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Abstract: Ofloxacin (OFL) is widely used in animal husbandry and aquaculture due to its low price
and broad spectrum of bacterial inhibition, etc. However, it is difficult to degrade and is retained in
animal-derived food products, which are hazardous to human health. In this study, a simple and
efficient method was developed for the detection of OFL residues in meat products. OFL coupled
with amino magnetic beads by an amination reaction was used as a stationary phase. Aptamer
AWO-06, which showed high affinity and specificity for OFL, was screened using the exponential
enrichment (SELEX) technique. A fluorescent biosensor was developed by using AWO-06 as a probe
and graphene oxide (GO) as a quencher. The OFL detection results could be obtained within 6 min.
The linear range was observed in the range of 10–300 nM of the OFL concentration, and the limit of
the detection of the sensor was 0.61 nM. Furthermore, the biosensor was stored at room temperature
for more than 2 months, and its performance did not change. The developed biosensor in this study
is easy to operate and rapid in response, and it is suitable for on-site detection. This study provided a
novel method for the detection of OFL residues in meat products.

Keywords: aptamer; ofloxacin; SELEX; biosensor; rapid detection

1. Introduction

Fluoroquinolone (FLQ) is a synthetic antimicrobial drug, which is widely used in
the treatment of gastrointestinal and respiratory tract infections in animal husbandry
and aquaculture. FLQ offers several advantages, such as strong antimicrobial activity,
broad antimicrobial spectrum, high bioavailability, and low price [1,2]. Ofloxacin (OFL)
is a third-generation synthetic FLQ, which prevents DNA replication by inhibiting DNA
topoisomerases and DNA deconjugating enzymes and has inhibitory effects on both Gram-
negative and Gram-positive bacteria [3]. The slow degradation of OFL and its long residual
time in the environment and high activity result in a variety of adverse reactions in animals
and even human beings when utilized inappropriately [4]. Although some studies have
reported the use of aptamers for the detection of OFL, most of the aptamer sequences
used were screened by Reinemann et al. The libraries used for the screening of aptamers
were more complex, and the sequences were longer [4]. For example, label-free fluorescent
detection using an SYBR Green I (SG-I) fluorescent insert combined with ofloxacin aptamer
was linear in the range of 1.1–200 nM, with a detection limit of 0.34 Nm [5]. On the other
hand, the electrochemical detection of OFL in tap water and wastewater treatment plants
was performed using a sensor composed of OFL aptamer and gold nanoparticles with a
detection range of 5 × 10−8 × 10−5 M and detection limit of 1 × 10−9 M [6]. Similarly, the
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aptamer-based photoelectrochemical detection of OFL was attempted using polydopamine-
Ag 2S nanocomplexes sensitized with TiO2 nanotube arrays, which was linear in the range
of 5.0 pM–100 nM with a detection limit of 0.75 pM [7]. The library used for screening
aptamer in this study was simpler and more affinitive, and the developed biosensor had a
wider linear range and lower detection limit.

Currently, the commonly used detection methods for antibiotics are electrochemi-
cal detection [8–11], microbiological detection [12–14], and liquid chromatography–mass
spectrometry [15]. Although these detection methods are highly sensitive and rapid, they
are complicated, require expensive instruments and specialized operators, and are not
suitable for on-site detection. Therefore, there is a need to develop an efficient and sensitive
method that can be used for on-site detections of antibiotics. In recent years, biosensors
have emerged as the detectors used in medical, food, and other analytical fields to achieve
a rapid, sensitive, and on-site monitoring of antibiotics [16,17]. A biosensor consists of
two parts: a biorecognition element (enzyme, aptamer, antibody, synthetic molecularly
imprinted polymer (MIP), microorganism, etc.) and a signaling element (electrical signal,
fluorescence, etc.) [18]. Compared with traditional detection methods, biosensors are highly
sensitive, highly specific, rapid, cost-effective, easy to use, and portable [19]. Recently,
electrochemical sensors, fluorescent sensors, surface plasma sensors, etc., have been used
for the detection of antibiotic residues of animal origin [20–22].

Aptamer is a segment of ssDNA that shows high affinity and specificity for a target,
which is SELEX based on artificially constructed oligonucleotide libraries [23–27]. As
recognition progenitors, biosensors bind to targets, thereby transforming from free confor-
mations to city-specific three-dimensional structures, such as hairpin structures, stem loops,
and G-quadruplexes [28–31]. Biosensors bind specifically to the target through hydrogen
bonds, hydrophobic interactions, van der Waals forces, etc., and generate recognition sig-
nals through signal conversion elements [32]. Aptamers are cost-effective and show high
affinity, good specificity, wide target range, and good stability [33,34].

The objective of this study was to screen the aptamers that show high sensitivity and
specificity to OFL. Magnetic bead SELEX technology was used to design and develop an
aptamer-based fluorescent biosensor for OFL detection using an EP tube as the carrier.
When OFL was added to the sensor, the sensor emitted a blue fluorescent signal. This
study provides a new strategy for screening aptamers of other antibiotics and a method for
detecting OFL residues in meat products.

