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ABSTRACT: Nitrogen-doped carbon dots (NCD) with high fluorescence retention and [ ]

good stability were successfully fabricated using citric acid and urea via a facile and eco-
friendly one-step microwave method, which exhibited superior specificity for detection of
nitrofurantoin (NFT). Upon the addition of NFT, the fluorescence intensity of NCD at 450
nm was significantly decreased. Besides, a satisfactory linear relationship between the
fluorescence quenching efficiency and concentrations of NFT was obtained. Especially,
NCD was qualitatively and quantitatively applied for detection NFT in milk and meat
extract samples with a high recovery rate. Consequently, it was suggested that the detection
method had potential application in the specific detection of NFT, offering a novel approach

for veterinary drug residue detection.

1. INTRODUCTION

Nitrofurans is special kind of antibiotic that play a significant
role in the prevention of infections due to inhibiting growth of
bacteria."”” In addition, they are often used as an feed additive
to promote animal growth in animal husbandry.” However,
excessive use of antibiotics can lead to antibiotic residues in
food and the environment, posing lots of threats to human
health, including toxic effects, bacterial resistance to antibiotics,
and so on.”” NFT was previously used in veterinary and
agricultural settings, but it has been banned.® Therefore, this
kind of antibiotic detection is of special concern to protect
human health and the environment.

Traditional technologies for antibiotics detection include
high-performance liquid chromatography,” capillary electro-
phoresis,® and liquid chromatography—mass spectrometry.”"'’
Though these methodologies can detect antibiotics in
extremely high sensitivity and accuracy, they involve
sophisticated and high-cost instrumentation.'’ Besides, they
tend to require complex sample preparation, professional
instrument operation as well as long analysis times. ~ Thus, it is
still a challenge to develop a better analytical method for the
qualitative and quantitative determination of antibiotics.
Fluorescence analysis are considered as a rapid, facile, real-
time, economical, and selective method in the detection field,"
especially for the processed of bulk samples.'* The
fluorescence method can be wildly used to the detection of
antibiotics,">'¢ pesticides,”’18 and metal ions'”*® in the
environment.””> NFT is a nitro-containing compound that
serves as a fluorescence quencher. This is attributed to the
presence of the —NO, moiety, a common electron-with-
drawing group with oxidizing properties, capable of attenuating
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or even quenching fluorescence.”® Leveraging this character-
istic, the fluorescence methodology can be employed for the
detection of furanone.

Carbon quantum dots (CD) as novel nanomaterials have
attracted remarkable attention for simple and rapid detection
due to promising fluorescent properties and superior photo-
stability.”>** The photoluminescence of CD was used as the
response signal to monitor the presence of antibiotics.””
Wang’s group prepared a kind of CD modified with
piperazine.”® The CD can be used in the detection of
oxytetracycline due to the Forster resonance energy transfer
(FRET) between the CD and oxytetracycline. The PL
intensity and detection process of CD were dependent on
the pH. Heteroatom doping of CD can regulate the surface
chemical structure to improve the fluorescence intensity. Qi
and his co-workers synthesized NCD with excellent photo-
luminescence properties.”” The NCD showed high sensitivity
and selectivity to tetracycline, aureomycin, and so on.
However, the synthesis of NCD based on the hydrothermal
method was complicated, time-consuming, and ungreen. Eco-
friendly fabrication of CD is especially important for matching
with a sustainable environment. Microwave-assisted strategy
obtains advantages, including environment-friendly, efficiently,
simplicity, and desired morphology.”®
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Figure 1. (A) TEM image of the NCD. (B) High-resolution TEM image of NCD (inset shows the diameter distribution of NCD). (C) XRD
pattern of NCD. (D) FT-IR spectrum of NCD (red) and mixture of citric acid and urea (black).

