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Green synthetic nitrogen-doped graphene
quantum dot fluorescent probe for the highly
sensitive and selective detection of tetracycline in
food samples
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Tetracycline (TC) is a broad-spectrum antibiotic. When humans consume too much food containing
tetracycline residues, it can be a serious health hazard. Therefore, it is essential to develop a strategy to
detect TC. In this study, we prepared light blue-green luminescent nitrogen-doped graphene quantum
dots (N-GQDs) by a hydrothermal method using the natural products potato straight-chain starch and
urea as precursors; the fluorescence quantum yield of the prepared N-GQDs was 5.2%. We investigated
the detection of tetracycline (TC) by this N-GQD fluorescent sensor based on the internal filtration effect
(IFE) of TC on N-GQDs. The reaction is green, simple and no other contaminating products are present.
A good linear relationship was established between the relative fluorescence intensity ratio of the system
and the logarithm of the TC concentration of 2.5 x 107 to 5 x 107 M (R? = 0.9930), with a detection
limit of 9.735 x 107 M. The method has been used to analyze TC in three real food samples (whole
milk, skim milk, honey) with low detection limits (3.750 x 107 to 2.075 x 10~ M), wide linear range,
and satisfactory recoveries of 93.80-109.20% were obtained. In conclusion, the proposed method is
a green, rapid, highly sensitive and selective method for the detection of tetracycline in real food
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1. Introduction

Tetracycline (TC) is a broad-spectrum antibiotic commonly
used in the treatment of infections caused by different patho-
genic bacteria, and is commonly used to prevent bacterial
infections and treat infections. However, the excessive
consumption of human food containing TC or improper
handling of residues can be harmful to human health.>?
Therefore, we urgently need a method to quickly detect TC in
different samples. Currently, scientists have developed several
conventional methods for detecting TC residues. The routine
detection techniques for TC include liquid chromatography
(HPLC),* surface enhanced Raman spectroscopy (SERS),” flow
injection analysis,® capillary electrophoresis (CE),”® colori-
metric analysis® and enzyme-linked immunosorbent assay
(ELISA).” These detection methods have the disadvantages of
complex pre-processing, time-consuming and expensive, low
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samples, demonstrating the potential application of N-GQDs in food detection.

sensitivity, and long detection time, which limit its application
and make it challenging in practical applications. Therefore,
there is an urgent need to develop a simple, economical and
highly sensitive TC sensor. Compared with the above methods,
fluorescence spectrometry has the advantages of simple opera-
tion, high sensitivity, low cost and quantitative detection.
Graphene quantum dots (GQDs) are fluorescent materials
less than 100 nm in size.'*™ Scientists can bring fluorescence to
graphene by converting 1D graphene into 0D GQDs or by
chemical surface modification methods such as graphene oxide
(GO) modification, reduced graphene (r-GO), doped r-GO, etc*>.
Compared to organic dyes and fluorescent proteins, nano-
materials fluorescent quantum dots (GQDs) have significant
advantages due to their special physical and chemical proper-
ties, such as high emission quantum yield, anti-light bleaching,
tunable photoluminescence (PL),'* molar extinction high coef-
ficients, good photostability and good biocompatibility.”” The
raw materials for many synthetic quantum dots are biomass
with the advantages of being environmentally friendly, green,
low cost, high carbon content, and rich in functional groups,
which are excellent carbon sources for synthesizing GQDs.'***
So far, scientists have used different biomass-based feedstocks
such as graphite waste,*® green tea extract,” orange juice,* rice
husk,* honey,* and many other biomass-based materials for
the preparation and production of GQDs. Many studies have
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Scheme 1 Schematic diagram of tetracyclines detection based on N-GQDs fluorescent sensor.

shown that the domain of GQDs can be adjusted by doping
heteroatoms to adjust the energy band gap of GQDs. For
example, nitrogen, chlorine, fluorine and sulfur can be reacted
with GQDs at the early stage of synthesis. Probably owing to the
interaction of defective clusters and different dopants.*>**
Nitrogen-doped graphene quantum dots (N-GQDs) can control
their electronic properties and their fluorescence properties due
to the doping of chemically bonded N atoms.”” N-GQDs with
their special fluorescence and chemical properties have
a broad range of applications in the detection of toxins and
antibiotics, bioimaging, photocatalysts, photodetectors, elec-
trochemiluminescence, optical sensors;**** GQDs doped with
nitrogen exhibit superior fluorescence properties, with pyrrolic-
N and pyridinic-N being the main contributors to their
enhanced electrocatalytic activity, and graphitic-N also having
strong electrocatalytic activity due to its inherent strong elec-
trical conductivity However, recent reports suggest that the
enhanced fluorescence is largely due to the formation of
pyrrolic-N the fluorescence enhancement has been recently re-
ported to be due in large part to the formation of nitrogen.*** In
recent years, Qu et al. proposed a blue fluorescent carbon
quantum dot for the indirect detection of tetracycline in foods;*®
Yang and coworkers prepared N-GQDs with blue fluorescence
emission for the detection of tetracycline.®” However, the lack of
sensitivity of the above detection methods remains to be
addressed. Ju et al. reported a method for the synthesis of N-
GQDs from citric acid and dicyandiamide, which requires
a complex post-treatment process;*® Fan and co-workers
proposed to obtain graphene quantum dots by oxidizing gra-
phene flakes with concentrated nitric acid for 20 h and then
reducing them with NaBH, for 12 h. The acid residue of the
product in this method is not easy to handle and the long
experimental time is still to be solved.** Therefore, despite the
efforts of scientists, there is a need to further develop a highly
sensitive, simple and green low-cost method for the synthesis of
N-GQDs in order to overcome these drawbacks.

