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Abstract

In the current study, the carbon quantum dots (CDs) were synthesized through a facile, rapid, and one-
step microwave method using citric acid monohydrate and urea. The as-prepared CDs were spherical with
diameters of 3—-4 nm and displayed bright blue fluorescent under an excitation wavelength of 360 nm.
Also, the as-prepared CDs had various properties, including favorable solubility in water, different
functional groups, significant stability in various environmental conditions, and excellent optical
performance. The results indicated that the CDs could be applied as a fluorescent probe for reliable and
accurate detection of Diclofenac sodium (DFS) based on the enhancement of their native fluorescent
intensity (turn-on). The emission spectra of the as-prepared CDs were strengthened gradually when the
DFS concentration increased from 5 to 300 uM. In addition, the linear relationship was fabricated over the
concentrations range of 5-300 uM for DFS with the detection limit of 2.33 uM. Furthermore, the findings
showed that Fe doped CDs (Fe-CDs) like CDs have a good ability to detect various concentrations of DFS
in the wide range of 5-300 pM.

Introduction

The Carbon quantum dots (CQDs or CDs) are the most durable allotropes of carbon-based nanomaterials,
and their sizes are usually less than 10 nm [1]. These luminescent semiconductor carbon nanoparticles
(CDs) are a unique class of carbon nanomaterials that have been used widely in various applications
such as bio-sensing and bio-imaging [2], carrier vehicles for drug and gene delivery [3], light-emitting
diodes and fluorescent probe [4], photocatalytic activity [5], analyte detection and probe contaminants in
water environment [6], and storage devices [7] due to their special properties such as high photostability,
low toxicity, biocompatibility, high-water solubility, strong fluorescence lifetime and tunable excitation and
emission wavelength [8, 9].

According to the specific characteristics of CDs and various synthesis methods, and a broad range of
inexpensive raw materials as precursors [10], many researchers around the world have interested in using
these materials as fluorescent probes based on “turn-off” or “turn-on” fluorescence in medical and
biological applications for detecting different kinds of analytes. Zhao et al. prepared CDs by
hydrothermal method via pine wood as carbon precursor for selective and sensitive detection of Fe3*. The
limit of detection (LOD) was 355.4 nM, and the fluorescence (FL) intensity of the CDs gradually decreased
when the concentration of Fe3* increased [11]. In another research, Hu et al. synthesized CDs combined
with magnetic nanoparticles (MNPs) by orange peel as a carbon source via the simple and green one-
step microwave-assisted pyrolysis for specific detection of Escherichia coli 0157: H7 (E. coli) in milk. The
CDs displayed bright green fluorescence under an excitation wavelength of 420 nm with an average size
of 4.2 nm. The FL intensity of the CQDs-MNPs decreased with the addition of E. coli [9]. Despite the great
variety of synthesized CQDs, the main drawback of their applications is their relatively low quantum
yields. In this sense, doping is a widely used approach to improve the quantum yield, photoluminescent
performance, active sites of CDs, and to change their internal electronic structure [12, 13]. Zhang et al.
used citric acid monohydrate and boric acid as precursors to prepare boron-doped CDs (B-CDs) through
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one-step hydropyrolysis for sensitive detection of amoxicillin. The as-prepared B-CDs had a narrow
diameter range and a quantum yield of 30.85%. The LOD was 0.825 uM, and the emission spectra were
strengthened gradually when the amoxicillin concentration increased from 0 to 429.12 uM [14]. It is
important to note that the selection of carbon-containing precursors and the management of synthesis
conditions have a significant effect on the luminescence mechanism of CDs [15]. Therefore, it is
important to choose a suitable raw material and the best synthesis method for producing carbon dots
with unique properties.

