DOI: 10.26599/FSHW.2026.9251055

P.K. Xu et al. / Food Science and Human Wellness 16 (2027)

Contents lists available at SciOpen

; (—)

Food Science and Human Wellness X
China Food

Publishing Co.

Jjournal homepage: https://www.sciopen.com/journal/2097-0765

A Rational Design and Development of a Label-free Fluorescent Biosensor for
the Simultaneous and Rapid Detection of Five Fluoroquinolones in Food

Pingkang Xu ?, Guosheng Wang ?, Chi Xu ? Yaning Song 2, Jie Tang *°, Xianggui Chen ®°, Yukun

a,b,d*

Huang **%*, Dejian Huang &4

& School of Food and Biological Engineering, Food Microbiology Key Laboratory of Sichuan Province, Xihua University, Chengdu 610039,
China
b Chongging Key Laboratory of Speciality Food Co-Built by Sichuan and Chongging, Chengdu 610039, China
¢National University of Singapore (Suzhou) Research Institute, 377 Lin Quan Street, Suzhou Industrial Park, Suzhou, Jiangsu, 215123, China
d Department of Food Science and Technology, 2 Science Drive 2, National University of Singapore, 117542, Singapore

ABSTRACT: Fluoroquinolones (FQs) are veterinary drug residues in the food chain that threaten global food safety
and human health and there is a great need for a rapid, sensitive and reliable monitoring method to better safeguard
our food systems. In this study, we developed a high-performance aptamer via a recognition-mechanism-oriented
truncation strategy, enabling rapid and sensitive detection of multiple FQs. The recognition mechanism between the
aptamer and FQs were studied by the combination of computer-aided molecular simulation and experimental
verifications. It was revealed that hydrophobicity of FQs critically governs aptamer-target interactions. Guided by
these insights, the original sequence was truncated to a 40-nt aptamer, named as W-G1, which preserved key binding
sites and structural stability. W-G1 with the characteristic G-quadruplex (G4) conformation demonstrated excellent
affinity and stability for FQs. Exploiting the function of this conformation, a label-free fluorescent G4/thioflavine T
biosensor was fabricated to detect FQs in chicken ham sausage within 30 minutes. The results showed that detection
limits ranged from 1.32 ng/kg to 17.30 ng/kg that are lower than food safety regulation defined limits of 1.0 pg/kg (the
lowest LOD of standard method for lomefloxacin), with recoveries of 81.17~115.94%. This mechanism-driven
strategy enhances aptamer-based detection of FQs, offering improved performance, design flexibility, and reduced
cost.
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1. Introduction

Fluoroquinolones (FQs) are broad-spectrum antibiotics widely used to treat bacterial infections in
humans and animals '), representing the third largest class of antibiotics with 17% of the global market share
(USD 7.1 billion) 2!, However, their extensive application in livestock and aquaculture has led to FQ residues
in food and the environment, posing potential health risks *). Regulatory authorities have therefore imposed
strict controls: the U.S. FDA banned enrofloxacin (ENR) in poultry in 2005, and China prohibited four FQs

(lomefloxacin (LOW), pefloxacin (PEF), ofloxacin (OFL), and norfloxacin (NOR)) in food animals in 2015.
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In addition, maximum residue limits (MRLs) for FQs have been established by the USA, European
Commission, and China, generally requiring that FQs not be detectable in poultry and eggs, with MRLs for
other foods ranging from 30 to 100 ug/kg.