In this article, we have developed an N-GQD fluorescent
sensor utilizing the natural products potato straight-chain

© 2022 The Author(s). Published by the Royal Society of Chemistry

starch and urea as the carbon and nitrogen sources, respec-
tively, and used for rapid, accurate and highly sensitive TC
detection (Scheme 1). The structure and size of the prepared N-
GQDs are promising, and the fluorescence intensity of N-GQDs
depends on the excitation wavelength with wavelength depen-
dence. And N-GQDs exhibited intense blue fluorescence and
stable photoluminescence with a quantum yield of 10.2%, good
water solubility and stability with high PL emission when irra-
diated with UV lamp in aqueous solution. In addition, the
fluorescence of N-GQDs was effectively quenched based on the
internal filtering effect of TC on N-GQDs (IFE). The proposed N-
GQDs can be used as a fluorescent sensor for rapid detection of
TC with a possible detection limit of 9.375 x 10™ " M.
Compared with the reported methods, this detection method
exhibits more excellent characteristics with higher sensitivity
and high selectivity for the target. It provides a new and effective
method for the simple, rapid and economical detection of TC.

2. Experimental section

2.1. Chemicals and materials

Potato starch (s112495) was purchased from Shanghai Aladdin
Biochemistry (Shanghai, China), urea from Shanghai Aladdin
Biochemistry Co. (Shanghai, China), tetracycline was purchased
from Shanghai Aladdin Biochemical Co., Ltd, milk and honey
(within shelf life) was purchased from supermarkets (Fuzhou,
China). Cysteine (Cys), tyrosine (Tyr), aspartic acid (Asp), lysine
(Lys), threonine (Thr), glutamic acid (Glu) were purchased from
Aladdin Chemical Reagents (Shanghai, China). Tetracycline,
hydrochloride, tobramycin, oxytetracycline, kanamycin
sulphate, chloramphenicol, amikacin, streptomycin, genta-
micin, metronidazole were purchased from Shanghai Maclean's
Biochemical Technology Co Ltd (Shanghai, China). NaCl, KCl,
CuCl,, FeCl,, CaCl,, MgCl, were purchased from Aladdin
Chemical Reagents (Shanghai, China). Analytical grade chem-
icals and reagents were used throughout the experiment, and
the solutions were prepared with distilled water (Guozhiyuan
Y1/2-10UV Kaitong, Changsha, China).

RSC Adv, 2022, 12, 8160-8171 | 8161
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2.2. Instruments

The UV1902 spectrophotometer was used to record the UV-Vis
absorption spectra at room temperature (Shanghai cold light
technology, China), Transmission electron microscopy (TEM)
observations was purchased from Hitachi (Tokyo, Japan),
Thermo Scientific K-Alpha was used to conduct X-ray photo-
electron spectroscopy (XPS) investigations (Shimadzu, UK);
Hitachi F-7000 Fluorescence Spectrophotometer was purchased
from Hitachi (Tokyo, Japan), PHC-3C type pH meter purchased
from YOKE Instruments (Shanghai, China), Edinburgh - Steady
state/transient  fluorescence spectrometer FLS1000
purchased from United Kingdom (London, England), The Zeta-
sizer nanometer equipment was used to examine the particle
size distribution and zeta potential of nanoparticles dispersed in
water (Malvern panalytical, England), Hamamatsu Q-Tau fluo-
rescence life meter purchased from Japan (Tokyo, Japan); 365 nm
UV lamp model ZF-5 was purchased from Wenzhou Mingren
Electronics Instrument Co. Ltd. (Wenzhou, China). A FLS1000
spectrometer (London, England) was used to detect time-
resolved fluorescence decays, and the resulting lifetime decay
curves were fitted using a double-exponential function Y(¢) (eq
(1)) and the average lifetime was estimated using eqn (2).

was

Y(t) = A, exp(—t/ty) + A, exp(—t/ty) €))]
13 = (A1) + Ayt )(Ajty + Art) (2)

where 7, and 1, are the fitted lifetimes in the fluorescence life-
time test, and A; and A, denote the fractional contributions of
time-resolved fluorescence decay lifetimes 7, and 1,, respec-
tively, whereas 7; denotes the average lifetime.

