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From lab to field: revolutionizing antibiotic
detection with aptamer-based biosensors
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Antibiotics were initially discovered for their medicinal applications, however, since their introduction, the
usage of antibiotics has expanded beyond clinical settings into various sectors, including agriculture,
aquaculture, and animal husbandry. In these fields, antibiotics have often been employed non-judicially,

Received 25th March 2025
Accepted 12th May 2025

DOI: 10.1039/d5ra02100f

primarily as growth promoters or preventative measures against infections, rather than strictly for
therapeutic purposes. This widespread and often indiscriminate use has resulted in significant
repercussions for both the environment and public health. The accumulation of antibiotics in soil and

water ecosystems has led to alterations in microbial communities, fostering the emergence and
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proliferation of antibiotic-resistant bacteria (ARB). As these resistant strains circulate through various
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environmental pathways, they pose a growing threat not only to animal health but also to human health.
Thus, the need for rapid, highly sensitive, and affordable detection platforms for ARB diagnostics has

become urgent. Up to now, many analytical methods have been reported for the determination of

antibiotics, such as HPLC, LC-MS, GC-MS, capillary electrophoresis-MS, etc. But these techniques are
expensive, time-consuming, and demand trained operators. The aptamer based biosensors circumvent
these problems and could ensure fast on-site analysis of antibiotics. In this review, we discuss how
nucleic acid aptamer functionalized nanoparticles emerged as a sanguine answer to overcome the

limitations of traditional detection modalities. Moreover, the latest advancement in the development of

lateral flow assay, colorimetric, chemiluminescent, surface plasmon resonance, fluorescence and

electrochemical biosensors for antibiotics detection have also been explored.

1 Introduction

Antibiotic-resistant microorganisms are a global concern,
contributing to a wide range of infectious diseases like cholera,
tuberculosis, malaria, and leprosy. These conditions pose
significant public health challenges, leading to high rates of
morbidity and mortality in both adults and children. The situ-
ation is particularly alarming in the case of developing coun-
tries, where these challenges are even more pronounced.'?
After, the discovery of antibiotics in the early 20™ century the
treatment of these diseases became much easier, and many
modern medical procedures became possible.® Antibiotics,
useful in inhibiting or killing microorganisms, are essential not
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only for human and animal health but also in non-medical
applications.* Global antibiotic production has risen signifi-
cantly within the last few years, with estimates suggesting 100
000 to 200 000 tons annually.>® In India, antibiotic consump-
tion rate rose sharply from 2000 to 2018.” The excessive and
improper use of antibiotics in both humans and animals has
led to the rise of antibiotic-resistant bacteria (ARB), posing
a global health threat. This overuse has resulted in increased
antibiotic excretion into the environment, which in turn
promotes the ARB proliferation.®* Water soluble antibiotics, in
particular, have the capacity to disperse rapidly across aquatic
and terrestrial ecosystems, thereby impacting ecological
balance and posing considerable risks to both environmental
and human health.® Moreover, resistant bacteria and resistance
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genes can enter the food chain, leading to infections that are
increasingly refractory to conventional treatment.’® Despite
ongoing global research efforts, antibiotic resistance continues
to spread. To tackle this crisis, a comprehensive strategy is
needed, addressing the overuse of antibiotics and their envi-
ronmental dissemination. If left unchecked, AMR is projected
to cause up to 10 million deaths annually by the year 2050."*
Organizations like the FDA, WHO, and FAO have established
maximum residue limits (MRL) to monitor antibiotic levels in
food, aiming to limit excessive use and reduce potential health
risks (Table 1)." To effectively monitor antibiotic contamina-
tion in the environment, the development and implementation
of highly sensitive and selective detection methods are essen-
tial. Such analytical approaches are critical for accurately
assessing the presence and concentration of antibiotic residues,
thereby enabling timely intervention and informed strategies to
mitigate their ecological and public health impacts. Although
traditional analytical techniques, such as HPLC,"”™** GC-MS,"*
LC-MS/MS,7** and capillary electrophoresis®** they present
notable limitations. These methods are often cost-prohibitive,
require sophisticated instrumentation and trained personnel,
and may struggle to distinguish structurally similar antibiotic
compounds. Additionally, the presence of certain additives can
interfere with analyses and potentially damage sensitive
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equipment.” In parallel, microbiological techniques and
enzyme-linked immunoassays (ELISA), though more accessible
and simpler to perform, are prone to false positives and typically
involve longer detection times. Taken together, these challenges
underscore the urgent need for innovative, rapid, sensitive, and
cost-effective detection technologies to facilitate effective envi-
ronmental monitoring of antibiotic contamination and help
mitigate the spread of antibiotic resistance. Aptamer-based
biosensors have emerged as a powerful and innovative alter-
native to conventional antibiotic detection methods, offering
significant potential to transform environmental and food
safety monitoring while contributing to efforts against antimi-
crobial resistance (AMR).'***"2¢ Aptamer are short DNA or RNA
molecules (20-80 nt) that specifically bind to target molecules,
such as antibiotics, proteins, whole cell bacteria, heavy metals,
etc.”’ These molecular recognition elements underpin the
exceptional performance of aptamer-based biosensors, which
are characterized by their high sensitivity, selectivity, and
stability. Unlike traditional detection approaches, aptasensors
enable rapid, on-site analysis with minimal sample preparation
and reduced susceptibility to matrix interference, thus over-
coming common challenges such as false positives and complex
instrumentation requirements.”**® Recent advancements
underscore the versatility and effectiveness of aptamer-based
biosensing platforms. For example, Liu et al. developed
a colorimetric aptasensor that achieved an ultra-low detection
limit of 4.13 x 107" uM for kanamycin in milk, utilizing
nicking enzyme-assisted signal amplification.** Likewise, Zhou
et al. employed a catalytic hairpin assembly with G-quadruplex
displacement to detect tetracycline with high sensitivity (LOD -
1.035 x 1072 uM), applicable to various food matrices.** More
recently, Li et al. introduced a label-free fluorescent aptasensor
for enrofloxacin with an LOD of 1.58 x 10~ uM, integrating a G-
quadruplex structure and SYBR Green I dye.** while Moham-
madi et al. reported an electrochemical sensor for tetracycline
with a detection limit as low as 1.2 x 10~ * pM using AuNPs-
modified carbon nanofibers.** Additionally, Ou et al. devel-
oped a lateral flow assay based aptasensor capable of detecting
kanamycin residues in milk and honey with a visual threshold
of 50 nM and a quantifiable LOD of 4.96 x 10> uM.* Collec-
tively, these recent studies highlight not only the rapid
improvement in sensitivity and selectivity of aptamer platforms
but also their adaptability for field-use diagnostics. This review
consolidates such recent innovations, compares their method-
ological attributes, and identifies emerging opportunities for
future development in real-world diagnostic applications.