2. Materials and Methods
2.1. Material

The library and primers used in this experiment were synthesized by Sangon Biotech
(Shanghai, China), while OFL, enrofloxacin (ENR), norfloxacin (NOR), and benzoxacillin
(OXA) were purchased from Shanghai Yuanye Biotechnology. Chloramphenicol (CPL), sulfa-
diazine (SD), roxithromycin (CCR), penicillin G (PG), tobramycin (TOB), tris (hydroxymethyl)-
aminomethane (Tris), urea, low molecular weight DNA Marker, taq PCR premix, and 4S red
plus nucleic acid stain were purchased from Shanghai Sangong Biotech (Shanghai, China).
Amino magnetic beads, N, N-dimethyl formamide (DMF), 1-Hydroxybenzotriazole (Hobt),
bromo-trispyrrol-idinophosphonium-hexafluophosphate (PyBroP), ampicillin (APR), NaCl,
MgCl2, and N-(2-hydroxyethyl) piperazine N′-(2-ethane sulfonic acid) (HEPES) were pur-
chased from Aladdin Biochemical Technology for the in vitro screening of aptamers. Agarose
gel DNA recovery kit was purchased from Tiangen Biochemical Technology (Beijing, China).
Agarose was purchased from Biowest. All solutions were prepared using ultrapure water
with a resistance of >18.20 MΩ, which was obtained using Bamstead Labtower EDI water
purification system (Thermo, Dreieich, Germany).
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2.2. Methods
2.2.1. Immobilization of OFL on Amino Magnetic Beads

As shown in Figure 1A, carboxyl groups were observed in the structure of OFL. In
this experiment, the amidation reaction between the amino and carboxyl groups resulted
in the formation of an amide bond to couple OFL with aminated magnetic beads. After the
addition of ssDNA, the screening process was accomplished by applying a magnetic field.
OFL was mixed with DMF, Pybrop, Hobt, and DIPEA and activated at 9000× g for 1 h under
ambient conditions. The aminated magnetic beads were blown through DMF (650 µL)
3 times and then resuspended in 100 µL of DMF. The activated OFL was incubated overnight
with the resuspended magnetic beads at 9000× g (room temperature) to form a complex.
After magnetic separation, the beads were washed twice with 650 µL of DMF and blown
twice through screening buffer (650 µL). The beads were then resuspended in 100 µL of
screening buffer (×2) and stored at 4 ◦C. Since OFL contains “π-π” conjugated groups with
fluorescent properties, the coupling rate of OFL with amino magnetic beads was determined
by measuring the fluorescence intensity at excitation and emission wavelengths of 290 nm
and 800 nm, respectively, before and after coupling, using the multifunctional enzyme
labeling instrument (Figure S1).
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Figure 1. Aptamer screening: (A) coupling OFL to amino magnetic beads by amidation reaction;
(B) screening process of aptamers of OFL.

2.2.2. Aptamer Screening

The full length of the random ssDNA library used in this experiment was 75 bp. It con-
tained a primer-binding region of 20 nucleotides on both sides and a random region of 35 nu-
cleotides in the middle. The random library sequence was 5′TACATCACCTAATCCTGCGG-
N35-GATTGGGTCATTACCGAGGA-3′, while forward and reverse primer sequences were
5′-TACATCACCTAATCCTGCGG and 5′-TCCTCGGTAATGACCCAATC-3′, respectively.
Prior to screening, random libraries and primers were purified and recovered using 15%
denaturing polyacrylamide gel (dPAGE). The DNA sequences were amplified and enriched
by PCR. After PCR, amplicons were detected and recovered, and the DNA concentration
was determined by using 3% agarose gel. The recovery rate was calculated, and the ampli-
cons were used for the next round of screening. The PCR reaction mix (50 µL) consisted of
0.5 µL of the template DNA, 0.5 µL of each primer, and 25 µL of Taq PCR Mix. The PCR
cycling conditions were as follows: pre-denaturation at 95 ◦C for 3 min, 20 thermal cycles
(denaturation at 95 ◦C for 15 s; annealing at 54 ◦C for 15 s; and extension at 72 ◦C for 1 min),
and final extension at 72 ◦C for 5 min. The PCR products were stored at 4 ◦C.
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The empty magnetic beads, OFL-coated magnetic beads, and competitive magnetic
beads were washed three times with a screening buffer before each round of screening,
and the supernatant was removed after magnetic separation. According to the recovery
rate, the libraries were diluted to 100 µL using the screening buffer before use and then
denatured at 95 ◦C for 10 min. Then, the libraries were immediately placed on ice for
10 min and then taken out and placed at room temperature to form its structure. The
screening process is shown in Figure 1B. Negative screening was performed, and the
ssDNA was incubated with empty and non-competitive magnetic beads (ENR, NOR) at
room temperature and at 9000× g for 1 h. The inactive DNA was removed by magnetic
separation, retaining the supernatant. Then, the positive screening of active DNA was
carried out by incubating the supernatant with magnetic beads coated with OFL. After
screening, the magnetic beads were washed twice with 650 µL of screening buffer (×2) to
remove inactive DNA. Subsequently, 650 µL of ultrapure water was used to wash twice
again. Then, 100 µL of elution buffer was added for denaturation at 95 ◦C for 5 min. The
supernatant was collected, and the procedure was repeated four times. Finally, ssDNA was
recovered by alcohol precipitation, and PCR amplification was performed to complete the
screening process.

2.2.3. Sequencing and Analysis

After the screening, the PCR products were sent to Sangon Biotech for high-throughput se-
quencing. The sequencing data were used to predict the secondary structure of aptamers using the
IDT OligoAnalyzer 3.1 software (https://sg.idtdna.com/UNAFold (accessed on
1 August 2023)), and representative aptamers were selected and synthesized based on the sec-
ondary structure, GC content and binding energy (∆G), and labeled with FAM tag at its 5′ end.