2.3. Preparation of N-GQDs

Using starch as the carbon source, weigh 0.3 g of potato
amylose with a balance, weigh 25 ml of deionized water with
a graduated cylinder, transfer all the starch and deionized
water to a three-necked flask and stir to dissolve, then add
0.18 g of urea to In a three-necked flask, the solution was
stirred for 15 min and then heated to 65 °C and stirred for
20 min, then transferred to the PTFE autoclave after natural
cooling to room temperature, transferred to a high-
temperature oven, heated to 180 °C for 8 h, cooled freely to
room temperature and transferred in the centrifuge tube,
centrifuge at 13 000 rpm for 30 min in the centrifuge, then
filter the N-GQDs using a 220 nm filter membrane and transfer
the light yellow liquid to a centrifuge tube after filtration. Use
a 1000 DA dialysis bag for dialysis for 48 h, the deionized water
was changed every 4 h. Finally, the light-yellow nitrogen-doped
graphene quantum dot solution was obtained and stored in
a refrigerator at 4 °C for the next experiments. The reaction
mechanism for the synthesis of GQDs from starch is as follows:
potato starch is hydrolyzed to produce glucose, the glucose
molecule is dehydrated to become C=C, which is the funda-
mental unit of graphene's structure, and then the hydrogen
atom of the glucose molecule interacts with the adjacent
hydroxyl group and is dehydrated under hydrothermal
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conditions. Finally, the C atoms are covalently bonded to each
other thus generating GQDs.*™*

2.4. Fluorescence quantum yield determination

The quantum yields (Q) of fluorescence were calculated using
quinine sulphate in water (Q = 0.54) as a benchmark. The
following eqn (3) was used to compute the fluorescence
quantum yields (Q) of N-GQDs:**

Qx = QR X (IX/IR) X (AR/AX) X (nx/nR)z (3)

where Q, denotes the quantum yield, I denote the integrated
emission intensity, n denotes the solvent's refractive index (1.33
for water), and A is the optical density. The subscript R is the
reference standard for known quantum yields, and the
subscript x is N-GQDs.

2.5. Optimization of experimental conditions parameters

In order to obtain N-GQDs with better fluorescence effect, the
experimental conditions of the reaction process were opti-
mized. Other conditions were kept constant, and the reaction
temperature, reaction time and pH were changed during the
experiment. The solution pH was adjusted using 0.1 M NaOH
and HCI solution using a rubber-tipped dropper into a beaker
containing 2 ml (1 mg ml™") of N-GQDs solution, and the
solution pH was measured using a PHC-3C type pH meter to
obtain different pH values of the N-GQDs solution. The exper-
imental condition parameters with the best fluorescence effect
were selected to prepare N-GQDs for the next experiments.

2.6. Detection of TC with N-GQDs fluorescent sensors

Different concentrations of TC standard solutions by dilution
method, placed them in a centrifuge tube, add 20 pl of different
concentrations of TC standard solutions and 2 ml of the above
diluted N-GQDs solution in pH 7.0 dilution buffer, dilute to
5.0 ml, and shake well. The fluorescence emission test was
performed with a fluorescence spectrophotometer at an excita-
tion wavelength of 325 nm with both excitation and emission
slits of 10 nm after the reaction had been at room temperature
for 2 min, and the fluorescence intensity (F) of the system after
the addition of TC and the fluorescence intensity (F,) of the
system without TC were measured, and the error curves were
plotted.

2.7. Selective evaluation of TC assays

The selectivity of the method was assessed by measuring the
relative fluorescence intensity ratio (F/F,) of the system with the
addition of different substances to the N-GQDs solution. Then,
in 1000 pl of diluted N-GQDs solution by adding 50 pl (107> M)
tobramycin, oxytetracycline, kanamycin sulphate, chloram-
phenicol, amikacin, streptomycin, gentamicin, metronidazole,
cysteine (Cys), tyrosine (Tyr), aspartic acid (Asp), lysine (Lys),
threonine (Thr), glutamic acid (Glu) and Na“, Ca**, Cu®**, Mg*",
Fe*, K (10 times the TC concentration). Finally, the relative
fluorescence emission intensity (F/F,) was measured using
a fluorescence spectrophotometer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.8. Determination of TC in real food samples