Currently, high-performance liquid chromatography (HPLC) and liquid chromatography-mass
spectrometry (LC-MS) are commonly employed for FQs determination. Nevertheless, trace-level residues and
non-specific adsorption phenomena still pose considerable analytical challenges. The complex food matrices
often interfere significantly with traditional chromatographic analyses, resulting in signal suppression and
inaccurate quantification * 1. Moreover, these conventional methods require costly instrumentation and
experienced operators, restricting their accessibility for on-site or large-scale monitoring. To address these
limitations, various biosensing approaches have attracted increasing attention owing to their high specificity,
easy synthesis, and potential for low-cost, rapid detection [©',

Aptamers are short (15-100 nt) single-stranded oligonucleotides (ssDNA or RNA) with distinctive
three-dimensional structures that can form stable complexes with target molecules. These structures are
typically obtained via the systematic evolution of ligands by exponential enrichment (SELEX). Recently,
researchers have identified several fluoroquinolone aptamers 1%, among which Q8 is the most frequently
used for FQ residue detection. Although these aptamers recognize similar FQ molecules, they differ markedly
in both affinity and sequence composition. Previous studies have shown that certain nucleotides within
aptamer sequences are nonessential for target recognition and may even destabilize the binding conformation
[11.12] "1t is well established that oligonucleotides can fold into specific biological conformations with binding
pockets that can be tailored for binding target molecules ['*]. The reported original FQ aptamers average 76 nt
in length (Table S1) and tend to form complex tertiary structures that hinder efficient sequence modification,
reduce structural stability, and complicate practical analytical application. Therefore, for analytical
applications, further optimization of the aptamer sequence is necessary to improve efficacy.

Conventional biosensing relies on fluorescent or radio labels to detect bio-molecular binding, but the
labeling step increases time and cost, risks false negatives by occluding binding sites, introduces structural and
functional interference, lacks specificity, and complicates conjugation !'* 151, However, in the label-free
detection, the signal is generated directly by the interaction between the analyte and the transducer. A
label-free mode significantly reduces costs and minimizes the required expertise and effort to develop assays
essentially by removing experimental artifacts such as quenching, and background fluorescence !¢, Beyond
its conventional use in detecting amyloid fibrils, the water-soluble fluorescent probe thioflavin T (ThT) has
also been reported to bind nucleic acids, inducing G-quadruplex (G4) formation and acting as a fluorescent
sensor through enhanced emission. Notably, due to its high specificity for aptamers possessing these special
structures, ThT is a promising candidate for use in label-free biosensors 17 181,

Currently, computational simulation methods, such as molecular docking, are widely used for
aptamer-target binding prediction and rationale design of selective aptamers ['-2%]. However, experimental

techniques commonly used to validate these models and quantify binding include surface plasmon resonance
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(SPR), isothermal titration calorimetry (ITC), biolayer interferometry (BLI) and microscale thermophoresis
(MST) for kinetic/thermodynamic parameters, as well as circular dichroism (CD), fluorescence assays, and
thermofluorimetric analysis (TFA) to monitor folding and conformational changes ?!l. Therefore, to
overcome these challenges, this study introduces a recognition-oriented truncation strategy that combines
molecular recognition mechanism analysis with rational aptamer sequence optimization. Unlike previously
reported empirical or random truncation methods, this approach is guided by structure—function insights to
identify recognition-dominant domains and design shorter, high-performance aptamers with improved
stability and affinity. Serving both as a recognition element and an efficient fluorescent probe, the proposed
truncated aptamer-ThT complex was successfully employed to develop a label-free and homogeneous
fluorescent biosensor for detecting multiple FQs in food. This mechanistically driven strategy not only
elucidates the molecular recognition mechanism of broad-specificity FQ aptamers but also provides a novel,
theoretically grounded framework for constructing aptamer-based sensing platforms with enhanced analytical

performance for FQs residue monitoring

2. Material and methods
2.1 Materials

The single-stranded DNA oligonucleotides were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China). Enrofloxacin (ENR), ciprofloxacin (CIP), ofloxacin (OFL), pefloxacin (PEF), lomefloxacin
hydrochloride (LOW) amantadine, metronidazole, and furacilin were purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). ThT was purchased from Sigma Aldrich Trading Co., Ltd.
(Shanghai, China). Ultrapure water was provided by a Millipore Direct-Q UV purification apparatus
(Bedford, MA, USA).