2.2.4. OFL Measurement

The fluorescence of labeled aptamer was mixed with graphene oxide (GO), and the
GO could adsorb ssDNA on the surface by “π-π” stacking [35]. GO is a fluorescence
resonance energy transfer (FRET) acceptor, which can quench fluorescent groups on the
nucleic acid aptamer [2]. When ofloxacin was added, the aptamer was stripped from
GO and the fluorescence was restored. The concentration of GO was optimized. GO
concentrations were set as 0.1, 0.5, 1, 5, 10, 20, 30, and 50 µg/mL. Then, we added 10 µL of
1 µM candidate aptamers to 20 µL of GO at different concentrations and mix thoroughly.
Then, seventy microliters of 1 µM OFL were added and mixed well. The fluorescence
intensity was measured.

Each experiment was carried out in a light-avoiding 96-well plate, with a total volume
of 100 µL. To ensure the accuracy and validity of the results, each experiment was repeated
three times. The fluorescence intensity of each sample was measured using a multifunc-
tional microplate detector, at excitation and emission wavelengths of 488 nm and 535 nm,
respectively. The fluorescence intensities of experimental group (F) and control group (F0)
were recorded, and ∆F (∆F = F0 − F) was calculated to determine the fluorescence intensity
of OFL under different experimental conditions.

2.2.5. Affinity and Specificity of Aptamers

To determine the binding affinity of aptamers to OFL, candidate aptamers were diluted
to the final concentrations of 0.5, 2.5, 5, 7.5, 15, 20, 25, and 30 nM under the same conditions
using buffer. Next, 10 µL of candidate aptamer was added to 20 µL of GO and mixed well.
Then, 70 µL of OFL was added, and the fluorescence intensity was measured to calculate
∆F. A nonlinear fitting curve was plotted using Origin 2022, and the dissociation constant
(Kd) of each candidate aptamer was calculated according to the following formula:

Y = Bmax × X/(Kd + X).

Kd is an important indicator to assess the affinity of aptamers to OFL, with smaller Kd
representing greater affinity [36]. Y is the average value of fluorescence of aptamer bound

https://sg.idtdna.com/UNAFold
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with OFL. X is the concentration of aptamer, and Bmax is the maximum binding capacity
of aptamer.

To determine the specificity of aptamers for OFL, fluorescence intensities of seven
antibiotics (CCR, OXA, CPL, SD, PG, TOB, and APR) were determined. Equal amounts of
OFL and antibiotics were added to the well plates, and equal amounts of ultrapure water
were used in the control group. The real fluorescence intensity was determined by using
a multi-kinetic enzyme marker, and the fluorescence phenomenon was observed under a
blue light illuminator (Safe ImagerTM). Finally, the specificity of the candidate aptamers for
OFL was determined by calculating ∆F and observing the fluorescence coloring images.

2.2.6. Optimization of Aptamer Reaction Conditions

To maximize the accuracy and sensitivity of the fluorescence quenching method for
the determination of OFL, aptamer concentration and reaction time were optimized. Three
parallel experiments were performed for each combination of reaction conditions.

For the optimization of aptamer concentration, aptamer solutions with final concen-
trations of 5, 10, 20, 50, 75, 100, 150, and 200 nM were taken into a light-avoiding 96-well
plate, and then the 1 µM of OFL was added in the wells. The total volume of the reaction
system was 100 µL. The fluorescence intensity of each sample was measured, and the ∆F
was calculated to determine the optimal aptamer concentration.

To optimize the reaction time of aptamer and OFL, the aptamer was allowed to react
with OFL for 0, 2, 4, 6, 8 and 10 min, respectively, at the optimal concentrations of aptamer
and GO. Then, the optimal reaction time with stable fluorescence was determined by
measuring the fluorescence intensity.

2.2.7. Preparation of the Aptamer Sensor

As shown in Figure 2A, the biosensor was prepared in an EP tube (200 µL) using
aptamer WO-06 and GO. After adding 500 nM ofloxacin and mixing well, the fluorescence
intensity was measured using a multifunctional enzyme marker, and the sensor was proven
to be viable if green fluorescence appeared under the irradiation of blue light.
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2.2.8. Characteristics of Aptamer Sensor

The OFL detection performance of the sensor was evaluated by determining its sensi-
tivity, specificity, and stability. Three parallel experiments were conducted for each group.
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To determine the sensitivity of the sensor, OFL was diluted using ultrapure water to
final concentrations of 5, 10, 50, 100, 150, 200, 300, 400, 500, 600, and 700 nM. OFL was
added to the sensor, and ultrapure water was added to the control group. The total volume
of the system was 100 µL. The reaction solution was mixed thoroughly for 6 min, and then
its fluorescence intensity was measured. Finally, ∆F was calculated, and a nonlinear fitting
curve was plotted to obtain a linear graph. The limit of detection (LOD) was calculated
according to 3σ/S, where “σ” is the standard deviation and “S” is the slope of curve.

The specificity of the sensor was determined by using non-target antibiotics. The
concentration of 1 µM of OFL and other antibiotics were added in the sensor group, while
equal amounts of ultrapure water were used in the control group. Real fluorescence
intensity was determined while observing the fluorescence under a blue light illuminator.
Finally, the specificity of the sensor for OFL was determined by calculating ∆F and by
observing the fluorescence chromogenic images.

To study the stability of sensor as well as the effect of sugar preservatives on stability
of the sensor, two kinds of sensors (with and without preservatives) were prepared. The
prepared sensors were kept at room temperature for 0–3 months, and the fluorescence
intensities of sensors were measured after the addition of OFL. The fluorescence was
observed under a blue light illuminator.