To investigate the feasibility of using N-GQDs to detect TC in
real samples, the suitability of this fluorescent sensor was
studied in different food samples (whole milk, skim milk,
honey). Shelf-stable skim milk (0% fat), whole milk (6% fat) and
honey purchased from a local supermarket were used in the
experiments. The main components of both types of milk are
raw cow's milk, protein and carbohydrates; the main compo-
nents of honey are glucose, fructose, protein and carbohydrates.
After adding 1% trichloroacetic acid (TCA) to the whole milk
samples and sonicating for 30 min, the proteins in the milk
were precipitated and centrifuged at 11 000 rpm min~ " for
15 min to facilitate separation. Finally, the proteins in the whole
milk samples were removed using a 220 nm filter membrane.
The real sample solution after the pre-treatment of the appeal
was placed in a 4 °C environment to be used. Subsequently
different concentrations (50 pl) of TC solution (5 x 107, 2.5 x
107°% 5 x 1077 M) were taken and added to the appeal pre-
treated whole milk sample mix and fully reacted for 8 min at
room temperature. Skim milk sample and honey sample were
pre-treated in the same way as whole milk. After pretreatment,
different concentrations (50 pl) of TC solutions (5 x 1077, 2.5 x
1077 and 5 x 10~® M) were mixed with the above pretreated
skim milk samples and the reaction was carried out for 8 min at
room temperature. The obtained mixed solutions were sub-
jected to fluorescence emission measurement experiments with
a fluorescence spectrophotometer.

(a)
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3. Results and discussion

3.1. Characterization of N-GQDs

Transmission electron microscopy (TEM) was used to investi-
gate the morphological characteristics and size distribution of
N-GQDs. A typical plane view of a TEM image is shown in
Fig. 1(a). The N-GQDs that have been synthesized are evenly
distributed and well scattered. High-resolution transmission
electron microscopy (HRTEM) images of N-GQDs (Fig. 1(b))
show a clear lattice structure with a lattice spacing of 0.231 nm,
which corresponds to the (100) plan of graphene.” The size
distribution of the statistical N-GQDs (Fig. 1(a) inset) was in the
range of 3.5-5.5 nm, with an average diameter of 3.8 nm. It
confirms that N-GQD is well crystallized. X-ray photoelectron
spectroscopy (XPS) is used to analyze the chemical composi-
tions of N-GQDs. As demonstrated in Fig. 1(c), C, N, and O with
atomic percentages of 66.43%, 6.43% and 27.14% are given,
which proves that amination took place during the synthesis
process. And the relating C 1s, N 1s, and O 1s. The peak is at ca.
284.6, 399.8 and 532.6 eV respectively.*® The C1s spectra of N-
GQDs is shown in Fig. 1(d), confirming the presence of C-C
(284.6 eV), C-N (285.8 eV), C=0 (286.8 eV) and O-C=0 (287.6
eV) functional groups; Fig. 1(e) shows the spectra of N1s, indi-
cating the presence of N-H (399.7 eV), N-C; (400.6 eV) and
C-N-C (398.6 eV) on the surface of N-GQDs;"*® Fig. 1(f)
demonstrates the N-GQD surface O 1s spectra of C=0 (531.0
eV) and C-OH/C-0O-C (532.5 eV) and O=C-OH (533.0 eV);*>** N
atoms have been effectively doped into N-GQDs by
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(a) Size distribution and TEM picture of N-GQDs. (b) HRTEM image of as-prepared N-GQDs. (c) Full scan range XPS spectra of synthetic N-

GQDs. High-resolution XPS mapping of C 1s (d), N 1s (e) and O 1s (f), respectively.
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hydrothermal reaction and functional groups such as amino
groups have been generated on the original N-GQDs during the
synthesis process, according to XPS analysis.

Energy Dispersive Spectrometer (EDS) is used to determine
the type and amount of elements in material micro-region
components, we also studied the chemical composition anal-
ysis of N-GQDs using EDS. Fig. 2(a-d) shows the EDS element
mapping test of N-GQDs. From the EDS elemental mapping
plots, it can be seen that the synthesized N-GQDs fluorescent
probes contain C, N and O elements, which demonstrates that
the doping of N elements is successful. According to Fig. 2(e), it
can be seen that the content of C, N, O elements in N-GQDs was
analyzed by EDS instrument, and the percentage of C, N and O

View Article Online
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elements were 83%,8.5% and 8.5%, respectively. All the above
characterizations prove that N elements are successfully doped
into GQDs to form N-GQDs fluorescent probes.

