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Aptamer and DNAzyme for Pathogen Detection: Diagnostic
Strategies and Clinical Applications

Yunting Fan,? Ruigin Jiang,® Hongyan Liu,2 Wei Tian,® Meng Liu*2? and Zijie Zhang*®®t

Pathogens that cause infectious diseases continue to pose threats to human health. The development of efficient and
accurate diagnostic methods is essential for the prevention and control of pathogen infections. Functional nucleic acids
(FNAs), mainly aptamers and DNAzymes, offer unique advantages for diagnostic applications. FNA-based biosensors have
been widely applied in pathogen detections. This review introduces recent advances in aptamer- and DNAzyme-based
biosensors for pathogen detection, with a focus on diagnostic strategies targeting diverse pathogenic targets, including
genomic nucleic acids, antigens, and intact bacterial cells or viral particles. We first introduce the major classes of infectious
pathogens and their health risks, followed by an analysis of their potential diagnostic targets. We then discuss aptamer- and
DNAzyme-based detection strategies, including DNAzymes for detecting genomic nucleic-acid, the selection of bacterium-
responsive DNAzymes, and the selection and engineering of aptamers for recognizing pathogen biomarkers and intact
bacterial cells or viruses. Finally, we review recent progress toward the clinical translation of aptamer- and DNAzyme-based

biosensors and outline current challenges and future directions in this field.

1. Introduction

Pathogens are microscopic organisms that cause diseases in
humans and animals. The main types of pathogens include bacteria,
viruses, fungi, mycoplasma and protozoa. They spread through routes
such as food, water, air, saliva, blood, or sexual contact!. These
pathogens invade host cells and replicate, leading to pathological
changes and clinical symptoms.?

Throughout history, pathogen caused-infectious diseases have
led to several epidemic or pandemic events, such as the Black Death
in 14th-century Europe,? smallpox in 15th-century America,* cholera
pandemics in the 19th century,’ and the influenza pandemic in the
20th century.® In the 21st century, emerging infectious diseases
continue to appear due to altered human activity and environmental
degradation,” such as severe acute respiratory syndrome coronavirus
(SARS-CoV, 2003),® swine influenza virus (SIV, 2005),” Middle East
respiratory syndrome coronavirus (MERS-CoV, 2012),!° Ebola virus
(EBOV, 2013)!! The COVID-19 pandemic has caused more than 778
million infections and over 7 million deaths worldwide (data from
https://covid19.who.int.), making it one of the gravest global health
crises of this century.!? In addition to the viruses, bacterial pathogens
such as Escherichia coli (E. coli),"> Mycobacterium tuberculosis (M.
tuberculosis),'* and Staphylococcus aureus (S. aureus),'® which cause
diseases like diarrhea, tuberculosis, and pneumonia, remain a major
global threat to public health and the economy. Due to many
limitations of currently available prevention and treatment methods
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(such as vaccines and antiviral medications), developing efficient and
accurate diagnostic methods for pathogen detection is crucial.

A wide range of diagnostic targets can be exploited in pathogens,
including genomes, antigens, and intact bacterial cells or viral
particles. Based on these targets, many techniques for directly
detecting these targets have been developed, including nucleic-acid
amplification (e.g., PCR)'% 17 and sequencing for genetic detection,!”-
19 culture-based methods for bacterial identification,2 2! and
immunoassays for antigen detection.??2¢ Although these methods are
powerful, PCR and sequencing require specialized instruments and
expertise, many rapid antigen tests suffer from limited sensitivity and
specificity.?’> 2 In addition to these direct detections, indirect
indicators of infection diseases, such as antibodies? or immune
cells,? can also be measured for diagnostics. However, such indirect
methods often fail to identify early infections due to the time needed
for the immune system to generate detectable antibodies or cells,?!
creating a diagnostic "window period." These limitations highlight the
urgent need for diagnostic technologies that integrate high sensitivity
and specificity with rapid, simple operation to help prevent future
pandemics.

Functional nucleic acids (FNAs) are single-stranded DNA or
RNA molecules with molecular recognition®® 33 or catalysis 4
functions, primarily including aptamers and DNAzymes. They are
typically isolated from large random-sequence nucleic acid pools
through in vitro selection, also known as systematic evolution of
ligands by exponential enrichment (SELEX).3> FNAs offer several
advantages for diagnostic applications, including broad target
recognition (from small molecules to proteins and living cells),?¢-38
cost-effective and consistent chemical synthesis, and facile
modification for enhanced stability and functionality.3®*! To date, a
large number of FNAs have been derived and many FNA-based
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biosensors have been developed for pathogen detection in clinical
applications.

In the past decades, researches on FNAs for pathogen diagnostics
have seen tremendous development. While many reviews on various
aspects of FNAs for pathogen detection have been published, 3540, 42-
51 this review focuses on aptamer- and DNAzyme-based diagnostic
strategies categorized by pathogen type and potential diagnostic
targets, including nucleic acids, antigens, and intact cells or viral
particles, aiming to provide practical guidance for selecting
appropriate diagnostic approaches and to highlight recent advances in
clinical applications. We begin by introducing the diverse types of
pathogens that cause infectious diseases and analyzing their potential
diagnostic components. We then discuss aptamer- and DNAzyme-
based diagnostic strategies, including DNAzymes for detecting
pathogen genomic nucleic acids, in vitro selection of bacterium-
responsive DNAzymes, and the selection and engineering of aptamers
for recognizing pathogen biomarkers as well as intact bacterial cells
and viral particles. Next, we review recent advancements in aptamer-
and DNAzyme-based biosensors for clinical pathogen detection.
Finally, we discuss current challenges in the field and provide
perspectives on future research directions.

2. Pathogens and potential targets for diagnostics

Infectious diseases are mainly caused by bacteria, viruses, fungi,
protozoa, mycoplasmas, and prions (Fig. 1A). These pathogens
exhibit distinct biological characteristics and impacts on human
health. Bacteria are unicellular prokaryotes with independent
aeruginosa  (P.
aeruginosa),’? Salmonella typhimurium (S. typhimurium),” and
Clostridium difficile (C. difficile)®* cause sepsis and gastroenteritis.
Viruses, composed of nucleic acids (DNA or RNA) enclosed in a

metabolism. For example, Pseudomonas

capsid (often with a lipid—protein envelope), lack autonomous
metabolism and rely on host cells for replication.** Notable examples
(HIV),»
papillomavirus (HPV),3¢ and poliovirus,’” which cause AIDS and

include human immunodeficiency virus human
other severe diseases. In addition, Fungi are eukaryotes that can
trigger tissue inflammation and produce toxic metabolites (e.g.,
aflatoxins in moldy grains)®® that threaten food safety. Protozoa are
unicellular eukaryotes, often transmitted via multiple hosts, and are
responsible for diseases such as malaria, leishmaniasis, and
trypanosomiasis.>®-¢! Mycoplasmas are wall-less prokaryotes with
high morphological plasticity, causing respiratory and urogenital
infections.®? Prions are misfolded proteins (PrPSc, no nucleic acids)
that convert normal prion proteins (PrPC) into pathogenic forms,
leading to fatal neurodegenerative disorders such as transmissible
spongiform encephalopathies;® they are highly resistant to heat, UV,
and disinfectants.%

Among these pathogens, bacteria and viruses pose the greatest
threat to human health and economic burden because of their high
morbidity and mortality. Current strategies to combat these pathogens
include drugs, vaccines, and prevention measures. However, these
approaches face challenges. For example, improper or excessive drug
use can lead to resistance.®® Frequent viral mutations reduce the
efficacy of vaccines and diagnostic methods, requiring regular
vaccine updates.®® In addition, asymptomatic carriers (e.g.,
tuberculosis, hepatitis B, COVID-19) hinder efforts to interrupt
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transmission through routine screening.! ¢7 To dewglop, effestive
diagnostic approaches and treatments, a th$P6UgH CAAREIR OO RS

potential targets of these diverse pathogens is crucial.
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Fig. 1 (A) Types of pathogens and (B) potential targets for
diagnostics.

There are six main types of potential targets for pathogen
detections, including genome nucleic acids, protein biomarkers (e.g.,
enzymes and antigens), antibodies, toxin molecules, intact bacterial
cells or virions, and crude cellular mixtures (Fig. 1B). Nucleic acids,
the genetic material of pathogens, are often detected via polymerase
chain reaction (PCR)'% 17 and sequencing techniques'7!® to identify
pathogen species, genotype variants, and assess virulence or
antimicrobial resistance. Protein biomarkers, which serve as
measurable indicators of specific pathogens, such as enzymes and
antigens, can be detected through enzyme-linked immunosorbent
assay (ELISA),** Western blotting (WB),?* or agglutination assays,?®
which enable rapid detection without the need for amplification.
Pathogen-secreted toxins are typically analyzed by high-performance
liquid chromatography (HPLC),®® which allows precise profiling of
infections in complex samples. Though effective, detection of these
targets cannot distinguish intact, live pathogens from damaged or
inactivated ones, often resulting in false-positive diagnostic results.*>
45

Intact bacterial cells or viral particles are also ideal diagnostic
targets. They are typically detected via culture-based methods
combined with sequencing analysis.?% 2! But the approach is limited
because not all pathogen species can be successfully cultured.** In
addition to these targets for direct detections, host-generated
antibodies after infection are also commonly used for pathogen
diagnosis.? However, antibody detection cannot support early

©2025The Author(s). Published by the Royal Society of Chemistry
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diagnosis due to the delay in antibody production by immune
systems.3!

