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L-Cysteine-Modified Carbon Dots Derived from Hibiscus rosa-sinensis
for Thiram Pesticides Identification on Edible Perilla Leaves
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ABSTRACT: In this work, environmentally friendly fluorescent carbon dots (C-
dots) were developed for the purpose of thiram identification in the leaves of
perilla plants. Powdered plant petals from Hibiscus rosa-sinensis were hydro-
thermally combined to create C-dots. Analytical techniques, such as scanning
electron microscopy, energy dispersive X-ray spectroscopy, high resolution
transmission electron microscopy, Raman spectroscopy, ultraviolet spectroscopy,
Fourier transmission infrared spectroscopy, and photoluminescence were
employed to examine the properties of C-dots. To enhance their functionality,
an L-cysteine dopant was added to the C-dots. Since this process produces highly
soluble C-dots in water, it is simple, inexpensive, and safe. The excitation process
and the size of the blue luminescent C-dots both affect their photoluminescent
activity. Furthermore, thiram in aqueous solutions was effectively identified by
using the generated C-dots. Additionally, the Image] program was used to measure
the colors red, green, and blue. High-resolution TEM (HR-TEM) revealed that the L-cysteine-doped carbon dots had an average
particle size of 2.208 nm. Additionally, the lattice fringes observed in the HRTEM image showed a d-spacing of around 0.285 nm,
which nearly corresponds to the (100) lattice plane of graphitic carbon. A Raman spectrum study was also performed to investigate
the relationship between carbon dots and pesticides in the actual samples. In the end, thiram levels in perilla leaves with nondoped
and doped C-dots could be distinguished with 100% accuracy using the constructed partial least-squares discriminant analysis
machine learning model. The information gathered therefore demonstrated that the synthetic C-dots successfully and efficiently
provide rapid and sensitive detection of hazardous pesticides in edible plant products.

1. INTRODUCTION Recently, biosynthesis methods have gained attention for
producing nanosized materials from natural sources, such as
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orange juice, ~ orange peels, = radishes, ° eggs, = shrimp,
pitahaya,'” milk,"® apple juice,'” the stems of banana peels,”’
pineapple peel,”’ rose flowers,”” and more. These methods
offer alternatives to high-cost synthesis methods and utilize
readily available resources. This study presents a straightfor-
ward, cost-effective, and environmentally friendly approach to
synthesize C-dots using the petal powder of Hibiscus rosa-

sinensis through a hydrothermal method.”’

Carbon dots are preferred for insecticide sensing owing to
their short analysis time,”* low power consumption,z" high
sensitivity,”® and ease of adaptation.”” The remarkable sensing

Carbon dots (C-dots) have emerged as promising research
topics in the field of carbon nanomaterials. They possess
unique properties, such as solubility, low toxicity, and
biocompatibility, making them attractive as semiconductor
quantum dots." Researchers are particularly interested in their
fluorescent and photoluminescent properties, which are
responsible for their applications in various fields, including
biomedicine, catalysis and sensing, cell imaging, fluorescent
staining, and demonstration.”

Different methods can be used to fabricate carbon dots, such
as hydrothermal® and solvothermal carbonization of organic
compounds, laser ablation,” ultrasonication, and microwave
pyrolysis.5 Among these methods, hydrothermal condensation
is preferred because of its simplicity, directness, and ease of

use. An attractive feature of the hydrothermal process is that it Received: ~ August 1, 2024
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natural sources.” Hydrothermal carbonization is a valuable
method known for its favorable reaction conditions and
minimal use of chemicals to produce fluorescent carbon dots.”
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Figure 1. Schematic representation of carbon dot synthesis via a hydrothermal method—NDP, DP. Here NDP (non-doped), and DP (doped).

capability of the C-dots makes them promising candidates for
detecting insecticides that are highly toxic and pose hazards to
the environment and agricultural life.”® C-dots demonstrate
high sensitivity and selectivity toward various insecticides.””
Because thiram ions have detrimental effects on human health,
it is crucial to develop simple, sensitive, and accurate methods
for their detection in the environment and food. In addition,
the size, fluorescence, and luminescence properties of C-dots
make them suitable for use as heavy metal sensors.”’’ The
developed C-dots serve as sensors for heavy metals, such as
Ag" ions, significantly enhancing the device performance in
terms of sensitivity, selectivity, multiplexed detection capa-
bility, and portability.*®

In recent times, the use of carbon dots for real sample
analysis’' has gained significant attention within the material
science community. Given the context of South Korea, the
research team selected Perilla leaves, one of the most
commonly consumed salad greens among Koreans,”” as their
real sample. The widespread misuse of pesticides’ during the
cultivation of agricultural products like Perilla poses a
significant risk. Perilla has been widely used as both a
traditional medicine and functional food in Asian commun-
ities.>* It is used to treat various conditions, such as
depression-related diseases, asthma, anxiety, tumors, coughs,
allergies, intoxication, colds, fever, chills, headaches, stuffy
nose, and certain intestinal disorders. Additionally, its attractive
appearance and morphological variability make it a popular
ornamental plant in gardens. Perilla is also used in culinary
applications, including salads, sushi, and soups, and as a spice,
garnish, or food colorant. Its seed oil has been traditionally
used for flavoring foods.”> Beyond its medicinal and culinary
uses, perilla has gained importance in the cosmetics industry,
where it is processed into skin creams, soaps, and
dermatological preparations owing to its biological activities.*®