For the purpose of investigating the stability of N-GQDs, we
tested the fluorescence stability of the prepared N-GQDs solu-
tion. Fig. 2(f) reveals that the fluorescence intensity of N-GQDs
was not significantly changed after 4 h of 365 nm UV irradia-
tion, indicating strong photostability; after 10 h, the fluores-
cence intensity gradually decreased. Fig. 2(g) shows that the
fluorescence intensity of N-GQDs changed with time, and its
fluorescence intensity slightly decreased in the first 5 days. Even
though 35 days, the fluorescence of N-GQDs showed good
stability with negligible changes.

600
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N: 8.5% -0 ——a— o
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Fig. 2

Time(d)

(a) EDS elemental mapping, (b) C (red), (c) O (blue), (d) N (green). The normalized fluorescence intensity of N-GQDs under UV irradiation,

(e) percentage content of each element in N-GQDs in EDS analysis; (f and g) fluorescence intensity at different storage times.
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3.2. Optimization of parameters for the synthesis conditions
of N-GQDs

To obtain a quantum dot fluorescent sensor with good fluo-
rescence intensity and high sensitivity, the condition parame-
ters (reaction temperature, reaction time and pH value) in the
synthesis reaction of N-GQDs were optimized to obtain N-GQDs
with better fluorescence effect. Other experimental conditions
were controlled consistently, and N-GQDs were prepared by
changing the reaction temperature. The fluorescence emission
curves of the produced N-GQDs at various reaction tempera-
tures are given in Fig. 3(a). The intensity of the fluorescence
increased when the reaction temperature was raised, as shown
in Fig. 3(a), and the fluorescence intensity peaked at 180 °C.
When the reaction temperature was higher than 180 °C, the
fluorescence intensity began to decrease, and with the change
in reaction temperature, the overall fluorescence intensity
showed a trend of increasing and subsequently declining. The
possible mechanism is due to the dehydration reaction of
starch to form glucose and the dehydration of oligosaccharides
at higher temperatures to undergo intermolecular cross-
linking. Formyl groups react with hydrocarbon groups to
dehydrate under hydrothermal conditions. Finally, the cyclic
condensation produces GQDs.* The other experimental
conditions were controlled consistently, and different N-GQDs
were prepared by changing the reaction time, as shown in
Fig. 3(b), the excitation wavelength was 325 nm, and the fluo-
rescence emission of the prepared N-GQDs was tested at

~
=\
N’

—120°C

= 140°C

Fluorescene intensity(a.u)
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different reaction times. Furthermore, as seen in Fig. 3(b), the
fluorescence intensity of the quantum dots increased when the
reaction time was increased, and the better fluorescence effect
was achieved at the reaction time of 10 h. We optimized the
optimal pH of the solution for the product quantum dots
reacted at 180 °C for 10 h. As shown in Fig. 3(c). The fluores-
cence intensity starts to increase in the pH range of 2-5, and
then decreases when the pH is in the range of 5-6; when the pH
is in the range of 6-9, the fluorescence intensity starts to
increase again and remains relatively stable; when the pH is
greater than 9, the fluorescence intensity starts to show
a significant decrease, and the N-GQDs solution has a better
fluorescence emission intensity and is relatively stable in
a neutral environment at around pH = 7. The results show that
the fluorescence behaviour of N-GQDs is attenuated by strong
acidic and alkaline environments, due to the change in fluo-
rescence intensity of N-GQDs with pH associated with the
protonation and deprotonation of a large number of groups on
its surface such as amide and carboxyl groups.> Moreover, the
presence of many charge ions in a strongly acidic and alkaline
environment leads to the occurrence of surface effects thereby
causing the N-GQDs radiative leap efficiency to be affected and
the N-GQDs fluorescence emission intensity to change accord-
ingly. Therefore, we chose pH = 7, reaction temperature of
180 °C and reaction time of 10 h as the optimal parameters for
the reaction process to prepare N-GQDs with better fluorescence
effect for the next study.

(b)
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(a) Fluorescence emission spectra of N-GQDs under different reaction temperatures. (b) Fluorescence emission spectra of N-GQDs at

different reaction times. (c) Fluorescence emission spectra of N-GQDs solutions at different pH environments.
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3.3. Optical characteristics of N-GQDs