In this work, highly eflicient fluorescent nitrogen-doped
carbon dots (NCD) were fabricated via microwave-assisted
synthesis using citric acid and urea.”” The morphology,
structure, and fluorescence properties of NCD were charac-
terized. Subsequently, highly selective and sensitive detection
of NFT was investigated by fluorescent quenching. NCD
served as fluorescent probe for the visual detection NFT.
Importantly, NCD exhibited excellent detection effect in
different solution system like milk’® and meat extract.’!
Consequently, NCD was expected to be a potential
demonstration of simple, rapid, visual, and real-time detection
of NFT.

2. EXPERIMENTAL SECTION

2.1. Materials. Citric acid and urea were purchased from
Kermel Chemical Reagent Co., Ltd. (Tianjin, China);
nitrofurantoin (NFT), polymyxin, ampicillin, enrofloxacin,
cefpirome, gentamicin, and streptomycin were purchased
from Shanghai yuanye Bio-Technology Co., Ltd. Milk, and
meat were purchased from supermarket. All of the chemical
reagents in this study are of analytical grade and are used
without further purification. All aqueous solutions are prepared
with deionized water.

2.2. Synthesis of NCD. Citric acid (1 g) and urea (0.5 g)
were dissolved in 10 mL of purified water. Then, the mixture
was treated in a microwave system at 400 W for 10 min. As the
microwave irradiation time increased, the color of the solution
turned brown, indicating the formation of NCD and that the
resulting products were cooled at room temperature. Then, a
small amount of water was added, followed by centrifugation at
10,000 rpm for 10 min. The obtained supernatant was freeze-
dried. The brownish yellow powder was NCD. The yield of
NCD was 52.86%.

2.3. Characterization of NCD. Transmission electron
microscopy (TEM) images were generated by using a Tecnai

G2 F20 microscope (FEI, USA). The infrared spectra were
recorded on a Nicolet 6700FTIR spectrometer (Thermo
Scientific, USA). Absorption spectra was obtained using
SpectraMax iD3(Molecular Devices). X-ray photoelectron
spectroscopy (XPS) experiments were performed on a 5000
VersaProbe III spectrometer (PHI, Japan). X-ray diffraction
(XRD) pattern of NCD was recorded on a D8 Advance
(Bruker, German). All fluorescent spectra were performed on a
SpectraMax iD3(Molecular Devices). Steady-state/Lifetime
Spectrofluorometer (FS S, Edinburgh Instruments, UK) was
used to measure the fluorescence lifetime and quantum yield of
NCD.

2.4. NCD Detection of NFT. One mL of NCDs (1 mg/
mL, pH 7) and 1 mL of antibiotics solution (NFT) with
different concentrations (10.000, 5.000, 2.500, 1.250, and
0.625 mg/mL) were mixed. After reaction at room temper-
ature for S min, the mixture solution transferred to a 96-well
plate, and the fluorescence intensity (F) was recorded under
consistent conditions at an excitation wavelength of 350 nm.
The fluorescence intensity without antibiotics (F,) was tested
by the same method. The fluorescence quenching rate was the
ratio of the fluorescence intensity before and after adding
antibiotics.

2.5. Detection of NFT in Real Samples. Two kinds of
samples (milk and meat) were selected for real sample analysis.
All samples were centrifuged to remove the solid particles and
suspended solids. Then the solution was filtered with a 0.22
pum microporous membrane. Different concentrations of the
NFT solution were added to the samples. Finally, the
concentration of NFT was determined by the method
described above method. The recovery rate was calculated
according to the following formula:

Recovery rate = C/C, X 100%
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Figure 2. (A) XPS spectra of the NCD. (B) C 1s spectrum and fitting curves. (C) N 1s spectrum and fitting curves. (D) O 1s spectrum and fitting

curves.
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Figure 3. (A) Fluorescence spectra of NCD with different excitation wavelengths (from 310 to 380 nm). (B) Fluorescence spectra of NCD in

different pH.