Diclofenac sodium (DFS) (sodium [0-(2,6-dichloroanilino) phenyl] acetate), as a potent non-
antibiotic/antibacterial agent, is safe, popular, and widely used around the world. DFS can be absorbed
very well after administration orally and is well known as a non-steroidal anti-inflammatory drug
(NSAIDs) that has antipyretic, analgesic, anti-inflammatory, and anti-rheumatic properties [16]. Prolonged
use of DFS may have undesirable side effects, such as heart attack and stroke [17]. Until now, many
different methods such as high-performance liquid chromatography (HPLC) [18], liquid chromatography-
Tandem mass spectrometry (LC-MS/MS) [19], and gas chromatography-mass spectrometry (GC-MS) [20]
have been established to determine various concentrations of DFS in different systems. Although, these
techniques are common and sometimes are sensitive with a suitable LOD, some drawbacks such as time-
consuming, high cost, need for chemical reagents, and pre-treatment steps prior to the analysis limited
their use in biological applications. Keeping in mind, according to the huge commercial demand in
medical, biomedical, and pharmaceuticals applications and the potential adverse effects of DFS on
human, animal, and environmental health, urgent efforts are essential more than ever to consider a facile,
selective, fast, sensitive, and cost-effective techniques for measurement and detection of this drug in
various types of systems even in low concentrations. Hence, interest has been attracted towards the
methods that have excellent properties, including high sensitivity and selectivity, fast response, facile
operation, cost-effectiveness, the possibilities of miniaturization, and on-site-applicable. In this work, a
fast and facile strategy was declared to synthesize CDs with various properties via a one-step microwave
approach without adding additional agents. The optical and physicochemical properties of the as-
prepared CDs were investigated by detailed analysis. The results indicated that CDs and Fe-CDs have
good ability as fluorescent probes to detect various concentrations of DFS in different environments and
real samples.

Experimental
Chemicals and Reagents

All chemicals which have been used in this paper, were with high purity, without any further purification,
and were in analytical grade. Citric acid monohydrate, Urea, Tetracycline (Tet), Carvedilol (Car), Metformin
(Met), Loratadine (Lor), Naproxen (Nap), Aspirin (Asp), Sodium chloride (NaCl), and Ethanol were
purchased from Sigma-Aldrich Company (St. Louis, United States). Furthermore, Sodium hydroxide
(NaOH), Hydrochloric acid (HCI), Methanol, and FeCl;.6H,0 were prepared from Merck Company
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(Darmstadt, Germany). In addition, Diclofenac sodium (DFS), Indomethacin (Ind), Amoxicillin (Amo),
Ciprofloxacin (Cip), Methionine (MET), Tyrosine (Tyr), MgCl,, and AICl; were obtained from Aladdin

Biochemical Technology Company (Shanghai, China). Double-distilled water was used in all experiments.

Instrumentations and Characterizations

The particle size distribution histogram and morphologies of the samples were acquired by High-
resolution transmission electron microscopy (HRTEM) images that were carried out on a FEI TEC9G20
electron microscope at an operating voltage of 200 kV (USA). By dropping the particle samples onto
carbon-coated copper grids and allowing them to evaporate the excess solvent by drying at room
temperature, the HRTEM analysis was obtained. The UV-Vis absorption spectra were recorded on a UV-
3600 spectrometer (Shimadzu, Japan). Photoluminescence spectra (PL) of the samples were obtained
with a FP-8300 fluorescence spectrophotometer (JASCO, Japan). Both excitation and emission slits were
fixed at 10 nm. Fourier transform infrared spectroscopy (FT-IR) and X-ray Photoelectron Spectroscopy
(XPS) were revealed via Fourier transform infrared spectrometer (Vertex 70, Bruker, Germany) and X-ray
photoelectron spectrometer (ESCALAB Xi+, Thermo Fisher Scientific, USA) to investigate the functional
groups and surface chemical compositions of the as-prepared CDs, respectively. The X-ray diffraction
(XRD) pattern was collected on a D-500 XRD (Siemens, Munich, Germany) to demonstrate the crystal
structure of as-prepared CDs. By applying Scanning electron microscopy (SEM, JSM-7900F, JEOL, Japan)
with energy dispersive spectroscopy (EDS), the SEM images and EDS spectrum of the sample were
collected. Raman spectrum of CDs was obtained by LabRAM HR800 laser confocal Raman spectrometer
(HORIBA Scientific Jobin, France). The microwave-assisted reaction was done in a microwave oven with
a tunable output power (100—1000 w), tunable time (1 s — 29 min: 59 s), tunable pressure (maximum
working pressure is 35 atm), tunable temperature (maximum working temperature is 235°C), and a 2450-
MHz microwave frequency, 1500 W, WX-4000 (Preekem Scientific Instruments, Shanghai, China). It
should be noted that all optical measurements were performed at room temperature under ambient
conditions.