2.2 Methods
2.2.1 Secondary structure prediction and molecular docking

The chemical structures of FQs were shown in Figure S1. The predicted secondary structures of all the
aptamers were obtained by Mfold program (http://unafold.rna.albany.edu/?q=mfold), RNA Composer
(http://rnacomposer.ibch.poznan.pl/Home) was used as a freely available tool over the web for entirely
automated prediction of the aptamer 3D structures. The 3D structure of FQs was obtained from the PDB
database. A molecular docking study was performed to predict the binding mechanism between FQs and

aptamers using the AutoDock 4.2 program.
2.2.2 Experimental assays of recognition performance aptamer sequence

Dynamics and thermodynamics experiments were conducted by using MST, fluorescence spectroscopy
(221 and ITC 2 to illustrate the mechanism of recognition interaction, respectively. Moreover, CD is utilized to
investigate the conformational polymorphism of nucleic acids and FQs [*¥. The detailed information of the

relative methods and instruments employed is introduced in Supporting information.

2.2.3 Design and assessment of truncated aptamer
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The binding sites of five FQs were obtained from molecular docking and 2-aminopurine (2-AP)
fluorescence analyses (see Supporting Information and Table S2) 125, Two truncation methods were
developed based on the key binding sites and binding regions suggested from the mechanistic study. The first
truncation approach targeted key sites and applied region-specific trimming to the aptamer and its targets
(CIP, ENR, OFL, PEF, and LOW), whereas the second approach sought to preserve the W aptamer’s
stem-loop truncation pattern. Approach I refers to the truncation strategy applied to the W-G series, including
W-G1 and W-G2. Approach II, on the other hand, represents the design of the W-J series, which was
developed based on the W-G structural framework. Finally, affinity and selectivity assays were conducted to

evaluate the performance of the truncated aptamers (details in Supporting Information) 1261,
2.2.4 Optimization of label-free G4/ThT fluorescent aptasensor based on truncated aptamer
2.2.4.1 Truncated aptamer/ThT ratio

The truncated aptamer (designated W-G1) was prepared at a fixed concentration of 200 nmol/L and then
serially diluted at ratios of 1:10, 1:20, 1:50, 1:100, and 1:150. Each W-G1 dilution was mixed with ThT at a
1:1 volume ratio and incubated at 25 °C for 30 min. After incubation, samples were transferred to a 1
mm-pathlength quartz cuvette, and fluorescence spectra were recorded on a FluoroMax-4P spectrometer (Aex

=425 nm; Aem = 450~600 nm; slit width = 5 nm; data interval = 1 nm).
2.2.4.2 Incubation time of ThT

Using the optimal W-G1/ThT ratio, W-G1 and ThT were mixed, and fluorescence spectra were recorded
at 0 min, 5 min, 10 min, 15 min, 20 min, 25 min, and 30 min. Each FQ solution (300 nmol/L) was prepared and
incubated in 5-minute increments up to 30 min; after each interval, fluorescence intensity was measured.
Subsequently, an equivalent aliquot of fresh FQ was added, and the mixture was re-incubated under the same

time course, with fluorescence intensity measured again.
2.2.5 Detection of five FQs in food based on label-free fluorescent aptasensor
2.2.5.1 Preparation of food sample for detection

Chicken ham sausages were purchased from Walmart Supermarket in Pidu District, Chengdu.
Twenty-five grams of ham sausage were homogenized and then spiked with a standard FQs solution. Two
grams of the spiked homogenate were extracted by ultrasonication in 5 mL of acetonitrile for 5 min. After
centrifugation at 10 000 rpm for 5 min, the supernatant was filtered through a 0.45 pm membrane, evaporated
to dryness under a gentle nitrogen stream, and reconstituted in 5 mL of binding buffer. This procedure yielded

spiked test solutions at 18.00 pg/kg, 54.00 pg/kg, and 90.00 pg/kg.
2.2.5.2 Establishment of label-free fluorescent aptasensor for FQs detection

Under the optimal conditions described above, W-G1 and ThT were combined in a tube and incubated in
the dark at 25 °C for 5 min, then the initial fluorescence intensity (Fo) was recorded. Equal volumes of varying

concentrations of FQs (ENR, CIP, LOW, PEF, and OFL) were then added, and the mixture was incubated in
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the dark at 25 °C for an additional 15 min before measuring the stable fluorescence intensity (Fi). A

calibration curve was constructed by plotting 1gCrqs on the x-axis against AF (Fo-F1) on the y-axis.