2.2.9. Testing of Actual Samples

Beef, pork, chicken, duck, and shrimp were purchased from the market and fully
ground. Then, 10 g of meat products were weighed and added into 10 mL of wood spirit for
extraction. The mixture was put into a biological sample homogenizer for homogenization
and then centrifuged at 8000× g for 20 min. Supernatant was filtered through a 0.22 µm
filter. The extracted sample was subjected to high performance liquid chromatography
(HPLC) to detect the presence of OFL in the samples. According to GB 31650.1-2022 [37],
the residue standard of OFL in meat is lower than 5.5 nM, which was used as the detecting
concentration of OFL to spike samples. Additionally, 100 µL of the extract samples and
spiked samples were detected the fluorescence, and 70 µL of the extract samples and spiked
samples were added into the sensors. Then, the images of tubes fluorescence were taken,
and the fluorescence intensity was measured. The meat with the lowest background signal
was selected for the LOD experiments. The final concentrations of OFL were 5, 10, 50, 75,
100, 150, 200, 250, and 300 nM, and the fluorescence intensity was measured by adding the
extract into the sensor to calculate the LOD.

3. Results and Discussion
3.1. Aptamer Screening, Sequencing, and Analysis

As shown in Figure S1, the OFL coupling rate was around 40%, which indicated
that the amino magnetic beads were completely encapsulated, and the influence of other
functional groups as well as the binding sites were reduced due to this supersaturation.
A total 12 rounds of screening (9 rounds of forward screening and 3 rounds of reverse
screening) were conducted using the OFL-coated amino beads as the stationary phase. The
results revealed a decrease in the enrichment rate when reverse screening was introduced.
This decrease can be attributed to the removal of inactive ssDNA by the increased number
of screenings. The aptamers with low affinity to the stationary phase were eluted gradually,
while the ones with high affinity were enriched. The enrichment rate gradually increased
with the increased number of screenings, from 9.65% in the first round to 54.21% in the
twelfth round of screening. Due to the dramatic increase in enrichment rate, the screening
process was terminated at the twelfth round, and the screening products were sent for high-
throughput sequencing. As shown in Figure S2, the screening products were amplified by
PCR, and the quality of amplicons was checked through 3% agarose gel electrophoresis.
The clarity of the bands improved gradually, and their positions conformed to the library.
This confirmed that the aptamer sequences obtained after screening had higher affinity
to OFL.
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Through high-throughput sequencing, a total of 169,603 aptamer sequences were
obtained. The secondary structure as well as the predicted ∆G of the sequences with high
enrichment rate were determined using IDT OligoAnalyzer 3.1 software, and the results are
shown in Table 1. As shown in Figure 2B, the aptamer sequences were mainly composed of
stem-loop and hairpin structures and had high GC content. The presence of these structures
enabled the aptamer to specifically recognize OFL. Based on the secondary structures as
well as ∆G, six sequences were selected as the candidate aptamers and named AWO-01,
AWO-02, AWO-03, AWO-04, AWO-05, and AWO-06. These aptamers were labeled with an
FAM tag at their 5′ ends and synthesized.

Table 1. Sequences of candidate aptamers.

Name DNA Sequences (5′-3′) ∆G (kcal/mol)

Apt-WO-01 GAACTTGAGTGTATGATTGCTTCGAATCTAGCCGC −3.60
Apt-WO-02 GGGGGTCCCTGATACGCGGTTATTCGATTACGACT −4.54
Apt-WO-03 CAGAATAGGGATTGTACGGGAAAATGCGGTGGCGG −2.78
Apt-WO-04 CAGACGAGGCTTTCGGAAAAGGAATGATGGACGTC −4.29
Apt-WO-05 GAACGCGAGGATTGTATCCAGACAAAGGTCCCATC −4.41
Apt-WO-06 GTGAGTTTACATGGGGTCCTATAGGCGAACAATCG −4.80

3.2. Characterization of Aptamers

As shown in Figure 2B, the fluorescence signal gradually became weaker with the
increase in GO concentration. The fluorescence intensity remained stable at GO concentra-
tion of 30 µg/mL. Therefore, the GO concentration used in the subsequent experiments
was 30 µg/mL.

The respect affinities of the candidate aptamers to OFL were determined as described
in Section 2.2.5. Kd values of the six candidate aptamers were estimated by measuring
the fluorescence intensity and then plotting a nonlinear fitting curve (Figures S3 and 2C).
Figure 2C shows that AWO-06 had the lowest Kd (28.16 nM). It indicates that AWO-06 had
the strongest affinity for OFL.

Furthermore, the selection specificity of the candidate aptamer AWO-06 was analyzed
by using CCR, OXA, CPL, SD, PG, TOB, and APR as the controls for OFL, while ultrapure
water was used as the blank. The results showed that the candidate aptamer AWO-06
produced a strong fluorescence signal for OFL, showing its selective specificity for OFL
(Figure 2D).

At present, the electrolytic dissociation constants derived from the present study have
an advantage over the Kd = 130.1 nM reported by Yuhong Zhang et al. [35] for ofloxacin
and Kd = 0.11–56.9 nM reported by Reinemann et al. [33]. In conclusion, AWO-06 has a
high affinity and specificity for OFL. Therefore, the aptamer was selected for subsequent
experiments.