Preparation of Fluorescent CDs

The fluorescent CDs were synthesized using citric acid monohydrate and urea as precursors via a simple,
rapid, and one-step microwave pyrolysis method. Briefly, 3 gr of citric acid monohydrate and 3 gr of urea
were dissolved in 10 ml ultrapure water and stirred until a transparent and homogeneous solution was
achieved. Then, the mixture was irradiated by a microwave oven (750 W) for 150 s. After completion of
the reaction, the mixture was cooled to room temperature. To separate large particles and collect highly
fluorescent carbon dots, the brownish-black solid was centrifuged at 12000 rpm for 10 min and washed 4
times by water and mixture of ethanol and water. Afterward, the CDs solution was filtered through a 0.22
pum micropore membrane. For further purification and separation of unreacted molecules, and to remove
excess solvents, CDs powders were dried under a vacuum oven at 60°C (1 hr). As a result, CDs powders
were obtained by evaporation, re-dispersed in deionized water, and stored at 4°C for further use.

Diclofenac Sodium (DFS) Sensing
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To investigate the sensitivity of as-prepared CDs towards DFS, different concentrations of DFS (5, 10, 20,
40, 50, 60, 100, 120, 140, 180, 220, 260, and 300 uM) were prepared in methanol. The reaction was
allowed to take place at room temperature for 10 min, then the changes of fluorescence emission spectra
with excitation wavelength at 360 nm were measured from 300 to 700 nm to assay the sensitivity of as-

prepared CDs towards DFS. The concentration of CDs was adjusted to 5 pg.ml™ in all measurements.

Results And Discussion
Structural Characterization of CDs

The crystallinity of CDs was investigated by XRD. Figure 1a displays the XRD pattern of CDs with a broad
diffraction peak located at 23.54°, which corresponds to the (100) lattice spacing of the carbon-based
materials and indicates the presence of graphite lattice in the structure of as-prepared CDs. Furthermore,
the XRD pattern probably can introduce the amorphous nature and disordered structure of CDs [21, 22].
Also, Raman analysis was applied to investigate the graphitic nature of the CDs [23, 24]. The Raman
spectrum of CDs indicated that two main peaks located at 1362 cm™ (D-band) and 1583 cm™ (G-band),
which are attributed to the sp® and sp? hybridized carbon in the structure of as-prepared CDs, respectively
(Fig. 1b) [25]. By observing an Ip/Ig ratio (=<0.86), it can be assumed that there are some defects in the
structure of as-prepared CDs.

To evaluate the surface functional groups of as-prepared CDs, the FTIR spectrum was performed (Fig. 2).
The broad peak at 3435 cm™ corresponds to the bending vibrations of the -OH groups. The peaks located
at 2072 cm™ and 3183-3383 cm™ belong to the stretching vibrations of the N-H groups. Moreover, the
peaks at 2847, 1720, 1639, 1273, 1107, and 1086 cm™" were attributed to vibrations of C-H, C=0, C=0/C
=N, C-N, C-0-C, and C-O groups, respectively [26—28]. These results indicated that abundant oxygen-
containing groups such as carboxylic and hydroxyl groups existed on the surface of CDs. The existence
of these groups in the structure of CDs has an excellent effect on their stability and hydrophilicity in the
various systems.