To examine the optical characteristics of N-GQDs, UV-vis
absorption and PL activities were recorded. At 225 nm and
271 nm, there are two strong absorption bands, as well as
a weak absorption band at 302 nm, are clearly visible in
Fig. 4(a). The t—mt* transition is responsible for the absorption
bands at 225 nm, while the n-7* transition of C=0 and C=N
bonds is responsible for the weak absorption peak at 273 nm.*®
In addition, as is shown in Fig. 4(b), excitation and emission
spectra of N-GQDs are displayed. The excitation and emission
wavelengths are 325 nm and 425 nm respectively. As can be seen
from the inset of Fig. 4(b), the N-GQDs solution appears yellow
under daylight and blue-green under UV lamp irradiation at an
excitation wavelength of 365 nm, indicating that the fluores-
cence of this N-GQDs solution has better photoluminescence.
The emission wavelength of the synthesized N-GQDs is found to
be highly dependent on the excitation wavelength, as shown in
Fig. 4(c). As the excitation wavelength is steadily increased from
300 to 400 nm (with a 10 nm step length), the emission wave-
length shifts from 435 to 503 nm. It suggests that this N-GQDs
fluorescent probe has excitation wavelength-dependent fluo-
rescence properties. We also performed the fluorescence life-
time test. Fluorescence decay curves of N-GQDs measured by
Edinburgh FLS 1000 lifetime and steady-state spectrometer. As
shown in Fig. 4(d), we performed the second order fluorescence
lifetime test, the fluorescence lifetime of N-GQDs 7, = 2.18 ns,
7, = 5.84 ns; The fluorescence lifetime of the synthesized N-
GQDs was calculated to be 4.11 ns on average. The above
characterization shows that the synthesized N-GQDs have great
photoluminescence and fluorescence lifetime, while the N-GQD
shave wavelength-dependent characteristics.
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3.4. Fluorescence response of N-GQDs to TC

In this research, the fluorescence of N-GQDs could be quenched
by TC. To obtain the best response between N-GQDs and TC, the
PH of the reaction system was investigated. In general, pH plays
an important role in fluorescence testing, which can sometimes
impact not only the fluorescence of N-GQDs, but also how they
react with the target. The protonation and deprotonation of
oxygen-containing groups on the surface of N-GQDs could
explain the fluctuation in fluorescence intensity with pH.>> We
tested the stability of the fluorescence signal at different pH
values. Fig. 5(a) shows the variation of the relative fluorescence
intensity of the system with pH before and after the addition of
TC. The value of the system F/F, varies with pH; at pH 2.0 to 4.0,
F/F, increases steadily; at pH 4.0 to 8.0, F/F, remains basically
constant, while at pH 8.0, the system F/F, starts to decrease. The
fluorescence intensity diminishes dramatically, if the pH value
reaches this range, as the surface bound carboxyl groups are
protonated in an acidic environment and the hydroxide ions are
protonated in alkaline media, resulting in a decrease in the
fluorescence intensity of the system.> Therefore, we used the N-
GQDs/TC solution system with pH = 7.0 in a neutral environ-
ment for the next experimental exploration.

Fig. 5(b) shows the fluorescence emission spectra of N-GQDs
in the presence of TC, and the fluorescence spectra were
analyzed directly on the TC solution, in which there was no
essentially fluorescence emission intensity; the addition of TC
to the N-GQDs solution resulted in a significant quenching of
the fluorescence emission intensity of the N-GQDs, and the
fluorescence response of N-GQDs underwent a sharp quenching
after the addition of 50 ul TC (10> M), The computed
quenching efficiency was around 67%, demonstrating that TC

I!q

(b)
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(@)UV-vis absorption spectrum of N-GQDs. (b) PL excitation and emission spectra of the N-GQDs; The picture of N-GQDs in aqueous

solutions under UV (blue-green) and visible light (yellow) irradiation is shown in ((b) inset). (c) N-GQDs emission spectra at various excitation
wavelengths between 300 and 400 nm (step size 10 nm). (d) The N-GQDs' fluorescence decay profiles.
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Fig. 5 (a) 1 mg mli™* N-GQDs fluorescence intensity in TC (10> M) solutions at various pH conditions (pH 2-10). (b) Fluorescence emission
spectra of 1 mg ml~* N-GQDs in solution with and without the addition of 107> M TC. (c) Fluorescence excitation (E,) and emission (E,.) spectra of
N-GQDs and UV-Vis absorption spectra of TC (Abs). (d) Fluorescence emission decay curve of 1 mg ml™* N-GQDs and N-GQDs/TC (10~° M). (e)
Fluorescence emission spectra at various concentrations of TC added to N-GQDs, TC concentration range (0—10~% M). (f) Linear plot of the
system relative fluorescence intensity F/Fg versus log Crc) concentration values (TC concentration of 2.5 x 1070 5 x 107® M), Fand F are the
fluorescence emission intensity in the presence or absence of TC in the solution of N-GQDs, respectively.

