co—doped carbon dots from
vegetables. Sensors Actuators B Chem [Internet]. 2019 Feb; 280:290-7. Available from: https://doi.org/
10.1016/j.snb.2018.10.064

Chang MMF, Ginjom IR, Ng SM. Single-shot ‘turn-off’ optical probe for rapid detection of paraoxon-
ethyl pesticide on vegetable utilising fluorescence carbon dots. Sensors Actuators B Chem [Internet].
2017 Apr 15; 242(22):1050-6. Available from: https://pubs.acs.org/doi/10.1021/ac102531z

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 13/17


http://www.fao.org/3/y4544e/y4544e00.htm#Contents
http://www.fao.org/3/y4544e/y4544e00.htm#Contents
http://dx.doi.org/10.1016/j.aca.2016.10.002
http://dx.doi.org/10.1016/j.aca.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27968720
http://dx.doi.org/10.1016/j.jlumin.2014.12.007
http://dx.doi.org/10.1016/j.jlumin.2014.12.007
https://linkinghub.elsevier.com/retrieve/pii/S0045653502001066
https://linkinghub.elsevier.com/retrieve/pii/S0045653502001066
http://www.ncbi.nlm.nih.gov/pubmed/12146633
https://linkinghub.elsevier.com/retrieve/pii/S1350417707001873
http://www.ncbi.nlm.nih.gov/pubmed/18178508
https://linkinghub.elsevier.com/retrieve/pii/S1050464807000344
https://linkinghub.elsevier.com/retrieve/pii/S1050464807000344
http://www.ncbi.nlm.nih.gov/pubmed/17478099
https://doi.org/10.1016/j.foodchem.2017.11.038
http://www.ncbi.nlm.nih.gov/pubmed/29287338
http://dx.doi.org/10.1016/j.bios.2016.07.022
http://www.ncbi.nlm.nih.gov/pubmed/27498323
http://dx.doi.org/10.1088/2053-1583/2/3/034018
http://dx.doi.org/10.1088/2053-1583/2/3/034018
http://xlink.rsc.org/?DOI=C6NR08473G
http://www.ncbi.nlm.nih.gov/pubmed/28134376
https://www.cambridge.org/core/product/identifier/S0043174500019123/type/journal_article
https://www.cambridge.org/core/product/identifier/S0043174500019123/type/journal_article
http://dx.doi.org/10.1016/B978-0-12-811410-0.00044-1
http://dx.doi.org/10.1007/s11356-016-7425-3
http://dx.doi.org/10.1186/s12940-016-0117-0
http://dx.doi.org/10.1016/j.snb.2016.11.050
http://dx.doi.org/10.1016/j.bios.2017.03.010
https://doi.org/10.1016/j.snb.2018.10.064
https://doi.org/10.1016/j.snb.2018.10.064
https://pubs.acs.org/doi/10.1021/ac102531z
https://doi.org/10.1371/journal.pone.0230646

PLOS ONE

Ultrasensitive fluorescent detection of pesticides in real sample by using green carbon dots

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Duan H, Wang D, Li Y. Green chemistry for nanoparticle synthesis. Chem Soc Rev [Internet]. 2015; 44
(16):5778-92. Available from: http://dx.doi.org/10.1039/C4CS00363B PMID: 25615873

Ko NR, Nafiujjaman M, Lee JS, Lim H-N, Lee Y -k., Kwon IK. Graphene quantum dot-based theranostic
agents for active targeting of breast cancer. RSC Adv [Internet]. 2017; 7(19):11420-7. Available from:
http://xlink.rsc.org/?DOI=C6RA25949A

Fatahi Z, Esfandiari N, Ehtesabi H, Bagheri Z, Tavana H, Ranjbar Z, et al. Physicochemical and cytotoxicity
analysis of green synthesis carbon dots for cell imaging. EXCLI J [Internet]. 2019 Jun 27 [cited 2019 Aug
9]; 18:454—66. Available from: https://www.excli.de/index.php/excli/article/view/1029 PMID: 31423124

SuY, Xie M, Lu X, Wei H, Geng H, Yang Z, et al. Facile synthesis and photoelectric properties of carbon
dots with upconversion fluorescence using arc-synthesized carbon by-products. RSC Adv. 2014; 4
(10):4839-42.