In addition, the synthesized CDs were analyzed by SEM, and the acquired image illustrated a rough
dispersed state of CDs. EDS spectrum of as-prepared CDs described the existence of three main elements
including carbon, oxygen, and nitrogen in the structure of CDs, as shown in Fig. 3a. In other words,
carbon, nitrogen, and oxygen elements were accounted for about 51, 27, and 22% of the structure of the
synthesized CDs, respectively. The elemental mapping showed that these elements are well distributed in
the structure of CDs, which was corresponded to other researches (Fig. 3b) [29]. In addition, the surface
chemical composition of the as-prepared CDs was confirmed by XPS measurement (Fig. 4a). The full
range XPS spectrum revealed that the as-prepared CDs mainly consist of carbon (C1s, 284.8eV, 50.98%),
nitrogen (N1s, 399.55eV, 26.79%), and oxygen (01s, 532.17eV, 22.23%) which was completely consistent
with the EDS spectrum. The high-resolution C1s spectra of CDs indicated three peaks located at 284.3 eV,
288.1 eV, and 288.8 eV, which are attributed to C-C/C=C, C=N, and C = O groups, respectively (Fig. 4b).
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On the other hand, the existence of different peaks in the C1s spectrum indicates the presence of carbon
in various chemical environments. The N1s high-resolution spectra of CDs exhibited two peaks located at
399.4 eV and 401.8 eV, attributed to pyrrolic N and N-H bonds, respectively (Fig. 4c). In addition, the peaks
at 531.5 eV and 533.2 eV corresponded to the C= 0 and C-O groups which could be clearly observed in
the O1s high-resolution spectra of as-prepared CDs (Fig. 4d) [30-32]. The results obtained from FTIR and
XPS analyses demonstrated that the as-prepared CDs inherited amounts of oxygen and nitrogen-
containing groups on their surfaces. The diverse functional groups on the surface of as-prepared CDs
equipped these fluorescent materials with various features such as good water solubility and excellent
optical properties, and provide the possibility of using them in various fields.

The histogram and morphologies of the as-prepared CDs were evaluated by HRTEM images. As shown in
Fig. 5a, the HRTEM Images proved that the as-prepared CDs were spherical and well dispersed in different
resolutions. Furthermore, the HRTEM images indicated that the as-prepared CDs had suitable crystalline
lattice spacing (=0.24 nm), which could correspond to the lattice constant of graphite (graphitic carbon)
and indicated the graphitic nature of CDs [33-36]. Also, the size distribution of particles ranged from 1 to
6 nm, and the average size of monodisperse CDs was around 3.6 nm by measuring the diameters of 50
particles (Fig. 5b).

Optical Properties of CDs

The optical properties of as-prepared CDs were investigated by UV-Vis absorption and
photoluminescence spectra. As shown in Fig. 6a, the as-prepared CDs exhibited one weak peak located at
236 nm and two strong absorption peaks located at 275 nm and 345 nm. The strong peaks at 275 nm
and 345 nm can be ascribed to the r-m" transitions of the sp2-hybridized carbon bonds (C=C)[37]and
the n-t”" transitions of the C-O and C = O structures in the CDs, respectively [38]. Furthermore, the emission
spectrum of CDs is usually strongly dependent on the excitation wavelength. Therefore, assessing the
dependence or non-dependence of the emission spectrum of CDs than the excitation wavelength is one
of the important points that should be considered. Hence, the emission spectrum of CDs was evaluated
at diverse excitation wavelengths ranging from 320 to 380 nm with a 10 nm increment. It was observed
that by increasing excitation wavelength from 320 to 380 nm, the emission spectrums moved to a longer
wavelength, while their intensity decreased when the excitation wavelength was more than 360 nm. As
shown in Fig. 6b, the best emission intensity was observed at 360 nm. Therefore, with the optimal
excitation wavelength at 360 nm, the as-prepared CDs showed the strongest peak at 445 nm (Fig. 6c¢).
These excitation wavelength-dependent fluorescence characteristics of CDs can be attributed to the
various size of nanoparticles in the samples (quantum effect) and the diverse functional groups that
exist on the surface of CDs [39, 40].