Therefore, this research group aimed to address the real-
world challenge of detecting pesticide residues in Perilla by
utilizing carbon dots as sensors. In this study, the researchers
employed heteroatom-doped carbon dots synthesized from
Hibiscus rosa-sinensis petal powder. L-cysteine was selected as
the functional agent or dopant®” due to its sulfur and amino
groups. Previous studies have shown that these groups can
significantly enhance the functional properties of carbon dots,
ensuring strong fluorescence’ and stability,”” which are crucial
for the accurate detection of fungicides in real-life samples.*’

Raman spectroscopy is a highly sensitive, nondestructive
evaluation technique used for analytical purposes. This type of
spectroscopy is popular in the field of carbon dot character-
ization. For example, Atchudan et al.*' used dwarf banana peels
to synthesize hydrophilic nitrogen-doped carbon dots from
biowaste for environmental and biological applications, and the
graphitization of the produced hydrophilic nitrogen-doped
carbon dots (HN-CDs) was confirmed by Raman spectrosco-
py. On the other hand, Sarkar et al.** used Raman
spectroscopy as a characterization method related to the D-
band and G-band at 1352 and 1607 cm™' during the
examination of vitamin D from carbon dot-modified chitosan.
Further, in a previous study, Ashrafi Tafreshi et al.’' performed
ultrasensitive fluorescent detection of pesticides in a real
sample by using green carbon dots with a detection limit of
0.25, 0.5, and 2 ng mL™' for diazinon, amicarbazone, and
glyphosate, respectively. In this study, we demonstrate that C-
dots derived from Hibiscus rosa-sinensis can serve as potent
fluorescent probes for sensing thiram ions. The sensitivity of
fluorescent C-dots toward thiram ions in aqueous solutions
was investigated using Raman spectroscopy technique coupled
with popular machine learning method, namely, partial least-
squares discriminant analysis for the discrimination of higher
and lower thiram insecticide concentrations on perilla leaves
infected with non-doped carbon dots (HCDs) and doped
carbon dots (HSCDs). The one-step, cost-effective synthesis of
carbon dots through the hydrothermal method, utilizing the
easily available natural source Hibiscus rosa-sinensis, motivated
us to choose this approach for C-dot preparation. The carbon
dots are prepared by dehydration, and carbonization
mechanism.” As per our knowledge, this study is the first
study of detection of thiram in perilla leaves as real sample
analysis using a machine learning approach.

2. MATERIALS AND METHODS

2.1. Materials. The local market provided dried Hibiscus
flowers, which were acquired without any prewashing. The
samples were dried and crushed into powder to retain all of the
organic compounds and enhance surface functionalization.
Distilled water was used as the dispersant. A Whatman filter
paper with a pore diameter of 0.22 ym was used to obtain
carbon quantum dots (CQDs). L-cysteine was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and Thiram was
purchased from Sigma-Aldrich (Germany).

https://doi.org/10.1021/acsomega.4c07090
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Figure 2. Control sample of the perilla leaf without any contamination (a). Thiram insecticide-infected perilla leaves (0.1% and 0.1%,
concentrations) (b,c) were used for HCD samples. HSCD samples were sprayed on perilla leaves that are infected with thiram with 0.1% and
0.01% concentrations (d,e). HCD, non-doped carbon dots; HSCD, doped carbon dots. The reported leaves picture was taken at 0 h of the

treatment.

2.2. Synthesis of Carbon Dots. A one-pot hydrothermal
method was employed to produce carbon quantum dots
(HCDs) using Hibiscus rosa-sinensis. First, 1 g of dried petal
powder was combined with S0 mL of distilled water in a
Teflon-lined stainless-steel reactor with a capacity of 100 mL.
The mixture was then heated by hydrothermal synthesis at 200
°C for a duration of 6 h** as shown in Figure 1. After the
reaction, the solution was allowed to cool, and the solid
portion was separated by centrifugation at 8000 rpm for 30
min. The resulting supernatant was filtered through a 25 mm
diameter Whatman membrane filter with a pore size of 0.22
um from Whatman International Ltd., Maidstone, UK to
eliminate impurities.

Sulfur amino acid-doped petal powder carbon dots
(HSCDs) were simultaneously synthesized. This was achieved
by adding 0.5 g of L-cysteine amino acid to 1 g of petal powder
prior to the hydrothermal synthesis at a temperature of 200 °C
for 6 h. But in the present case, centrifugation was used to
separate the solid portion of the carbon dots that were
produced, and it was done for 15 min at a speed of 10,000 rpm.
Similar Whatman membrane filters with a 25 mm diameter and
0.22 pore size were employed in the filtration process to
remove undesired contaminants.

2.3. Sample Preparation for Thiram Concentration. In
this study, thiram was produced in a total volume of 30 mL
using two separate concentrations (0.01% and 0.1%). Methyl
alcohol was used as the solvent. Following sample preparation,
a homogeneous solution was created by uniformly combining
the components by using a vortex vibration machine. The
mixing process was performed in a chemical fume hood to
ensure chemical safety. In addition, two different concen-
trations of pesticide-infected perilla leaves were sprayed with
HSCDs or undoped HCDs. The perilla leaves shown in Figure
2b,c was only thiram-infected at concentrations of 0.01% and
0.1%, respectively, whereas the perilla leaves in Figure 2d,e had
both doped and non-doped CDs sprayed on them. A control
sample of perilla leaves without impurities is shown in Figure
2a.