3.3. Optimization of Reaction Conditions

In order to achieve the highest fluorescence signal, two key factors were optimized,
including aptamer concentration and reaction time. As shown in Figure 3A, the aptamer
concentration was first optimized by selecting the aptamer concentration range of 5–200 nM.
∆F was determined to find a balance between the generation of an obvious signal and a
lower background signal. With the increase in aptamer concentration, the fluorescence
signal intensity gradually increased. However, when the aptamer concentration was too
high, the effect of GO on fluorescence quenching was poor, which further caused an increase
in the background signal. When the aptamer concentration was 75 nM, the fluorescence
signal intensity was strong, and the background signal was low. In addition, the reaction
time (within 0–10 min) was optimized at the aptamer concentration of 75 nM. Furthermore,
the reaction time (within 0–10 min) was optimized at an aptamer concentration of 75 nM.
As shown in Figure 3B, the reaction occurred instantly after adding the OFL, producing
an obvious fluorescence signal. With the increase in reaction time, the fluorescence signal
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gradually enhanced and reached equilibrium at 6 min. Therefore, the optimal reaction time
was 6 min. In summary, the optimal concentration of the aptamer was 75 nM, while the
optimal reaction time was 6 min.
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3.4. Optimization of Reaction Conditions for the Developed Sensor

When OFL was added to the sensor, a strong fluorescent signal was produced by
the sensor. On the other hand, no fluorescent signal was observed in the absence of OFL,
which proved that the sensor was feasible (Figure 4A). The performance of the sensor (i.e.,
sensitivity, specificity, and stability under optimal conditions) was examined to determine
whether it can be effectively used for OFL detection.
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Sensitivity is an important index to analyze the performance of the sensor. In the
present study, an OFL concentration of 5–700 nM was used to analyze the sensitivity of the
sensor. As shown in Figure 4B, the fluorescence intensity of the sensor gradually increased
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with the increase in the concentration of OFL. Furthermore, the nonlinear fitting curve
revealed that there was a good linear relationship between OFL and AWO-06 in the range of
10–300 nM, with a detection limit of 0.61 nM. Subsequently, the specificity of the sensor was
determined by measuring the fluorescence intensity of the sensor to calculate the ∆F and
by observing the fluorescence image of the sensor under blue light irradiation (Figure 4B).
As shown in the colorimetric image (Figure 4C), the sensor was highly specific for OFL,
while the signals for other antibiotics were relatively low or even non-existent. Finally, the
stability of the sensor was determined (Figure 4D). Firstly, the effect of sugar preservative
on the stability of the sensor was analyzed. The fluorescence intensity graph as well as the
fluorescence color rendering image revealed that the sensor with the sugar preservatives
was more stable and better to recognize OFL. In the second step, the performance of the
sensor was examined after storing the sensor at room temperature for 0–3 months. The
sensor was observed to be most effective in the first month. However, good fluorescence
response was observed even after 3 months of storage. It proved that the developed sensor
can be stored for a long time.

In previous reports, several methods have been investigated for the detection of OFL.
Most of these methods are based on HPLC, liquid chromatography–mass spectrometry (LC-
MS), etc. K. Elaslani et al. detected OFL by coupling nanomaterials with other instruments
(such as a pulsed electrochemical detector) using silver particle-modified carbon paste
electrode, and the study reported a linear range between 4.0 × 10−6 and 1.0 × 10−3 M
and an LOD of 9.47 × 10−7 M [38]. Similarly, Yan Wu et al. investigated a fluorescent
probe based on a Zn/Eu-MOF (OFL) assay with a linear range between 0.1 and 80 µM
and an LOD of 0.44 µM [2]. These studies suggest that the linear ranges of these methods
are generally narrow, and the operation is complicated, which is not conducive to rapid
on-site testing. Compared to these reported methods, the method presented in this study
had a wide linear range of 10 to 300 nM, with an LOD of 0.61 nM. Moreover, the present
method was easy to operate and faster and did not need expensive instruments, complex
pre-treatment processes, and professional operators.

3.5. Detection of OFL in the Meat Products

The presence or absence of OFL in the meat extract was first determined by HPCL.
The results showed that none of the 12 selected meat products contained OFL (Figure S3).
Then, the sample extract and the standardized extract were added into the sensor, and the
fluorescence intensity was measured. The fluorescence color images were taken after mixing
the solution. As shown in Figure 5A, most of the meat products had a high background
effect. Based on this observation, Beef D was selected to determine the LOD of the sensor,
which was 8.76 nM (Figure 5B). The results of this experiment revealed that the background
signal of the extract was high. This suggested that the sample contained some interfering
substances, which affected the results. However, the spiking experiment showed that this
sensor can be used for the detection of OFL in meat products.
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4. Conclusions

In this study, aptamers obtained from the ssDNA library were screened using magnetic
bead SELEX technology, which could effectively and rapidly detect OFL. An aptamer
biosensor was developed for the rapid and sensitive detection of OFL using the fluorescence
quenching method based on GO. GO can effectively adsorb the aptamer and quench its
fluorescence. Moreover, OFL can be bound to the aptamer, which may lead to structural
changes and peel off from GO, causing changes in the fluorescence signal. Using this
method, AWO-06 was found to be the best candidate aptamer, with a Kd of 28.16 nM.
The specificity of aptamer was analyzed using other antibiotics, which proved that the
aptamer was highly specific for OFL. Furthermore, AWO-06 was used to quantify OFL in
the range of 10–300 nM with a detection limit of 0.61 nM. The designed sensor showed good
sensitivity and specificity for OFL, and the OFL could be detected after 6 min of reaction
between the sample and aptamer. The sensor also showed good detection performance
in actual meat samples, with an LOD of 8.76 nM. The aptamer sensor could be stored
for a long time at room temperature, showing good stability after 3 months of storage.
The biosensor has the advantages of easy operation, rapid response, low cost, and no
requirement for professional operators, etc. The developed sensor can rapidly detect
the residues of OFL in meat products, and it has a great application potential in animal
husbandry and aquaculture industry.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/s24061740/s1. See refs. [39–43].

Author Contributions: S.W. (Siyuan Wang): Conceptualization, methodology, writing—original draft
preparation. X.B., M.L. (Mingwang Liu) and Q.H.: Data curation, resources. S.Z. and S.L.: Visualization,
investigation and Software, validation. X.K., L.Z. and M.L. (Mingsheng Lyu): Writing—reviewing and
editing. S.W. (Shujun Wang): Funding acquisition, project administration. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by Jiangsu Agricultural Science and Technology Innovation Fund
(CX(22)3079); The Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD). Post-graduate Research & Practice Innovation Program of Jiangsu (JOU22-53).

