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Abstract

Respiratory pathogens infecting the human respiratory system are characterized by their diversity, high infectivity,
rapid transmission, and acute onset. Traditional detection methods are time-consuming, have low sensitivity,

and lack specificity, failing to meet the needs of rapid clinical diagnosis. Nucleic acid aptamers, as an emerging

and innovative detection technology, offer novel solutions with high specificity, affinity, and broad target
applicability, making them particularly promising for respiratory pathogen detection. This review highlights the
progress in the research and application of nucleic acid aptamers for detecting respiratory pathogens, discussing
their selection, application, potential in clinical diagnosis, and future development. Notably, these aptamers can
significantly enhance the sensitivity and specificity of detection when combined with detection techniques such as
fluorescence, colorimetry and electrochemistry. This review offers new insights into how aptamers can address the
limitations of traditional diagnostic methods and advance clinical diagnostics. It also highlights key challenges and

future research directions for the clinical application of nucleic acid aptamers.
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Introduction

Respiratory infections are a major global public health
concern, particularly affecting vulnerable groups such as
children, the elderly, and immunocompromised individu-
als. In 2019, lower respiratory infections (LRIs) caused
approximately 2.5 million deaths globally, with a particu-
larly severe impact on children under 5 and older adults
[1]. Since the outbreak of COVID-19 in 2019, the threat
posed by respiratory pathogens to human health has fur-
ther intensified, highlighting the importance of rapid and
accurate detection of these pathogens [2]. Respiratory
pathogens include various viruses, bacteria, and fungi,
such as influenza virus, novel coronavirus (SARS-CoV-2),
Streptococcus pneumoniae, and Mycobacterium tubercu-
losis [3, 4]. These pathogens are highly contagious and
diverse, complicating efforts in disease prevention and
control [5].
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Traditional pathogen detection methods include bac-
terial culture, immunoassays, and molecular biology
techniques [6]. Bacterial culture, considered the gold
standard, is time-consuming (typically requiring 48 h
to several days), has high contamination risk [7], and
is limited by the types of culture media available [8].
Immunoassays, such as enzyme-linked immunosor-
bent assay (ELISA) and immunofluorescence detection,
offer improved sensitivity and specificity but face chal-
lenges like poor antibody stability, cross-reactivity, and
high production costs [9]. Molecular biology techniques,
such as polymerase chain reaction (PCR) and real-time
quantitative PCR (qPCR), provide high sensitivity and
specificity, becoming essential tools for pathogens detec-
tion [10, 11]. However, these techniques often require
complex experimental procedures, sophisticated instru-
ments, and high reagent costs, along with strict experi-
mental conditions and sample quality requirements
[12]. Metagenomic next-generation sequencing (mNGS)
enables the direct detection of pathogens from clinical
samples without the need for culture, offering compre-
hensive identification of microorganisms [13, 14]. How-
ever, nNGS is prone to false positives and negatives, and
its broader application is limited by the lack of standard-
ized methods, clear data interpretation guidelines, and
external quality assessment procedures [15].

In recent years, nucleic acid aptamers have emerged as
a promising new detection technology, offering unique
advantages over traditional diagnostic methods. Aptam-
ers are short DNA or RNA oligonucleotide sequences
that exhibit high specificity and affinity for target mol-
ecules, with broad selectivity and ease of synthesis and
modification in vitro [16, 17]. These attributes demon-
strate their great potential in the field of pathogen detec-
tion. Nucleic acid aptamers can be rapidly obtained
through systematic evolution of ligands by exponential
enrichment (SELEX) technology, enabling efficient bind-
ing to target molecules [18]. Furthermore, the aptam-
ers can be combined with various signal transduction
systems, such as fluorescence labeling, electrochemical
sensing, and surface plasmon resonance (SPR), further
enhancing detection sensitivity and specificity [19, 20].

Extensive research has significantly expanded the
application of nucleic acid aptamers in the detection of
respiratory pathogens. For instance, nucleic acid aptamer
detection technology for SARS-CoV-2 has played a cru-
cial role in pandemic prevention and control, provid-
ing rapid, sensitive detection and portable devices for
on-site testing, thereby greatly facilitating epidemic
monitoring and control [21, 22]. These innovations high-
light the unique advantage of aptamers in creating flex-
ible and scalable solutions that address the limitations
of traditional diagnostic methods. Furthermore, nucleic
acid aptamer technology also shows broad potential in
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detection of influenza virus, respiratory syncytial virus,
and Streptococcus pneumoniae and other pathogens,
offering new perspectives for improving both the sensi-
tivity and specificity of respiratory pathogen diagnostics
[23, 24].

In conclusion, nucleic acid aptamers have great poten-
tial in advancing respiratory pathogen diagnostics. This
mini review highlights the integration of aptamers with
multiple detection technologies, including fluorescence,
colorimetry, and electrochemistry, demonstrating their
ability to enhance detection sensitivity and specificity.
It underscores their innovative application in detecting
respiratory pathogens, especially in urgent contexts like
pandemic control. Furthermore, the review delves into
the future potential of aptamers for rapid, on-site clinical
diagnostics, illustrating their versatility and potential to
address evolving healthcare challenges.