2.4. Instrumentation and Characterization. The
prepared carbon dots were analyzed using a PerkinElmer
(Massachusetts, USA, Bruker ALPHA-P spectrophotometer)
to obtain FTIR spectra. The surface zeta potential was
monitored by using a ZS Nano Zetasizer (Malvern Instru-
ments, Malvern, U.K.). The light absorbance of the HCDs was
measured using a UV—vis spectrophotometer in the wave-
length range of 280—600 nm. Specifically, a Mecasys Optizen
POP Series UV/vis spectrophotometer (Seoul, Republic of
Korea) was utilized for this purpose. To evaluate the
absorbance and fluorescence spectra of the pristine and

functionalized C-dots, photoluminescence (PL) spectra were
recorded by using a MRRAY UV spectrophotometer (S310,
SINCO Inc, Daejeon Sinco, Korea) and a fluorescence
spectrophotometer (FS-2, Scinco, South KoreaF-7000, Hita-
chi, Japan) equipped with a quartz cuvette. Fluorescence
measurements were performed for both the HCDs and sulfur-
doped HCDs (HSCDs). The excitation power was adjusted to
ensure comparability of the emission intensities. Excitation—
emission scans were conducted at 20 nm increments in the
excitation wavelength. Morphological analysis of the CDs was
performed using field-emission scanning electron microscopy
(FE-SEM, Merlin Compact, Carl Zeiss, Germany), followed by
elemental composition analysis using energy-dispersive X-ray
spectroscopy (EDS or EDX, FE-SEM Merlin Compact, Carl
Zeiss). A portable i-Raman spectrometer (BWTEK Inc., USA)
equipped with a 14 X 900 m charge-coupled device (CCD)
detector and a 785 nm laser was used to record the Raman
spectra of infected perilla leaves. Using a laser light source with
a wavelength of 785 nm and a power of 200 mW, spectra were
obtained for each sample at a spectral resolution of 2 cm™ and
an exposure period of 2 s. The particle size analysis and lattice
parameter measurement were performed by Transmission
Electron Microscopy (FEI Tecnai G2 F30).

2.5. Partial Least-Squares Discriminant Analysis
Model. PLS-DA is a preferred machine learning method
used for classification problems. It is a supervised approach
mostly employed for group discrimination within different
classes with distinctive characteristics.” It is regarded as an
improved version of the partial least-squares regression
(PLSR) method, in which partial least-squares (PLS) is
employed as a criterion to obtain classification results. In this
study, doped carbon dots were discriminated from a non—
doped one using this method. In the PLS-DA model, the
response variable Y has binary values representing different
sample groups or categories. eq 1 presents the PLS-DA formula
as follows:

Y=XXxb+C (1)

where X is the a X b matrix that holds the Raman spectra
values for each concentration of the thiram insecticide in
perilla leaves, b represents regression coeflicient, and C
symbolize error matrix. The spectral data for the pure and
mixed thiram pesticide samples were found in matrix Y,
whereas artificial values were found in matrix X for each thiram
percentage range. Pure and spiked samples can only be
appropriately classified based on the threshold values. A
threshold value of 0.5 was used for the purposes of this study,
indicating that samples lying inside the 0.5 range are
classified.*
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2.6. Statistical Analysis. We measured newly prepared
samples three times and reported the outcomes as mean =+
standard deviation. Statistical analysis was performed using
one-way analysis of variance (ANOVA) on a randomly
arranged experimental design with SPSS software (SPSS Inc.,
Chicago, IL, USA). To distinguish differences among the test
groups, Duncan’s multiple range test (p < 0.05) was employed.

3. RESULTS AND DISCUSSION

3.1. Optical Properties. The water dispersion of HCDs
and HSCDs, prepared by subjecting them to a temperature of
200 °C for 6 h with a L-cysteine concentration of 0.5 g/50 mL,
exhibited blue emission when exposed to near-ultraviolet (UV)
light at 365 nm.

The main components identified in Hibiscus rosa-sinensis
include flavones, such as quercetin-3-sophorotrioside, kaemp-
terol-3-xylosylglucoside, quercetin-3-diglucoside, quercetin-3,7-
diglucoside, cyanidin-3,5-diglucoside, and cyanidin-3-sophoro-
side-S-glucoside. Additionally, other constituents include
cyanidin chloride, cyclopeptide alkaloid, ascorbic acid,
riboflavin, thiamine, hentriacontane, taraxeryl acetate, f-
sitosterol, malvalic acids, and steric cyclic acids. These
molecules undergo carbonization through hydrolysis, dehy-
dration, and decomposition, followed by polymerization,
condensation, and cycloaddition reactions, which ultimately
generate the carbon core. This core is then passivated and
functionalized, leading to the formation of CQDs. Similar
mechanisms of formation of carbon dots was observed when
rose petals were pyrolised at 180 °C for 5 h by Sharma et al.*’
Carbonization of polysaccharides and other constituents
results in the creation of carbon dots from rose petals.
PXRD (sp* carbon), ATR (—~NH, C=N, C—N bonds), XPS
(N 1s peak at 400.02 eV), and elemental analysis
demonstrating variable C/N ratios all confirm this mechanism.
The hydrolysis and dehydration of petal components during
hydrothermal treatment yield C5 and C6 sugars and furans,
such as S-hydroxymethyl furfural and furfural. The study also
revealed that cytosteine aids in acid hydrolysis, while
ethylenediamine promotes dehydration of polysaccharides
extracted from rose petals, as confirmed by various analytical
techniques. This led to polymerization and polycondensation,
forming nitrogen- and sulfur-containing aromatic clusters
through aromatization and carbonization. These processes
were verified by NMR (1D and 2D), ATR, UV—vis, and XPS
analyses. Once the aromatic clusters reached a critical
concentration, a nuclear burst occurred, resulting in the
formation of N—S codoped carbon dots. In our case somewhat
similar approach is considered as our Hibiscus rosa-sinensis is
also doped with L-cysteine similar to Sharma et al. L-cysteine
consists of both N and S groups as cysteine is sulfur consisting
of amino acid. In our case, also the mechanism is relatable as
that of Sharma et al. The synthesis of CQDs is primarily
indicated by the color change of the extract dark brown
solution and is confirmed by the visible blue fluorescence
under UV light.***