Li X, Wang H, Shimizu Y, Pyatenko A, Kawaguchi K, Koshizaki N. Preparation of carbon quantum dots
with tunable photoluminescence by rapid laser passivation in ordinary organic solvents. Chem Com-
mun. 2011; 47(3):9324.

Li X, Zhao Z, Pan C. Electrochemical exfoliation of carbon dots with the narrowest full width at half maxi-
mum in their fluorescence spectra in the ultraviolet region using only water as electrolyte. Chem Com-
mun. 2016; 52(60):9406-9.

Zhai X, Zhang P, Liu C, Bai T, Li W, Dai L, et al. Supporting Information—Highly luminescent carbon
nanodots by microwave-assisted pyrolysis. Chem Commun. 2012; 48(64):7955—7.

Costas-Mora |, Romero V, Lavilla |, Bendicho C. In situ building of a nanoprobe based on fluorescent
carbon dots for methylmercury detection. Anal Chem. 2014; 86(9):4536—43. https://doi.org/10.1021/
ac500517h PMID: 24678836

Bourlinos AB, Stassinopoulos A, Anglos D, Zboril R, Karakassides M, Giannelis EP. Surface Functiona-
lized Carbogenic Quantum Dots. Small. 2008; 4(4):455-8. https://doi.org/10.1002/smll.200700578
PMID: 18350555

Yang ZC, Wang M, Yong AM, Wong SY, Zhang XH, Tan H, et al. Intrinsically fluorescent carbon dots
with tunable emission derived from hydrothermal treatment of glucose in the presence of monopotas-
sium phosphate. Chem Commun. 2011; 47(42):11615-7.

Prasannan A, Imae T. One-Pot Synthesis of Fluorescent Carbon Dots from Orange Waste Peels. Ind
Eng Chem Res [Internet]. 2013 Nov 6; 52(44):15673-8. Available from: https://pubs.acs.org/doi/10.
1021/ie402421s

QuK, Wang J, Ren J, Qu X. Carbon Dots Prepared by Hydrothermal Treatment of Dopamine as an
Effective Fluorescent Sensing Platform for the Label-Free Detection of Iron(l1l) lons and Dopamine.
Chem—A Eur J [Internet]. 2013 May 27; 19(22):7243-9. Available from: http://doi.wiley.com/10.1002/
chem.201300042 PMID: 23576265

Goncalves HMR, Duarte AJ, Esteves da Silva JCG. Optical fiber sensor for Hg(Il) based on carbon
dots. Biosens Bioelectron [Internet]. 2010 Dec; 26(4):1302—-6. Available from: https:/linkinghub.
elsevier.com/retrieve/pii/S0956566310003933 PMID: 20675118

Zhu A, Qu Q, Shao X, Kong B, Tian Y. Carbon-dot-based dual-emission nanohybrid produces a ratio-
metric fluorescent sensor for in vivo imaging of cellular copper ions. Angew Chemie—Int Ed. 2012; 51
(29):7185-9.

Xiong M, Zhu H, Rong Q, Yang C, Qiu L, Zhang X-B, et al. A membrane-anchored fluorescent probe for
detecting K + in the cell microenvironment. Chem Commun [Internet]. 2016; 52(25):4679-82. Available
from: http://xlink.rsc.org/?DOI=C6CC00192K

Gao X, LuY, Zhang R, He S, Ju J, Liu M, et al. One-pot synthesis of carbon nanodots for fluorescence
turn-on detection of Ag + based on the Ag + -induced enhancement of fluorescence. J Mater Chem C
[Internet]. 2015; 3(10):2302—9. Available from: http://dx.doi.org/10.1039/C4TC02582B

Liu W, Diao H, Chang H, Wang H, Li T, Wei W. Green synthesis of carbon dots from rose-heart radish
and application for Fe 3+ detection and cell imaging. Sensors Actuators, B Chem [Internet]. 2017 Mar;
241:190-8. Available from: http://dx.doi.org/10.1016/j.snb.2016.10.068