Data Availability Statement: All the data are included within this article and the Supporting
Information, and they are available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yin, X.; Dudley, E.G.; Pinto, C.N.; M’ikanatha, N.M. Fluoroquinolone sales in food animals and quinolone resistance in non-

typhoidal Salmonella from retail meats: United States, 2009–2018. J. Glob. Antimicrob. Resist. 2022, 29, 163–167. [CrossRef]
2. Wu, Y.; Zhou, Y.; Long, H.; Chen, X.; Jiang, Y.; Zhang, L.; Le, T. A novel Zn/Eu-MOF for the highly sensitive, reversible and

visualized sensing of ofloxacin residues in pork, beef and fish. Food Chem. 2023, 422, 136250. [CrossRef]
3. Bhatt, S.; Chatterjee, S. Fluoroquinolone antibiotics: Occurrence, mode of action, resistance, environmental detection, and

remediation—A comprehensive review. Environ. Pollut. 2022, 315, 120440. [CrossRef]
4. Liu, Z.; Zhou, J.; Wang, X.; Zhao, J.; Zhao, P.; Ma, Y.; Zhang, S.; Huo, D.; Hou, C.; Ren, K. Graphene oxide mediated CdSe quantum

dots fluorescent aptasensor for high sensitivity detection of fluoroquinolones. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2024, 305, 123497. [CrossRef]

5. Yi, H.; Yan, Z.; Wang, L.; Zhou, X.; Yan, R.; Zhang, D.; Shen, G.; Zhou, S. Fluorometric determination for ofloxacin by using an
aptamer and SYBR Green I. Mikrochim. Acta 2019, 186, 668. [CrossRef]

6. Pilehvar, S.; Reinemann, C.; Bottari, F.; Vanderleyden, E.; Van Vlierberghe, S.; Blust, R.; Strehlitz, B.; De Wael, K. A joint action of
aptamers and gold nanoparticles chemically trapped on a glassy carbon support for the electrochemical sensing of ofloxacin.
Sens. Actuators B Chem. 2017, 240, 1024–1035. [CrossRef]

7. Qin, X.; Geng, L.; Wang, Q.; Wang, Y. Photoelectrochemical aptasensing of ofloxacin based on the use of a TiO2 nanotube array
co-sensitized with a nanocomposite prepared from polydopamine and Ag2S nanoparticles. Mikrochim. Acta 2019, 186, 430.
[CrossRef]

8. de Faria, L.V.; Lisboa, T.P.; da Silva Campos, N.; Alves, G.F.; Matos, M.A.; Matos, R.C.; Munoz, R.A. Electrochemical methods for
the determination of antibiotic residues in milk: A critical review. Anal. Chim. Acta 2021, 1173, 338569. [CrossRef]

https://www.mdpi.com/article/10.3390/s24061740/s1
https://doi.org/10.1016/j.jgar.2022.03.005
https://doi.org/10.1016/j.foodchem.2023.136250
https://doi.org/10.1016/j.envpol.2022.120440
https://doi.org/10.1016/j.saa.2023.123497
https://doi.org/10.1007/s00604-019-3788-8
https://doi.org/10.1016/j.snb.2016.09.075
https://doi.org/10.1007/s00604-019-3566-7
https://doi.org/10.1016/j.aca.2021.338569


Sensors 2024, 24, 1740 11 of 12

9. Wang, Q.; Xue, Q.; Chen, T.; Li, J.; Liu, Y.; Shan, X.; Liu, F.; Jia, J. Recent advances in electrochemical sensors for antibiotics and
their applications. Chin. Chem. Lett. 2021, 32, 609–619. [CrossRef]

10. Bai, M.; Yue, F.; Zhai, S.; Hu, M.; Qi, G.; Chen, S.; Li, B.; Sun, X.; Guo, Y.; Marrazza, G. Screening of broad-spectrum aptamers to
construct an electrochemical aptasensor for the sensitive detection of tetracycline antibiotic residues in milk. Sens. Actuators B
Chem. 2024, 398, 134765. [CrossRef]

11. Zein, M.I.; Hardianto, A.; Zakiyyah, S.N.; Devi, M.J.; Manan, N.S.; Ibrahim, A.U.; Hartati, Y.W. Recent development of
electrochemical and optical aptasensors for detection of antibiotics in food monitoring applications. J. Food Compos. Anal. 2023,
124, 105644. [CrossRef]

12. Wu, Q.; Gao, X.; Shabbir, M.A.; Peng, D.; Tao, Y.; Chen, D.; Hao, H.; Cheng, G.; Liu, Z.; Yuan, Z.; et al. Rapid multi-residue
screening of antibiotics in muscle from different animal species by microbiological inhibition method. Microchem. J. 2020,
152, 104417. [CrossRef]

13. Wu, Q.; Shabbir, M.A.; Peng, D.; Yuan, Z.; Wang, Y. Microbiological inhibition-based method for screening and identifying of
antibiotic residues in milk, chicken egg and honey. Food Chem. 2021, 363, 130074. [CrossRef]

14. Wu, Q.; Zhu, Q.; Liu, Y.; Shabbir, M.A.; Sattar, A.; Peng, D.; Tao, Y.; Chen, D.; Wang, Y.; Yuan, Z. The search for a microbiological
inhibition method for the rapid, broad-spectrum and high-throughput screening of six kinds of antibiotic residues in swine urine.
Food Chem. 2021, 339, 127580. [CrossRef]