2 The environmental fate of
antibiotics and their effects

To safeguard the health of both humans and animals, antibi-
otics are extensively utilized across multiple sectors, including
agriculture, aquaculture, and healthcare.*® Despite their wide-
spread application, a substantial fraction of administered
antibiotics is not fully metabolized and is subsequently released

into the environment, contributing to ecological

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MRL (ug kg )

Antibiotics Product Detection object The EU Japan USA China
Gentamicin Pig Muscle 50 100 100 100
Fat 50 100 400 100
Liver 200 2000 300 2000
Kidney 750 5000 400 5000
Chicken Tissue — — 100 100
Muscle, fat 100 40 100 100
Liver 600 40 — —
Kanamycin Pig Fat 100 40 — 100
Muscle 100 40 — 100
Liver 600 900 — 600
Kidney 2500 4000 2500
Chicken Egg — 500 — —
Muscle 500 500 1200 500
Neomycin Cattle Milk 1500 2000 150 1500
Egg 500 500 — 500
Kidney 5000 10 000 7200 9000
Streptomycin/dihydrostreptomycin Cattle, pig, chicken Milk 200 200 — 200
Liver, muscle, fat 500 600 500 600
Kidney 1000 1000 2000 1000
Sheep Muscle 500 600 600 600
Liver 500 600 600 600
Kidney 10000 1000 1000 1000
Milk — — 200
Tetracycline/oxytetracycline/chlortetracycline Cattle Muscle, fat 100 — 200 —
Liver 600 — 600 —
Kidney 1200 — 1200 —
Poultry Muscle 200 — 200 —
Liver 600 — 600 —
Kidney 1200 — 1200 —
Sheep Milk 100 — 100 —
Muscle 200 — 200 —
Liver 600 — 600 —
Kidney 1200 — 1200 —
Swine Muscle 200 — — —
Liver 600 — — —
Kidney 1200 — — —
Turkey Muscle 200 — . —
Liver 600 — — —
Kidney 1200 — — —
Doxycycline Fish Muscle 200 — — —
Liver 600 — — —
Kidney 1200 — — —
Lobster Muscle 200 — — —
Giant pawn Egg 400 — — —
Muscle 200 — — —
Honey 300 — — —
Cattle, swine, poultry Skin and fat 300 — — —
Muscle 100 — — —
Liver 300 — — —
Kidney 600 — — —
Amoxicillin Finfish Fillet — — 50 —
Muscle 50 — 50 —
Ampicillin Finfish Muscle — — 50 —
Benzylpenicillin Cattle Muscle — — 50 —
Liver — — 50 —
Kidney — — 50 —
Milk — — 4 —
Chicken Muscle — — 50 —
Liver — — 50 —
Kidney — — 50 —
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 18920-18946 | 18923
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Fig. 1 Discharge of antibiotic residues into the environment and the
risks of ARB exposure to humans.

contamination. Research on this topic has progressively
increased from 2011 to 2020, reflecting the growing global
recognition of environmental antibiotic contamination as
a critical concern. Antibiotics can enter the environment
through various routes, including their use as feed additives in
livestock and aquaculture, agricultural runoff, waste water
effluents, the administration of human and veterinary medi-
cations, and unregulated environmental discharges from
production processes (Fig. 1).°

Antibiotics were originally developed to treat diseases but
later became widely used as feed additives in animal produc-
tion. This growing reliance on antibiotics is primarily driven by
the increasing demand for high-quality dairy and poultry
products. Commonly used antibiotics in animal feeds are
tetracyclines, penicillin, chloramphenicol etc.*”*® In aquacul-
ture, extensive antibiotic use has led to a substantial accumu-
lation of antibiotics in aquatic environments.*® Frequently, used
antibiotics in aquaculture are oxytetracycline, chloramphenicol,
sulphonamide, amoxicillin etc.* In agriculture, the demand for
high-quality vegetables has led farmers to spray crops with
antibiotics to prevent diseases and enhance crop yields.**
Commonly used antibiotics in agriculture include strepto-
mycin, oxytetracycline, gentamicin, and oxolinic acid.**** These
practices result in the accumulation of antibiotic residues in
soil, water, and crops, often at concerning concentrations. For
instance, hospital effluents can contain up to 10 000 ug L™ * of
antibiotics like ciprofloxacin, amoxicillin while municipal
wastewater and WWTP effluents range between 0.01-100 ug L™"
and 0.001-5 pg L', respectively. Manure and poultry waste
have been found to contain up to 1000 pg kg~* and 16.24 mg
kg™' of antibiotics, respectively, and even vegetables show
residues between 6-27 ug kg™ '.** These residual antibiotics
persist in the environment and exert selective pressure that