3. Results and discussion
3.1 Revelation of mechanism of the broad-selectivity aptamer recognizing FQs molecules
3.1.1 Molecular docking of binding between FQs and aptamers

This work builds on prior studies, most of which identified and validated aptamers for FQ recognition
8-10] " Computer-aided molecular docking significantly expands the possibilities for aptamer design and
optimization 1?71, The five FQs investigated in this study possess both hydrophobic groups (such as aromatic
rings and carbonyl groups) and hydrophilic groups (carboxyl groups), with varying degrees of hydrophobicity
(hydrophobicity order: OFL < CIP < PEF < LOW < ENR). As shown in Figure 1, upon docking with the
aptamer, the binding free energies between the FQs and the aptamers—calculated using Auto Dock Tools
1.5.6—were all below -6.9 kcal/mol (Table S3), indicating the formation of thermodynamically stable
complexes and a strong affinity between the aptamers and FQs. The interaction between the target molecules
and aptamers is primarily driven by structural complementarity and non-covalent forces, including hydrogen
bonding, T-shaped n—r interactions, and hydrophobic interactions 2. The molecular docking analysis revealed
specific interaction patterns between aptamers and FQs. Notably, both the hydrophobic groups (aromatic rings
and carbonyl groups) and the hydrophilic carboxyl groups of FQs were inferred to play crucial roles in
binding. The aromatic rings and carbonyl groups were involved in forming hydrophobic interactions,
including T-shaped stacking, with the nucleotide bases of the aptamer. In contrast, the carboxyl groups formed
hydrogen bonds with aptamer bases. Additionally, the -R3 substituents (e.g., methyl or cyclopropyl groups) in
FQs, due to their structural flexibility, tended to interact with aptamer bases via hydrophobic interactions. The
combination of these forces collectively mediates the aptamer-FQ binding and contributes to the formation of
stable aptamer—antibiotic complexes. To sum up, the hydrophobic and hydrophilic groups and fluorine atom

of FQs play a significant role in FQs binding to aptamers.
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Figure 1. Docking models of aptamer W with targets: (A)CIP; (B)ENR; (C)OFL; (D)LOW; (E)PEF (Conventional hydrogen
bond interaction is presented as green dotted lines, pink dotted lines indicate Pi-Alkyl interaction, red dotted lines indicate
Pi-Pi stacked interaction, blue dotted lines indicate Halogen (Fluorine) interaction, and purple dotted lines indicate carbon

hydrogen bond interaction)

3.1.2 Laboratory testing of binding between FQs and aptamers

After the theoretical model, furthermore, laboratory testing is essential to demonstrate that the aptamer
functions effectively as a recognition element through its binding interactions. The subsequent analyses were
performed to elucidate the recognition mechanism by using MST, fluorescence spectroscopy, and ITC,
respectively. MST was employed to validate the binding affinities between the aptamers and FQs (Figure S2
and Table S4). Additionally, CD spectroscopy was employed to assess the conformational polymorphism of
nucleic acids and FQs, providing insights into the structural characteristics of aptamer-FQ complexes 2831, Tt
was found that FQs can induce Q-series aptamers to transition from B-DNA to A-DNA [!:31:32 or C-DNA [*3],
and can either promote W aptamers to adopt a more stable G4 structure [** or destabilize the existing G4
structure (Figure S3) °1. These findings are consistent with the MST and molecular-docking data, confirming
a hydrophobic interaction between W and the five FQs. The CD spectra (Figure S3) and ITC (Figure S4)

results further support this interaction, highlighting its significance in elucidating the aptamer-target binding

mechanism and informing aptamer sequence optimization.
3.1.3 Confirmation of the binding site between FQs and aptamers

