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Blue emitting nitrogen-doped carbon dots were synthesized using citric acid and urea through the
hydrothermal method, and the fluorescence quantum yield was 35.08%. We discovered that N-CDs
featured excellent robust fluorescence stability and chemical resistance. For metronidazole detection,
our N-CDs exhibited quick response time, high selectivity and sensitivity, and low cytotoxicity.
Specifically, our N-CDs could detect metronidazole in the linear range of 0-179 uM, and the LOD was
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Accepted 6th January 2023 0.25 pM. Furthermore, metronidazole efficaciously quenches the fluorescence of N-CDs, possibly owing
to the inner filter effect. Lastly, we have employed our N-CDs to detect metronidazole in commercial

DOI: 10.1035/d2ra07150a metronidazole tablets with high accuracy. Overall, the newly prepared fluorescence sensor, N-CDs,

rsc.li/rsc-advances demonstrated a huge potential to detect metronidazole in a simple, efficient, sensitive, and rapid manner.
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1 Introduction

Metronidazole (MTZ, Fig. S17) is an antibiotic and antiprotozoal
medication to treat various infections, including bacterial vag-
inosis, amoebiasis and giardiasis.*” It has been widely used as
an antimicrobial agent in both veterinary and human
medicine.** Although metronidazole has good medicinal
value,*® it was found to be mutagenic and listed as a possible
carcinogen due to the formation of 2-hydroxymethyl metabo-
lites in 5-nitroimidazoles metabolism. An overdose of it could
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cause toxic reactions and side effects, including headache, loss
of appetite, blurred vision, hormonal imbalance, and
seizures.”™ Because of its frequent use in animal husbandry
and aquaculture, it has been prohibited by the European
Commission and the FDA in domestic animals.””™* Recently,
China also established a standard test for metronidazole in
food.''® Hence, it is necessary to build a reliable and sensitive
method to detect metronidazole.

Various techniques have been utilized for metronidazole
detection, including HPLC,"”** electrochemical sensing,
immunoassay*® and spectrophotometry.”*** Although these
analytical approaches could sense metronidazole sensitively
and selectively, they require professional equipment, compli-
cated operation, and extensive sample preparation, which
hinder to detection of metronidazole in a rapid and straight-
forward manner.

In recent years, a new highly sensitive and selective detection
method has been established by using fluorescent chemical
sensors for metronidazole detection. As an impactful comple-
ment to conventional analytical techniques, carbon-dot-based
optical sensors enable no need for sample preparation effort
and rapid detection of various ions and molecules in a highly
sensitive and selective way.**** Carbon dots (CDs) is a quasi-
spherical nanomaterials with a characteristic size of <
10 nm.” It has been widely utilized in several fields for their
multiple excellent properties, including high solubility,
biocompatibility, simple surface modification, anti-photo-
bleaching, and chemical inertness.>**” However, due to their
low fluorescence quantum yields and few active sites for
modification, many efforts have been made to enhance their
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Scheme 1 Preparation of N-CDs and detection of MTZ.

luminescent properties. Doping with the non-metallic hetero-
atoms has been proven as a practical way to improve the fluo-
rescence quantum yields of CDs.”®*' Thanks to nitrogen's
similar atomic size as that of carbon, and its electron donor
character, the nitrogen atom becomes the natural candidate for
doping in graphene and nitrogen doping has been demon-
strated to improve fluorescence quantum yields with great
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advantages.**** According to the reported papers, Humic acid,
EDC-HC], ethylenediamine, triethylenetetramine, etc. are
usually chosen as nitrogen source in most of the carbon dots
synthesis for detecting metronidazole.’***

Here, in our study, citric acid and urea as starting materials
were applied and prepared nitrogen-doped carbon dots (N-
CDs), our nitrogen source has the following virtues: simple
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(@) HRTEM image (b) particle size distribution of N-CDs (c) XRD pattern (d) FT-IR spectra.
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structure, low price, safer, and easy to operate. Furthermore,
our N-CDs exhibited high specificity and sensitivity to detect
MTZ. Finally, our N-CDs have been successfully employed to
detect metronidazole in commercial metronidazole tablets.