15. Mehata, A.K.; Suseela, M.N.; Gokul, P.; Malik, A.K.; Viswanadh, M.K.; Singh, C.; Selvin, J.; Muthu, M.S. Fast and highly efficient
liquid chromatographic methods for qualification and quantification of antibiotic residues from environmental waste. Microchem.
J. 2022, 179, 107573. [CrossRef]

16. Chen, T.; Cheng, G.; Ahmed, S.; Wang, Y.; Wang, X.; Hao, H.; Yuan, Z. New methodologies in screening of antibiotic residues in
animal-derived foods: Biosensors. Talanta 2017, 175, 435–442. [CrossRef]

17. Zhang, Z.; Zhang, H.; Tian, D.; Phan, A.; Seididamyeh, M.; Alanazi, M.; Xu, Z.P.; Sultanbawa, Y.; Zhang, R. Luminescent sensors
for residual antibiotics detection in food: Recent advances and perspectives. Coord. Chem. Rev. 2024, 498, 215455. [CrossRef]

18. Majdinasab, M.; Mishra, R.K.; Tang, X.; Marty, J.L. Detection of antibiotics in food: New achievements in the development of
biosensors. TrAC Trends Anal. Chem. 2020, 127, 115883. [CrossRef]

19. Singh, H.; Thakur, B.; Bhardwaj, S.K.; Khatri, M.; Kim, K.H.; Bhardwaj, N. Nanomaterial-based fluorescent biosensors for the
detection of antibiotics in foodstuffs: A review. Food Chem. 2023, 426, 136657. [CrossRef]

20. Zhou, C.; Zou, H.; Sun, C.; Li, Y. Recent advances in biosensors for antibiotic detection: Selectivity and signal amplification with
nanomaterials. Food Chem. 2021, 361, 130109. [CrossRef]

21. Wei, P.; Wang, S.; Wang, W.; Niu, Z.; Rodas-Gonzalez, A.; Li, K.; Li, L.; Yang, Q. CoNi bimetallic metal–organic framework and
gold nanoparticles-based aptamer electrochemical sensor for enrofloxacin detection. Appl. Surf. Sci. 2022, 604, 154369. [CrossRef]

22. Xie, M.; Zhao, F.; Zhang, Y.; Xiong, Y.; Han, S. Recent advances in aptamer-based optical and electrochemical biosensors for
detection of pesticides and veterinary drugs. Food Control 2022, 131, 108399. [CrossRef]

23. Chinnappan, R.; Zaghloul, N.S.; AlZabn, R.; Malkawi, A.; Rahman, A.A.; Abu-Salah, K.M.; Zourob, M. Aptamer selection and
aptasensor construction for bone density biomarkers. Talanta 2021, 224, 121818. [CrossRef]

24. Luo, Z.; He, L.; Wang, J.; Fang, X.; Zhang, L. Developing a combined strategy for monitoring the progress of aptamer selection.
Analyst 2017, 142, 3136–3139. [CrossRef]

25. Reinemann, C.; Von Fritsch, U.F.; Rudolph, S.; Strehlitz, B. Generation and characterization of quinolone-specific DNA aptamers
suitable for water monitoring. Biosens. Bioelectron. 2016, 77, 1039–1047. [CrossRef]

26. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818–822. [CrossRef]
27. Alkhamis, O.; Canoura, J.; Yu, H.; Liu, Y.; Xiao, Y. Innovative engineering and sensing strategies for aptamer-based small-molecule

detection. TrAC Trends Anal. Chem. 2019, 121, 115699. [CrossRef]
28. Wei, X.; Ma, P.; Mahmood, K.I.; Zhang, Y.; Wang, Z. A review: Construction of aptamer screening methods based on improving

the screening rate of key steps. Talanta 2023, 253, 124003. [CrossRef]
29. Sun, C.; Su, R.; Bie, J.; Sun, H.; Qiao, S.; Ma, X.; Sun, R.; Zhang, T. Label-free fluorescent sensor based on aptamer and thiazole

orange for the detection of tetracycline. Dye. Pigment. 2018, 149, 867–875. [CrossRef]
30. Li, Y.; Jia, B.; Song, P.; Long, N.; Shi, L.; Li, P.; Wang, J.; Zhou, L.; Kong, W. Precision-SELEX aptamer screening for the colorimetric

and fluorescent dual-readout aptasensing of AFB1 in food. Food Chem. 2024, 436, 137661. [CrossRef]
31. Guan, J.; He, K.; Gunasekaran, S. Self-assembled tetrahedral DNA nanostructures-based ultrasensitive label-free detection of

ampicillin. Talanta 2022, 243, 123292. [CrossRef]
32. Hui, Y.; Yang, D.; Wang, W.; Liu, Y.; He, C.; Wang, B. Truncated affinity-improved aptamer for selective and sensitive detection of

streptomycin in dairy products with label-free electrochemical aptasensor. J. Food Compos. Anal. 2023, 121, 105422. [CrossRef]
33. Ren, G.; Li, S.; Fan, Z.X.; Hoque, M.N.; Fan, Z. Ultrahigh-rate supercapacitors with large capacitance based on edge oriented

graphene coated carbonized cellulous paper as flexible freestanding electrodes. J. Power Sources 2016, 325, 152–160. [CrossRef]
34. Xu, C.; Lan, L.; Yao, Y.; Ping, J.; Li, Y.; Ying, Y. An unmodified gold nanorods-based DNA colorimetric biosensor with enzyme-free

hybridization chain reaction amplification. Sens. Actuators B Chem. 2018, 273, 642–648. [CrossRef]
35. Zhang, Y.; You, Y.; Xia, Z.; Han, X.; Tian, Y.; Zhou, N. Graphene oxide-based selection and identification of ofloxacin-specific