18924 | RSC Adv, 2025, 15, 18920-18946
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fosters the development and spread of antibiotic-resistant
bacteria (ARB) and antibiotic resistance genes (ARGs).”
Bacteria can acquire antibiotic resistance through two primary
mechanisms: the generation of ARGs via spontaneous muta-
tions, and the acquisition of ARGs from other microorganisms
through horizontal gene transfer (HGT). HGT plays a critical
role in the spread of antibiotic resistance among bacterial
populations, complementing the spontaneous mutations that
generate antibiotic resistance genes (ARGs). While vertical gene
transfer (VGT) transmits genetic traits from parent to offspring,
HGT enables bacteria to acquire resistance traits directly from
other organisms, often across species or genera. This process
significantly enhances the genetic plasticity of microbial
communities and accelerates the dissemination of ARGs in
diverse environments. HGT occurs through three main
processes: transformation, where bacteria uptake exogenous
DNA, transduction, where bacteriophages mediate genetic
transfer and conjugation, which involves the direct exchange of
DNA between cells via pili. These mechanisms are particularly
concerning in the context of environmental antibiotic contam-
ination, as they facilitate the rapid evolution and spread of
antibiotic-resistant bacteria (ARB) in soil, water, and agricul-
tural systems-amplifying the public health risks associated with
antimicrobial resistance. For example, up to 3% of the Pseudo-
monas aeruginosa genome contributes to its natural resistance.
In Helicobacter pylori, the mutation rate for resistance to
ciprofloxacin and rifampin is between 1 x 107% and 2 x 10°®
per cell division.*> Most antimicrobials consumed by humans
and animals are broken down into their active components.
However, a small percentage of these compounds remain
constant ie., still active, in the faeces, which poses a threat to
urban wastewater, manure, and biosolids.”>** The use of sewage
sludge, manure, biosolids, sediment, and reclaimed water
contaminated with antimicrobials for fertilization and irriga-
tion has led to the introduction of antibiotics and bioactive
metabolites into water and agro-ecosystems, where they have
accumulated in various forms.”>?” Environments in the vicinity
of livestock farms, aquaculture area, pharmaceutical plants and
treated hospital wastewater zones are persistently impacted to
antibiotic pollutant. As a consequence of this exposure, anti-
microbial levels endure in the environment at differential
intensities.”® Both aquatic and terrestrial non-target creatures
can be negatively impacted by these antibiotic residues.”>*
Higher levels of antibiotics can impede plant growth, germi-
nation, photosynthesis, and other physiological processes.*>*
These residues can impact human health by causing allergic
reactions, and abnormalities in the composition of the natural
gut bacteria when people consume polluted water and agricul-
tural products.®

Previous studies showed that antibiotics use can change the
make-up of the gut microbiota, leading to the rise of opportu-
nistic infections and antibiotic-resistant bacteria.** Such
disruptions have been associated with a range of health issues,
including Intestinal diseases, pseudomembranous colitis, and
an increased risk of colorectal cancer.®® Additionally, imbal-
ances in gut microbial communities can impair the develop-
ment and regulation of the immune system.***” Environmental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Specific aptamer sequences of several antibiotics and their secondary structure (predicted through the MFold online portal; the portal
for the mfold web server is https://www.unafold.org/mfold/applications/dna-foldingform.php)®®

Antibiotics Aptamer Length K4 (nM) Structure Reference
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contamination with antibiotics, even at sub-inhibitory concen-
trations, poses a serious threat to both human and ecological
health by fostering the selection and persistence of resistant
microorganisms.

3 Progress in aptamer-based
antibiotic detection

Aptamer's were first discovered in 1990 by Tuerk and Gold, who
found RNA sequences that could bind to T4 polymerase using
the Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) method.®*® In the same year, Ellington and Szostak
coined the term “aptamer”, combining the Latin word “aptus”
(meaning “to fit”) and the Greek word “meros” (meaning
“part”). In 1992, Ellington and his colleagues expanded their
work by selecting the first DNA aptamers that could bind
specifically to organic dyes.”®”> The systematic SELEX process,
which is a patented in vitro selection technique, is the corner-
stone for identifying aptamers.®® During SELEX, a vast library of
nucleic acid sequences, each with random sequences arrange-
ment, is screened to find those that specifically bind to
a particular target can range from proteins to small molecules,
or even entire organisms like viruses and bacteria.” Once
identified, these aptamers can be further modified for a variety
of applications, particularly in biosensing both in vitro and in
vivo. SELEX has evolved over the years with numerous modifi-
cations, such as negative SELEX and counter SELEX, to enhance
the specificity and efficiency of aptamer selection. Special
techniques like capture-SELEX and nanomaterial-based SELEX
have proven especially useful for selecting aptamers targeting

18930 | RSC Adv, 2025, 15, 18920-18946

small molecules, including antibiotics.”*”®> To improve their
stability and make them more suitable for biosensing applica-
tions, aptamers are often chemically modified at both ends.”®
These modifications enhance their resistance to nucleases
(enzymes that degrade nucleic acids), allowing the aptamer to
remain stable over time. Aptamers like other nucleic acid
sequences can adopt a variety of secondary and tertiary struc-
ture including hairpins, stem-loops, bulges, pseudoknots, i-
motifs, and G-quadruplexes which underpin their ability to
bind target analytes with high specificity and affinity.”®”” These
structures enable aptamers to bind to their targets selectively
through electrostatic interactions, hydrogen bonds or van der
Waals forces. The binding affinity between aptamer and its
target is typically quantified by the dissociation constant (Ky),
which measures how tightly the aptamer binds. A lower Ky
indicates a stronger interaction, with values typically ranging
from picomolar (pM) to micromolar (uM) concentrations,
depending on the specific target.”” While RNA aptamers were
the first to be discovered and offer complex 3D structures, DNA
aptamers are now preferred in many applications due to their
enhanced stability, resistance to degradation, and simpler
SELEX process, which doesn't require reverse transcription.””®
Antibodies have long been employed in biosensing due to their
high specificity and strong binding affinity to biological targets;
however, their practical use is often constrained by high
production costs, limited stability, and shorter shelf life. In
contrast, aptamers present several distinct advantages over
antibodies, including cost-effective synthesis, superior thermal
and chemical stability at room temperature, extended shelf life,
and reusability. Additionally, aptamers can be engineered to
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recoghize non-immunogenic targets—such as antibiotics and
metal ions which are typically challenging for antibodies to
detect with high efficiency.*

Numerous antibiotic aptamers with strong binding affinities
to their targets have been developed, as summarized in Table 2.
However, not all aptamers are as reliable as initially thought.
For example, early studies revealed that some antibiotic
aptamers, like those for ampicillin, did not exhibit effective
binding in assays like isothermal titration calorimetry (ITC).*
Similarly, chloramphenicol (CAP) aptamers showed poor
binding in ITC assays, suggesting that they, like the ampicillin
aptamers, may not have been true aptamers for their intended
antibiotic targets.®* These findings underscore the critical need
for rigorous characterization of aptamer-target interactions to
confirm their authenticity and functional reliability. To over-
come limitations observed with earlier aptamers, Zhao et al
employed modified SELEX techniques, such as capture-SELEX,
to successfully develop new high-affinity DNA aptamers,
including those specifically targeting chloramphenicol (CAP).*>
The success of these innovations has been supported by global
research efforts that continue to advance aptamer screening
techniques and expand their applications in biosensing.** For
example, to screen the enrofloxacin (ENR) aptamer using Fe*'-
IDA beads, Choe et al. used capillary electrophoresis and typical
SELEX techniques.** Using lomefloxacin as the target molecule
and polydopamine magnetic nanobeads as separation carriers,
Liu et al. developed a new aptamer screening method enabled
by magnetic separation, exhibiting excellent specificity to
lomefloxacin with little affinity for the structurally related
molecules of ofloxacin, ENR, and norfloxacin.*> Additionally,
You et al. developed a functionalized graphene-based approach
was used to assess the ofloxacin DNA aptamer using the stan-
dard SELEX methodology, representing good affinity and spec-
ificity to ofloxacin. They are commonly used in the construction
of diverse sensing devices. Biosensing devices' sensitivity is
enhanced using nanomaterials with distinct physical and
chemical properties, such as stability, large surface area, and
excellent electrical/optical performance. These include metal
oxide nanoparticles, carbon nanotubes, graphene, oxidized
graphene, quantum dots, and gold nanoparticles (AuNPs), all of
which improve detection efficiency.***”