C is the sample concentration measured according to the
above method, and C; is the known concentration of the
addition of the standard.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphology Characterization of
NCD. The morphology and size of NCD were characterized by
TEM. As shown in Figure 1A,B, the as-prepared NCD had
uniform dispersion and displayed spherical particles. The size
distribution of NCD calculated by measuring 80 particles
indicated that the average diameter was 3—5 nm approx-
imately. The TEM images confirmed that NCD obtained a
spherical structure, good dispersity, and uniform size. The
XRD pattern of NCD shows that a diffraction peak existed at

13185

20 = 19.9°, which was corresponded to the diffraction peak of
the (002) diffraction pattern of graphite carbon (Figure 1C).**
The result indicated that NCD had a graphite-like structure.
The elemental composition and surface chemical structure
were determined by XPS and Fourier transform infrared
spectroscopy (FT-IR) (Figure 1D). The XPS spectrum of
NCD showed the peaks at 285.08, 400.08, and 532.08 eV in
Figure 2A, corresponding to C 1s, N 1s, and O 1s electrons,
respectively. The high-resolution spectrum of C 1s shows three
peaks at 285, 531.4, and 532.6 eV, representing C—C/C=C,
C—N/C-0, and C=O0 groups (Figure 2B).>*** In the high-
resolution N 1s spectrum (Figure 2C), the two peaks at 399.71
and 401.50 eV could be assigned to the C—=N—C and C,—N-H
functional groups.””*>* The O 1s spectrum shows two fitting
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Figure 4. Fluorescence intensity of NCD at various conditions: (A) Temperature. (B) Storage time. (C) NCD concentration. (D) Detection time.
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Figure 5. (A) Fluorescence intensity of NCD with different concentrations. (B) Relationship curve between Fy/F and the concentration of NFT.
(C) Selectivity of NCD for NFT in the presence of different antibiotics. (D) Fluorescence lifetime. (E) UV—vis absorption spectrum of NFT
(black line), the fluorescence spectrum of NCD (blue line, A, = 350 nm), and excitation spectrum of NCD (read line, A, = 450 nm).

peaks at 531.41 and 532.26 eV, belongin§ to the C—O and of the functional groups in Figure 1D. The characteristic peaks

=0 groups, respectively (Figure 2D).**”** Moreover, the at 3185 and 3432 cm™' represented the stretching vibrations of
FT-IR spectra were employed to further confirm the existence N—H and O—H. The peaks at 1720 cm™" were attributed to
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stretching vibrations of C=0. The absorption peak at 1388
cm ™" was belonged to the C—N bending vibration. The FT-IR
analysis result was consistent with the C 1s, N 1s, and O 1s
spectra. The results presented above indicated that NCD were
successfully prepared.

3.2. Optical Properties of NCD. Fluorescence quantum
yield is a key parameter for assessing the luminescent
performance of NCD. According to the results obtained
from steady-state/transient fluorometry measurements, the
fluorescence quantum vyield of the produced NCD in this
experiment was determined to be 20.41%. The absorption and
fluorescence properties of NCD were explored by UV—vis
spectroscopy and the fluorescence spectrum. The UV
absorption spectrum of NCD presented obvious absorption
peaks at around 350 nm, which was ascribable to the 7—n*
electronic transition of the C=C or C=0 bond™* (Figure
S1). In addition, the fluorescence property was studied at
different excitation wavelengths (Figure 3A). The highest
emission peak was observed at 450 nm with an excitation
wavelength of 350 nm. A redshift in the fluorescence emission
spectrum was observed when the excitation wavelength varied
in the range of 310—380 nm. Similar observations were
reported in Baraa’s study, suggesting that the redshift
phenomenon may be attributed to a reduced bandgap caused
by the presence of multiple emission centers or differences in
particle morphology within the fluorophore.””*" Based on the
experimental results, we opted for a fixed excitation wavelength
of 350 nm for subsequent experiments. As the excitation
wavelength varied from 310 to 380 nm, the emission peak
wavelength was redshifted and the maximum intensity of the
emission peak changed. The maximum emission wavelength of
NCD was at 450 nm with an excitation of 350 nm. Therefore,
an excitation wavelength of 350 nm was selected as a fixed
excitation wavelength in the following research.