The HCD dispersion emitted noticeably stronger blue light
than the HSCD dispersion. Figure 3ab shows the photo-
excitation (PLE) and photoluminescence (PL) spectra of these
dispersions. The HCD and HSCD dispersion exhibited the
highest intensity at 365 and 385 nm, respectively, where
bathochromic shifts were observed. These peaks correspond to
transitions between 7-levels and surface state levels as well as
between z-levels and nitrogen-doped levels from L-cysteine
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Figure 3. (a) HCD PL spectra. (b) HSCD PL spectra. PL,

photoluminescence; HCD, non-doped carbon dots; HSCD, doped
carbon dots.

amino acid. The PL quenching properties are prominent in the
PL spectra of L-cysteine-modified hibiscus carbon dots owing
to protonation and deprotonation when L-cysteine is added
with Hibiscus rosa-sinensis petal powder phenomena, as shown
in Figure 4. This quenching is supposed to happen due to

@ @
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A= Change in 0

Protonation &
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level 0 0 0 O
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Figure 4. Deprotonation and protonation mechanisms of PL
quenching of CDs. PL, photoluminescence; CDs, carbon dots.

interactions of oxygen containing functional groups from L-
cysteine amino acid. Bao et al.’’ further discovered that the
surface of carbon dots is covered with various functional
groups, each affecting the properties of the carbon dots in
different ways. Notably, some oxygen-containing functional
groups can induce dynamic fluorescence quenching in carbon
dots. Similar observations were made when copper-doped
carbon dots were synthesized through direct pyrolysis, where
no distinct photoluminescent properties were reported by Wu
et al>' Wu et al. explained that these copper-doped carbon
dots exhibited enhanced electron-accepting capabilities while
also acting as electron donors, leading to an efficient quenching
mechanism.

We also calculated the quantum yield of HCD to be 30%,
whereas that of HSCD was 22%. From the UV—vis spectra, it
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Table 1. Comparison of QY of Different Carbon Dots Reported in Previous Studies

Name of Source Technique Dopant Used QY (%) References
Hibiscus rosa-sinensis Hydrothermal L-Cysteine 22 Present work
Hibiscus rosa-sinensis Hydrothermal - 30 Present work
Sugar cane industrial solid waste Hydrothermal Citric acid 17.98 S5
Whole meal bread + soya flour + lemon juice ~Sonication followed by centrifuge process - 2.3 56
Human hair Hydrothermal - 28 57
Biowaste lignin Hydrothermal - 3.4 S8
Biowaste lignin Hydrothermal Amine 21.1 S8
Quinoa Saponin Hydrothermal Ethanediamine 222 59
Mango Peel Hydrothermal - 85+02 60
Waste Carbon Paper Simple Synthetic Route (3-Aminopropyl)triethoxsilane S.1% 61
(APTES)
Orange waste Hydrothermal Citric acid 11.37% 62

SH
e}
HoN
g A H

Hibiscus Petal Powder

200°C/6 h

L—cysteine

10 10

HCDs HSCDs

Figure 5. Surface functionalization of pristine CDs (carbon dots) with L-cysteine. HCD, nondoped carbon dots; HSCD, doped carbon dots.

was also noted that the L-cysteine-modified carbon dots
(HSCDs) are more prone to UV barrier characteristics than
pristine carbon dot HCDs. Our sample quantum yield is much
better than that of previous reports on the quantum yield of
biowaste-derived carbon dots, as summarized in Table 1.
Atchudan et al. reported that almost an 18% quantum yield
from kiwi fruit peel waste derived carbon dots was obtained
using their synthesis technique’” which they applied as
bioimaging ink.

We noted in a very recent study that carbon dots synthesized
from polypropylene, a common plastic, using the reprecipita-
tion technique, exhibited a quantum yield ranging from 0.2%
to 10%, depending on the variation in temperature conditions
from low to high.”” The quantum yield obtained in our case is
compared with a study where Kumar et al. synthesized 20 sets
of CDs from 20 coded commercially available amino acids.
The average QY was 48%. Among which the cysteine derived
carbon dots QY was 51%. From that detailed report it was
observed that CDs derived from isoleucine, valine, leucine, and
tyrosine had QY of 17%, 24%, 23%, and 16% respectively. The
highest among them was arginine 86%.”* We determined the
relative quantum yield of C—dots by comparing them to that
of Rhodamine 6G (QY: 94% at 480 nm). We used a 365 nm
excitation wavelength and calculated the C—dot’s quantum
yield using the following formula:

A
QY = QY[ref ](f]ﬂs/ Moot @

where QY represents the fluorescence quantum yield of the C-
dot, ref is the reference quantum yield of R6G (0.94 at 480 nm

excitation), 77 is the refractive index of the solvent, and I is the
integrated fluorescence intensity. In our case, # = fpgp =
Nwater- A is the area of the slope for the sample and A, is the
area of the slope for the reference which was calculated by the
software