Recently, instead of using a defined target for detections, a crude
mixture of targets derived either from the extracellular or intracellular
of a bacterium have been used for pathogen diagnosis. It takes
advantage of small differences in the molecular compositions of
species.
DNAzymes have been successfully selected to recognize specific

complex mixtures among different bacterial Several
bacteria using this approach.®®-8! This strategy enables rapid screening
of functional elements for pathogen recognition.>> A key challenge of
using the crude mixtures is to identify the precise molecular targets,
which requires further investigations.?®

In conclusion, different types of targets have their own
advantages and challenges for pathogen diagnosis, and selecting the
appropriate target is important for accurate detection of infectious
diseases. FNAs, primarily DNAzymes and aptamers, offer versatile
diagnostic strategies for various pathogen targets. In the following
section, we discuss FNA-based diagnostic strategies, including the use
of RNA-cleaving DNAzymes (RCDs) for detecting genomic nucleic
DNAzymes
extracellular or intracellular mixtures, and aptamers for recognizing

acids, bacteria-responsive selected wusing crude

pathogen biomarkers or intact bacterial cells and viral particles.

3. Aptamer and DNAzyme for detection of
pathogens

Nucleic acids were long considered solely as carriers of genetic
information until the discovery of ribozymes (RNA catalysts) in the
1980s, which showed that nucleic acids have additional functional
roles.®? DNA and RNA share similar structures, but the stability of
RNA is about one-million-fold less compared to DNA, making DNA
a more promising material for practical applications.’® In contrast to
functional RNA molecules (ribozymes, riboswitches) that can be
found in nature, functional DNA molecules (DNAzymes, aptamers)
are isolated through in vitro selection using SELEX technique.®> To
date, a large number of synthetic DNAzymes and aptamers have been
developed.’> 3% They exhibit high catalytic or binding abilities,
stability, ease of synthesis and modification, and low
immunogenicity.3*#! These properties make them ideal tools for
pathogen recognition and the diagnosis of infectious diseases. This
section introduces DNAzyme- and aptamer-based strategies for

detecting diverse pathogens.

3.1. DNAzymes for detection of pathogens

3.1.1. DNAzyme basics. DNAzymes are single-stranded DNA
(ssDNA) molecules with catalytic activity. The first DNAzyme was
discovered with cleavage activity by Joyce’s group in 1994.3* Since
then, various DNAzymes that can catalyze a wide range of reactions
have been selected, such as RNA cleavage,®> RNA ligation,3* RNA
phosphorylation,®® DNA cleavage,®® DNA ligation,” DNA
phosphorylation,®¥ DNA capping,®®* amide bond hydrolysis,”
nucleopeptide bond formation,’! as well as porphyrin metallase®? and
peroxidase activities.”> Most of these activities depend on specific
substances including metal ions, biomolecules and bacteria.
Therefore, DNAzymes have been engineered as biosensors for
detecting such substances.

©2025The Author(s). Published by the Royal Society of Chemistry
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The most widely used DNAzymes are RCDs. An RCD typically
consists of two recognition arms and a catal iy dore0 ReépLesemiatise
examples include the 8-17 and 10-23 DNAzymes (Fig. 2A and B),
which are broadly used in pathogen RNA detection owing to their
high catalytic efficiency and wide substrate compatibility.”* RCDs
commonly catalyze a transesterification reaction between the
phosphodiester linkage and the adjacent 2'-hydroxyl group, producing
two fragments with a 2’-3’ cyclic phosphate and a 5'-OH terminus
(Fig. 2C). By rationally designing the recognition-arm sequences,
RCDs can recognize and cleave RNA at defined dinucleotide
junctions, such as 5'...A|G...3" or 5"...R|Y...3, where R denotes a
purine base and Y a pyrimidine base.

RCDs are generated from random DNA libraries through in vitro
selection (SELEX). A typical selection workflow includes library
construction  (containing  10'4-10'® random-sequenced DNA
molecules), target incubation, isolation of functional sequences (a
critical step), PCR amplification, and library regeneration for the next
selection round (typically 7-15 cycles). Two main SELEX-based
strategies are commonly employed:3® In the magnetic bead (MB)-
based method (Fig. 2D), a biotinylated library containing embedded
ribonucleotide cleavage sites is produced during PCR and
immobilized on streptavidin-coated magnetic beads. Unmodified
strands are removed with NaOH before target incubation. Functional
sequences then cleave the substrate strands, dissociate from the beads,
and are collected, amplified, and advanced to the next round. In the
denaturing polyacrylamide gel electrophoresis (dPAGE) method (Fig.
2E), DNA strands containing cleavage sites are first separated by
electrophoresis. After target incubation, functional sequences self-
cleave to generate shorter fragments, which are recovered through a
second electrophoresis, amplified, and used for subsequent rounds.
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Fig. 2 Representative RNA-cleaving DNAzymes (A) 8-17 and (B) 10-
23. “R” denotes a purine base and “Y” a pyrimidine base. (C)
Chemical mechanism of RNA cleavage by RCDs. Reprinted with
permission from ref. 94, Copyright 2017 American Chemical Society.

Sens. Diagn. | 3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sd00023a

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Sensors & Diagnostics

(D) Magnetic bead (MB)-based selection strategy and (E) gel
electrophoresis-based selection strategy for RCDs. Reprinted with
permission from ref. 35, Copyright 2021 Royal Society of Chemistry.

RCDs can act on diverse RNA substrates, including chimeric
substrates with a single RNA linkage, all-RNA substrates, and
fluorogenic substrates, in which the RNA linkage is flanked by
deoxyribothymidines labeled with a fluorophore (F) and a quencher
(Q). All-RNA substrates allow selection of RCDs that cleave
biologically relevant RNAs, chimeric substrates enable precise
control over the cleavage site, and fluorogenic substrates are
particularly suited for developing RCDs for biosensing applications.*

3.1.2. DNAzymes for detection of genomic nucleic acids of
pathogens. Existing technologies for detecting the genomic nucleic
acids (DNA or RNA) of pathogens still face challenges. For example,
quantitative reverse-transcription real-time PCR (qQRT-PCR) is widely
used to detect viral RNA of SARS-CoV-2. However, PCR-based
methods require a long testing period (usually more than 24 h) and
rely on specialized instrumentation and controlled laboratory
conditions.'s 17 Other nucleic acid amplification techniques, including
recombinase polymerase amplification (RPA) and loop-mediated
isothermal amplification (LAMP), offer shorter detection times but
show limitations in sensitivity and specificity.®>*7 CRISPR-based
systems detect pathogen nucleic acids by using guide RNAs to bind
complementary sequences, yet their applicability is restricted to
regions adjacent to Protospacer Adjacent Motifs (PAMs), limiting
target selection.””> °® In contrast, RCDs enable site-specific RNA
cleavage and provide an effective strategy for detecting pathogen
genomic nucleic acids. Numerous studies have developed RCD-based
detection platforms for pathogen diagnosis.?”-99-101

Recently, Chaput’s group? developed the REVEALR system
based on the X10-23 XNAzyme, using SARS-CoV-2 as the detection
target. The prefix “X” in X10-23 stands for xeno nucleic acid (XNA),
indicating that the canonical 10-23 DNAzyme has been modified with
non-natural nucleic acids (e.g., ANA, TNA, and GNA) to enhance its
resistance to nuclease degradation. In this platform, the target RNA is
initially pre-amplified through RT-RPA, after which T7 RNA
polymerase produces trigger sequences that promote the assembly of
X10-23 XNAzymes capable of specifically cleaving a fluorescent
reporter RNA. The resulting signal can be measured by either
fluorescence detection or a paper-based lateral flow assay. The system
achieves a limit of detection (LOD) of <20 aM (~ 10 copies pL-!") with
a total assay time within 1 h. When applied to RNA extracted from
nasopharyngeal swabs of 10 PCR-positive and 2 PCR-negative
patients, it demonstrated 100% accuracy without cross-reactivity.

To enable viral variant genotyping, they further optimized
REVEALR into a competitive binding detection platform.”” By
incorporating locked nucleic acids (LNAs) to enhance discrimination

4 | Sens. Diagn.

of single-base mismatches, the system can precisely, distinguish
SARS-CoV-2 variants based on charactéristicO. sidgleafinlectide
mutation sites. Using 34 nasopharyngeal swab samples (31 SARS-
CoV-2-positive and 3 negative) for clinical validation, the platform
achieved 100% genotyping accuracy, successfully identifying the
wild-type strain and major variants, including Alpha, Gamma, Delta,
and Omicron, demonstrating its potential for variant discrimination.