Moreover, 2-AP assay is widely employed to monitor DNA conformational dynamics, as it forms a

canonical Watson-Crick base pair with thymine while exerting minimal perturbation on native structure. By
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substituting for adenine in oligonucleotides, 2-AP serves as an effective intrinsic fluorophore. In this study, we
exploit the fluorescence intensity change of a 2-AP—labeled aptamer upon target binding to pinpoint critical
nucleobase positions. Therefore, ley nucleotides responsible for FQ recognition were identified through a
combination of molecular docking (Table S4) and 2-AP fluorescence (Figure 2) assays, laying the theoretical
groundwork for subsequent truncation optimization. The most pronounced fluorescence changes upon FQs
binding were observed at W-A20, W-A21, and W-A49 (Figure 2c¢), respectively, indicating that these sites are
critical for the W aptamer’s interaction with FQs. This insight is essential for refining truncation strategies to

develop aptamers with improved affinity and selectivity.
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Figure 2. Difference of fluorescence intensity between aptamers (bases were replaced by 2-AP) and target before and after
binding. Fo-F>0 indicates fluorescence enhancement, Fo-F<0 indicates fluorescence quenching.) (a) 2-AP substitutes bases
Q1-A6, A21, ASS, A88 obtained sequences Q1-A6, Q1-A21, Q1-A55, Q1-A88, Q1-A89. (b) 2-AP substitutes base of Q8 to
get sequences Q8-A60, Q8-A81, Q8-A89; (c) 2-AP replaces bases of W to get sequences W-A20, W-A21, W-A49, W-A89

3.2 Truncation design and confirmation analysis of aptamer W-G1
3.2.1 Conception of truncation design of aptamers

To eliminate systematic errors arising from methodological differences, the affinities of seven aptamers
for five fluoroquinolones were assessed using a unified standard—combining molecular docking with
experimental assays. The results revealed that three aptamers (Q1, Q8, and W) exhibited high affinity toward
all five compounds. However, previous studies have shown that truncation of Q1 or Q8 markedly diminishes
their binding strength [#l. Accordingly, aptamer W was selected for the subsequent truncation design.

In general, the G4 structure enhances the aptamer’s thermal and chemical stability during target
recognition [*% 37, Given its characteristic G4 motif and high affinity for all five fluoroquinolones, aptamer W
was chosen as the candidate for truncation optimization. Based on the elucidated binding conformation, five
truncated variants (W-G1, W-G2, W-J1, W-J2, and W-J3) were then designed (Table 1). Their predicted
secondary structures were modeled using the Mfold web server. As shown in Figure 3, all truncated aptamers
preserved the characteristic stem-loop structure of aptamer W, indicating that excision of redundant bases did

not compromise the overall aptamer conformation in theory.

Table 1. Rational design of truncation aptamer sequences of FQs

Name Sequence (5°-3°)

W-Gl1 TAG GCT AAC ACG GTT CGG CTC TCT GAG CCC GGG TTATTT C
W-G2 AAC ACG GTT CGG CTC TCT GAG CCC GGG TT

W-J1 CGG TTC GGC TCT CTG AGC CCG

W-J2 CTC TCT GAG

W-J3 CGG TTC GGC CCG
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Name Sequence (5°-3°)
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Figure 3. Rational design of W aptamer truncation

3.2.2 Characterization of affinity between truncated aptamers and FQs

As presented in Table S5 and Figure 4, the truncated aptamers demonstrated varying degrees of enhanced
affinity for the fluoroquinolones. A comparative summary of their affinities and binding sites is shown below:

(1) W-G1 retained the original W aptamer’s key binding sites (A20, A21, and A49) and exhibited
dramatically enhanced affinities by178-fold for ENR, 41-fold for OFL, and 72-fold for LOW, respectively.
Although the other truncated variants showed some affinity improvements, none reached such high levels.
Therefore, W-G1 demonstrated the highest binding strengths for ENR, OFL, and LOW, making it the most
effective candidate.