3.2. FTIR. Figure S shows the surface functionalization steps
of pristine carbon dots, which were later analyzed by using
Fourier transform infrared (FT-IR) spectroscopy. Figure 6
represents the FTIR spectra of HCD and HSCD solution that
were prepared by subjecting them to a temperature of 200 °C
for 6 h with an L-cysteine concentration of 0.5 g/50 mL. In
both samples, a broad peak ranging from 3200 to 3700 cm™'
was observed, which corresponded to the stretching vibrations
of the O—H and amide N—H bonds. This suggests that an
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Figure 6. FTIR spectra were obtained to confirm the functional group
presence. HCD, non-doped carbon dots; HSCD, doped carbon dots;
FTIR, Fourier transform infrared.
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intermolecular dehydration reaction between the carboxyl and
amino groups in L-cysteine occurred in both samples, leading
to the formation of amide bonds. In the region 2919 cm™, the
antisymmetric CH, was more prominent in HSCDs than in
HCDs. The combination band of asymmetric deformation and
hindered rotation of NH;* groups (protonated NH, groups)
was observed in L-cysteine modified carbon dots, i.e., in the
HSCD spectra but not in the HCD spectrum.®® Consequently,
the dehydration reaction was enhanced in the HSCDs, leading
to the conversion of NH, to NH in the amide groups. In the
2080 cm™' region, the stretching of NH, confirmed the L-
cysteine functionalization of hibiscus carbon dots in a well-
mannered way. S—H bond stretching is observed in HSCD in
the 2050 cm™' region but not in the HCD spectrum.
Approximately 1450 cm™ appeared in the spectra of both
HCDs and HSCDs, indicating the stretching vibration of the
C—N bonds formed through the dehydration reaction.’® This
suggests that dehydration occurred in both samples, resulting
in the formation of amide bonds. Distinctive and well-defined
peaks at 1589 cm™' were observed in the spectrum of the
HSCDs, confirming the presence of asymmetric COO™
stretching vibrations. This peak is attributed to the carbon—
sulfur (C—S) bonds present in the compound. In HCDs, the
dehydration reaction was more pronounced, resulting in a
decrease in the proportion of NH, groups. This finding aligns
with the results obtained from FT-IR analysis.

Moreover, the proportion of C—S bonds in the HSCDs was
higher than that in the HCDs. This disparity can be attributed
to the formation of volatile sulfur compounds through the
pyrolysis of L-cysteine in an autoclave under aqueous solvent
conditions, specifically for the synthesis of HSCDs.®* However,
such pyrolysis did not occur in the HCD solvent system used
to produce the HCDs. We qualitatively detected the presence
of volatile sulfur compounds based on their sulfurous odor
after the preparation of HSCDs, whereas no such odor was
detected in the HCD samples.

3.3. Colloidal Stability, Morphology, and Elemental
Composition of HSCDs. The interaction between a nano-
particle and its surroundings is significantly affected by its
surface charge.65 The synthesized CDs contained functional
groups, such as —COOH, —OH, and epoxides. These
functional groups create electrostatic repulsion between CDs,
preventing them from clumping together and allowing them to
remain stable for several months.”> All of the CDs derived
from the hibiscus petal powder exhibited negative surface
charges, indicating the presence of hydroxyl and carboxylate
groups on their surfaces. The zeta potential values of the
pristine and functionalized CDs were as follows (mean + SD;
mV): —2 =+ 2.167 for pristine hibiscus CDs (HCDs) and
—21.100 =+ 1.197 for L-cysteine amino acid functionalized CDs
(HSCDs) (Figure 7). Functionalization with sulfur amino
acids was confirmed from our FTIR data, which was related to
the negative surface charge of the HSCDs.

The structure of the materials was analyzed using a
technique called field-emission scanning electron microscopy
(FESEM). Figure 8a displays FESEM images of pristine carbon
dots. Figure 8b shows the FESEM images of the HSCD
composite material (L-cysteine-modified HCDs), while the
results indicate the successful synthesis of a distinct and well-
defined hierarchical rod like petaled flower nanostructure in
the HSCDs. Each petal of the flower has a length of
approximately 0.5 um in the HSCDs composite. In contrast,
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Figure 7. Zeta potential curves of HCDs and HSCDs. HCD, non-
doped carbon dots; HSCD, doped carbon dots.

Figure 8. HCD SEM morphology (a) and HSCD SEM morphology
(b). HCD, non-doped carbon dots; HSCD, doped carbon dots; SEM,
scanning electron microscopy.

the SEM patterns of the HCDs differ from those of the
composite material and exhibited overlapped rod like patterns.

Both forms have the same crystal structure, as was also
observed in this study. The formation of HCDs occurs through
a process known as diffusion-limited aggregation.”® The
presence of the C-dots is responsible for the formation of
the overlapped rod morphology; HCDs were formed only
when C-dots are present. In contrast, the rod like petaled
flower morphology of HSCDs is formed through a mechanism
called flake-cracking,”” where the material initially takes on a
sheet like shape, and then the flakes crack and, transform into
nanorods. Moreover, carbon atoms may form continuous
helical chains aligned parallel to the c-axis, bonded by covalent
bonds, while these chains are arranged in a hexagonal lattice
through van der Waals interactions. To promote the
dominance of the stronger covalent bonds within the helical
chains over the relatively weaker van der Waals forces between
them, the growth rate along the direction should exceed that
along the directions. This preference for crystallization and
growth is observed during the biomolecule-assisted synthesis
of carbon dots. Concurrently, the elevated reaction temper-
ature intensifies the Brownian motion of the oxidized species,
leading to the disruption of the weak van der Waals
interactions. These factors cause the carbon dots to initially
fracture into small nanobelts or nanowires at both ends,
subsequently evolving into belt-like or wire-like patterns.
However, there is limited documentation on the flake-cleavage
mechanism nanomaterials in current methodologies. There-
fore, our research may unveil a novel mechanism for
synthesizing nanomaterials with an anisotropic structure.
Based on experimental findings and discussions, a possible
mechanism for the formation of carbon nanoribbons is
proposed. However, further systematic investigation is
warranted to gain a deeper understanding of the flake-cracking
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mechanism of these nanomaterials, which is currently ongoing

in our research group. Though flower shaped carbon dots
. 68

morphological structure was reported by He et al.