2 Results and discussion
2.1 N-CDs preparation and optimization

Urea and citric acid were used as the starting substances and
prepared CDs by hydrothermal method (Scheme 1). To achieve
high fluorescence quantum yields (QYs) of CDs, different
synthetic conditions were evaluated, including reaction
temperature, reactant ratio and reaction time. As expected,
various reaction conditions seriously affected the QYs of CDs
(Table S1-S3, and Fig. S21). In summary, CDs were synthesized
at optimized reaction conditions when the reactant ratio (urea
to citric acid) at 1: 5 and the reaction temperature at 190 °C for
a total of 6 hours. The prepared CDs were named N-CDs, and
the value of QY was 35.08% by the reference method.

2.2 N-CDs characterization preparation and optimization

Next, HRTEM was employed to examine the topography and
particle size distributions of N-CDs. The N-CDs were dispersed
and approximately spherical in shape (Fig. 1a). The particle
size of N-CDs ranged from 1.04 nm to 3.42 nm, with the
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average size at 2.02 nm (Fig. 1b). In addition, the XRD pattern
of N-CDs indicated a broad diffraction signal near 24.7°, sug-
gesting the amorphous forms of carbon (Fig. 1c). The Raman
spectrum of the N-CDs was shown in Fig. S3.1 There were two
prominent peaks centered at around 1350 cm ' and
1581 cm ™', which were ascribed to the D band (disordered
band) and G band (graphite band). The ratio of Ip/I; was 1.47.
The result further confirmed that its attribution to the amor-
phous structure.

The N-CDs functional groups were subsequently evaluated
by the FT-IR. As shown in Fig. 1d, multiple speaks were
detected among 4000-500 cm ™ '. The wide range of the peak
from 3700-2500 cm ™" has corresponded with N-H and O-H
stretching vibration. The peak at 1716 cm ™" was assigned to
carbonyl group. The peak at 1618 cm ' was ascribed to
hydroxyl bending vibration. The peak at 1450 cm ™" was asso-
ciated with the saturated C-H bending vibration. The peak at
1346 cm™ ' was probably caused by the C-N stretching vibra-
tion, and at 1186 cm™ " was attributed to the C-O stretching
vibration.***!

To explore the detailed information about the functional
groups of N-CDs and their element composition, XPS analysis
was performed and observed three typical strong peaks at
531.05 eV, 399.32 eV and 284.80 eV, which were attributed to O
1s (32.00%), N 1s (9.92%) and C 1s (58.08%), respectively
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Fig. 3 (a) UV-vis spectrum (inset: under UV light (365 nm, left) and sunli
spectra (d) CIE color diagram.

(Fig. 2a). Specifically, the C 1s spectra indicated three peaks at
288.18 eV, 285.58 eV and 284.54 eV, which was related to C-N,
C-H and C-O/C=O0 bonds, respectively (Fig. 2b). The N 1s
spectra displayed two decomposition peaks at 400.58 eV and
398.98 eV, which was assigned to C-N and N-H bonds (Fig. 2c).
The O 1s spectra exhibited two decomposition peaks 531.17 eV
and 532.65 eV, which were corresponded to O-H and C=0/C-O

ght (right)) (b) fluorescence spectra of N-CDs (c) fluorescence emission

bonds, respectively (Fig. 2d). Lastly, the XPS data were consis-
tent with the results obtained by FT-IR.