To achieve the optimum linear range and sensitivity, we
investigated the fluorescence intensity of NCD under extreme
pH conditions, various storage durations, different additive
concentrations, varied reaction times, and diverse temperature
conditions. The fluorescence spectrum of NCD is shown in
Figure 3B. It indicated that the fluorescence intensity was
unaffected by pH condition as the pH ranged from 6 to 9.
However, under strong acidic or alkaline conditions, the
fluorescence intensity of NCD significantly decreased. This
phenomenon may be attributed to structural changes in the
ﬂuoroﬁPhore itself in the strong acidic or alkaline environ-
ment.”> In addition, the detection temperature and storage
time of NCD did not affect the fluorescence intensity (Figures
4A,B, S2 and S3). The above results indicated that NCD
prepared in our study exhibits a high level of stability.
Furthermore, the fluorescence intensity of NCD varied with
the concentrations (Figure 4C). To obtain the optimal
detection time, the quenching experiments were performed
with different reaction times (Figure 4D). The NCD could be
quenched in 1 min and the quenching efficiency remained
unchanged within 20 min. Thus, according to the results, the
best detection condition was that the concentration of NCD
was 1 mg/mL at 37 °C with pH value of 7.

3.3. Detection of NFT. To investigate the fluorescence
quenching performance of NCD, the sensitivity experiment of
NCD to NFT was studied under optimal conditions. As shown
in Figure SA, the fluorescence intensity of NCD sharply
decreased with the addition of NFT and the fluorescence
intensity was quenched gradually with increasing the

concentration of antibiotics. To measure the residual NFT,
the relationship further quantitatively between the fluorescence
quenching efficiency of NCDs and the concentrations of NFT
are exhibited in Figure SB. Accordingly, the fluorescence
quenching efficiency and concentration of NCD showed a
good linear relationship in the range of 0.625—10 mg/mL with
the linear correlation coefficient of 0.9915. The detection limit
(LOD) was 0.0365 mg/mL based on the formula of 36/k (¢
and k represent the standard deviation and slope of the curve,
respectively). NCD displayed perfect sensitivity to NFT.

Selectivity also played a critical role in establishing the
detection method because the actual samples usually contain
many other antibiotics. The selectivity was investigated using
different antibiotics, such as polymyxin, ampicillin enrofloxacin,
cefpirome, gentamicin, and streptomycin. It can be seen from
Figures S4 and S5 that the NFT demonstrated the most
prominent fluorescence quenching effect on NCD compared
with other antibiotics tested, while the fluorescence intensity of
NCD did not significantly decrease with the introduction of
other antibiotics. Moreover, NFT was added to the solution of
NCD, which contained other antibiotics to appraise the
selectivity of NCD for NFT (Figure SC). The results indicated
that other antibiotics had no influence on the detection of
NFT. Therefore, according to the results, NCD obtained
perfect specificity for NFT. Different methods from the
literature were summarized and compared to the current
method in terms of materials used, preparation method, linear
range, limit of detection, recovery rate, and practical
application (Table S1). The NCD not only had a short
preparation time but also exhibited a low synthesis cost,
making it suitable for large-scale production. Additionally, the
NCD with high selectivity can rapidly detect the presence of
NFT in less than 1 min. The proposed method, with the
advantages of being rapid, cheap, and high selectivity, provided
a novel approach for the detection of veterinary drug residue.