The phenomenon of flake-cracking has been observed in the
synthesis of single-crystalline selenium nanowires and nano-
ribbons assisted by biomolecules®” shown in Figure 9. The
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Figure 9. Flake cracking mechanism to transform into nanoribbons
(to understand the morphology of carbon dots).

surface charge was very different between the two cases (—2
mV in the case of HCDs and —21 mV in the case of HSCDs).

From the EDX spectral analysis, we investigated the detailed
elemental composition differences in the HCDs and HSCDs.

A Japanese group of professors provided an excellent review
perspective, highlighting that quantum dots are unique among
nanomaterials and are categorized into three nanosystems and
one bulk system based on the number of dimensions with
quantum confinements. These range from bulk materials with
no quantum confinement (n = 3), to quantum wells or thin
films with confinement in two dimensions (n = 2), quantum
wires or nanotubes with one-dimensional confinement (n = 1),
and quantum dots, which are nanoparticles confined in all
three dimensions (n = 0).°” Another group of reserachers
engineered 2D triangular carbon dots and explained their
applicability as multicolor Light emitting diode.”’ The present
researchers’ SEM analysis has also revealed wire-, rod-, and
nanotube-like structures, indicating that the morphology of
carbon quantum dots can exhibit various shapes beyond the
typical spherical or quasi-spherical forms.

Further, EDX was used to examine the elemental
composition of the samples. The results are listed in Figure
10. The analysis revealed that HCDs consisted solely of carbon

L

Map Sum Spectrum for HCDs (c)

Element Line Type Apparent
- Concentration
K series 11.37
K series 747
[ 0 e 22230
K series 0.00
| Total: |

Iap Sum Spectrum for HSCDs (d)
Element Line Type Apparent
- Concentration
K series 8.72
K series 2.05
K series 50.88
K series 0.00
K series 0.32

k Ratio Wt% Wit% Sigma  Atomic %
0.11371 14.19 0.74 18.01
0.01330 1.64 0.85 1.78
0.74808 84.17 1.03 80.21
0.00000 0.00 0.59 0.00
100.00 100.00
k Ratio Wit% Wt% Sigma Atomic %
0.08720 33.13 1.71 39.79
0.00365 1.75 1.92 1.81
0.17122 64.40 2.10 58.07
0.00000 0.00 0.81 0.00
0.00271 0.72 1.10 0.33
100.00 100.00

Figure 10. (a) Composition elemental analysis of HCDs chart with distribution. (b) Composition elemental analysis of HSCDs chart with
distribution. (c) Elements C, N, and Na peaks are prominent in HCDs in EDS report. (d) Elements C, N, Na, and extra S peaks are prominent in

HSCDs in EDS report.
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(b)

Figure 11. Carbon dot clusters containing HCDs and HSCDs are reported at different scale. (a) HCD at 20 nm scale (b) HCDs at 50 nm scale,
(c) HSCD at 20 nm scale, (d) HSCD at S0 nm. (e) The lattice parameter is reported as d = 0.285 nm (The detailed calculation is done by Image]
Software). The clusters magnified and each carbon dots are measure by Image] software, and average size of the particle is reported to be 3 nm. (f)
The HSCD at 5 nm scale is reported, and green arrows highlight individual carbon dots in the cluster.
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Figure 12. Original Raman spectra (a) and fluorescence-corrected Raman spectra using the polynomial curve fitting method (b) for doped samples.

(C), oxygen (O), nitrogen (N), and sodium (Na) shown in
Figure 10a, whereas the HSCDs samples contained predom-
inantly C, O, and sulfur (S) atoms shown in Figure 10b. This
suggests that even after irradiation C and O atoms remained in
the samples. The EDX spectra indicated the presence of Si in
the substrate used in the experiment. The atomic percentages
of C and O were 18.01% and 80.21% and 39.79% and 58.07%
in the HCDs and HSCDs, respectively shown in Figure 10c,d.
This indicated a reduction in the number of oxygen-containing
functional groups on the surface of the HSCDs. Sulfur was also
present in the samples with atomic percentages of 0.33% in the
HSCDs, respectively. These findings confirmed the successful
sulfur doping of HCDs with sulfur-containing cyclic L-cysteine
amino acids. Das et al.”" reported similar results.

3.4. Transmission Electron Microscopy (TEM). From
Figure 11, High-resolution TEM (HR-TEM) revealed that the

47654

L-cysteine-doped carbon dots had an average particle size of
approximately 2.208 nm. Additionally, the Ilattice fringes
observed in the HRTEM image (Figure 11d) showed a d-
spacing of around 0.285 nm, which nearly corresponds to the
(100) lattice plane of graphitic carbon. However, the absence
of the 0.33 nm spacing typical for the graphitic plane indicates
that the L-cysteine-doped carbon dots’ surfaces are coated with
polar functional groups attached to aliphatic carbons such as
amino acids. Similar reports are observed in Mohammed et
al,”® where researchers observed lattice fringes in nitrogen-
doped carbon dots, which had 0.26 nm d-spacing correspond-
ing (100) lattice plane to graphitic carbon.