single-stranded DNA aptamers. RSC Adv. 2016, 6, 99540–99545. [CrossRef]

https://doi.org/10.1016/j.cclet.2020.10.025
https://doi.org/10.1016/j.snb.2023.134765
https://doi.org/10.1016/j.jfca.2023.105644
https://doi.org/10.1016/j.microc.2019.104417
https://doi.org/10.1016/j.foodchem.2021.130074
https://doi.org/10.1016/j.foodchem.2020.127580
https://doi.org/10.1016/j.microc.2022.107573
https://doi.org/10.1016/j.talanta.2017.07.044
https://doi.org/10.1016/j.ccr.2023.215455
https://doi.org/10.1016/j.trac.2020.115883
https://doi.org/10.1016/j.foodchem.2023.136657
https://doi.org/10.1016/j.foodchem.2021.130109
https://doi.org/10.1016/j.apsusc.2022.154369
https://doi.org/10.1016/j.foodcont.2021.108399
https://doi.org/10.1016/j.talanta.2020.121818
https://doi.org/10.1039/C7AN01131H
https://doi.org/10.1016/j.bios.2015.10.069
https://doi.org/10.1038/346818a0
https://doi.org/10.1016/j.trac.2019.115699
https://doi.org/10.1016/j.talanta.2022.124003
https://doi.org/10.1016/j.dyepig.2017.11.031
https://doi.org/10.1016/j.foodchem.2023.137661
https://doi.org/10.1016/j.talanta.2022.123292
https://doi.org/10.1016/j.jfca.2023.105422
https://doi.org/10.1016/j.jpowsour.2016.06.021
https://doi.org/10.1016/j.snb.2018.06.035
https://doi.org/10.1039/C6RA18430H


Sensors 2024, 24, 1740 12 of 12

36. Ding, Y.; Gao, Z.; Li, H. Real milk sample assisted selection of specific aptamer towards sarafloxacin and its application in
establishment of an effective aptasensor. Sens. Actuators B Chem. 2021, 343, 130113. [CrossRef]

37. National Food Safety Standard-Maximum Residue Limits for 41 Veterinary Drugs in Foods. Available online: http://down.
foodmate.net/standard/sort/3/126484.html (accessed on 21 December 2023).

38. Elaslani, K.; Loudiki, A.; Chhaibi, B.; Laghrib, F.; El Houssame, S.; Bakasse, M.; Lahrich, S.; Farahi, A.; Mhammedi, M.E. Enhancing
of ofloxacin oxidation current through the overvoltage position displacement using carbon paste electrode modified by silver
particles: Analytical application in water. Chem. Inorg. Mater. 2023, 1, 100013. [CrossRef]

39. Cheng, G.W.; Wu, H.L.; Huang, Y.L. Automated on-line microdialysis sampling coupled with high-performance liquid chromatog-
raphy for simultaneous determination of malondialdehyde and OFL in whole blood. Talanta 2009, 79, 1071–1075. [CrossRef]

40. Huang, R.; Guo, Z.; Gao, S.; Ma, L.; Xu, J.; Yu, Z.; Bu, D. Assessment of veterinary antibiotics from animal manure-amended soil
to growing alfalfa, alfalfa silage, and milk. Ecotoxicol. Environ. Saf. 2021, 224, 112699. [CrossRef]

41. Wang, H.; Gao, M.; Wang, M.; Zhang, R.; Wang, W.; Dahlgren, R.A.; Wang, X. Integration of phase separation with ultrasound-
assisted salt-induced liquid–liquid microextraction for analyzing the fluoroquinones in human body fluids by liquid chromatog-
raphy. J. Chromatogr. B 2015, 985, 62–70. [CrossRef]

42. Wang, R.; Li, S.; Chen, D.W.; Zhao, Y.F.; Wu, Y.N.; Qi, K.M. Selective extraction and enhanced-sensitivity detection of fluo-
roquinolones in swine body fluids by liquid chromatography-high resolution mass spectrometry: Application in long-term
monitoring in livestock. Food Chem. 2021, 341 Pt 2, 128269. [CrossRef]

43. Zhang, Z.; Li, X.; Ding, S.; Jiang, H.; Shen, J.; Xia, X. Multiresidue analysis of sulfonamides, quinolones, and tetracyclines in
animal tissues by ultra-high performance liquid chromatography–tandem mass spectrometry. Food Chem. 2016, 204, 252–262.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.snb.2021.130113
http://down.foodmate.net/standard/sort/3/126484.html
http://down.foodmate.net/standard/sort/3/126484.html
https://doi.org/10.1016/j.cinorg.2023.100013
https://doi.org/10.1016/j.talanta.2009.01.044
https://doi.org/10.1016/j.ecoenv.2021.112699
https://doi.org/10.1016/j.jchromb.2015.01.012
https://doi.org/10.1016/j.foodchem.2020.128269
https://doi.org/10.1016/j.foodchem.2016.02.142

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Immobilization of OFL on Amino Magnetic Beads 
	Aptamer Screening 
	Sequencing and Analysis 
	OFL Measurement 
	Affinity and Specificity of Aptamers 
	Optimization of Aptamer Reaction Conditions 
	Preparation of the Aptamer Sensor 
	Characteristics of Aptamer Sensor 
	Testing of Actual Samples 


	Results and Discussion 
	Aptamer Screening, Sequencing, and Analysis 
	Characterization of Aptamers 
	Optimization of Reaction Conditions 
	Optimization of Reaction Conditions for the Developed Sensor 
	Detection of OFL in the Meat Products 

	Conclusions 
	References