To verify the ability of CDs as a fluorescent probe, the as-prepared CDs were investigated to detect DFS in
diverse concentrations. Here, different concentrations of DFS from 5-300 uM (5, 10, 20, 40, 50, 60, 100,
120, 140, 180, 220, 260, and 300 uM) were prepared in detection system. Figure 7a shows the
fluorescence spectra of as-prepared CDs in the presence of various concentrations of DFS with excitation
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wavelength at 360 nm. The fluorescence emission spectra of the CDs-DFS detection system can be
changed with different DFS concentrations. On the other hand, the results indicated that the fluorescence
spectra of the sensing system were enhanced gradually with increasing DFS concentration. It should be
noted that the electrons can reside in various energy levels. However, the tendency of electrons is located
in lower energy levels (steady state). Upon excitation, electrons move from a lower energy level (valence
band) to a higher energy level (conduction band). As a result, a positively charged hole in one of the levels
(valence band) and a free electron in the other level (conduction band) are created. Therefore, exciton (a
bound electron-hole pair) is formed, and fluorescence is produced by the combination of electron and
hole [41-43]. However, due to the introduction of various analytes, strong interactions between the
external electrons of the fluorescent substance and the desired analyte are formed, which lead to the
occupation of holes and prevent electron-hole recombination on the surface of CDs [44]. Thus, a
significant decrease in the FL intensity of the CDs occurs. In the case of DFS, the process was different.
As we mentioned, electrons are unstable in the excited state and tend to quickly return to their stable
state. When the electrons intend to return from the excited state to the ground state, they must give back
their excess energy in the form of radiation or non-radiation. The DFS can increase the fluorescence
properties of as-prepared CDs by decreasing their non-radiative transitions and improving the defects [14,
45, 46). As a result, the as-prepared CDs can be used as a fluorescent probe for reliable and accurate
detection of DFS based on the enhancement of the FL intensity. Furthermore, the changes in the FL
intensity of as-prepared CDs ( F = F-F, where F and F are the FL intensities of as-prepared CDs in the
presence and absence of DFS, respectively) had a good linear regression correlation with the
concentrations of DFS in the range of 5-300 uM (Fig. 7b). The linear equation for DFS was F =0.0027
Cprs + 0.0081, and the correlation coefficient was R2 =0.9996. The LOD was calculated to be 2.33 yM
according to the 30/K (S/N = 3).

The Stability of CDs Versus Diverse Environmental
Conditions

The stability of CDs in various environmental conditions is a vitally important parameter for their better
performance and efficiency in different fields. Therefore, the fluorescence properties of as-prepared CDs
were evaluated under harsh and diverse conditions. To evaluate the photostability, the CDs solution is
placed under a 360 nm UV lamp at different irradiation times. As shown in Fig. 8a, the FL intensity of CDs
shows only a negligible decrease even after 1 hour of continuous irradiation. The result proves the
excellent photostability of as-prepared CDs. To evaluate the storage stability of CDs, the effect of the
storage time on the FL intensity of CDs was explored. As demonstrated in Fig. 8b, more than 85% of the
initial fluorescence is still maintained even after 60 days, indicating the strong resistance of CDs to
photobleaching. Furthermore, the effects of pH value and ionic strength of the solution on the FL intensity
of CDs were also investigated. As exhibited in Fig. 8c, the maximum FL intensity was observed at pH 6-7,
which indicates that neutral conditions are more suitable for fluorescence detection. Both decreasing the
pH value from 7 to 1 and increasing the pH value from 7 to 13 led to decrease in the FL intensity of CDs.
Such pH-dependent fluorescence behavior can be attributed to the protonation or deprotonation of
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functional groups that are present on the surface of CDs [47, 48]. It is worth mentioning that while the pH
value increased from 1 to 13, the emission peak of the CDs was gradually changed. Although some
mechanism models such as change of energy level and protonation and deprotonation have been
explored in response to pH, a specific mechanism for justification of this behavior will be necessary for
the future to analyze the structure and optical properties of CDs well. The stability of nanoparticles in
high ionic strength media is another important factor that should be considered to evaluate the
performance of nanomaterials. For this aim, the FL intensity of CDs was measured in a solution including
various concentrations of NaCl. As illustrated in Fig. 8d, the FL intensity of CDs had no obvious change
even at a high ionic strength of 3.0 M, which perfectly indicates that CDs could be suitable for any
system, even in environments containing different salt solutions. These findings demonstrate that the as-
prepared CDs are highly stable even under complicated and diverse physiological conditions. As a result,
the obtained CDs have great potential and numerous advantages for practical applications.