2.3 Optical properties of N-CDs

The Ultraviolet-visible absorption spectra of N-CDs displayed
two classic absorption bands at 239 nm and 332 nm, which was
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Fig. 4 (a) Effect of N-CDs photostability under continuous UV irradiation (365 nm) for various time (up to 90 min) (b) effect of ion strength (NaCl
concentration of 0, 0.2, 0.4, 0.6, 0.8, 1 mM, respectively) on the photostability of N-CDs.
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related to the m—-7* of the carbon nucleus and the n-w* leap of
C=0 (Fig. 3a).*»** We observed the maximum wavelength of A
and Aen, at 334 nm and 434 nm, respectively (Fig. 3b). Interest-
ingly, when the excitation wavelength increased from 320 nm to
390 nm, the position of emission peak of N-CDs nearly appeared
at 434 nm constantly, so it was excitation-independent (Fig. 3c).
Besides, the solution of N-CDs displayed colorless and emitted
blue fluorescence under sunlight and UV lamp (Fig. 3a inset).
CIE color coordinate of N-CDs was calculated at (0.1515,
0.0794), further demonstrating their blue fluorescence emission
with UV radiation (Fig. 3d).

Subsequently, the fluorescence stability of N-CDs was tested,
illustrating its intensity with 12.53% decreased after 90 minutes
ultraviolet light (365 nm) irradiation (Fig. 4a). Furthermore, the
impact of salinity was explored and found the intensity of N-
CDs was unaffected when the NaCl concentration reached to
1 mM (Fig. 4b), indicating their excellent chemical stability,
even in extreme environmental conditions. Overall, our finding
revealed that N-CDs have great potentiality in practical
applications.

I,
(=]
f=

0.4

0.0

4

F AT ¥ LY oL e &8s A& N
SEFE e &SI FFNFTE ¢SS

Fig. 6
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2.4 Detection of metronidazole

Previous studies implied pH and response time are key factors
in detection, we determined to optimize them to attain better
quantitative analysis of our N-CDs in metronidazole detec-
tion. The intensity of N-CDs rapidly increased in acidic envi-
ronment (pH scale ranged from 1 to 7) and reached the
maximum value at neutral environment (pH of 7), then
gradually decreased in alkaline condition (pH scale ranged
from 7 to 14) (Fig. 5a). The intensity of N-CDs still kept high
(~50% of its maximum value at pH of 7) even at pH of 14,
indicating that our N-CDs have high durability from weak acid
to strong alkali conditions. That results might due to the
influence of protonation, the fluorescence intensity of N-CDs
decreases under the strong acid condition.*»** Next, the
response time of N-CDs to metronidazole was examined. The
intensity of N-CDs decreased within 5 s and remained steady
and unchanged within 100 s (Fig. 5b), which suggested that
the analysis time has been very short in the detection of MTZ.
Therefore, pH 7 and the response time of 10 s were used for
follow-up studies.
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To exam the selectivity of our N-CDs to metronidazole
detection, the intensity responses to other substances were
measured, including various metal ions (K*, Ca*", Mg”", Ni*",
Na*, and Cd*"), four different amino acids (i-serine, r-histi-
dine, r-threonine and vr-phenylalanine) and four different
antibiotics (Erythromycin, Florfenicol, Kanamycin Mon-
sulfate, and Neomycin Sulphate). As shown in Fig. 6a, our N-
CDs only responded to metronidazole, not other substances,
indicating the high selectivity for metronidazole identifica-
tion. Furthermore, the interference experiments by mixing
metronidazole and other substances were performed. As
excepted, the addition of a coexistent interference substance
didn't impact the fluorescence quenching effect caused by
metronidazole (Fig. 6b). Overall, the results further demon-
strated that our N-CDs had high selectivity for metronidazole
detection.