(2) W-J1 displayed the greatest affinity for CIP, with an 89.3-fold increase. Deletion of the original key
sites (A20, A21, and A49) in W-J1 induced a conformational shift, enabling recognition via a novel binding

site. Notably, W-J1 preserved both stem-loop structures of the parent W aptamer, whereas W-J2 and W-J3
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each retained only one. The comparatively lower CIP affinity of W-J2 and W-J3 indicates that the dual

stem-loop configuration in W-J1 is optimal for effective CIP binding.

(3) W-J2 exhibited the greatest affinity for PEF, with a 67-fold enhancement, underscoring the critical

role of the stem-loop motif in PEF recognition. However, although both W-J2 and W-J3 outperformed the

parent W aptamer in affinity, their structural stability was markedly compromised.

2 = W+ENR = W-CIP
s W-G1+ENR 21 W-G1 CIP
T WOlIENR Y Waisp
v + ’ v W-J1+CIP
& W-J2+ENR * WJZ:C|P
g 4 W-J3+ENR T < W-J3+CIP
a1 3,
m ol
s s
s 8
e w
0 - 0-
. a
10" 10° 10® 107 10®  10% 10" 10° 10® 107 10®  10°
6 Liaand Concentration (M) Ligand Concentration (M)
= W+OFL
= W-G1+OFL R
4 W-G2+OFL } { .. W-O1sPER
v W-J1+OFL A MEQEEE
4.. + W-J2+0OFL v W-J1+PEF
g | ©wen WE =
3 =
(=] -
o =
52 £
g ] /
- 3 SIS B P
0 : 0- HE] j.ﬁ%di@ =
C d
107 10° 10° 107 10° 0% g0 409 408 107  10°  10°
Ligwa Gonoantedion (N} Ligand Concentration (M)
24 = wsow
o W-G1+LOW
A W-G2+LOW
v W-Ji+LOW
+ W-J24LOW
= < W-J3+LOW
=
a1
g
E 3
o 3
= la31s I $
01 1
il e
1010 10° 108 107 10 10

Ligand Concentration (M)

Figure 4. The affinity between aptamer and FQs was characterized by MST. (a) ENR, (b) CIP, (c) OFL, (d) PEF, (¢) LOW.

The loss of a stem-loop in W-J1, W-J2, and W-J3 resulted in diminished stability and weakened FQ

interactions, which further underscore the necessity of the dual stem-loop architecture for effective
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recognition of all five FQs. In contrast, W-G1 combined exceptional affinity with robust structural integrity
across all five target FQs, establishing it as the premier candidate. Consequently, W-J1, W-J2, and W-J3 were

excluded from further studies.
3.2.3 Selectivity of new W-G1

As shown in Figure 5, W-G1 exhibited excellent selectivity for the five FQs, with minimal response to
non-target substances such as amantadine, metronidazole, and furacilin—common veterinary drug residues in
animal-derived food. Consequently, W-G1 was identified as the short-chain aptamer with outstanding affinity

and selectivity among all candidates evaluated.
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3.3 Detection of FQs using W-G1 in a G4/ThT-based fluorescent aptasensor
3.3.1 Principle of the label-free fluorescent aptasensor

The working principle of the label-free G4/ThT fluorescent aptasensor is illustrated in Figure 6. In the
absence of FQs, W-G1 adopts a conformation that readily folds into a G4, allowing free ThT to intercalate and
generate a strong fluorescence signal. Upon introduction of FQs, W-G1 preferentially binds to the targets,
instigating a competition of FQs molecules and ThT and resulting in a corresponding decrease in fluorescence

intensity.
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Figure 6. Schematic description of a label-free fluoresecent aptasensor for FQs detection based on G4/ThT

3.3.2 The optimization assay of detection

To improve the analytical performance of the assay for FQs, the key parameters affecting sensitivity and
selectivity were optimized: the W-G1/ThT ratio, ThT incubation time, and FQs incubation time.