Ahmed FA, Ali RFM. Bioactive Compounds and Antioxidant Activity of Fresh and Processed White Cau-
liflower. Biomed Res Int [Internet]. 2013; 2013:1-9. Available from: file:///C:/Users/cbona/Downloads/
367819.pdf

Shi X, Wei W, Fu Z, Gao W, Zhang C, Zhao Q, et al. Review on carbon dots in food safety applications.
Talanta [Internet]. 2019 Mar; 194:809-21. Available from: https://doi.org/10.1016/j.talanta.2018.11.005
PMID: 30609610

Hou J, Dong J, Zhu H, Teng X, Ai S, Mang M. A simple and sensitive fluorescent sensor for methyl para-
thion based on | -tyrosine methyl ester functionalized carbon dots. Biosens Bioelectron [Internet]. 2015
Jun; 68:20-6. Available from: http://dx.doi.org/10.1016/j.bios.2014.12.037 PMID: 25558870

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 14/17


http://dx.doi.org/10.1039/C4CS00363B
http://www.ncbi.nlm.nih.gov/pubmed/25615873
http://xlink.rsc.org/?DOI=C6RA25949A
https://www.excli.de/index.php/excli/article/view/1029
http://www.ncbi.nlm.nih.gov/pubmed/31423124
https://doi.org/10.1021/ac500517h
https://doi.org/10.1021/ac500517h
http://www.ncbi.nlm.nih.gov/pubmed/24678836
https://doi.org/10.1002/smll.200700578
http://www.ncbi.nlm.nih.gov/pubmed/18350555
https://pubs.acs.org/doi/10.1021/ie402421s
https://pubs.acs.org/doi/10.1021/ie402421s
http://doi.wiley.com/10.1002/chem.201300042
http://doi.wiley.com/10.1002/chem.201300042
http://www.ncbi.nlm.nih.gov/pubmed/23576265
https://linkinghub.elsevier.com/retrieve/pii/S0956566310003933
https://linkinghub.elsevier.com/retrieve/pii/S0956566310003933
http://www.ncbi.nlm.nih.gov/pubmed/20675118
http://xlink.rsc.org/?DOI=C6CC00192K
http://dx.doi.org/10.1039/C4TC02582B
http://dx.doi.org/10.1016/j.snb.2016.10.068
https://doi.org/10.1016/j.talanta.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30609610
http://dx.doi.org/10.1016/j.bios.2014.12.037
http://www.ncbi.nlm.nih.gov/pubmed/25558870
https://doi.org/10.1371/journal.pone.0230646

PLOS ONE

Ultrasensitive fluorescent detection of pesticides in real sample by using green carbon dots

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sahub C, Tuntulani T, Nhujak T, Tomapatanaget B. Effective biosensor based on graphene quantum
dots via enzymatic reaction for directly photoluminescence detection of organophosphate pesticide.
Sensors Actuators B Chem [Internet]. 2018 Apr; 258:88-97. Available from: http://dx.doi.org/10.1016/j.
snb.2017.11.072

Wang L, BiY, Hou J, LiH, Xu Y, Wang B, et al. Facile, green and clean one-step synthesis of carbon
dots from wool: Application as a sensor for glyphosate detection based on the inner filter effect. Talanta
[Internet]. 2016 Nov; 160:268—75. Available from: http://dx.doi.org/10.1016/j.talanta.2016.07.020
PMID: 27591613

Tao H, Liao X, Sun C, Xie X, Zhong F, Yi Z, et al. A carbon dots-CdTe quantum dots fluorescence reso-
nance energy transfer system for the analysis of ultra-trace chlortoluron in water. Spectrochim Acta
Part A Mol Biomol Spectrosc [Internet]. 2015 Feb; 136(PC):1328-34. Available from: http://dx.doi.org/
10.1016/j.saa.2014.10.020