Li’s group developed an approach for directly detecting large-
genome RNAs of viruses.'® Using SARS-CoV-2 RNA as a model, a
strategy coupling 10-23 DNAzyme-mediated RNA cleavage with
rolling circle amplification (RCA) was established (Fig. 3A). Through
combined viral RNA secondary structure prediction and experimental
validation, 28 variants of 10-23 DNAzymes capable of cleaving viral
RNA were identified from 230 candidates, including one exhibiting
>60% cleavage efficiency, while all variants showed efficiencies
exceeding 20%. These DNAzymes specifically cleave viral RNA to
generate fragments with well-defined 3’ termini, which subsequently
serve as primers for circular DNA templates, initiating RCA catalyzed
by ¢$29 DNA polymerase. To further enhance sensitivity, a quasi-
exponential RCA strategy was implemented by incorporating a
secondary primer (P2), lowering the LOD to 500 aM. Evaluation
using 29 patient saliva samples, including 14 RT-PCR-confirmed
SARS-CoV-2-positive and 15 negative samples across multiple
variants, demonstrated a clinical sensitivity of 86% with 100%
specificity. The system also eliminated the need for reverse
transcription and completed detection within 2.5 h.

DNAzyme combined with RCA provides a powerful approach
for detecting pathogen RNAs. However, a limitation is that the
resulting RNA fragments by DNAzyme cleavages often retain
secondary or tertiary structures, which hinder circular template (CDT)
binding, limiting RCA efficiency. To overcome this problem, the
research group further developed antisense oligonucleotide-assisted
RCA (ASO-RCA),!% a strategy that uses short upstream antisense
oligonucleotides (ASOs) to remodel RNA structure and expose CDT-
binding sites (Fig. 3B). Using five DNAzyme-CDT systems targeting
distinct regions of the virus genome, ASO inclusion was found to
improve CDT hybridization and increase RCA output by up to 70-
fold. This enhancement was observed in both linear and quasi-
exponential RCA formats and remained effective in 50% pooled
saliva. Applied to clinical saliva samples, ASO-assisted RCA
substantially improved diagnostic performance, achieving 100%
sensitivity and 97.5%—100% accuracy across multiple systems.
Together, these studies demonstrate that DNAzyme-based strategies
can efficiently detect pathogens through highly specific cleavage
activity. Coupling DNAzymes with RCA establishes a simple, robust,
and clinically relevant platform for enhancing nucleic acid detection
of structured RNA targets in pathogens.

©2025The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic of 10-23 DNAzyme-mediated rolling circle amplification (RCA) for detecting SARS-CoV-2 genomic RNA. Reprinted
with permission from Ref. 100. Copyright 2023 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematic of antisense
oligonucleotide (ASO)-assisted RCA for detecting structured genomic RNA. Reprinted with permission from Ref. 101. Copyright 2025 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim.

3.1.3. In vitro selection of bacterium-responsive DNAzymes.
DNAzymes were initially identified as primarily responsive to metal
ions, such as Pb?*, Zn?*, Mg?*, Cu?*, and Ca?* 3544102 Recent studies
have shown that DNAzymes can also interact with clinically relevant
targets, including bacteria,®®8! cancer cells,'®® and small
metabolites.!% 105

Li’s group pioneered a strategy for selecting bacteria-responsive
RNA-cleaving fluorescent DNAzymes (RFDs) using crude
extracellular (CEM) or intracellular mixtures (CIM).%° In the RFD
constructs, the DNAzyme flanking a single ribonucleotide is labeled
with a fluorophore (F) and a quencher (Q). Upon activation by the
target bacterium, the RFD cleaves its substrate, separating F and Q
and generating a fluorescent signal (Fig. 4A).* The resulting
fluorescence provides a convenient and sensitive readout, facilitating
rapid bacterial detection and development of DNAzyme-based
biosensors.

This approach exploits compositional differences among
bacterial species through alternating positive and counter selection.
Instead of relying on a defined molecular target, crude mixtures from

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

specific bacteria serve as triggers to induce cleavage of candidate
RFDs, allowing the identification of DNAzymes that respond to
unique cellular components of a pathogen. High specificity could be
achieved via stringent alternating selection steps: the CEM or CIM of
the target bacterium is used for positive selection, while those from
non-target bacteria are used for counter selection (Fig. 4B). In each
cycle, the DNA library undergoes counter selection to remove cleaved
sequences, followed by positive selection, where cleaved fragments
are recovered, amplified, and used in subsequent rounds—
progressively enriching RFDs specific to the target species.*
Based on this strategy, several bacterial-responsive RFDs have
developed, including Legionella  pneumophila (L.
pneumophila),”® S. aureus,”* Fusobacterium nucleatum (F.
nucleatum).” C. difficile,”® 7% and S. typhimurium.’® The detailed
performance of these RFD-based sensing systems for bacterial
detection is summarized in Table 1. These methods enable sensitive
detection of target bacteria, demonstrating the high efficiency of the
identified RFDs. In addition, these RFDs exhibited strong specificity,
enabling discrimination among different bacterial species.

been

Sens. Diagn. | 5
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technique for capturing potential biomarkers from complex and unknown biological systems. Reprinted with permission from Ref. 103.

Copyright 2024 Springer Nature.

RNA is inherently unstable and readily degraded by ubiquitous
RNases, which require divalent metal ions and function optimally at
neutral pH. Accordingly, selecting RCDs under acidic and metal-
depleted conditions can yield chemically more stable variants, thus
extending their utility in unconventional environments. To this end,
our group developed a divalent ion—independent, acid-responsive
RNA-cleaving DNAzyme (aRCD) selection strategy for bacterial
detection (Fig. 4C).3° We selected an acidic RCD, aRCD-ECI,
which is specific for E. coli. aRCD-EC1 only requires monovalent
metal ions to cleave a fluorogenic chimeric DNA/RNA substrate.
This minimizes undesired RNA degradation. Moreover, the acidic

6 | Sens. Diagn.

environment further stabilizes RNA phosphodiester bonds. The
acidic RCD exhibited a rate constant (koys) of 1.18 min™, the fastest
reported among bacteria-responsive RCDs. For clinical applications,
the acidic RCD accurately diagnosed all 40 patient urine samples
with 100% sensitivity and specificity. In addition, using this strategy,
we further isolated another acidic RCD responsive to Burkholderia
gladioli pv. Cocovenenans (B. cocovenenans), a pathogen associated
with fatal food poisoning.?! This RCD shows maximal activity at pH
5.0. The aRCDs are further applied in a droplet biosensing platform
that can detect B. cocovenenans at single-cell resolution. These

©2025The Author(s). Published by the Royal Society of Chemistry
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works demonstrate the practical value of acidic RCDs for bacterial
detection.

While using CEM or CIM as selection targets offers certain
advantages, their complex molecular composition makes it difficult
to identify specific pathogen targets. Recently, Gu’s group
developed a DNAzyme-based Molecular Recognition and Capture
(MORAC) technology for complex systems with unknown
molecular components (Fig. 4D).1% Using SELEX, they screened
DNAzymes that specifically recognize unknown molecules within
biological mixtures. The RNA-cleaving activity of the DNAzymes

Critical review

allows highly sensitive detections of disease biomarkers, and yiral
antigens. Interestingly, a single RNA-tGDNA1GFOHRSDOGMISA
abolishes catalytic activity but preserves target recognition. This
converts the DNAzymes into pure affinity probes for target capture.
Using MORAC, the researchers identified low-abundance
apolipoprotein L6 (APOL6) biomarker from the CEM of breast
cancer cells and seryl-tRNA synthetase 1 (SARS1) from lysates of
colorectal precancerous polyps. The clinical relevance of these
biomarkers was confirmed, demonstrating the method’s utility for
discovering rare targets in complex biological samples.

Table 1 Representative DNAzymes and DNAzyme-based biosensors for pathogen detection.