4 Implementation of aptasensors for
antibiotics detection

4.1. The colorimetric aptasensor

Colorimetric methods provide a visually interpretable signal
output, enabling the detection of target analytes through
distinct color changes that can be assessed either by the naked
eye or using simple, cost-effective portable devices. These
methods are particularly advantageous for rapid screening and
point-of-care (POC) diagnostics.'**'> Metallic nanomaterials
such as gold nanoparticles (AuNPs), silver nanoparticles
(AgNPs), and magnetic particles are extensively utilized in
colorimetric sensing due to their unique optical properties,
which are modulated by particle size, shape, and interparticle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Colorimetric aptasensor for antibiotic detection using AuUNPs.

distance.'® These tunable optical characteristics enhance both
the sensitivity and versatility of the sensing platform across
diverse analytical applications, without necessitating sophisti-
cated instrumentation.'®* Aptamers are frequently employed as
biorecognition elements in colorimetric aptasensors due to
their high affinity, specificity, and structural adaptability. They
can non-covalently adsorb onto the surfaces of metallic nano-
particles via electrostatic interactions, allowing the monitoring
of binding-induced changes through visual cues or ultraviolet-
visible spectroscopy.’®* Among various nanomaterials,
AuNPs-based aptasensors have gained particular attention for
antibiotic detection owing to their high extinction coefficients,
excellent biocompatibility, and pronounced localized surface
plasmon resonance (LSPR) effects.'””'*® The typical AuNPs
based colorimetric sensing mechanism relies on aggregation-
induced LSPR shifts. In the absence of the target, AuNPs are
stabilized by aptamers or double-stranded DNA (dsDNA), pre-
venting salt-induced aggregation and maintaining a stable red
colloidal dispersion. Upon target introduction, aptamer
binding causes structural changes or detachment from the
nanoparticle surface, leading to aggregation under salt condi-
tions and producing a visible red-to-blue color transition. This
aggregation-induced optical change forms the basis for both
qualitative visual detection and quantitative measurement via
UV-vis absorbance analysis (Fig. 2)."*°

Additionally, AuNPs can act as peroxidase-mimicking nano-
zymes, catalyzing hydrogen peroxide-mediated chromogenic
reactions that further improve detection sensitivity."** Several
studies have successfully applied these principles for antibiotic
residue detection. For example, Song et al. developed a AuNP-
based aptasensor for kanamycin (KAN) detection, using
single-stranded DNA (ssDNA) aptamers to regulate nanoparticle
aggregation. In the presence of KAN, aptamer binding caused
aggregation of AuNPs, resulting in a visible color shift and
a detection limit (LOD) of 0.025 uM.** Xu et al. constructed
a similar aptasensor using AgNPs, wherein the aptamer KAN
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interaction induced nanoparticle aggregation and a measurable
color change, achieving a LOD of 5.37 x 10> uM within 20
minutes."” Ha et al. reported a user-friendly paper-based
colorimetric assay using wax-printed chips and AuNPs for
ultra-sensitive KAN detection. This platform enabled visual
detection of KAN concentrations as low as 3.35 x 107° uM,
providing a low-cost, field-deployable solution.'** Another study
of colorimetric aptasensors based on magnetic particles repre-
sent a robust and versatile strategy for the sensitive and selec-
tive detection of analytes in complex sample matrices. In these
systems, aptamer-functionalized magnetic particles specifically
bind the target, and magnetic separation removes unbound
components, minimizing background interference. Visual
signal generation is achieved through the use of colorimetric
probes such as AuNPs and horseradish peroxidase (HRP).
AuNPs function as optical indicators, exhibiting a red color
when stabilized in their dispersed state by aptamers, and
transitioning to blue upon aggregation induced by analyte
binding through salt or hybridization effects. In parallel,
enzyme-linked probes such as HRP catalyze the oxidation of
chromogenic substrates like 3,3',5,5'-tetramethylbenzidine
(TMB), producing a distinct and quantifiable colorimetric
response. Building on this concept, Zhao et al. developed
a competitive colorimetric aptasensor for KAN detection
incorporating terminal deoxynucleotidyl transferase (TdT)
mediated signal amplification. In the absence of KAN, aptamers
bind to KAN functionalized magnetic beads (MBs-KAN),
enabling TdT to catalyze biotin dUTP incorporation into
extended ssDNA. This biotinylated DNA binds streptavidin—-
horseradish peroxidase (SA-HRP), which triggers a chromo-
genic reaction. However, in the presence of KAN, aptamers
preferentially bind the free antibiotic, preventing MBs binding,
TdT extension, and color development. The sensor achieved
a low LOD of 9 x 10™° uM and exhibited high analytical accu-
racy (Fig. 3)."*
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A more advanced multiplexed colorimetric aptasensor was
developed by Du et al., employing a sandwich design with split
aptamers immobilized on AuNPs and MBs. Upon target
binding, aptamer reconstitution enabled magnetic separation
and analyte enrichment. TdT then generated polyadenine
sequences at the 3’-ends, which served as primers for rolling
circle amplification (RCA). The RCA product hybridized with an
HRP-labeled DNA probe, catalyzing tetra methyl benzidine
(TMB) oxidation in the presence of H,O, to yield a blue signal.
This system enabled simultaneous detection of enrofloxacin
(ENR), For ENR, the LOD was 6.96 x 10 > uM in fish."** Liu
et al. further enhanced sensitivity by integrating nicking
enzyme-assisted signal amplification with aptamer recognition.
In this design, a hairpin aptamer unfolded upon binding KAN,
facilitating signal amplification via platinum-labeled probes
and MBs, achieving an ultra-low LOD of 4.13 x 10~ "> uM in
milk.** For tetracycline (TC), Zhang et al. utilized gold nano-
clusters with intrinsic peroxidase-like activity in a colorimetric
platform, detecting TC at concentrations as low as 0.5 pM with
a LOD of 4.60 x 10~> pM, showing high selectivity in real
samples such as milk."*® In another approach, Wang et al
developed a label-free colorimetric aptasensor using a 40-mer T-
rich aptamer, achieving a LOD of 2.79 x 10~ uM and enabling
visual detection of TC in honey.'” Other notable examples
include a microplate-based sensor for tilmicosin with a LOD of
1.0 pM."® Furthermore smartphone integrated POC assay for
streptomycin (STR) utilizing SYBR Green I and aptamers,
yielding a LOD of 9.40 x 10 > puM."® These advancements
illustrate the broad potential and adaptability of aptamer-based
colorimetric assays for antibiotic residue monitoring in food
safety and environmental applications.”® Further antibiotic
detection using colorimetric aptasensors summarized in
Table 3. Their high specificity, ease of fabrication, and user-
friendliness make them ideal for high-throughput screening,
food and environmental analysis, and label-free detection.*****
Colorimetric techniques usually rely on homogeneous solution
systems, which can be influenced by environmental factors
during real sample analysis, potentially affecting accuracy.
Additionally, the drawback of colorimetric aptasensors often
require a large amount of aptamer, limiting sensitivity, neces-
sitating enhanced signal amplification for improved
performance.'®"*®