The CDs-Based Test Papers for Detection of DFS

Nanocelluloses (NCs) is considered as the natural polymers with great characteristics such as favorable
thermal stability, high surface area, excellent mechanical properties, and biocompatibility. Therefore, the
combination of CDs and NCs in different fields may lead to wonderful results. To evaluate the capability
of CDs as a fluorescent probe in various environments, the as-prepared CDs and different concentrations
of DFS were fixed on the paper (NCs), and their color changes were investigated under UV irradiation. As
shown in Fig. 9, when there was no DFS, the test paper displayed blue fluorescent under UV irradiation.
After that, by increasing the concentration of DFS, the color of the test paper was gradually enhanced. In
other words, the as-prepared CDs can be applied as a fluorescent probe for detection of various
concentrations of DFS on the paper. Therefore, according to the diverse analyses, it can be concluded
that the as-prepared CDs have numerous properties such as high-water solubility, different functional
groups, and excellent optical performance which suggest that there will be great prospects for the as-
prepared CDs as fluorescent probe in the future.

Selectivity of CDs Towards DFS

In addition, to optimal optical performance, an excellent fluorescent probe should also have good
selectivity toward the desired target. Actually, selectivity is an important parameter that affects the
performances of the as-prepared CDs. Same concentration of 10 different drugs including Tet, DFS, Cip,
Car, Amo, Ind, Met, Lor, Nap, Asp, 3 metal ions such as Na*, Mg*, AI**, and 2 amino acids including MET
and Tyr were separately added at a concentration of 100 uM to the obtained CDs solution to evaluate the
fluorescence response of CDs towards different interfering substances. As indicated in Fig. 10, no
obvious change in the FL intensity was observed for CDs with the addition of 100 pM drugs, metal ions,
and amino acids, whereas a significant increase in FL intensity was obtained for DFS. In addition, the
structure of the Ind, Nap, and Asp are similar to DFS. Therefore, as shown in Fig. 10, slight interferences
were observed for FL intensity of the CDs solution after addition of these substances. The results showed
that the mentioned substances which exist in the solution cannot have a significant effect on the optical
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detection of DFS, which indicates that the proposed method can be applied as an excellent fluorescent
probe for the sensitive and selective detection of DFS.

Analysis of Real Samples

The ability of the proposed approach in the practical applications was evaluated to investigate the
reliability and sensitivity of the method towards DFS. For this aim, two different real samples (tap water
and mineral water) were selected. To purify samples, the impurities and undesirable particles (large
particles) were separated by centrifuging at 10,000 rpm for 18 min and further filtered through a 0.22 pm
filter membrane. Standard recovery experiments were applied for DFS detection in the water samples at
two different concentration levels. Accordingly, a constant value of real samples (6ml) were spiked with
DFS working solution to obtain final concentrations of 5 and 10 uM. The results from Table 1 implies that
the average recovery of DFS was more than 97% with an appropriate RSD (%) in both real samples. These
findings indicate that the designed CDs-based fluorescent probe is a completely promising approach to
detect the different concentrations of DFS in various environments and real samples.

Table 1
Recovery values and precision of DFS in water samples
Sample DFS added (uM) DFS found (uM) Recovery (%) RSD
(%)
Tap water 0.00 - -
P N.D."
5.00 95.4 2.27
10.00 477 96.6 1.69
9.66
Mineral water  0.00 - -
N.D."
5.00 97.8 1.123
10.00 4.89 98.3 0.84
9.83
N.D." = Not detected