could efficiently quenching N-GQD fluorescence. The fluores-
cence intensity of N-doped GQDs decreased with the addition of
TC (Fig. 5(e)). The relative fluorescence intensity F/F, versus TC
concentration (0-10~* M) is shown in Fig. 5(e) (F and F, are the
fluorescence emission intensity in the presence or absence of
TC in the N-GQDs solution, respectively). And TC concentration
for the N-GQDs-based system at the optimized pH. The results
reveal that the relative fluorescence intensity F/F, in the fluo-
rescent system of N-GQDs decreases steadily with increasing TC
concentration, indicating that TC can effectively quench the
fluorescence of N-GQDs. Fig. 5(f) shows that over the concen-
tration range (2.5 x 10 ' to 5 x 10~ °® M), there is a good linear
relationship between F/F, and TC concentration. The linear
regression equation was F/F, = —0.0383(log C) + 0.6234 with
a correlation coefficient R*> = 0.993, where C is the TC concen-
tration. The limit of detection (LOD) was 9.375 x 10~ M
according to the rule of 3g/s (Where s is the slope of the linear
calibration plot and ¢ is the standard deviation of the blank
signal). Thus, these results suggest that the synthesized N-GQDs
have great practical applications for the detection of TC.

3.5. Selective determination of the system

The fluorescence system has a good sensitivity for TC, and in
order to study the selectivity of N-GQDs in different antibiotic
(tetracycline, tobramycin, oxytetracycline, kanamycin sulphate,
chloramphenicol, amikacin, streptomycin, gentamicin, metro-
nidazole), amino acids (cysteine (Cys), tyrosine (Tyr), aspartic

© 2022 The Author(s). Published by the Royal Society of Chemistry

acid (Asp), lysine (Lys), threonine (Thr), glutamic acid (Glu)) and
metal ions (Na¥, Ca**, Cu®, Mg>*, Fe*", K) in coexistence
conditions for interference experiments. Determination of the

1.0
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Fig. 6 Investigation of the selectivity of N-GQDs for TC in the pres-

ence of different antibiotics, amino acids and different metal ion
substances coexisting (10~> M concentration of antibiotics and amino
acids and 10 times the TC concentration of metal ions).
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relative fluorescence intensity of N-GQDs solution with 50 pl
(10~* M) of different antibiotics, amino acids and metal ions (10
times the TC concentration) to perform the selectivity study of
N-GQDs for TC. As shown in Fig. 6, the results showed that the
fluorescence intensity of the system changed very little with the
addition of other antibiotics, amino acids and their different
metal ions under coexistence conditions, while TC had
a significant fluorescence quenching effect on the fluorescent
system of N-GQDs. The results indicate that N-GQDs have
a good selectivity for TC.

3.6. Detection for TC content in real food samples

To validate the applicability and feasibility of the N-GQDs
fluorescent sensor of this work for the detection of TC in real
food samples (including: whole milk, skim milk, honey). In this
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work, we calculated the limit of detection (LOD) and limit of
quantification (LOQ) using fluorescence emission spectra and
linearity plots of real food samples at multiple spiked concen-
trations. Real food samples (whole milk, skim milk and honey)
were spiked at 1.0 x 10~ % to 1.0 x 10~® M. The spiked samples
were pre-treated and analyzed using the method N-GQDs fluo-
rescent probes. The results show that in Fig. 7(a), (c) and (e). In
the three real food samples, the fluorescence intensity in the
system diminishes as the TC concentration increases, suggest-
ing that the technology is applicable to real food samples.
Fig. 7(b), (d) and (f) show good linearity (R* = 0.9924-0.9985) in
the range of 1.0 x 107 M to 1.0 x 10~ ® M, with a limit of
detection (LOD) of 3.75 x 10" t0 2.075 x 10~° M (30a/s, where s
is the slope of the linear calibration plot and ¢ is the standard
deviation of the blank signal). Therefore, the method has good
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Fig.7 Fluorescence emission spectra of N-GQDs at different concentrations of TC (05 x 107® M) in real food samples. (a) Full fat milk; (c) skim
milk; (e) honey. Linear plots of relative fluorescence intensity F/Fq against a range of log C(r¢y concentration values (TC concentrations of 1.0 x
1078 t0 1.0 x 107° M) with F and Fq being the fluorescence emission intensity in the presence or absence of TC in N-GQDs in real food samples.

(b) Full fat milk; (d) skim milk; (f) honey.
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Table 1 Recovery and precision (RSD%) study of TC in real samples
(full fat milk, skim milk, honey)*

Recovery  RSD (%,
TC Added(M) TC found (M) (%) N=3)
Full fat milk 0 ND ND ND
5.00 x 10~° 4.83 x 10°° 96.60 11.17
2.50 x 10°° 2.73 x 10°° 109.20 10.09
5.00 x 1077 5.44 x 1077 108.80 9.19
Skim milk 0 ND ND ND
5.00 x 10~/ 5.46 x 10~ 109.20 5.50
2.50 x 1077 2.62 x 1077 104.80 10.32
5.00 x 107# 4.76 x 1078 95.20 7.15
Honey 0 ND ND ND
5.00 x 1077 4.69 x 1077 93.80 8.26
2.50 x 1077 2.49 x 1077 99.60 6.33
5.00 x 10~# 5.06 x 10~® 101.20 9.58