3.5. Raman Spectroscopy with Spectral Preprocess-
ing, and Chemometrics Analysis. Raman spectra are
commonly affected by background fluorescent signals, which
obscure important data regarding the chemical structure of
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Initial condition of perilla leaves under three
different conditions

infected perilla leaves
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Figure 13. (a) Control perilla leaf sample. Perilla leaves with two different 0.01%, and 0.1% Thiram pesticides concentrations (b,c). Perilla leaves
with both thiram and HSCDs (d,e). Visual appearance of doped CD (carbon dots) sprayed perilla leaves with (a) 0.01% thiram and (b) 0.1%
thiram (f,g). Preprocessed Raman mean spectra (h) of doped and nondoped CDs on perilla leaves at two distinct concentrations of thiram (0.01%

and 0.1%). HCD, nondoped carbon dots; HSCD, doped carbon dots.
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Figure 14. Visual appearance of doped CD (carbon dots) sprayed perilla leaves with (a) 0.01% thiram and (b) 0.1% thiram under both 365 and

254 nm UV light.

perilla leaves. The polynomial curve fitting method was
employed to solve this issue because of its quick processing
speed and simplicity compared to other fluorescence
correction methods, such as wavelet transformation and
Fourier transformation.””’* The primary principle of the
polynomial curve approach is the use of iterative calculations
to establish the correct polynomial arrangement. The
polynomial curve fitting method has been applied in a number
of previous studies in combination with Raman spectroscopy
with better outcomes in a variety of areas, including the
prediction of cucumber seed germination,”* the determination
of the quality of Grignard Reagent,”” and the crude protein and
oil content of soybeans.”” The fluorescence-affected and
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polynomial-corrected Raman spectra are shown in Figure
12a,)b. In this study, an eighth order polynomial with 100
iterations was selected.

Several undesirable effects, such as background noise,
instrumental drifts, and scattering effects, are frequently
present in the Raman spectrum data. These factors are directly
related to the decline in model performances. Pretreatment
techniques are therefore necessary in order to eliminate
undesired scattering and noise effects from the spectrum data
acquired with the use of a Raman spectrometer. In this study
seven different kinds of preprocessing techniques which
includes normalization (range, mean, and max), multiplicative
signal correction (MSC), standard normal variate (SNV), and
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first and second Savitzky—Golay (SG) derivatives were
employed in this study for model performance enhancement.
For more theoretical details, associated with the ;)reprocessing
techniques, following article is very useful. S After the
preprocessing steps were performed, PLS-DA machine learning
models were generated by using MATLAB version 7.0.4 (Math
Works, Inc.,, MA, USA) software.

3.6. Visual Inspection of Perilla Leaves Infected with
Thiram Insecticide and Sprayed with HSCDs and Their
Spectral Interpretation. To investigate the presence of
thiram pesticide on the perilla leaf, Figure 13a, two different
concentrations, ie., 0.01% and 0.1% were sprayed to the
surface of perilla leaves as shown in Figure 13b,c. Following a
10 to 15 min intervals, HSCDs were likewise sprayed onto two
distinct concentrations of perilla leaves infected with thiram.
seen in Figure 13d,e. For ten hours, the leaves were kept at
room temperature inside a chemical cabinet in order to ensure
that thiram and HSCDs were distributed equally. The HSCDs
could detect thiram insecticides in perilla leaves at both lower
and higher concentrations, as Figure 13f,g demonstrates. There
was a noticeable change on the surface of both leaves, and their
Raman spectra were obtained. The SNV preprocessed Raman
spectra are shown in Figure 13h, where they have been
displayed between the 400—1800 cm™" spectral range. Specific
spectrum changes that were sensitive to thiram were observed
in all four spectral peaks associated with the doped and
nondoped CDs samples, which were sprayed on perilla leaves
infected with two different doses. Blue, green, and red
highlights are used to indicate the spectral fingerprints for
thiram, which were detected at Raman shift values of 560,
1140—1150, and 1365—1380 cm™". These peaks are character-
istic of thiram,”””® as per earlier research. Figure 14 shows that
researchers have confirmed the infusion of carbon dots into the
leaf parts. When the leaves are observed under 254 and 365 nm
UV light, the veins, stalk, and superficial hairs emit blue
fluorescence, indicating that the CDs have successfully traveled
through the leaf tissue.

3.7. PLS-DA Classification Analysis for Raman Spec-
troscopy. The PLS-DA model was developed using 800
samples in total. A 70:30 split of the data was made into
calibration and validation groups, with 300 samples in the
validation set and 500 samples in the training or calibration set.
A thorough summary of the data sets utilized to build the
models is provided in Table 2.

Table 2. Datasets Used to Create Classification Model

Total
Techniques Model samples Calibration Validation
Raman spectroscopy ~ PLS-DA 800 500 300

3.8. Partial Least Squares Discriminant Analysis (PLS-
DA) for the Perilla Leaves Samples Spiked with Thiram
Insecticide. The raw Raman spectrometer data of the
pesticide-contaminated perilla leaves collected during the
experiment cannot be used for classification analysis because
they generate a lot of spectral attributes, all of which contribute
to the declining classification performances. An essential
method for identifying patterns and interpreting data is the
PLS-DA algorithm. Additionally, the PLS-DA method is
intended to handle complicated data sets more effectively
than other traditional strategies by further dividing the groups.
Furthermore, because it removes unnecessary variables while