The Effect of Fe3* on The Optical Characteristics of As-
Prepared CDs

To improve the sensitivity of the sensor, CDs were doped with Fe3* ions (by microwave irradiation, 750 W,
150 s) and their fluorescence changes after addition of DFS were investigated. Figure 11a illustrates the
fluorescent spectra of Fe-CDs in the presence of different concentrations of DFS. As can be seen, by
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increasing concentrations of DFS from 5 to 300 uM, the FL intensity of Fe-CDs increases. By comparing
Fig. 7a& 11a, it can be concluded that the fluorescent of Fe-CDs is decreased significantly compared to
the CDs. The mechanism of quenching the FL intensity of Fe-CDs can be considered based on the
interactions formed between the oxygen/nitrogen-containing groups on the surface of CDs with Fe3*
ions. As mentioned, the surface of CDs contains different functional groups such as -OH, N-H, and C-H.
These oxygen/nitrogen-containing groups have a good affinity to form strong interaction and
coordination bonds with Fe®* ions by donating electron pairs to the metal ions, resulting in the
fluorescence quenching effect [11, 49-51]. The findings indicated that CDs and Fe-CDs have great
potential as fluorescent probes for rapid, low-cost, and accurate detection of DFS at various
concentrations. In addition, the relationship between the FL intensity of Fe-CDs with various
concentrations of DFS was evaluated (Fig. 11b). Noteworthy, the good linearity relation was obtained
between the FL intensity of Fe-CDs with the different concentrations of DFS in the range of 5-300 uM. In
this case, the linear regression correlation for DFS could be described with the equation of F/F, =-0.0018

Cprs + 0.0227, and the correlation coefficient was R? = 0.9970. Also, the LOD was calculated to be 0.12

UM (30/K). Actually, adding Fe3* to CDs improved the LOD of as-prepared CDs. The results suggest that
the as-prepared Fe-CDs is superior fluorescent probe and has great prospects for DFS detection in
different systems.

Conclusions

In this work, the CDs and Fe-CDs were prepared through a facile, rapid, low-cost, and one-step microwave
heating approach without any further modification for the detection of various concentrations of DFS in
the broad range of 5-300 pM. The as-prepared CDs possessed excellent characteristics, including
appropriate size and morphology, good water solubility, various functional groups, and outstanding
stability towards different environmental conditions. In addition, the FL intensity of the synthesized CDs
and Fe-CDs showed a linear response with the different concentrations of DFS over the wide range of 5-
300 puM with the LOD of 2.33 and 0.12 puM, respectively. Furthermore, the as-prepared CDs can be applied
as a fluorescent probe for detection of a wide range of DFS on the test papers (NCs) and different real
samples. These results demonstrated that the sensing system is a fast, powerful, selective and efficient
approach for detecting a wide range of different concentrations of DFS in various environments.
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(@) The XRD pattern, and (b) Raman spectrum of as-prepared CDs.
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Figure 2

The FTIR spectrum of CDs.
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Figure 3

(@) The SEM image, EDS spectrum, and (b) Elemental mapping of as-prepared CDs.
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Figure 4

(@) The XPS survey, and the high resolution of (b) C1s, (c) N1s, and (d) O1s spectra of the as-prepared

CDs.
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(@) The HRTEM images of as-prepared CDs; inset of (a) shows crystalline lattice spacing of CDs, (b)
Displays a histogram for the size distribution of particles.
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Figure 6

(@) The absorption spectra of as-prepared CDs; inset of (a) shows the photographs of CDs in aqueous
solution under visible light (left) and 360 nm UV light (right), (b) The emission spectra of CDs under

different excitation wavelengths, and (c) The optimal excitation and emission wavelength for as-prepared
CDs.
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Figure 7

(a) FL spectra of as-prepared CDs in the presence of different concentrations of DFS and (b) The linear
relationship between the FL intensity of CDs with DFS in the wide range of concentrations from 5 to 300
UM.
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Figure 8

Stability performance of the FL intensity of CDs (a) Under ultraviolet light at different irradiation times, (b)
Diverse storage times, (c) Various pH values, and (d) Different concentrations of NaCl ( ,. = 360 nm,

emi = 445 nm; and Cgqps = 5 pg.ml™).
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Figure 9

The photographs of CDs-based test papers with diverse concentrations of DFS under a UV lamp (The
concentration of DFS from left to right was 0, 60, 140, 260, and 300 uM, respectively).
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Figure 10

The selectivity of as-prepared CDs solution after addition of different drugs, metal ions, and amino acids
(the concentration of all interferences were 100 uM).
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Figure 11

(a) FL spectra of as-prepared Fe-CDs in the presence of different concentrations of DFS and (b) The linear

relationship between the FL intensity of Fe-CDs with DFS in the wide range of concentrations from 5 to
300 pM.
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