4.2. Fluorescence aptasensor

Fluorescence is an exceptionally sensitive optical phenomenon
extensively applied in aptamer-based biosensing platform due
to its high signal-to-noise ratio and adaptability to real-time
detection platforms.”” As DNA and RNA aptamers inherently
lacks intrinsic fluorescence, they must be conjugated with
external fluorophores or fluorescent nanomaterials to enable
fluorescence-based sensing.'”* Fluorescent aptasensors are
generally categorized into two main formats: labeled and label-
free systems, each utilizing distinct signal generation and
amplification mechanisms."*

Aptamer fluorescence sensing systems often utilize strate-
gies, such as (a) molecular beacon designs where aptamers are
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quenching platforms using aptamer-bound fluorophores in
conjunction with carbon nanomaterials; (c) G-rich DNA
sequences serving as effective quenchers in fluorophore-tagged
aptamer systems; and (d) conformational structures like G-
fluorescence signals.®® These platforms have been increasingly
leveraged for the sensitive and selective detection of antibiotics
in food matrices.

Earlier reported study by Jalalian et al. introduced a Triple-
Helix Molecular Switch (THMS) aptasensor for tetracycline
(TC) detection. This system utilized fluorescence quenching
upon target binding and achieved a detection limit of
fluorescence sensing. Building upon this, Zhou et al. developed
an enzyme-free detection method integrating catalytic hairpin

assembly (CHA) and G-quadruplex DNA displacement, which
L', making it suitable for a wide range of sample types.®

Another notable advancement was the development of an
aptamer-templated silver nanocluster (DNA-AgNC) biosensor

for TC, which achieved a detection limit of 11.46 ng mL™* and
larly, Bahreyni et al. constructed a highly sensitive aptasensor

for oxytetracycline (OTC) detection by immobilizing OTC-
800 nM, demonstrating its suitability for food sample anal-
ysis.””® The field has further expanded with the emergence of
label-free fluorescent biosensors. For example, Taghdisi et al
developed a label-free fluorescence aptasensor for streptomycin
detection using exonuclease III, SYBR Gold dye, and a comple-
mentary DNA strand. In the absence of streptomycin, the
aptamer remained hybridized to the complementary strand,
resulting in minimal fluorescence. Upon target addition, the
aptamer selectively bound to streptomycin, releasing the
complementary strand and preserving the double-stranded
DNA from exonuclease III degradation (Fig. 4). This intact

DNA was then able to bind SYBR Gold, generating a strong
Fig. 4 Schematic illustration of the fluorescence aptasensor for

of 0.15 nM, with linear ranges spanning 0.2-2 nM and 2-
antibiotics detection.

tagged with fluorophore-quencher pairs; (b) fluorescence
quadruplexes that, upon target interaction, emit or modulate
2.09 nM,** laying the groundwork for further innovation in
demonstrated high sensitivity with a detection limit of 4.6 pg
a broad linear range from 20 ng mL ™" to 10 pg mL™*.*** Simi-
specific aptamers onto magnetic beads and utilizing Pico-
Green dye. This system achieved an impressive detection limit
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fluorescence signal with a detection limit of 5.45 x 10~ uM in
milk and blood samples."””

Innovative approaches have also employed DNA tweezers, G-
quadruplex DNA, and graphene oxide-based quenchers to
further enhance fluorescence output, particularly for the
detection of antibiotics such as enrofloxacin (ENR)3*'28-13¢
achieving ultra-low detection limits and broad dynamic ranges.
In the case of kanamycin (KAN), label free gold nanoparticle
(AuNP)-based sensors exploiting the inner filter effect (IFE),
entropy-driven strand displacement reactions (EDSDR), exonu-
clease I digestion strategies, and silver nanocluster templates
have all been reported.”**™** Dual-mode sensors combining
fluorescence and colorimetric outputs now offer real-time
analysis with smartphone integration, significantly improving
field-deployable diagnostics. These technological advance-
ments underscore the remarkable evolution of fluorescence-
based aptasensors-from basic fluorescence quenching systems
to highly integrated platforms utilizing nanomaterials such as
silver nanoclusters, gold nanoparticles, and carbon quantum
dots."*>'3* Recent progress in dual-mode sensors has enhanced
detection versatility and speed, holding promise for real-time
monitoring of antibiotic residues in both food and environ-
mental samples. These sensors are employed in various strate-
gies to detect antibiotics, as summarized in Table 3. However,
fluorescence aptasensors still face challenges including photo-
bleaching, background fluorescence, and interference from
complex matrices, which may compromise sensitivity and
specificity under certain conditions.**®

While current fluorescent aptasensors are predominantly
designed for single-target detection, the development of multi-
analyte platforms employing multicolor quantum dots offers
a promising avenue for simultaneous detection of multiple
antibiotic residues. Such multiplexed systems could signifi-
cantly increase detection throughput and efficiency.***** Given
the global concerns over antimicrobial resistance and the
demand for stringent monitoring, fluorescence-based apta-
sensors are poised to play a pivotal role in enhancing food safety
and environmental surveillance.