As shown in Figure 7a, the fluorescence intensity rose markedly as the W-G1/ThT ratio increased from
1:10 to 1:150, while declined sharply at 1:200. Consequently, the optimal ratio was determined to be 1:150,
corresponding to 200 nmol/L W-G1 and 30 umol/L ThT.
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Figure 7. Resﬁrt-:(;; T(')‘;;)timized conditions for detection. (a)W-G1/ThT ratio optimization, (b) ThT incubation time

optimization, (c¢) FQs incubation time optimization.

ThT exhibited rapid fluorescence decay under various conditions. To determine the optimal
measurement time, we examined the relationship between ThT fluorescence intensity and incubation time. As
shown in Figure 7b, the signal declined obviously during the first 0~5 min before stabilizing. Accordingly, to
maximize detection accuracy, the W-G1/ThT incubation time was set to 5 min.

Incubation time between the target and aptamer can significantly affect their binding and, consequently,
the ThT fluorescence signal. To optimize this parameter, we measured ThT fluorescence after incubating FQs
with W-G1 for varying durations. As illustrated in Figure 7c, fluorescence intensity increased with longer
incubation times, reaching a maximum at 15 min. Therefore, 15 min was selected as the optimal incubation

time for FQs.
3.3.3 Analytical performance of the method

To assess W-G1’s potential for detecting multiple FQs, we generated standard curves for all five
compounds using the label-free G4/ThT fluorescent aptasensor. As shown in Table 2, the calibration

equations and limits of detection (LODs) for each FQ exhibited broad linear ranges covered nearly two orders

of magnitude and low LODs ranged from 1.32+0.09 ng/kg to 17.3040.10 ng/kg.
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Table 2. Analytical performance of detection for five FQs

FQs Standard curve R Linear range LOD (ng/kg)
ENR AF=382.751gCenr+8902.69 0.9975 8.98 ng/kg~89.85 ng/kg 1.92+0.08
LOW AF=571.441gCrow+10686.45 0.9990 9.70 ng/kg~0.97 pg/kg 2.19+0.12
CIP AF=175.451gCcp+10036.21 0.9955 82.84 ng/kg~0.83 pg/kg 1.32+0.09
PEF AF=164.741gCper+9384.39 0.9925 9.79 ng/kg~116.37 pg/kg 17.30+0.10
OFL AF=272.471gCor.+8018.85 0.9955 9.03 ng/kg~0.09 pg/kg 11.35+0.08

3.3.4 Application of the method in analysis of FQs in foods

Spike-recovery experiments were performed by adding five FQs at three concentration levels (18.00,
54.00, 90.00 pg/kg) into chicken ham sausage sample. As shown in Table 3, recoveries across the 15 sample
groups ranged from 81.17% to 115.94%, demonstrating the high accuracy of W-G1 for FQ detection in food.
The RSDs of assays were lower than 7%. These results highlight the promising potential of the W-G1 aptamer
for simultaneous detection of multiple FQs in food matrices. Furthermore, compared to previously reported
methods for the simultaneous detection of multiple FQs (Table 4), the developed approach significantly
reduces the whole detection time by eliminating time-consuming steps such as fixation, labeling, and
modification. In addition, it enables the detection of a lower LODs of targets, thereby fulfilling the

requirements for monitoring banned FQs.