Pathogen DNAzyme kobs Sensor types Assay LOD Test sample  Ref
time
L. pneumophila LPIF3' 0.125 min’! Optical 72h 10 CFU-mL! Cooling 73
tower water
S. aureus RFD-SA6/ — Optical (Fluorescence/ 60 min/ 102 CFU-mL-" Nasal mucus 74
RFD-SA6TI Colorimetric) 30 min 105 CFU-mL"!
F. nucleatum RFD-FN1 0.38 h! Optical 36 h 1 CFU-mL"! Human 75
saliva/
Human stool
C. difficile RFD-CD1 — Optical 30 min 102 CFU-mL"! — 76
S. typhimurium SSR1-T4 8 min’! Optical (Fluorescence/ 1h/ 3.2x10° CFU-mL"V Ground beef/ 78
Colorimetric) 1h 6.4x10% CFU-g'! Chicken/
Milk/Eggs
E. coli aRCD- 1.18 min™! Optical 50 min 10* CFU-mL"! Clinical urine 80
ECI1SF5' samples
B. cocovenenans  RFD-BCIT1 0.01 min’! Optical 2h 1 CFU Tremella 81
fuciformis
ions,!1% small molecules,'!"113 glycolipids,'* 115 proteins,3”> 115119

3.2. Aptamers for detection of pathogens

3.2.1. Aptamer basics. Aptamer are single-stranded DNA or
RNA molecules obtained through in vitro selection, with specific
binding ability to a target molecule.?> 33 Based on Watson-Crick base
pairing principles, they can fold into various secondary structures
such as stems, loops, bulges, hairpins, pseudoknots, and G-
quadruplexes.!% These secondary structures further fold into unique
tertiary conformations. This process is driven by intramolecular
nucleotide interactions and intermolecular interactions with target
molecules, including hydrogen bonding, van der Waals forces,
electrostatic interactions, hydrophobic effects, base n—n stacking,
and shape complementarity.!%”- 19 These conformations are key to
high-affinity and highly specific target recognition.*4 10°

To date, thousands of synthetic DNA or RNA aptamers and
nearly 40 classes of natural RNA aptamers have been discovered.
Their targets span a wide range of molecules, including metal

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

viruses,20-125 cells,!26-128 bacteria,!?*137 microplastics,'?% 13 and
tissues.!4%> 141 Aptamer screening relies on SELEX technology.
Specific selection strategies are developed to different targets. For
example, Capture-SELEX is used for small-molecule targets, 36 1!1-
113 MB-SELEX for protein targets,’” 17119 and Cell-SELEX for
intact live cell targets.*!> 126128 These methods have been
comprehensively reviewed,? 41 44 30, 51 and will not be discussed
further here. Conclusively, rational design of target-specific
screening strategies is key to obtaining aptamers with high affinity
and specificity.

Currently, many aptamers have been isolated for targeting
various pathogens, including viruses such as HCV,!42 HPV,!*? and
ZIKV,!44 as well as bacteria such as S. aureus,'?% 130 E. coli,'3! and
S. typhimurium.'3 These aptamers recognize pathogen biomarkers
or intact pathogens, making them effective recognition elements for
pathogen biosensors. However, pathogens are often highly mutable

Sens. Diagn. | 7
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(e.g., viruses and drug-resistant bacteria), present at low
concentrations, and difficult to detect. As a result, screening
aptamers with high performance remains challenging. This section
will focus on aptamer selection strategies that address pathogen
mutation issue. We will also summarize aptamer screening and
multivalent engineering methods developed for detecting different
types of pathogen targets.

3.2.2. Aptamers for detection of mutating viruses. Viruses
frequently undergo mutations, which directly reduce the
effectiveness of existing diagnostic tools (e.g., traditional antibody-
and aptamer-based detection) and therapies (e.g., strain-specific
antibody blockers).!45147 Failure to address emerging variants can
perpetuate threats to human health, overburden public health
systems and cause recurrent outbreaks.”’- 148

To address this challenge, selection strategies have been
developed to isolate aptamers capable of recognizing mutated viral
variants with universally high affinity. Li’s group developed a
"universal aptamer" strategy for detecting multiple SARS-CoV-2
spike (S) protein variants, including Alpha, Beta, and Omicron (Fig.
5A).117 Using a wild-type S protein—targeting aptamer library, they
performed parallel SELEX to simultaneously enrich sequences
binding five variant S proteins, yielding the universal aptamer
MSAS52. MSAS52 recognizes eight S protein variants, with Ky: 2.8-
10.2 nM for variants and 18.4-49.0 pM for pseudoviruses. This
discovery demonstrates that aptamers with high affinity toward
multiple variants of a single protein, including emerging forms, can
be generated, making them well suited for molecular recognition of
rapidly evolving targets such as SARS-CoV-2.

As SARS-CoV-2 continues to evolve, Omicron subtypes
exhibit more extensive S protein mutations, demanding even higher
aptamer affinity and specificity. To address this issue, the group
proposed a "fighting mutations with mutations" strategy (Fig. 5B).!1°
Using MSAS52 as a template, they built a partially randomized
mutant library and conducted 12 SELEX rounds, generating the
high-affinity aptamer MBASSA1. MBASSAT has a K4 of 0.065 nM
for BA.5 S protein (over 100-fold higher than MSA52), recognizes
6 Omicron subtypes, and its truncated form (MBASSA1-T12) shows
further improved affinity (K4: 0.043 nM). An Enzyme-Linked
Aptamer Binding Assay (ELABA) based on MBASSA1 was used to
test 83 saliva samples, achieving 86.5% sensitivity and 100%
specificity for Omicron, demonstrating its diagnostic efficacy.

8 | Sens. Diagn.
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Fig. 5 (A) Schematic illustration of the selection of universal
aptamer MSAS52 for recognizing variant spike (S) proteins of SARS-
CoV-2. Reprinted with permission from Ref. 117. Copyright 2022
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Design of
a mutant library based on the MSAS52 sequence for selecting new
aptamers to detect mutated viral variants. Reprinted with permission
from Ref. 119. Copyright 2025 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (C) A universal aptamer for recognizing
influenza A subtype viruses. Reprinted with permission from Ref.
118. Copyright 2024 American Chemical Society

This work provides a compelling case study for identifying
high-affinity aptamers targeting rapidly mutating viral proteins using
a partially randomized pool derived from an existing aptamer
originally selected against the parental protein. Moreover, selection
from a mutagenized pool built on an aptamer with a defined
secondary structure simplifies and accelerates post-SELEX
sequence and structural characterization, as offspring aptamers are
expected to retain conserved nucleotides and structural motifs
essential for function.

Beyond SARS-CoV-2, Zhang’s group recently proposed a
"multichannel enrichment (MCE) magnetism-controlled
microfluidic SELEX" strategy targeting the diverse and mutable
hemagglutinin (HA) subtypes of influenza A viruses (IAVs) (Fig.
5C)."18 HA proteins from three [AV subtypes (H5N1, H7N9, HON2)
were immobilized on magnetic nanospheres to construct a
multichannel target array, enabling enrichment of sequences binding
multiple HA subtypes from a random library. After three screening

©2025The Author(s). Published by the Royal Society of Chemistry
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rounds, the universal aptamer UHA-2 was obtained, showing broad
binding affinities with K4 of 1.5 nM for HSN1 HA; 3.7 nM for H7N9
HA; 10.1 nM for HIN2 HA. In addition to its diagnostic potential
for diverse IAV subtypes, UHA-2 broadly neutralizes five IAV
subtypes (H5N1, H7N9, H9N2, HINI1, H3N2), significantly
inhibiting viral hemagglutination. In MDCK cells, UHA-2 increased
survival of infected cells by up to 63%, approaching 90% survival at
1000 nM. This study not only reports a universal aptamer with broad
inhibitory activity against multiple IAVs but also establishes an
efficient strategy for developing universal antiviral inhibitors.

3.2.3. Aptamer engineering for high-affinity detection of
pathogen biomarkers. High-affinity aptamers can be generated by
engineering dimeric or multimeric constructs through the linkage of
two or more monomeric aptamers. This strategy exploits multivalent
interactions to enhance binding avidity and target occupancy. For
example, Mayer’s group combined two thrombin-binding aptamers
into a dimeric construct, achieving an approximately 30-fold
improvement in affinity.'*® Similarly, Soh’s group developed a
bivalent aptamer through a selection-based strategy,!>°
demonstrating the feasibility of rational multivalency in aptamer
design.

Pathogens typically contain multiple copies of specific
biomarkers, making them particularly suitable for multivalent
recognition. For instance, SARS-CoV-2 virions display ~30 S
proteins per particle, more than hundreds nucleocapsid (N)
proteins,’3! while influenza viruses express approximately 500
hemagglutinin (HA) proteins and 100 neuraminidase (NA)
proteins,'3? and noroviruses present about 90 capsid proteins per
Such multivalent components render dimeric and
multimeric aptamers highly promising for pathogen detection.

virion.!s?

Moreover, aptamers generally target exposed and readily accessible
pathogen surface biomarkers, such as envelope proteins, membrane
proteins, and S proteins, which are ideal candidates for virus
detection without requiring complex sample processing.*?

Li’s group targeted the SARS-CoV-2 S protein using a pre-
structured DNA library combined with SELEX technology.’’
Through a hybrid selection strategy involving magnetic bead
separation in the first three rounds and electrophoretic mobility shift
assay (EMSA) in the subsequent ten rounds, over 100 candidate
aptamers were obtained after 13 rounds of enrichment. Among them,
MSA1 (Kyq= 1.8 nM) and MSAS5 (K4 = 2.7 nM) exhibited the highest
affinities, both featuring a predesigned hairpin structure.

To further enhance affinity toward the S protein and evaluate
clinical applicability, the group developed heterodimeric
aptamers.'** Based on the truncated high-affinity monomers MSA1T
and MSAST, heterodimeric aptamers was constructed using a 30-
thymidine linker (Fig. 6A). DSAINS displayed a K4 of 120 pM for
the wild-type homotrimeric S protein, representing 99-fold and 28-
fold affinity improvements compared to MSAI1T and MSAST,
respectively. In addition, DSAINS5 recognized the S proteins of the
Alpha and Delta variants with Ky values of 290 pM and 480 pM,
respectively. In clinical detection, including saliva and wastewater
samples, the dimeric aptamer achieved 80.5% sensitivity and 100%
specificity, with an LOD of <I copy mL-! in wastewater, showing its
strong diagnostic potential.