4.3. Electrochemical aptasensor

Electrochemical biosensors have become vital tools for detect-
ing and measuring various analytes across different fields.
These sensors typically consist of an electrode combined with
a molecular recognition element and an electrochemically
active component. When the target analyte interacts with the
recognition element, it induces changes on the surface of the
electrode. These changes are then converted into electro-
chemical signals like current, impedance, potential, or
conductance that can be measured and analyzed."®* The inte-
gration of aptamers into electrochemical biosensors has
significantly advanced aptasensors, enhancing their sensitivity,
specificity, and versatility for detecting a wide range of analytes.
Electrochemical aptasensors employ various techniques,
including potentiometric, amperometric, conductometric,
impedance, and voltammetric methods. In past, researchers
commonly used techniques like electrochemical impedance

18938 | RSC Adv, 2025, 15, 18920-18946
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spectroscopy (EIS) and voltammetry methods such as differen-
tial pulse voltammetry (DPV), cyclic voltammetry (CV), and
square wave voltammetry (SWV), with cyclic voltammetry (CV)
being particularly favored for analyzing redox processes and
understanding electrochemical behavior. Recent advances have
focused on improving sensor design for efficient antibiotic
detection, utilizing signal-enhancing materials like quantum
dots, metal ions, methylene blue, ferrocene, and ruthenium
complexes.'® Additionally, the integration of nanomaterials
such as AuNPs, carbon-based materials (e.g., graphene oxide,
carbon nanotubes, carbon nanofibers), metal oxides (e.g., ZnO,
TiO,, NiO), and metal-organic frameworks (MOFs) significantly
enhances sensor performance by improving sensitivity,
conductivity, and aptamer immobilization, thus enabling rapid
and low-level detection of antibiotics in complex samples.'®***
The sensor developed by Zhang et al. utilizes a Pb>*-dependent
DNAzyme in conjunction with advanced nanomaterials like
AuPt@h-CeO, and polyethyleneimine (PEI)-functionalized
molybdenum disulfide (MoS,), leading to enhanced sensitivity
in detecting ENR with detection achieving a LOD 3.08 x 10~ *°
uM."** Similarly, Niu et al. took a different approach, developed
an electrochemical aptasensor using a bimetallic NiCo,0,@NiO
nanostructure, fabricated through solvothermal and pyrolysis
methods. Electrochemical testing showed an LOD of 4.65 x
10" uM.** A label-free sensor, developed by Yu et al. using
a 3D porous chitosan-reduced graphene oxide composite, was
designed to enhance sensitivity, achieving a LOD of 1.0 x 10"
uM. The sensor exhibited exceptional precision, stability,
selectivity, and reproducibility, establishing it as a reliable and
robust choice for accurate ENR detection.'*® Additionally, Guo
et al. developed a highly sensitive electrochemical aptasensor
for detecting ENR in chicken samples, utilizing magnetic
capture probes (MCPs) composed of magnetic nanoparticles
functionalized with ENR-specific aptamers. In the presence of
ENR, the aptamers bind the target, preventing hybridization
with biotinylated complementary DNA (biotin-cDNA) and
thereby blocking the attachment of streptavidin-horseradish
peroxidase (SA-HRP), resulting in a reduced electrochemical

Aptamer
interacts with

target *
X 0 N\ R ! "‘_‘I’
+ + b _-A.‘:.. : ’ ,..'._'—",

Aptamers Prevent hybridize Washing removed biotin- Low signal
with biotin-cDNAs cDNA, so SA‘-NRP couldn't
Fe;0.-Aptamer ¥ B3
Complex Nl y i —
. 4 0.6 |—- e AR
" i e -
o 1 ‘ 4
¢ 5. o i
Aptamers hybridize SA-HRP bind biotin- Stronger

with biotin-cDNAs cDNAs signal

@  Fe;0.-Aptamer
Complex

Aptamer  \ /\,* biotin-cDNA  ~f~ Target Streptavidin (SA)-HRP

'} - i
c. Magnet = Magnetic Glassy Carbon Electrode (MGCE)

Fig. 5 Electrochemical aptasensor conceptual illustration utilizing
magnetic nanoparticles for sensitive antibiotic detection.
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signal. In the absence of ENR, unbound aptamers hybridize with
biotin-cDNA, allowing SA-HRP to bind via high-affinity biotin-
streptavidin interactions. After washing, MCPs are magnetically
immobilized onto a magnetic glassy carbon electrode (MGCE),
and detection is performed using an H,0,-hydroquinone-HRP
catalytic system (Fig. 5), achieving a linear range of 0.01-100 ng
mL ™" and a detection limit of 1.5 x 107> uM.®

For TC detection, Mohammadi et al. developed a sensor
using electrospun carbon nanofibers and AuNPs, achieving
aLOD of 1.2 x 10~* uM and demonstrating excellent stability.>*
Similarly, Naseri et al. created an ultrasensitive sensor with
a glassy carboxylated nanotubes, carbon nanofibers and carbon
electrode, and achieving an impressive LOD of 2.28 x 10~
uM."¢ The field has advanced with the development of highly
sensitive biosensors for detecting antibiotic residues, utilizing
techniques such as RecJf exonuclease-assisted target recycling
with HCR and entropy-driven strand displacement reaction
(ESDR) for KAN detection.'””**® Additionally, magnetic meso-
porous carbon materials (MMCM) on magnetic glassy carbon
electrodes (MGCE) and Pd@Ti;C,-PEI-NCNTs composites are
applied for STP detection. Both approaches provide excellent
selectivity, stability, and reproducibility, making them ideal for
various applications, with impressive LOD, high stability, and
specificity.”>**® These electrochemical aptamer sensors are
employed in various strategies to detect antibiotics, as
summarized in Table 3. These sensors also have advantages
such as wide linear ranges, low detection limits, and low costs,
making them especially attractive for antibiotic detection.
Compared to other methods like colorimetry and fluorescence,
electrochemical aptamer films reduce non-target interference
through stepwise washing. The disadvantages of electro-
chemical methods face challenges, including the complex
procedures required for electrode surface activation, material
modification, and aptamer assembly. These complexities can
make large-scale sample testing difficult. Additionally, the
sensitivity of aptasensors still needs improvement for practical
applications, primarily due to interface effects on the electrode

surface.’®

4.4. Chemiluminescence aptasensor

A chemiluminescent aptasensor is a biosensor that uses highly
target specific aptamers, as recognition elements, coupled with
chemiluminescence (CL) as the signal readout. This aptamer-
target binding event triggers or modulates a chemiluminescent
reaction, typically involving reagents like luminol and hydrogen
peroxide, or enzyme-catalyzed reactions.”’*'*® The intensity of
the emitted light correlates with the concentration of the target,
enabling rapid, accurate, and low-level detection of a wide range
of analytes (such as antibiotics, protein, toxin, or small mole-
cule) in various sample types.'® Their advantages make them
promising tools for diagnostics, environmental analysis, and
food safety monitoring.™