Table 3. Spiked recoveries in real samples

Backgrouds

FQs (ng/ke) Spiked (pg/kg) Found (pg/kg) Recovery(%) RSD(%)
0.00 18.00 15.90+0.13 88.36 6.59

ENR 0.00 54.00 57.37+0.68 106.25 7.00
0.00 90.00 81.45+2.05 90.49 5.24
0.00 18.00 16.92+0.21 90.02 3.91

LOW 0.00 54.00 47.03£1.27 87.09 4.64
0.00 90.00 95.44+3.03 106.04 5.60
0.00 18.00 16.25+0.98 90.26 4.24

CIp 0.00 54.00 62.61+£2.15 115.94 3.29
0.00 90.00 83.45+4.62 92.72 6.08
0.00 18.00 12.58+0.93 83.71 4.10

PEF 0.00 54.00 56.11£2.07 103.56 6.76
0.00 90.00 108.12+6.55 114.68 6.73
0.00 18.00 20.34+0.73 112.99 5.31

OFL 0.00 54.00 43.83+1.94 81.17 5.24
0.00 90.00 98.21+5.81 109.12 6.60

Table 4. Comparison with other reported methods for the simultaneous detection of FQs
Method Analytes Principle Core elements Detection time Limit of detection g::cf:r

Terbium (III)

Enrofloxacin, Aptamer (60-nt, . Enrofloxacin: 61 ng/L
and . Molecular , Incubation - 38]
aptamer-based Norfloxacin, recognition NH,-3’ labeled), time of 30 min Norfloxacin: 20 ng/L
pIr)obe Ciprofloxacin TbCls solution Ciprofloxacin: 53 ng/L
Enrofloxacin, Four antibodies, Enrofloxacin: 50 pg/kg
Ciprofloxacin gold . . Ciprofloxacin: 50 pg/kg
Lateral flow L nanoparticule, Assay time .
. Flumequine, Immuno-chr . . Flumequine: 100 pg/kg [39]
immune-chro Marbofloxacin, omatograph anti-mouse IgG,  ranging between Marbofloxacin: 75 pg/k
matography ’ graphy BSA, 4 and 8 min - o HEKe

Oxolinic  acid, nitrocellulose Oxolinic acid: 50 pg/kg

Danofloxacin membrane Danofloxacin: 50 pg/kg
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Enrofloxacin, Enrofloxacin: 216.0 png/L

Ofloxacin, Ofloxacin: 83.1 pg/L

Pefloxacin, Nitrogen-sulfur Pefloxacin: 215.6 pg/L
Triple-channel ~ Norfloxacin, Fingerprint co-doped carbon Incubation time Norfloxacin: 115.0 pg/L [40]
sensor array Ciprofloxacin,  recognition  dots, Cu*", Fe*", of 10 min Ciprofloxacin: 70.6 png/L

Enrofloxacin, PCA or HCA Enrofloxacin: 81.0 pg/L

Gatifloxacin, Gatifloxacin: 378.7 pg/L

Sparfloxacin Sparfloxacin: 286.1 pg/L

Whole detection

Enrofloxacin, time is less than Enrofloxacin: 1.92 ng/kg
Label-free L(.)meﬂoxac.in, Molecular Aptamer (40-nt, .30 . min, L.omeﬂoxac.in: 2.19 ng/kg This
fluorescent Ciprofloxacin, . including Ciprofloxacin: 1.32 ng/kg
aptasensor Pefloxacin, recognition label-free), ThT sample Pefloxacin: 17.30 ng/kg work

Ofloxacin preparation and Ofloxacin: 11.35 ng/kg

incubation time

4. Conclusion

In summary, a creative 40-nt FQs aptamer W-G1 was gained, which proved to be superior to the original
60-nt W aptamer in recognition performance after systematic comparisons. Moreover, the detection limits of
the established aptasensor were 1.32~17.30 ng/kg, with recovery rates ranged from 81.17% to 115.94%. This
study establishes a practical approach to elucidate the theoretical basis of aptamer-target recognition and to
develop a rational truncation strategy. It thus lays the groundwork for the application of short-chain FQ

aptamers with enhanced performance in food analysis.
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binding of FQs to aptamers, specific experiment. (PDF)
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