Zuo P, Lu X, Sun Z, Guo Y, He H. A review on syntheses, properties, characterization and bioanalytical
applications of fluorescent carbon dots. Microchim Acta [Internet]. 2016 Feb 14; 183(2):519-42. Avail-
able from: http://link.springer.com/10.1007/s00604-015-1705-3

Hoo CM, Starostin N, West P, Mecartney ML. A comparison of atomic force microscopy (AFM) and
dynamic light scattering (DLS) methods to characterize nanoparticle size distributions. J Nanoparticle Res
[Internet]. 2008 Dec 20; 10(S1):89-96. Available from: http:/link.springer.com/10.1007/s11051-008-9435-7

Buksek H, Luxbacher T, Petrini¢ |. Zeta potential determination of polymeric materials using two differ-
ently designed measuring cells of an electrokinetic analyzer. Acta Chim Slov. 2010 Sep; 57(3):700—6.
PMID: 24061819

Ding H, Wei J-SS, Zhong N, Gao Q-YY, Xiong H-MM. Highly Efficient Red-Emitting Carbon Dots with
Gram-Scale Yield for Bioimaging. Langmuir [Internet]. 2017 Nov 7; 33(44):12635—42. Available from:
http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.7b02385 PMID: 29039949

Hu S-L, Niu K-Y, Sun J, Yang J, Zhao N-Q, Du X-W. One-step synthesis of fluorescent carbon nanopar-
ticles by laser irradiation. J Mater Chem [Internet]. 2009; 19(4):484-8. Available from: http://xlink.rsc.
org/?DOI=B812943F

YuJ, Xu C, Tian Z, Lin Y, Shi Z. Facilely synthesized N-doped carbon quantum dots with high fluores-
cent yield for sensing Fe 3+. New J Chem [Internet]. 2016; 40(3):2083-8. Available from: http:/xlink.
rsc.org/?DOI=C5NJ03252K

Zhu 'Y, Li QX. Movement of bromacil and hexazinone in soils of Hawaiian pineapple fields. Chemo-
sphere [Internet]. 2002 Nov; 49(6):669-74. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0045653502003922 PMID: 12430654

Bokina IG. Predatory Lady Beetles (Coleoptera, Coccinellidae) in Cereal Agrocenoses in the Northern
Forest-Steppe of West Siberia and the Influence of Agrotechnical Methods on Them. Entomol Rev
[Internet]. 2018 Sep 16; 98(6):663—73. Available from: http:/link.springer.com/10.1134/
S0013873818060027

Yang L, Zhang X, Jiang L. Determination of Organophosphorus Pesticides in Fortified Tomatoes by
Fluorescence Quenching of Cadmium Selenium—Zinc Sulfide Quantum Dots. Anal Lett [Internet].
2019 Mar 24; 52(5):729—44. Available from: https://doi.org/10.1080/00032719.2018.1490311

McGorrin RJ. The Significance of Volatile Sulfur Compounds in Food Flavors. In: ACS Symposium
Series [Internet]. 2011. p. 3-31. https://pubs.acs.org/doi/abs/10.1021/bk-2011-1068.ch001

Tyagi A, Tripathi KM, Singh N, Choudhary S, Gupta RK. Green synthesis of carbon quantum dots from
lemon peel waste: applications in sensing and photocatalysis. RSC Adv [Internet]. 2016; 6(76):72423—
32. Available from: http://xlink.rsc.org/?DOI=C6RA10488F

Sharma V, Tiwari P, Mobin SM. Sustainable carbon-dots: Recent advances in green carbon dots for
sensing and bioimaging. J Mater Chem B [Internet]. 2017; 5(45):8904—24. Available from: http://xlink.
rsc.org/?DOI=C7TB02484C

Gao Z, Wang L, SuR, Huang R, Qi W, He Z. A carbon dot-based “off-on” fluorescent probe for highly
selective and sensitive detection of phytic acid. Biosens Bioelectron [Internet]. 2015 Aug; 70:232-8.
Available from: https://linkinghub.elsevier.com/retrieve/pii/S0956566315001955 PMID: 25829220