“ ND means not detected.

applicability with low detection limits for different actual food
samples. To assess the reliability of the N-GQDs fluorescent
probes for TC analysis in real food samples (whole milk, skim
milk and honey), recovery experiments were performed on TC in
real samples using the standard addition method. Different
concentrations of TC (5 x 10~ ® to 2.5 x 10~ ° M) were added to
treated real food samples (whole milk, skim milk and honey) for
the experiments. Then, the fluorescence emission intensity of
these samples was systematically tested. According to the
results in Table 1, the recoveries ranged from 93.80% to
109.20%. The results showed good recoveries for this real
sample assay, indicating the promising application of N-GQDs
fluorescent probes in real food sample detection. Comparing
the method proposed in this study with some of the other
traditional methods reported (Table 2), the method in this work
has a low detection limit and a good linear range. The results
show that the method in this work has a low detection limit and
a wide linear range for the detection of tetracycline and real
food samples. The proposed strategy is feasible and applicable
and has potential applications in the sensitive, rapid and highly
sensitive detection of TC in real food samples.

3.7. Mechanism of quenching of TC by N-GQDs

With the addition of TC, fluorescence quenching of N-GQDs
occurs, and this phenomenon suggests that there is a certain
interaction between TC quenching of N-GQDs fluorescence

Table 2 Comparison of TC determination using different methods

View Article Online
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intensity. To investigate the possible fluorescence quenching
mechanism, we tested the UV-vis spectra of TC and the fluo-
rescence emission and excitation spectra of N-GQDs, as shown
in Fig. 5(c), TC has obvious UV absorption bands at wavelengths
of 274 nm and 360 nm, and the excitation spectra of N-GQDs
overlap with the absorption spectra of TC. Therefore, the
quenching mechanism of fluorescence is generally caused by
fluorescence resonance energy transfer (FRET) or internal
filtration effect (IFE).>® As a result, we tested the fluorescence
lifetime to further distinguish and fluorescence resonance
energy transfer (FRET) and internal filtering effect (IFE)
quenching mechanisms. As illustrated in Fig. 5(d), the fluo-
rescence lifetime of the N-GQDs was essentially unchanged by
the addition of TC, the fluorescence lifetimes of N-GQDs were
4.11 ns (t; = 2.18 ns, 7, = 5.84 ns) and 4.03 ns (t; = 2.12 ns, 1, =
5.52 ns) after the addition of TC, where the concentration of TC
was 5 x 10~ ® M. Thus, IFE was shown to be TC induced fluo-
rescence quenching of N-GQDs as the main mechanism.*

4. Conclusions

In summary, we developed a green method to prepare N-GQDs
fluorescent sensors, synthesized N-GQDs for TC detection using
the natural product potato starch as raw material, and the
internal filtering effect (IFE) quenching mechanism of TC on N-
GQDs was used to detect TC in food samples. Firstly, the
strategy achieves a reduction in the preparation cost of nano-
materials (using green, low-cost natural products as raw mate-
rials), eliminating complicated steps and expensive materials.
Secondly, the strategy overcomes the drawbacks of existing
methods, and the proposed strategy has the advantages of high
sensitivity, good selectivity and stability. Finally, the method
has a low detection limit of 9.735 x 10~ "* M, a wide linear range
and good recoveries for TC and the low detection limits in the
range of 3.750 x 10~ " t0 2.075 x 10~ ° M for the detection of TC
in real food samples. N-GQDs fluorescence sensor has good
linearity (R* = 0.993) in the concentration range of TC (2.5 x
107" to 5 x 10~° M), in addition, a low concentration of TC was
detected in three real food samples with good recoveries of
93.80% to 109.20%, which indicates that the N-GQDs quantum
dot sensor has a good prospect for the practical analysis of food
samples. Therefore, the results suggest that the N-GQDs
quantum dot fluorescence sensor is a promising tool for TC
residue detection, which is important in food safety testing.

Analytical method Target Linear range (nM) LOD (M) Ref.
Capillary electrophoresis TC 2.00 x 1078 8

HPLC TC 10°° 54
Colorimetric analysis TC 0.3-10 2.660 x 10~ ° 9

ELISA TC 0.225-2250 2.200 x 10 *° 55
Fluorescence TC 0.001-0.4 6.000 x 10°° 56
Fluorescence TC 3000-3.5 x 10~* 1.200 x 108 57
Fluorescence TC 0.25-5000 9.375 x 10~ ** This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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