In an earlier study, Hao et al. (2016) developed a chemilu-
minescent aptasensor capable of simultaneous detection of
three antibiotics - OTC, TC, and KAN in milk samples. The
sensor design integrated aptamers specific to each antibiotic,
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immobilized on a microtiter plate, with chemiluminescent
signal probes constructed from ABEI (N-(4-aminobutyl)-N-
ethylisoluminol)-labeled thiolated complementary DNA strands
attached to flower-like gold nanostructures. Upon target
binding, the aptamers underwent conformational changes,
leading to displacement of the signal probes and modulation of
chemiluminescence intensity (Fig. 6).

The assay demonstrated excellent sensitivity, with detection
limits of 4.345 x 10~% uM and 4.5 x 10~ 2 for OTC and TC, and
4.13 x 10~° uM for KAN. These results underscore the sensor's
potential for multiplex, low-level, and reliable detection of
antibiotic residues in food safety applications.”® Similarly,
Leung et al. (2013) developed an aptamer-based switch-on
luminescent probe for the sensitive and selective detection of
the antibiotic kanamycin in aqueous solutions. The assay
combines a luminescent platinum(n) complex and the KAN
aptamer. In the absence of KAN, the luminescence of the plat-
inum(i) complex bound to the oligonucleotide remains weak.
However, upon KAN binding, the aptamer undergoes a struc-
tural transition from a random coil to a defined conformation
featuring a hairpin loop, which promotes intercalation of the
platinum(n) complex into the folded aptamer, thereby
enhancing the luminescence signal (“switch-on” response).
This conformational switch allows highly selective and sensitive
detection, with a detection limit of 143 puM. The method is
simple, cost-effective, and shows strong potential for applica-
tions in food safety.'”® Additionally, Lin et al. (2019) reported
a fluorescence-based aptasensor for the rapid and sensitive
detection of KAN residues using luminescent carbon nanodots
functionalized with a KAN-specific aptamer. The sensing
mechanism is based on fluorescence-based aptamer-linked
immunosorbent assay (FALIA) that allows highly selective and
sensitive detection, with a detection limit of 1.032 x 10™**
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uM."* Antibiotic detection using chemiluminescence apta-
sensors summarized in Table 3.

4.5. Surface plasmon resonance (SPR) aptasensor

SPR, a label-free optical detection method, emerged as real-time
monitoring of various biological and chemical targets. In label-
free detection, specialized tags or dyes are not required, thus
allowing the sensitive measurement of target analytes. SPR
detects changes in the refractive index near a metal surface
when biomolecules bind to it (Fig. 7).**

In recent years, aptamer-based SPR sensors have gained
prominence due to their specificity, simplicity, and cost-effec-
tiveness.” The fundamental steps involved in an aptamer
based SPR sensor include the immobilization of aptamer,
interaction with the target, and signal detection. When a solu-
tion containing the target molecule flows over the sensor, the
aptamers immobilized on the sensor surface specifically bind to
the target molecules. This binding changes the refractive index,
resulting in a shift in the SPR angle, which directly correlates
with the concentration of the target molecule.**® Application of
SPR-aptamer based biosensors are valued to quantification of
low molecular weight compounds in different broad sectors
such as food, clinical, agriculture, and environment. Ecija-
Arenas et al. developed a SPR aptamer-based biosensor
designed to detect KAN residues in cow milk samples, achieving
a LOD of 2.85 x 10" pM." In their study, the aptamer was
immobilized on the sensor surface using two types of graphene,
i.e., reduced graphene oxide (rGO) and chemical vapor deposi-
tion (CVD) graphene. The most significant result was observed
in the case of CVD graphene."” In another study, Cappi and
team designed a label-free, portable, palm-sized transmission-
localized SPR-DNA aptamer sensing setup to precisely detect
the tobramycin residues from the blood serum with a LOD of
3.4 uM."”® SPR aptamer sensors provide an advanced solution
for antibiotic detection, combining high sensitivity, rapid
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—
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Fig. 7 Surface plasmon resonance-based aptasensor for antibiotics
detection.
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response times, label-free and real-time detection, and a simple
experimental setup, making them essential tools for environ-
mental monitoring. However, it does have some limitations,
such as the potential high cost of the transducer and its focus
on single-target detection Further antibiotic detection using
SPR aptasensors summarized in Table 3.

4.6. Lateral flow strip aptasensor

Lateral flow assays (LFAs) are rapid, low-cost, paper-based,
point-of-care (POC) diagnostic tools used to detect specific
analytes in liquid samples.” They offer high sensitivity and
selectivity, making them ideal for healthcare, food safety, and
environmental testing. LFAs also promote consumer self-testing
adoption.” LFAs combine a chromatographic system that
separates mixtures on a membrane with a biochemical reaction
between antibodies and antigens or nucleic acids and target
molecules.” LFAs use aptamers and nucleic acids as bio-
recognition components in a strip form. They consist of three
main parts: recognition, reaction, and signal transduction,
integrated onto a paper strip with five components: sample pad,
conjugate pad, membrane, absorbent pad, and backing plate.'®
A standard LFA strip has a backing plate for structural support,
with overlapping components (2-3 mm) that ensure efficient
liquid movement over the strip."” The sample pad, made of
cellulose acetate, deposits fluid and may contain buffer salts to
aid movement. The conjugate pad, made of materials like glass
fiber, holds the bio-recognition element and releases it upon
contact with the sample. The nitrocellulose membrane has
a test line (TL) and control line (CL) for affinity assays, while the
absorbent pad collects excess fluid.'® In aptamer-based LFAs,
the sample moves via capillary action to the conjugate pad,
where the analyte binds to the labeled antibody. The complex
then reaches the nitrocellulose membrane, where the TL
captured it, and the CL ensures proper flow. The TL shows
a colorimetric or fluorescent signal for detection, while the CL
verifies sample flow. The absorbent pad collects excess liquid."
In sandwich aptamer-based LFAs, large molecules like patho-
gens are detected using two aptamers: the primary aptamer,
conjugated to AuNPs, on the conjugate pad, and the bio-
tinylated secondary aptamer on the TL. The analyte forms
a complex with the primary aptamer, migrating to the TL where
it's captured by the secondary aptamer. A positive result shows
two red bands (TL and CL), while a negative result shows only
one at the CL (Fig. 8).'9°'*°