Li M, Yao W, Liu J, Tian Q, Liu L, Ding J, et al. Facile synthesis and screen printing of dual-mode lumi-
nescent NaYF 4:Er,Yb (Tm)/carbon dots for anti-counterfeiting applications. J Mater Chem C [Internet].
2017; 5(26):6512—-20. Available from: http:/xlink.rsc.org/?DOI=C7TC01585B

Pan D, Zhang J, Li Z, Wu M. Hydrothermal route for cutting graphene sheets into blue-luminescent gra-
phene quantum dots. Adv Mater. 2010; 22(6):734-8. https://doi.org/10.1002/adma.200902825 PMID:
20217780

Din¢ S, Din S. A simple and green extraction of carbon dots from sugar beet molasses: Biosensor appli-
cations A simple and green extraction of carbon dots from sugar beet molasses: Biosensor applications.
Sugar Ind. 2016; 9(August):560—4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 15/17


http://dx.doi.org/10.1016/j.snb.2017.11.072
http://dx.doi.org/10.1016/j.snb.2017.11.072
http://dx.doi.org/10.1016/j.talanta.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/27591613
http://dx.doi.org/10.1016/j.saa.2014.10.020
http://dx.doi.org/10.1016/j.saa.2014.10.020
http://link.springer.com/10.1007/s00604-015-1705-3
http://link.springer.com/10.1007/s11051-008-9435-7
http://www.ncbi.nlm.nih.gov/pubmed/24061819
http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.7b02385
http://www.ncbi.nlm.nih.gov/pubmed/29039949
http://xlink.rsc.org/?DOI=B812943F
http://xlink.rsc.org/?DOI=B812943F
http://xlink.rsc.org/?DOI=C5NJ03252K
http://xlink.rsc.org/?DOI=C5NJ03252K
https://linkinghub.elsevier.com/retrieve/pii/S0045653502003922
https://linkinghub.elsevier.com/retrieve/pii/S0045653502003922
http://www.ncbi.nlm.nih.gov/pubmed/12430654
http://link.springer.com/10.1134/S0013873818060027
http://link.springer.com/10.1134/S0013873818060027
https://doi.org/10.1080/00032719.2018.1490311
https://pubs.acs.org/doi/abs/10.1021/bk-2011-1068.ch001
http://xlink.rsc.org/?DOI=C6RA10488F
http://xlink.rsc.org/?DOI=C7TB02484C
http://xlink.rsc.org/?DOI=C7TB02484C
https://linkinghub.elsevier.com/retrieve/pii/S0956566315001955
http://www.ncbi.nlm.nih.gov/pubmed/25829220
http://xlink.rsc.org/?DOI=C7TC01585B
https://doi.org/10.1002/adma.200902825
http://www.ncbi.nlm.nih.gov/pubmed/20217780
https://doi.org/10.1371/journal.pone.0230646

PLOS ONE

Ultrasensitive fluorescent detection of pesticides in real sample by using green carbon dots

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Sahu S, Behera B, Maiti TK, Mohapatra S. Simple one-step synthesis of highly luminescent carbon dots
from orange juice: application as excellent bio-imaging agents. Chem Commun [Internet]. 2012; 48
(70):8835. Available from: http://xlink.rsc.org/?DOl=c2cc33796g

Ding H, Yu SB, Wei JS, Xiong HM. Full-color light-emitting carbon dots with a surface-state-controlled
luminescence mechanism. ACS Nano. 2016; 10(1):484-91. https://doi.org/10.1021/acsnano.5b05406
PMID: 26646584

Weil, Ma, Shi X, Wang Y, Su X, Yu C, et al. Living cell intracellular temperature imaging with biocom-
patible dye-conjugated carbon dots. J Mater Chem B [Internet]. 2017; 5(18):3383-90. Available from:
http://xlink.rsc.org/?DOI=C7TB00309A

Ensafi AA, Nasr-Esfahani P, Rezaei B. Synthesis of molecularly imprinted polymer on carbon quantum
dots as an optical sensor for selective fluorescent determination of promethazine hydrochloride. Sen-
sors Actuators B Chem [Internet]. 2018 Mar; 257:889-96. Available from: http://dx.doi.org/10.1016/j.
snb.2017.11.050