3.4. Quenching Mechanism. To elucidate the possible
quenching mechanism, the fluorescence lifetimes of NCD and
NCD/NFT mixtures were measured using a steady—state/
lifetime spectrofluorometer. As shown in Figure 5D, the
fluorescence lifetime of NCD/NFT mixture was 8.59 ns, which
was almost unchanged from that of NCD (8.86 ns). These
results confirmed that the quenching process was inner filter
effect (IFE) or static quenching, ruling out dynamic
quenching. To further verify the quenching mechanism, the
UV—vis spectra of NFT and fluorescence spectrum of NCD
are shown in Figure SE. NFT had a maximum absorption band
at 370 nm that obviously overlapped the excitation/emission
spectrum of NCD. Moreover, the fluorescence intensity of
NCD gradually decreased with the addition of NFT (Figure
SA). The observed fluorescence quenching of NCD by NFT
may had resulted from IFE.”~* To exclude the static
quenching, the absorption spectra of NCD, NFT and NCD/
NFT mixture were examined (Figure S7A). The absorption
curve of the NCD/NFT mixture was almost significantly
different from those of the sum value of NCD and NFT.
Therefore, the static quenching mechanism of NCD by NFT
cannot be ruled out. Meanwhile, the UV absorption intensities
of NCD increased with an increase of NFT (Figure S7B). It
also indicated that the fluorescence quenching was static
quenching. To sum up, the fluorescence quenching mechanism
of NCD bgr NFT mainly resulted from IFE and static
quenching.*

https://doi.org/10.1021/acsomega.3c09620
ACS Omega 2024, 9, 13183—-13190


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09620/suppl_file/ao3c09620_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.5. Detection of NFT in Real Samples. In order that
verify the detection of NFT in actual samples, NFT was added
to milk and meat samples, and the method was used for
detection. As shown in Table 1, the recovery of NFT in

Table 1. Determination of NFT in Real Samples

added measured recovery rate RSD
sample (mg/mL) (mg/mL) (% (%, n =35)
milk 0.400 0.393 98.25 5.74
0.300 0.311 103.67 4.89
0.200 0.188 94.00 S.11
meat 0.400 0411 102.75 3.94
0.300 0.289 96.33 4.52
0.200 0.216 108.00 4.63

samples was 94.00—108.00% and the relative standard
deviation was 3.94—5.74% (n = S). In preliminary experiments,
we discovered that NCD can serve as fluorescence sensors for
detecting antibiotic. To further investigate the detection
capabilities of NCD in real samples, this experiment employed
milk and meat supernatant solutions with varying concen-
trations of NFT as test liquids. In different concentrations of
NEFT solutions prepared with milk, the quenching effect on the
fluorescence of NCD was observed as depicted in Figure S6A.
The fluorescence intensity reached its maximum when the
concentration of the NFT solution was 0.2 mg/mL. As the
concentration increased, the degree of fluorescence quenching
intensified. When the concentration of the NFT solution
reached 0.4 mg/mL, the fluorescence intensity diminished,
indicating the optimal fluorescence quenching effect. Similarly,
in different concentrations of NFT solutions prepared with the
meat supernatant, the quenching effect on the fluorescence of
NCD followed a trend similar to that of the previous test liquid
(Figure S6B). With an increase in the concentration of the test
liquid, the detected fluorescence intensity decreased, indicating
an enhanced quenching effect of NCD. The fluorescence
method could be used for quickly and accurately detecting the
NFT in real samples and possessed great value for practical
applications.

4. CONCLUSIONS

In conclusion, NCD with high fluorescence retention and good
stability were synthesized using citric acid and urea by a facile
and eco-friendly one-step microwave method. TEM, XRD, FT-
IR, and XPS analysis supported that the nitrogen element was
successfully doped into the skeleton of carbon dots. The NCD
displayed fluorescence property with the wavelength varied
from 310 to 380 nm, and the maximum emission wavelength
of NCD was 450 nm with an excitation of 350 nm. Besides, the
fluorescence intensity was quenched gradually with increasing
concentration of NFT and a satisfactory linear relationship
between the fluorescence quenching efficiency and concen-
trations of NFT was obtained. In practical sample testing, as
the concentration of NFT increased, a significant reduction in
the fluorescence intensity of NCD was observed. It was
indicated that NCD was qualitatively and quantitatively
applied for detection NFT in milk and meat extract samples
with a high recovery rate. Consequently, the detection method
has potential application in the specific detection of NFT,
offering a novel approach for veterinary drug residue detection.
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