Next, the sensitivity of N-CDs for metronidazole detection
was test. As shown in Fig. 7a, under 434 nm wavelength, with
increased concentration of metronidazole (from 0 to 179 pM),
the intensity of N-CDs gradually diminished. Specifically, it is
apparent that the (Fo-F)/F, shown a good linear relationship to
metronidazole concentration in the range of 0-24 uM, 24-87
uM and 87-179 uM (Fig. 7b). The fitted linear equations were
(Fo=F)/Fo = 0.01361[MTZ] + 0.00628 (R* = 0.99562), (Fy—F)/Fo =
0.00597[MTZ] + 0.20201 (R* = 0.99390), and (Fo-F)/F, =
0.00193[MTZ] + 0.53742 (R* = 0.99607), respectively. The
detection limit (LOD, 3¢/K) was as low as 0.25 uM, indicating
its sensitivity for MTZ detection. In addition, compared and

1000
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summarized relevant results from previous studies, our N-CDs
had wide detection range and lower LOD for metronidazole
detection (Table 1).

2.5 Fluorescence quenching mechanism of MTZ detection

The Ultraviolet-visible absorption spectra of metronidazole
displayed two absorption weeks at 230 nm and 322 nm (Fig. 8a).
It is noticed that there was a broad overlapped band between
excitation spectra of N-CDs (peaks at 334 nm) and the absorp-
tion spectra of metronidazole (Fig. 8a). Moreover, the position
of the absorption peaks was unchanged, and the intensity was
enhanced with the presence of metronidazole, indicating that
no new complex was formed between MTZ and N-CDs and the
electron-hole complex was not the cause of the burst effect
(Fig. 8b).* To further explore the underlying mechanism, the
fluorescence lifetime was examined. The fluorescence lifetime
of N-CDs displays almost no change in presence of MTZ
(Fig. 8c). The evidences provided that the quenching mecha-
nism of MTZ might be due to the IFE.

2.6 Detection of MTZ in commercial samples

To examine the practicality of N-CDs for the detection of
metronidazole, the metronidazole content from commercial
metronidazole tablets were inspected. As described previously,
the concentration of the MTZ tablet was measured as 2.10 uM,
which is beyond our LOD of N-CDs. Therefore, three different
concentrations of MTZ solutions (5, 10, and 15 pM) in
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Table 1 Comparison for MTZ detection
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Linear detection

Limit of detection

Sensing method or material range (UM) (uM) Ref.
N-CDs 5-75 0.957 37
High-performance liquid chromatography (HPLC) 0.76-1750 2.28 46
Cu-poly(cysteine)film 0.5-400 0.37 47
P-AgSA-CE 3.4-17.1 0.34 48
Carbon dots (N-CDs) 0-179 0.25 This work
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decay curve of N-CDs absence and presence of MTZ.

Table 2 MTZ concentration detection in commercial tablets

MTZin  Spiked MTZ Total Recovery RSD
tablets concentration  found (%) (%)

Sample  (uM) (uM) (uM) N=3 N=3
MTZ 2.10 5 6.80 94.00 4.70
tablets 10 12.21 101.10 1.52
15 16.84 98.27 4.73

commercial metronidazole tablets were spiked and evaluated
the performance of our N-CDs to these mixtures. Not surpris-
ingly, the recovery rates were calculated as high as 94.00%-
101.10% (RSD < 4.73%), indicating our N-CDs had high prac-
ticability and accuracy (Table 2)

2.7 Cytotoxicity of N-CDs

Lastly, the cytotoxicity of our N-CDs in HaCaT cells with MTT
assay was investigated. Increased amount of N-CDs slightly
affected the HaCaT cells viability, even 100 mg mL™" of N-CDs
only caused 10.68% decrease of cell viability, indicating our
N-CDs had low cytotoxicity (Fig. 9).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3 Conclusion

In summary, a new water-soluble blue-fluorescent N-doped
carbon dots was synthesized, and the quantum yield was
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35.08%. Our N-CDs exhibited low cytotoxicity, high specificity
and sensitivity to metronidazole in a rapid manner (within 10 s).
In addition, metronidazole content in commercial metronida-
zole tablets were successfully detected with high accuracy.
Furthermore, we discovered that the IFE could be the possible
quenching mechanism of MTZ detection. Above all, our N-CDs
demonstrated their potential to detect metronidazole without
any special instrument.
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