In competitive aptamer-based LFAs, small molecules are
detected by competing for aptamer binding between the
sample's target molecules and those immobilized on the TL.
Targets in the sample and TL compete for the aptamer, with the
signal negatively correlated with the amount of target in the
sample. A weak or absent signal at the TL indicates the presence
of target molecules, while a stronger signal suggests their
absence. The CL verifies the flow system®>* (Fig. 9).

The second strategy involves target molecules competing
with an immobilized complementary sequence on the TL for
aptamer binding.'*®
structural changes, it can disrupt Watson-Crick base pairing

When an aptamer sequence undergoes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and cause target-induced dissociation. In this strategy, an
oligonucleotide partially complementary to the aptamer is
attached to the TL. The target competes with this sequence,
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resulting in a weak or no signal on the TL. Without the target,
a strong band appears as the aptamer/reporter complex is
captured by the complementary sequence in Fig. 10.*°

Applications of aptamer-based LFAs detection antibiotics
such as Ou et al. developed a magnetic microsphere-based
aptamer-cDNA duplex LFAs to detect KAN in milk and honey.
The assay worked in two steps: (1) KAN in the sample displaced
c¢DNA from the aptamer-cDNA duplex conjugated to MMS, and
(2) the released cDNA was applied to the LFAs strip, where it
formed a sandwich structure with immobilized capture DNA1
and DNA2 on the TL and CL. The thresholds for visual detection
in the experiment were 50 nM, whereas the quantified LOD was
4.96 x 107% puM.* Birader et al. developed an aptamer-based
LFAs to detect OTC in milk, with the quantified LOD in OTC
at 1.08 x 10~* uM within 10 minutes.'® These sensors are
employed in various strategies to detect antibiotics, as
summarized in Table 3, which details the analytes, detection
methods, and LOD. Aptamer-based LFAs offer high specificity,
stability, cost-effectiveness, and flexibility, making them ideal
for detecting small molecules. Their user friendliness, afford-
ability, and portability also make them particularly well-suited
for POC diagnostics. However, they have some limitations,
such as limited quantitative accuracy, sample matrix interfer-
ence, and the need for liquid samples. Their performance can
also be affected by environmental factors like temperature and
pH. Careful handling is required for reliable results, and they
are typically qualitative, indicating only the presence or absence
of a target analyte.

Additionally, we included a comparative analysis in Table 4
to benchmark aptasensor's performance against standard
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Table 4 Comparison of detection performance between standard analytical methods and aptamer-based sensors
Analytes Technique LOD (uM) Matrix Reference
KAN Cemiluminescent 1.032 x 107" Milk 174
aptasensor
Fluorescence aptasensor 53 x 107° Milk 132
HPLC-ELSD 1.03 x 10° Foods of animal origin 201
TC Electrochemical 2.28 x 10" Milk 156
aptasensor
Colorimetric aptasensor 4.13 x 10 ** Milk 31
HPLC-PDA 5.63 x 10°* Bovine milk 202
2.25 x 107" Milk
HPLC-DAD 1.23 x 10 Milk 203
oTC Cemiluminescent 4.345 x 107° Milk 176
aptasensor
HPLC-PDA 1.09 x 10°* Bovine milk 202
HPLC-DAD 1.954 x 1073 Milk 204
LC-MS/MS 6.52 Chicken eggs 201
Capillary electrophoresis 1.52 x 10* Milk 205
AMP LFAs aptasensor 1.72 x 1078 Milk 180
TC Colorimetric aptasensor 2.25 x 1077 Honey 141
ENR Electrochemical 4.65 x 107" — 154
aptasensor
Electrochemical 3.08 x 10 *° Water, milk 153
aptasensor
Colorimetric aptasensor 6.96 x 10 ** Fish 115
Fluorescence aptasensor 2.23 x 107° Spiked milk 128
LC-MS/MS 3.90 x 107" Chicken eggs 201

detection methods, highlighting its relative sensitivity and
practical applicability.

5 Conclusion and future prospective

Antibiotic contamination poses a serious threat to both public
health and the environment, largely driven by the excessive use
and improper disposal of antibiotics in the medical, agricul-
tural, and aquaculture sectors. While conventional detection
techniques such as HPLC, GC-MS, and LC-MS/MS offer high
accuracy and reliability, they are often hindered by high oper-
ational costs, time-consuming procedures, and the requirement
for skilled personnel and complex instrumentation. To address
these limitations, aptamer-based biosensors have emerged as
a powerful alternative, offering high specificity and sensitivity,
rapid on-site detection, cost-effectiveness, and ease of minia-
turization. This review has highlighted substantial advance-
ments in aptasensor technologies, encompassing platforms
such as colorimetric, fluorescent, electrochemical, chemilumi-
nescent, SPR, and lateral flow assays. These methods have
shown great promise in detecting antibiotic residues across
a range of samples including food, water, and biological fluids,
supporting applications in food safety, environmental moni-
toring, and clinical diagnostics. Nevertheless, the translation of
aptamer biosensors into fully operational, field-deployable tools
remains an evolving challenge. The integration of these sensors
with microfluidic devices and wireless communication tech-
nologies could further enhance real-time detection capabilities
and data accessibility. To fully unlock their potential, ongoing

research must prioritize improving aptamer stability,

18942 | RSC Adv, 2025, 15, 18920-18946

enhancing device robustness and multiplexing capabilities, and
ensuring compliance with regulatory standards to support
widespread adoption in point-of-care and environmental
surveillance applications. Future development should focus on
creating portable, user-friendly diagnostic systems-such as
handheld readers, paper-based lateral flow devices, and
smartphone-integrated platforms-to facilitate routine moni-
toring, especially in resource-limited or decentralized settings.
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