To overcome the limitation that monomeric aptamers bind only
a single subunit of the S protein, the researchers further designed a

©2025The Author(s). Published by the Royal Society of Chemistry
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homotrimeric aptamer with a threefold symmefric , branched
structure.'>> As illustrated in Fig. 6B, three MSAS2 GRDHMIROEDORTE
assembled into a symmetric trimeric construct (TMSAS52) using a
"trebler" scaffold, enabling precise spatial matching with the
trimeric architecture of the SARS-CoV-2 S protein and achieving a
"three-to-three" symmetric recognition mode. Experimental results
demonstrated that TMSAS2 binds S protein—expressing
pseudoviruses with femtomolar-level affinity. The Ky values of
TMSAS2 for the S proteins of eight SARS-CoV-2 variants ranged
from 8.8 to 23.7 pM, representing an approximately two-order-of-
magnitude enhancement in affinity relative to the monomeric
aptamer. When detecting viruses in saliva, the trimeric aptamer
exhibited an LOD of 6.3 x 10° - 1.0 x 10* copies mL™". In clinical
evaluation using 110 saliva samples (50 positive and 60 negative),
the sensor achieved a sensitivity of 84.0% and a specificity of 98.3%,
and effectively recognized multiple variants, including wild-type,
Alpha, Delta, and Omicron strains.

Beyond dimeric and trimeric assemblies, aptamers can also be
integrated with nanomaterials to construct higher-order multimeric
systems with enhanced functionality. For example, Yang’s group!%¢
developed a multivalent aptamer-gold nanoparticle strategy termed
spherical neutralizing aptamer-gold nanoparticles (SNAP), which
blocks the interaction between the SARS-CoV-2 S protein receptor
binding domain (RBD) and host angiotensin-converting enzyme 2
(ACE2) (Fig. 6C). In this approach, multiple neutralizing DNA
aptamers with different sequences were densely assembled on the
surface of 5 nm gold nanoparticles, forming a nanocomposite that
enables synergistic multivalent and multisite blockade. The
nanoparticle size closely matches the spacing between RBD domains
on the S protein, ensuring simultaneous and efficient binding to
multiple RBD sites. SNAP exhibited an ultrahigh affinity toward
RBD (K3 = 3.90 pM). Compared with free aptamers, nanoparticle
assembly effectively mitigated nuclease-mediated degradation and
enhanced recognition stability in complex environments.

Multimeric aptamer strategies have also been extended beyond
viruses. For instance, Xu’s group'’ developed a dual-functional
aptamer targeting S. typhimurium and binding to cinnamaldehyde
(CA) through sequence truncation. Specifically, an aptamer
recognizing S. typhimurium flagellin was truncated to retain core
binding sequences (e.g., the critical 5-CA base pair), yielding a
high-affinity bivalent aptamer T23-2 (K4 = 52.42 nM). Meanwhile,
a CA-specific aptamer was truncated to enhance binding affinity,
resulting in CA24 (K4 = 1.800 uM). These two functional aptamers
(T23-2 and CA24) were further conjugated to generate a dual-
functional tandem aptamer CAB-3T. This dual-functional
integration strategy significantly improved target binding and drug
loading capacity: CAB-3T exhibited a K4 of ~48.66 nM for S.
typhimurium and a Ky of 0.4348 uM for CA, enabling precise
targeting of the pathogen and stable loading of the antibacterial agent
simultaneously.

Sens. Diagn. | 9
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Fig. 6 (A) The secondary structures of aptamers MSAIT and
MSAST, and constructed dimeric aptamers DSAIN1, DSAINS5 and
DSASNS for detecting S protein of SARS-CoV-2. Reprinted with
permission from Ref. 154. Copyright 2021 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (B) Recognition of symmetric
homotrimeric aptamer TMSA52 binding with symmetric
homotrimeric spike (S) protein of SARS-CoV-2. Reprinted with
permission from Ref. 155. Copyright 2022 American Chemical
Society. (C) Mechanism of spherical neutralizing aptamer (SNAP)
inhibits virual infection and suppresses mutational escape. Reprinted
with permission from Ref. 156. Copyright 2021 American Chemical
Society.

In summary, dimeric and multimeric aptamer strategies
markedly enhance affinity, and cooperative recognition toward
pathogens. Aptamer engineering not only provides powerful
molecular tools for highly sensitive and specific detection of low-
abundance pathogens but also accelerates the translation of nucleic
acid recognition elements from fundamental research to practical
applications. These studies highlight the design flexibility and

Sensors & Diagnostics

engineering advantages of aptamers in addressing complex detection
challenges, offering high-performance rdeOgritiomso¢lerhents0 Lor
next-generation biosensors.

3.2.4. Aptamers for detecting intact pathogens. SELEX
technology can directly target intact pathogens, such as viruses,
bacteria, and fungi, without requiring prior isolation or purification
of individual biomarkers. The advantage of this strategy lies in
preserving the native conformation and surface molecular
characteristics of pathogens, allowing diverse biomolecules on the
pathogen surface to interact with aptamers.** The selection
conditions for intact pathogens closely mimic molecular interactions
under physiological environments; consequently, the resulting
aptamers exhibit stronger translational potential in real-sample
detection and better align with practical diagnostic needs.*
Representative aptamers targeting intact pathogens are summarized
in Table 2.

For bacterial targets, Cell-SELEX is currently the mainstream
selection strategy. Compared with other SELEX derivatives, it offers
simple operation and eliminates the need for immobilization of
either bacterial targets or nucleic acid libraries, as centrifugation
alone enables efficient separation of "active sequence-bacteria
complexes" from unbound sequences. To date, aptamers and
corresponding biosensors have been successfully developed for S.
aureus,'?® 130 E. coli,3! S. typhimurium,'>? Haemophilus influenzae
(H. influenzae) type b,133 Streptococcus pneumoniae (S.
pneumoniae)'3*, Vibrio vulnificus (V. vulnificus),'® Aeromonas
salmonicida (A. salmonicida),"*® and Bifidobacterium bifidum (B.
bifidum).'37

In contrast to bacteria, viruses operate at the nanoscale and are
far smaller than micrometer-scale bacteria and cells, making direct
centrifugation-based  separation of "active sequence-virus
complexes" from unbound sequences challenging. Consequently,
auxiliary carriers or separation strategies are required. For example,
in selecting aptamers against human noroviruses (HuNoV),
magnetic bead-based SELEX (MB-SELEX) is employed, with
viruses immobilized on magnetic beads to enable rapid separation. 2
For murine norovirus (MNV), filter membrane-based SELEX (FM-
SELEX) is used, leveraging molecular weight cutoff properties to
retain complexes while allowing free sequences to pass through.!?!
For avian influenza viruses (AIV HS5Nx), graphene oxide-based
SELEX (GO-SELEX) is applied, as graphene oxide selectively
adsorbs free nucleic acids, thereby facilitating enrichment of active
sequences.'? To date, aptamer-based biosensors have been
successfully developed for Muscovy duck parvovirus (MDPV),122
Human adenovirus (HAdV),'?* SARS-CoV-2,'?* and Infectious
bronchitis virus (IBV)!?* (Table 1).

Table 2 Representative aptamers and aptamer-based biosensors for detecting intact pathogens.

Type Pathogen Aptamer Kq Sensor types I:is;laey LOD Test sample Ref
S. aureus RAB35 3nM Optics 2h 10?2 CFU mL"! Milk 129

Bacteria ;
S. aureus SAS1 14470 Dlectrochemis ) 414 CFU mL"! Tap water 130
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4. Aptamer and DNAzyme based biosensors for
infectious pathogen diagnosis

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

A biosensor is an analytical tool that integrates a biorecognition
element (e.g., enzymes, antibodies, DNAzymes, aptamers) with a
signal transducer. It converts specific biomolecular interactions (such
as catalysis and binding) into quantifiable chemical or physical
signals. Owing to its advantages of high specificity, high sensitivity,
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and rapid response, it is widely applied in fields including disease
diagnosis, food safety, and environmental monitoring. This section
introduces the applications of aptamers and DNAzymes in clinical
categorized by 158-167
electrochemical'43 18-172 gjonals.

pathogen  detection, optical™ and

4.1. Optical biosensors

4.1.1. Colorimetric Sensing. A key advantage of colorimetric
biosensors is the ability to directly observe colour changes by the
naked eye, without reliance on complex or sophisticated
instrumentation, thereby lowering the operational barrier for
detection. For norovirus (NoV), a global pathogen responsible for
viral gastroenteritis, Bansal’s group'® developed a nanozyme—
aptamer colorimetric sensor by integrating the NoV-specific AG3
aptamer with the peroxidase-mimicking activity of gold nanoparticles
(GNPs). When the aptamer adsorbs onto the GNP surface, it
suppresses the catalytic activity of the nanoparticles. In the presence
of murine norovirus (MNV), the aptamer binds specifically to the
virus and detaches from the GNPs, restoring their catalytic capability.
This process enables oxidation of the colorless TMB substrate into a
blue product (Fig. 7A). The sensor provides rapid detection within 10
min and exhibits ultrahigh sensitivity, with a calculated LOD of 30
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shellfish homogenates, as well as under non-target microbial
interference, with recovery rates ranging from 96.7% - 101.8%.
Similarly, Yang’s group'>® leveraged the synergistic effects of
DNA aptamer—mediated specific recognition and the peroxidase-
mimetic activity of nanozymes to construct a multifunctional
colorimetric platform based on Apt-CuSi@Fe, a hierarchical
magnetic Fe3O, nanozyme conjugate functionalized with copper
This
platform enables selective capture, visual detection, and targeted
killing of E. faecalis, and has been validated using oral-related
samples, including in vitro bacterial suspensions and simulated root
canal specimens. Notably, E. faecalis is the primary pathogen
associated with secondary periapical periodontitis and can cause

silicate and Enterococcus faecalis (E. faecalis) aptamers.