Zhang J, Shen W, Pan D, Zhang Z, Fang Y, Wu M. Controlled synthesis of green and blue luminescent
carbon nanoparticles with high yields by the carbonization of sucrose. New J Chem [Internet]. 2010; 34
(4):591. Available from: http://xlink.rsc.org/?DOI=b9nj00662a

Chandra S, Pathan SH, Mitra S, Modha BH, Goswami A, Pramanik P. Tuning of photoluminescence on
different surface functionalized carbon quantum dots. RSC Adv [Internet]. 2012; 2(9):3602. Available
from: http://xlink.rsc.org/?DOI=c2ra00030j

Dubey P, Tripathi KM, Sonkar SK. Gram scale synthesis of green fluorescent water-soluble onion-like
carbon nanoparticles from camphor and polystyrene foam. RSC Adv [Internet]. 2014; 4(12):5838. Avail-
able from: http://xlink.rsc.org/?DOl=c3ra45261a

Ding H, Wei JS, Xiong HM. Nitrogen and sulfur co-doped carbon dots with strong blue luminescence.
Nanoscale [Internet]. 2014; 6(22):13817-23. Available from: http://xlink.rsc.org/?DOI=C4NR04267K
PMID: 25297983

Bandi R, Dadigala R, Gangapuram BR, Guttena V. Green synthesis of highly fluorescent nitrogen—
Doped carbon dots from Lantana camara berries for effective detection of lead(ll) and bioimaging. J
Photochem Photobiol B Biol [Internet]. 2018 Jan; 178(November 2017):330-8. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S1011134417312344

Cui Z, Han C, Li H. Dual-signal fenamithion probe by combining fluorescence with colorimetry based on
Rhodamine B modified silver nanoparticles. Analyst [Internet]. 2011; 136(7):1351. Available from: http://
xlink.rsc.org/?DOI=c0an00617c PMID: 21305084

Zhang K, Mei Q, Guan G, Liu B, Wang S, Zhang Z. Ligand Replacement-Induced Fluorescence Switch
of Quantum Dots for Ultrasensitive Detection of Organophosphorothioate Pesticides. Anal Chem [Inter-
net]. 2010 Nov 15; 82(22):9579-86. Available from: https://pubs.acs.org/doi/10.1021/ac102531z PMID:
20973515

Zhou JW, Zou XM, Song SH, Chen GH. Quantum Dots Applied to Methodology on Detection of Pesti-
cide and Veterinary Drug Residues. J Agric Food Chem. 2018; 66(6):1307—-19. https://doi.org/10.1021/
acs.jafc.7b05119 PMID: 29378133

Rubio F, Veldhuis LJ, Clegg BS, Fleeker JR, Hall JC. Comparison of a Direct ELISA and an HPLC
Method for Glyphosate Determinations in Water. J Agric Food Chem [Internet]. 2003 Jan; 51(3):691-6.
Available from: https://pubs.acs.org/doi/10.1021/jf020761g PMID: 12537443

Lundgren LN. A new method for the determination of glyphosate and (aminomethyl)phosphonic acid
residues in soils. J Agric Food Chem [Internet]. 1986 May; 34(3):535-8. Available from: https://pubs.
acs.org/doi/abs/10.1021/jf00069a04 1

Corbera M, Hidalgo M, Salvadé V, Wieczorek PP. Determination of glyphosate and aminomethylpho-
sphonic acid in natural water using the capillary electrophoresis combined with enrichment step. Anal
Chim Acta [Internet]. 2005 May; 540(1):3—-7. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0003267004016642

ZhuY, Zhang F, Tong C, Liu W. Determination of glyphosate by ion chromatography. J Chromatogr A
[Internet]. 1999 Jul; 850(1-2):297-301. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0021967399005580 PMID: 10457491