maintaining crucial information, PLS-DA is also a useful
technique for dimension reduction. Through the preservation
of significant characteristics, PLS-DA contributes to better data
management. Previous research has demonstrated the PLS-DA
algorithm’s greater potential for classification analysis in
various areas including agriculture,””*® food items,* ~** and
pharmaceuticals.*>™" In this work, a discriminant analysis
model was developed utilizing the PLS-DA machine learning
approach to distinguish between doped and nondoped perilla
leaf samples that were infected with thiram at two different
concentrations. The classification plots for both data sets
(calibration and validation) for 0.01% and 0.1% thiram
insecticide concentrations on perilla leaves samples that were
sprayed with doped and nondoped carbon dots samples are
shown in Figure 15a—d, respectively. In both the calibration
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Figure 15. PLS-DA classification plots for (a) calibration and (b)
validation for 0.01% HSCDs and HCDs thiram infected Perilla leaves.
(c) Calibration and (d) validation for 0.1% HSCDs and HCDs thiram
infected Perilla leaves using Raman spectroscopy. HCD, non-doped
carbon dots; HSCD, doped carbon dots; PLS-DA, partial least-
squares discriminant analysis.

and validation plots for both groups of samples, there was a
definite distinction between the two groups, yielding a
classification accuracy of 100% in each case. SNV had the
highest overall accuracy of 100% for the 0.01% and 0.1%
concentration perilla samples, as shown in Table 3. This
excellent classification accuracy demonstrates that the PLS-DA
model has tremendous promise for classifying doped and non-
doped CDs samples when used in conjunction with an
adequate preprocessing technique.

In the past, pesticide detection in food samples has
previously been performed with superior sensitivity and
effectiveness using carbon dots with an excellent limit of
detection (LOD) of 8 nM.*® Another study used green carbon
dots to detect ultrasensitive fluorescent pesticides in real
samples, with detection limits of 0.25, 0.5, and 2 ng mL™" for
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Table 3. PLS-DA Classification Outcomes for 0.01, and 0.1% Thiram Infected Perilla Leaves Utilizing Raman Spectroscopy”

Samples Calibration (n = 500) Calibration Accuracy Validation (n = 300) Validation Accuracy Total (n = 800) Overall Accuracy
True False Accuracy (%) True False Accuracy (%) True False Accuracy (%)

0.01% 500 0 100% 300 100% 800 0 100%

0.1% 500 0 100% 300 100% 800 0 100%

“PLS-DA, partial least-squares discriminant analysis.

diazinon, amicarbazone, and glyphosate, respectively.’’ We
were unable to accomplish such LOD values in our
investigation, but we intend to attempt them further in future
investigations. However, the pesticides detection was also
routinely carried out using conventional chromatography
based approaches like high performance liquid chromatog-
raphy,” liquid chromatography—mass spectrometry.”” Con-
versely, carbon dots are preferable in terms of easy sample
preparation, affordability, environmental friendliness, and ease
of use. Additionally, multiple investigations employed FT-IR”
and FT-NIR’” spectroscopies for nondestructive testing of
pesticides with better performance. However, moisture
problems, overtone production, and combination bands
frequently affect both spectroscopic approaches. In this
study, we used Raman spectroscopy—which is excellent for
handling samples of aqueous solutions and yields sharp, well-
defined peaks free from the influence of combination bands
and overtones—to examine the sensitivity of our produced
fluorescent carbon dots for thiram pesticides. The detection
and visualization of thiram insecticides on edible perilla leaves
using our CDs, as a result, demonstrated that the limitations of
the previously mentioned destructive chemical-based ap-
proaches as well as FT-IR and FT-NIR spectroscopic methods
were successfully resolved in this present investigation.

4. CONCLUSIONS

In summary, we utilized environmentally friendly carbon dots
derived from hibiscus petal powder, synthesized using a
hydrothermal reaction, as fluorescent probes for the effective
detection of pesticides. The carbon dots had active amino
groups on their external surface along with less active carboxyl
and hydroxyl groups. The interaction between carbon dots and
target pesticides is primarily driven by the formation of a
ground-state complex involving amino groups. In an aqueous
solution, carbon dots remain in a clustered state because of
hydrogen bonding and ionic interactions. Our zeta potential
analysis indicated that the L-cysteine-modified carbon dots
(HSCDs) were more stable and had a negative surface charge
of —21 mV as compared to HCDs with —2 mV surface charge.
The QY achieved for HCDs and HSCDs are 30% and 22%
respectively. We observed that quenched PL is prominent in L-
cysteine-modified carbon dots and the intensity was in the
lower range for HSCDs. The reason we explained is due to
protonation and deprotonation of electrons. However, not all
surface functionalities were involved in self-complexation. The
surface morphologies and elemental compositions of HCDs
and HSCDs showed noticeable differences. The EDS analysis
revealed that the HSCDs had a higher sulfur content,
indicating successful doping of the carbon dots. Additionally,
an intriguing aspect of the morphology was observed,
suggesting that quantum wire confinement could be a potential
feature in both types of carbon dots. Further, Raman spectral
analysis revealed that different concentrations of thiram
detected by HSCDs and HCDs have the potential to aid in
the development of a straightforward, highly responsive,

carefully chosen, measurable, environmentally conscious, and
biologically compatible nanosensing approach. The presence of
carbon dots within the leaf tissue was confirmed by the blue
fluorescence observed in the leaf veins and stalks when exposed
to UV light at 254 and 365 nm, as previously discussed.

In addition, the created PLS-DA machine learning models
were able to distinguish between higher and lower amounts of
thiram in perilla leaves for HCDs and HSCDs samples, with
100% classification accuracy for calibration and validation data
sets. This method can be used in broader applications,
particularly in the realm of agricultural sciences, to combat
environmental pollution and minimize adverse impacts on
human health.
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