severe dental damage, such as root canal reinfection, abscess
formation, and tooth loss, due to its strong biofilm-forming ability and
antibiotic resistance. With a limit of detection of 2174 CFU mL™,
bactericidal efficiency exceeding 98% at 50 pg mL™', a 66.94%
biofilm inhibition rate, and good biocompatibility, this all-in-one

system provides a practical tool for the precision management of E.

faecalis-associated oral infectious diseases.
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Fig. 7 (A) Schematic illustration of the aptamer-based nanozyme biosensor for norovirus detection. Reprinted with permission from Ref. 158.
Copyright 2019 American Chemical Society. (B) Design of a DNAzyme-based lateral flow device (LFD) for detection of Staphylococcus
aureus. Reprinted with permission from Ref. 74. Copyright 2022 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

In another study, Li’s group obtained a highly specific aptamer
(RFD-SAG6) targeting Staphylococcus aureus through in vitro
selection.” Subsequent truncation and optimization yielded RFD-
SA6T1, a 67-nucleotide variant that retains target-dependent catalytic
activity in nasal mucus and exhibits no cross-reactivity with other
bacteria. This aptamer was further integrated into a lateral flow device
(LFD) (Fig. 7B). Using the DNAzyme-cleaved product as a bridging
strand, the device mediates binding of DNA-modified GNPs to the
test line, thereby generating a colorimetric signal (Fig. 7C). The LFD
requires minimal sample pretreatment, enables detection of S. aureus
in nasal mucus within 30 min, and achieves an LOD of 10° cells mL ™.
In addition, it can be stored for up to 6 months under dry, room-
temperature conditions, outperforming commercial kits in stability
and usability. This work provides a paradigm for detecting pathogenic
bacteria in complex biological matrices.

12 | Sens. Diagn.

4.1.2. Fluorescent Sensing. Fluorescent biosensors couple
biorecognition elements with fluorescent reporter moieties (e.g.,
fluorophores, fluorescent dyes, fluorescent proteins, quantum dots).
When the biorecognition element interacts specifically with the target,
it triggers changes in parameters of the fluorescent reporter-such as
fluorescence intensity, wavelength, lifetime, or polarization. Target
analysis is accomplished by detecting these signal changes.

Chen’s group designed a multivalent aptamer probe (Multi-
VAP) for diagnosis of pathogen Salmonella infections.'®® Four
aptamers were assembled via streptavidin, and dual Forster resonance
energy transfer (FRET) effects, both intra- and inter-strand, were
employed to suppress background fluorescence. In the presence of
Salmonella, specific binding between the bacterium and the aptamers
induces a conformational change in Multi-VAP, which subsequently
initiates trigger-induced isothermal circular amplification (TICA).
After a four-stage signal amplification process, "conformational

©2025The Author(s). Published by the Royal Society of Chemistry
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change—induced fluorescence release, primer extension to increase
fluorophore  separation, cyclic aptamer recognition, and
endonuclease-mediated cleavage for complete decoupling,” detection

Critical review

Spike recovery rates in human serum samples ranged from, 93,4%, to
98.2%, and no cross-reactivity was observed Wdthinoid-target bacterid,
demonstrating a favourable balance between rapid detection and anti-

is achieved within 30 min, with an LOD of 9 CFU mL™" (Fig. 8A). interference capability in complex biological matrices.
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Fig. 8 (A) Schematic illustration of Salmonella detection using the multivalent aptamer probe (Multi-VAP) with trigger-induced isothermal
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permission from Ref. 161. Copyright 2018 Elsevier B.V. (C) DNAzyme-based cyclic olefin polymer (COP) film biosensor for Escherichia
coli detection. Reprinted with permission from Ref. 162. Copyright 2018 American Chemical Society. (D) Aptamer-mediated droplet
microfluidic—stochastic DNA walker (SDwalker-Drop) platform for multiplex bacterial detection. Reprinted with permission from Ref. 164.

Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

To meet the demands for on-site detection of S. aureus, Lee’s
group'® developed a smartphone-based fluorescent magnetic
nanoparticle (FMNP) system. Aptamers were conjugated to FMNPs
to construct integrated "recognition-labeling-enrichment" probes.
Using the magnetic capture function of a dedicated detection
cartridge, target enrichment was completed within 10 min. A
fluorescence imaging module was built around a smartphone,
employing a white LED as the excitation source and utilizing filters
to isolate specific fluorescent signals; quantitative analysis was
performed by counting fluorescent spots (Fig. 8B). The system
achieved an LOD of 10 CFU mL!, demonstrated good consistency in
the detection of S. aureus from different sources (a fluorescence
intensity variation of less than 10%), and fulfilled the requirements
for portability and rapid response in point-of-care testing.

For E. coli, a common clinical pathogen, detection strategies
need to be adapted to the non-invasive testing requirements in clinical
practice. Didar’s group!®? covalently immobilized an E. coli-specific
RFD-EC1 on a cyclic olefin polymer (COP) film. Fluorescent signal
generation occurred via RNA cleavage, producing a transparent,
flexible sensor that is well-suited for on-site clinical detection
applications (Fig. 8C). This system enabled real-time monitoring of
E. coli in clinical samples without complex sample pretreatment
procedures. The sensor remained stable for over 14 days at pH 3-9,

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

with an LOD of 10* CFU mL'!, addressing a critical need for real-time
detection in clinical testing workflows.

In a further optimization of this platform to mitigate component
interference from complex clinical biological samples (e.g., non-
specific adsorption and fluorescent signal disturbances), Didar’s
group'®® embedded the E. coli-specific RFD-EC1 into a lubricant-
infused surface (LIS) to fabricate an LISzyme sensor. By combining
the RNA-cleavage-based fluorescent signaling of RFDs with the anti-
biofouling properties of LIS, the latter can reduce component
interference from complex clinical biological samples such as proteins
and riboflavin. This optimized sensor can complete the E. coli
detection within 1 h with an LOD of 250 CFU mL"! and exhibits
applicability to various clinical samples.

Given that different fluorophores exhibit distinct absorption and
emission properties, multiplex fluorescent biosensors for pathogens
can be constructed. Pei’s group!®* developed a droplet microfluidic-
stochastic DNA walker (SDwalker-Drop) platform. GNPs modified
with thiol groups served as 3D tracks, loaded with three fluorescently
labeled probe strands (AMCA-, FAM-, and TR-labeled). In the
presence of targets, aptamer-target binding releases walker strands.
Catalyzed by Exo III, the walker strands move autonomously along
the tracks and gradually cleave the probe strands, releasing
fluorophores from the quenching effect of gold nanoparticles to
generate fluorescent signals. Simultaneously, the system encapsulates

Sens. Diagn. | 13
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multicolor SDwalkers in water-in-oil-in-water (W/O/W) double
emulsion droplets (Fig. 8D). Two-dimensional barcodes (based on
color and intensity) were constructed by adjusting the type and
intensity of fluorophores, achieving a theoretical coding capacity of
8 — 1 = 511 and practical recognition of 20 pathogenic bacterial
combinations. The platform had an LOD of 1 CFU mL-!, stable signal
readout after 4 h of incubation, and compatibility with clinical
samples (e.g., human serum, urine). When coupled with flow
cytometry, the detection throughput reached several kilohertz,
effectively overcoming the bottlenecks of multiplexing and high
throughput in traditional fluorescent detection.