Salm P, Taylor PJ, Roberts D, de Silva J. Liquid chromatography—tandem mass spectrometry
method for the simultaneous quantitative determination of the organophosphorus pesticides
dimethoate, fenthion, diazinon and chlorpyrifos in human blood. J Chromatogr B [Internet]. 2009
Feb; 877(5-6):568—-74. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S$1570023208009598

Sohrabi MR, Jamshidi S, Esmaeilifar A. Cloud point extraction for determination of Diazinon: Optimiza-
tion of the effective parameters using Taguchi method. Chemom Intell Lab Syst [Internet]. 2012 Jan;
110(1):49-54. Available from: http://dx.doi.org/10.1016/j.chemolab.2011.09.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 16/17


http://xlink.rsc.org/?DOI=c2cc33796g
https://doi.org/10.1021/acsnano.5b05406
http://www.ncbi.nlm.nih.gov/pubmed/26646584
http://xlink.rsc.org/?DOI=C7TB00309A
http://dx.doi.org/10.1016/j.snb.2017.11.050
http://dx.doi.org/10.1016/j.snb.2017.11.050
http://xlink.rsc.org/?DOI=b9nj00662a
http://xlink.rsc.org/?DOI=c2ra00030j
http://xlink.rsc.org/?DOI=c3ra45261a
http://xlink.rsc.org/?DOI=C4NR04267K
http://www.ncbi.nlm.nih.gov/pubmed/25297983
https://linkinghub.elsevier.com/retrieve/pii/S1011134417312344
https://linkinghub.elsevier.com/retrieve/pii/S1011134417312344
http://xlink.rsc.org/?DOI=c0an00617c
http://xlink.rsc.org/?DOI=c0an00617c
http://www.ncbi.nlm.nih.gov/pubmed/21305084
https://pubs.acs.org/doi/10.1021/ac102531z
http://www.ncbi.nlm.nih.gov/pubmed/20973515
https://doi.org/10.1021/acs.jafc.7b05119
https://doi.org/10.1021/acs.jafc.7b05119
http://www.ncbi.nlm.nih.gov/pubmed/29378133
https://pubs.acs.org/doi/10.1021/jf020761g
http://www.ncbi.nlm.nih.gov/pubmed/12537443
https://pubs.acs.org/doi/abs/10.1021/jf00069a041
https://pubs.acs.org/doi/abs/10.1021/jf00069a041
https://linkinghub.elsevier.com/retrieve/pii/S0003267004016642
https://linkinghub.elsevier.com/retrieve/pii/S0003267004016642
https://linkinghub.elsevier.com/retrieve/pii/S0021967399005580
https://linkinghub.elsevier.com/retrieve/pii/S0021967399005580
http://www.ncbi.nlm.nih.gov/pubmed/10457491
https://linkinghub.elsevier.com/retrieve/pii/S1570023208009598
https://linkinghub.elsevier.com/retrieve/pii/S1570023208009598
http://dx.doi.org/10.1016/j.chemolab.2011.09.009
https://doi.org/10.1371/journal.pone.0230646

PLOS ONE Ultrasensitive fluorescent detection of pesticides in real sample by using green carbon dots

76. DongM, Han W, Ediage EN, Fan L, Tang H, Wang W, et al. Dissipation kinetics and degradation mech-
anism of amicarbazone in soil revealed by a reliable LC-MS/MS method. Environ Sci Pollut Res. 2015;
22(22):17518-26.

77. LiH, Sun C, Vijayaraghavan R, Zhou F, Zhang X, MacFarlane DR. Long lifetime photoluminescence in
N, S co-doped carbon quantum dots from an ionic liquid and their applications in ultrasensitive detection
of pesticides. Carbon N Y [Internet]. 2016 Aug; 104:33-9. Available from: http://dx.doi.org/10.1016/j.
carbon.2016.03.040

PLOS ONE | https://doi.org/10.1371/journal.pone.0230646 March 24, 2020 17/17


http://dx.doi.org/10.1016/j.carbon.2016.03.040
http://dx.doi.org/10.1016/j.carbon.2016.03.040
https://doi.org/10.1371/journal.pone.0230646