4.1.3. Surface-Enhanced Raman Spectroscopy (SERS)
Sensing. SERS leverages the electromagnetic and chemical
enhancement effects of metal nanostructures to convert molecular
vibration signals into light signals of specific wavelengths via Raman
scattering. Combining high sensitivity and specificity, it serves as a
critical technique for trace substance detection-an advantage
particularly prominent in viral detection scenarios. Recently, Choo’s
group'® developed a "signal-on/off" detection mechanism using Au
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nanopopcorn structures as SERS substrates (these structures form
high-density "hotspots" to amplify signals) @ad ptaaeiscaittd bigh
affinity for the SARS-CoV-2 S protein. Prior to detection, Cy3
(labeled at the aptamer terminus) generates a strong signal due to its
proximity to the substrate. In the presence of the SARS-CoV-2 target,
aptamers preferentially bind to the S protein in viral lysates and detach
from the substrate along with the target, causing a reduction in Cy3
signal (Fig. 9A). Quantitative viral detection is achieved by
monitoring this signal change. To improve detection reproducibility,
4-mercaptobenzoic acid (4-MBA) was used as an internal standard,
reducing the relative standard deviation (RSD) of detection results to
2.3%. This method exhibited a LOD of 0.53 PFU mL-!, with an LOD
of 3.67 PFU mL" in clinically simulated samples containing
nasopharyngeal swabs from negative patients. Detection was
completed within 15 min, and its sensitivity was two orders of
magnitude higher than that of commercial immunoassay kits. No
cross-reactivity with observed, fully
demonstrating the application value of SERS in rapid and accurate
viral detection.
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Klebsiella pneumoniae detection. Reprinted with permission from Ref. 166. Copyright 2023 American Chemical Society. (C) Schematic
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illustration of the aptamer-based gold nanoparticle biosensor for Helicobacter pylori detection. Reprinted with permission from,Ref. 167

Copyright 2023 Elsevier B.V.

4.1.4. Surface Plasmon Resonance (SPR) Sensing. SPR
exploits the plasmon resonance phenomenon of free electrons on
metal film surfaces excited by specific incident light, converting
changes in the refractive index of the metal surface (caused by
molecular adsorption/binding) into optical signals such as resonance
angle and light intensity. It enables real-time monitoring of
intermolecular interactions without the need for labeling. In recent
years, aptamer-based SPR biosensors have shown significant
advantages in the rapid detection of pathogens. For example, two
studies constructed highly specific and sensitive detection systems for
Klebsiella pneumoniae (K. pneumoniae)'®® (causing urinary tract
infections) and Helicobacter pylori (H. pylori)'®’
gastrointestinal infections), respectively.

(causing

For K. pneumoniae detection, Pattader’s group'®® used AuNPs as
localized SPR (LSPR) signal carriers. Aptamers specific to K.
pneumoniae were modified on the AuNP surface via thiol (-SH)
mediation to form Apt-AuNP complexes. Prior to detection, Apt-
AuNPs formed chain-like structures driven by aptamer interactions,
causing a slight red shift of the UV-Vis absorption peak from ~525
nm (pure AuNPs) to ~528 nm. In the presence of K. pneumoniae,
aptamers bound to bacterial surface receptors via specific three-
dimensional conformations, guiding the aggregation of Apt-AuNPs
on the bacterial surface and triggering a hyperchromic effect in the
LSPR signal (absorbance at 528 nm increased with bacterial
concentration) (Fig. 9B). This sensor achieved an LOD of 3.4 x 10°
CFU mL"! and completed detection within 5 min, with no response to
non-target bacteria (e.g., E. coli, S. aureus). Additionally, a low-cost
POC prototype built based on LED-LDR (single-test cost ~$0.10)
could be directly applied to clinical urine sample detection.

For H. pylori detection, Luo’s group'¢” used a J-type optical fiber
probe as the substrate. Truncated and optimized H. pylori-specitic
aptamers, along with spacer nucleic acids (to regulate aptamer
density), were modified on AuNPs on the fiber surface. Binding of the
target bacterium to the aptamer altered the refractive index around the
probe, inducing changes in the LSPR signal (Fig. 9C). This system
achieved an LOD of 45 CFU mL-!, completed detection of real water
samples within 30 min, and exhibited spike recovery rates of 91.0%—
110.0%. Both systems rely on AuNP-mediated LSPR signal changes
to enable rapid and accurate clinical detection of pathogens.

4.2. Electrochemical Biosensor

4.2.1. Voltametric Sensing. Voltametric biosensors apply a
specific potential to an electrode modified with a biorecognition
element, converting biomolecular interactions into redox current
signals. Characterized by high sensitivity and strong anti-interference
capability, they are commonly used for detecting pathogen
biomarkers. Li’s group!®® developed an electrochemical biosensor
based on e-RCDs for rapid, culture-free detection of E. coli. This

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

1ew Artl
DOI: 10.1039/D6SD00023A

sensor integrates three core components: e-RCDs, dual-channel
(e-DChips), and  three-dimensional

(e-NanoChannels). After ¢-RCDs
specifically recognize target bacteria, they undergo self-cleavage and
release DNA barcodes labeled with methylene blue (an electroactive
marker). The release channel of e-DChips immobilizes e-RCDs

electrochemical  chips

nanostructured  electrodes

(resulting in decreased current after cleavage), while the capture
channel binds to the barcodes via complementary single-stranded
DNA probes (leading to increased current after binding) (Fig. 10A).
e-NanoChannels enhance detection sensitivity, and bacterial
quantification is ultimately achieved by measuring current changes
using square wave voltammetry (SWYV). This technology exhibits a
LOD of 10* CFU mL'! for E. coli and completes detection in less than
1 h. Clinical testing of 41 urine samples showed 100% sensitivity and
78% specificity. It can be integrated with miniaturized modules to
detect undiluted urine, making it suitable for POC testing in scenarios
such as urinary tract infections.

For HPV detection, diagnosis of infection can be achieved by
detecting HPV capsid proteins. Szunerits’ group'®® developed an
electrochemical aptasensor based on a glassy carbon electrode
modified with porous reduced graphene oxide/molybdenum disulfide
(prGO/MoS;). The prGO/MoS, composite constructs an electrode
interface with high specific surface area and high conductivity. RNA
aptamers (Sc5-c3) targeting the HPV-16 L1 protein are covalently
immobilized on the electrode surface via EDC/NHS-activated
carboxyl-amine reactions. Using [Fe(CN)g]*" as a redox probe, the
conformational change induced by the binding of L1 protein to the
aptamer reduces electron transfer efficiency, resulting in a decrease in
peak current density measured by differential pulse voltammetry
(DPV) (Fig. 10B). This sensor achieves an LOD of 0.1 ng/mL (1.75
pM) and enables accurate detection of the HPV-16 L1 protein in
human serum and saliva samples, providing a novel strategy for the
sensitive detection of HPV infections.

Porcine Epidemic Diarrthea Virus (PEDV) causes a highly
contagious intestinal disease in pigs, resulting in substantial economic
losses to the livestock and aquaculture industry. Recently, Li’s
group'® developed an aptamer sensor based on DNA barcodes for
PEDV detection. The principle is as follows: on a dual-electrode
electrochemical chip (DEE-Chip), electroactive aptamers bind to the
N protein of PEDV and subsequently release DNA barcodes. Driven
by an electric field, these barcodes migrate to the detection electrode,
and detection is achieved by measuring changes in redox signals on
the electrode using SWV (Fig. 10C). The LOD of this sensor reaches
6 nM (0.37 pg mL") in saliva samples. During clinical evaluation,
testing of 12 pig saliva samples showed a diagnostic sensitivity of
83%, specificity of 100%, and agreement of 92%, with an analysis
time of only 1 h. This sensor requires no target amplification or
labeling, providing an efficient tool for on-site POCT of PEDV in
livestock farms.
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4.2.2. Potentiometric Sensing. Potentiometric biosensors detect
changes in interfacial charge distribution induced by the binding of a
biorecognition element to a target analyte, converting biomolecular
interactions into quantifiable potentiometric signals. They require no
complex signal amplification, offer rapid responses, and are suitable
for detecting pathogens-aligning with the needs of POC testing
scenarios. Recently, Bandaru’s group!” developed an aptamer-
conjugated graphene field-effect transistor (GFET) biosensor capable
of detecting two types of unprocessed targets in saliva: intact SARS-
CoV-2 viral particles (including the original strain and variants such
as N501Y, D614G, and Omicron B1.1.529); and S protein, N protein,
and S protein RBD. The principle involves covalently immobilizing
aptamers targeting the S and N proteins on the GFET surface via 1-
pyrenebutyric acid N-hydroxysuccinimide ester (PBASE). Binding of
the target to the aptamers modulates the interfacial electric field,

16 | Sens. Diagn.

causing a change in the GFET's Dirac voltage (AV_D), which enables
quantification (Fig. 11A). In terms of detection performance, for viral
particles, the LOD was 1.28 PFU mL! for the S protein target and
1.45 PFU mL"! for the N protein target, with detection completed
within 20 min. The sensor exhibited a response of >40 mV to
S/N/RBD proteins at concentrations ranging from fM to nM and could
specifically distinguish between MERS-CoV and SARS-CoV-2.
During the prevalence of the original SARS-CoV-2 strain, testing of
20 oral swab samples showed 100% positive percent agreement (PPA)
and 100% negative percent agreement (NPA) with RT-PCR. During
the Delta/Omicron prevalence period, testing of 26 saliva samples
yielded a PPA of 66% and an NPA of 90%. The predicted positive
rate was consistent with population epidemiological data, making the
sensor suitable for POC testing and epidemiological surveillance.

©2025The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) Schematic illustration of the aptamer-based Graphene Field-Effect Transistor (GFET) biosensor for SARS-CoV-2 detection.
Reprinted with permission from Ref. 170. Copyright 2022 National Academy of Sciences. (B) Schematic illustration of the aptamer-based
MXene biosensor for Zika virus detection. Reprinted with permission from Ref. 171. Copyright 2022 Springer Nature. (C) Schematic
illustration of the aptamer-based AuNC/GCE biosensor for Escherichia coli detection. Reprinted with permission from Ref. 172. Copyright

2023 Elsevier B.V.

4.2.3. Capacitive Sensing. Capacitive biosensors use changes in
the double-layer capacitance at the electrode interface as the core
detection signal. They enable quantitative analysis of targets by
altering the interfacial charge distribution or structure following the
binding of a biorecognition element to the target analyte. Their key
advantages include fast response speed, label-free detection, and low
detection limits, making them suitable for rapid and accurate
biomolecular detection.

Zika virus can be transmitted vertically from mother to fetus,
causing microcephaly in fetuses. It can also spread through blood
transfusion and sexual contact, and co-infection with dengue virus
triggers acute tissue damage-posing a severe threat to public health.
Recently, Lee’s group'’! developed an aptamer-based capacitive
biosensor for detecting ZIK'V in human serum. The detection principle
is as follows: using gold microgap electrodes (AuMGEs)/printed
circuit boards (PCBs) as the substrate, Ti3C;Tx MXene (to enhance
conductivity and reaction area) and aptamers targeting the ZIKV
envelope protein are sequentially immobilized on the AuMGE
surface, forming an aptamer/MXene heterolayer. When the Zika virus

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

envelope protein in the sample specifically binds to the aptamers, it
alters the dielectric properties of the electrode interface, leading to
changes in capacitance signals. Quantification is achieved by
detecting these capacitance changes at a frequency of 1 MHz using an
Inductance—Capacitance—Resistance (LCR) meter (Fig. 11B). This
sensor exhibits a low LOD of 38.14 pM in 10% human serum samples
and completes detection within 10 seconds. It shows no significant
cross-reactivity with hemoglobin, bovine serum albumin, or dengue
virus envelope protein, with a blind test error rate of <5.243%. It
enables efficient and specific detection of ZIKV in human serum.

4.2.4. Impedimetric Sensing. Impedimetric biosensors use
changes in electrochemical impedance at the electrode interface as the
core detection signal. They enable quantitative analysis of targets by
altering the interfacial charge transfer or diffusion resistance
following the binding of a biorecognition element to the target
analyte. Their key advantages include label-free detection, simple
operation, and broad target applicability, making them suitable for
rapid detection of various biomarkers.

Sens. Diagn. | 17
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Uropathogenic E. coli (UPEC) is the primary pathogen causing
hospital-acquired urinary tract infections (UTIs). It easily forms
biofilms, which complicate treatment and pose a severe threat to
public health. Recently, Ryl’s group!”> developed an impedimetric
biosensor based on Multivariate Impedance Discriminant Analysis
(MIDA) for rapid detection of UPEC in human urine. The detection
principle is as follows: using a planar glassy carbon electrode (GCE)
as the substrate, aptamer-functionalized gold nanocubes (AuNCs)
with self-assembled properties are drop-cast to form a sensing
interface, where the aptamers target the RNA polymerase of E. coli.
By real-time monitoring of multi-frequency impedance signals and
combining Singular Value Decomposition (SVD) with Partial Least
Squares-Discriminant Analysis (PLS-DA), "fingerprint signals" of
macromolecular interactions can be extracted from raw impedance
data without the need for an electrical equivalent circuit. When E. coli
binds to the aptamers, the electrode interface impedance undergoes
specific changes, which enables quantification (Fig. 11C). This sensor
exhibits a low LOD of 11.3 CFU mL"! for the UPEC-57 strain. At a
negative overpotential of -0.35 to -0.10 V (vs. Ag/AgCl), its
sensitivity and accuracy exceed 80%, with detection completed within
2 min. In clinical sample testing, it achieves specific recognition of
UPEC in real human urine without the need for anti-contamination
strategies, with a blind test error rate of <5.243%. This provides an
efficient tool for the rapid diagnosis of urinary tract infections.

Different biosensor readouts exhibit strengths and limitations in
sensitivity, portability, and clinical applicability, guiding the design
of pathogen detection platforms. Colorimetric sensing is simple, label-
free, and suitable for resource-limited POC settings but less sensitive.
Fluorescent detection offers higher sensitivity and multiplexing
potential, though it usually requires additional modifications. SERS
and SPR provide real-time, label-free analysis with high sensitivity,
but specialized and precise control.
Electrochemical biosensors excel in sensitivity, miniaturization, and
POC compeatibility. Their performance depends on electrode quality
and can be affected by electroactive and precise
quantification still requires instrumentation.

In summary, optical readouts are preferable for visual detection,

require equipment

species,

multiplexing, or real-time monitoring, whereas electrochemical
readouts are better for high-sensitivity, miniaturized POC
applications. Selection of biosensor readouts should be guided by the
clinical context and performance requirements.

5. Current challenges and perspectives

FNAs
recognition, programmable designability and facile conjugation with
signal modules. These properties have enabled the rapid development
of aptamer- and DNAzyme-based biosensors for detecting a wide
range of pathogens. Importantly, FNA-based biosensors have been
applied to clinical samples, such as serum, saliva, and urine,

offer advantages including high-specificity target

demonstrating their significant diagnostic potential.

Despite these advantages, FNAs still face challenges that limit
their broader application. First, the development of functional nucleic
acids (FNAs) relies heavily on the labor-intensive and time-
consuming SELEX technique, which is inefficient, costly, associated
with low success rates, and highly dependent on experimental
experience. Second, low-abundance pathogen targets in clinical
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samples are difficult to detect, and high background signals can
compromise detection accuracy. Third, donvdntiénalDENASOZTE
typically composed of only the four canonical nucleotides (A, T, C,
G), which restricts their chemical functionality. Fourth, although
FNAs are stable under optimized buffer conditions, nucleic acids are
inherently susceptible to enzymatic degradation due to the widespread
presence of nucleases in biological environments. In clinical samples,
such as undiluted serum and saliva, FNAs can be inactivated through
nuclease degradation and protein-mediated desorption, posing a
barrier to effective clinical use.

To address these limitations and improve the performance of
FNA-based biosensors, several strategies can be adopted. Artificial
intelligence (Al)-assisted rational design has emerged as a powerful
complement to traditional SELEX. By analyzing sequence—structure—
activity relationships, predicting binding affinity, and modeling
structural stability, Al and machine learning significantly shorten
screening cycles and reduce labor-intensive experimentation.
Platforms such as RhoDesign!”? and UltraSelex!7* have successfully
applied structure-to-sequence learning and computational ranking to
design high-affinity aptamers. Innovations in screening methods, like
the hydrogel-based HAS, further enhance enrichment efficiency and
reduce nonspecific binding.!” Despite these advances, Al predictions
still require experimental verification, and most new screening
methods target easily accessible molecules; applicability to complex
targets remains to be explored. Overall, integrating Al with optimized
experimental workflows offers a promising route to accelerate
functional nucleic acid development for diagnostics and therapeutics.

The second strategy is careful design of selection libraries, which
is aimed at obtaining high-affinity FNAs to address the challenge of
low target abundance in clinical samples. By optimizing library
conformations rather than relying solely on sequence randomness, the
abundance of functional sequences can be increased, enhancing the
likelihood of isolating high-affinity, high-specificity FNAs for
pathogen targets and reducing the number of SELEX rounds required.
For example, pre-structured libraries embed random target-binding
regions within stable hairpin stems, pre-enriching aptamer-like
molecules,’” minimizing interference from constant regions, and
simplifying secondary structure analysis and sequence optimization.
For DNAzymes, new selection strategies are critical for identifying
highly active DNAzymes. High-activity DNAzymes can be obtained
by combining activity-driven selection pressures, rational library
design, and kinetic screening. For example, instead of starting from a
fully random library, embedding a known catalytic core into the initial
library can efficiently and rapidly generate new and highly active
DNAzymes.

The third strategy is chemical modification, which is used to
address both the limited chemical functionality and the susceptibility
to enzymatic degradation of FNAs. Modifications can be introduced
either during selection of FNAs using chemically modified libraries
or after selection. Traditional modifying targets of DNA include the
phosphate backbone, sugar, or bases, but their synthesis, cost, and
potential impact on PCR amplification during selection need to be
assessed. In addition to improving stability against nuclease
degradation, chemical modifications can also enhance FNA binding
affinity or catalytic activity and expand their chemical functionality.
For example, a recent chemoenzymatic method enables site-specific
incorporation of functional groups into DNA,!7¢ markedly improving
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DNAzyme catalysis. A single carboxyl modification increased
catalytic activity 100-fold, while dual carboxyl and benzyl
modifications boosted activity nearly 700-fold, showing their
potential for practical diagnostic applications.

In summary, overcoming the challenges of aptamer- and
DNAzyme-based biosensors for pathogen detection requires targeted
strategies to address limitations in development efficiency, target
specificity, chemical functionality, and stability. Complementary
approaches, including Al-assisted design, advances in screening
methods, optimized library design, and chemical modification, help
resolve the key bottlenecks that restrict the broader application of
traditional FNAs.
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