Selection of nucleic acid aptamers

Nucleic acid aptamers are short oligonucleotide
sequences composed of single-stranded DNA or RNA,
capable of binding to various target substances with high
specificity and selectivity. In 1990, Ellington A.D. and
Szostak ]J.W. introduced the concept of “aptamer” [25]. In
the same year, Tuerk C. and Gold L. successfully selected
nucleic acid aptamers that specifically bind to bacterio-
phage T4 DNA polymerase from a random RNA library
[26]. Since then, numerous nucleic acid aptamers target-
ing various molecules have been researched.

Nucleic acid aptamers, often referred to as “chemical
antibodies” due to their specific recognition capabilities
similar to antibodies, offer significant advantages over
traditional antibodies [27]. These advantages include high
affinity and specificity, easy chemical modification, and
good stability [28], making aptamers highly promising for
extensive applications in fields such as disease diagnosis
and treatment. Furthermore, through the strict selection
and optimization process, the aptamers with higher affin-
ity and specific binding to the target molecules can be
screened, and their affinity can even reach the picomolar
level [29]. In addition, the affinity can also be improved
by designing a specific aptamer structure, such as hairpin
structure and G-quadruple structure [30, 31]. Moreover,
nucleic acid aptamers can be chemically modified (e.g.,
thiophosphate modification, lock-in nucleic acid modifi-
cation) to enhance their stability and binding ability [32,
33]. By introducing specific chemical groups (e.g., fluoro-
phores, biotin, and avidin) [32], and combining aptam-
ers with PCR technology and nanotechnology, a series of
methods can be developed to achieve rapid, efficient, and
accurate detection of target molecules [34, 35].

Nucleic acid aptamers are typically selected through
SELEX technology [36]. The key steps in this process
include constructing a nucleic acid library with numerous
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Fig. 1 Schematic diagram of SELEX technology

random sequences, binding the target molecule to the
nucleic acid library, eluting unbound sequences, ampli-
fying the bound sequences, and repeating these steps to
enrich high-affinity, high-specificity aptamers [37], as
shown in Fig. 1. In recent years, SELEX technology has
made significant progress in selecting nucleic acid aptam-
ers. Researchers have introduced new techniques, such as
cell-SELEX and SELEX combined with high-throughput
sequencing, which greatly enhance the efficiency and
accuracy of nucleic acid aptamer selection [38, 39].

- post-SELEX modifications

Aptamer-based detection technologies

Nucleic acid aptamers exhibit great potential in diag-
nostic fields due to their high specificity, sensitivity, and
multifunctionality. To fully utilize these features, specific
detection technologies are required to characterize their
interactions with target molecules. Current aptamer-
based detection technologies include various approaches,
such as fluorescence aptamer probes, electrochemical
aptamer sensors, colorimetric aptamer assays, surface
plasmon resonance (SPR) aptamer sensors, lateral flow
aptamer assays (LFAAs) [40]. Each method offers distinct
advantages and is suited to specific application scenarios.
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Fluorescence aptamer probes

Fluorescence aptamer probes detect changes in fluores-
cence intensity upon binding to target molecules [41].
The working principle primarily relies on fluorescence
resonance energy transfer (FRET) and fluorescence
quenching mechanisms [42]. These probes, labeled with
fluorescent groups, bind to target molecules and induce
conformational changes that alter the spatial orientation
of the fluorescent labels, leading to changes in fluores-
cence signals. The fluorescent molecule in an aptamer
may be activated or quenched upon target binding, pro-
ducing measurable fluorescence signals. Fluorescence
aptamer probes are known for their high sensitivity,
selectivity, rapidity, a simple detection process, and a low
price [43]. These probes have proven effective in identify-
ing cancer markers, environmental pollutants, and vari-
ous pathogens [44]. Studies have shown that optimizing
aptamer sequences and fluorescent groups can further
enhance the sensitivity and specificity of fluorescence
aptamer probes [43].

Colorimetric aptamer assays

Colorimetric aptamer assays offer straightforward and
intuitive detection methods by eliciting visible color
changes in the presence of target molecules. These assays
commonly utilize gold nanoparticles that aggregate upon
encountering targets, leading to observable color shifts
[45]. The intensity of these color changes can be quanti-
tatively assessed using a spectrophotometer. Due to their
simplicity and ease of use, these methods are particularly
well-suited for settings with limited resources. Colori-
metric aptamer assays are highly sensitive and specific,
and have been extensively employed for the detection
of toxins, bacteria, and viruses, offering swift and cost-
effective diagnostic solutions [46, 47]. Research indi-
cates that the sensitivity and specificity of colorimetric
aptamer assays can be enhanced by optimizing the size
and surface characteristics of gold nanoparticles [48].
Additionally, integrating these assays with other detec-
tion technologies, such as magnetic separation and signal
amplification, can substantially improve both the accu-
racy and reliability of the detection process [48].

Surface plasmon resonance aptamer sensors

Surface plasmon resonance (SPR) is a label-free detection
method that monitors changes in the refractive index
near the sensor surface as aptamers bind to target mol-
ecules [49]. This method is based on the principle that
light striking a metal surface excites surface plasmon
waves. When target molecules interact with aptamers on
the sensor surface, the resulting shift in refractive index
modifies the SPR resonance angle, which can be con-
tinuously monitored and recorded. SPR aptamer sensors
facilitate real-time observation of interactions without
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the need for additional labels. This technology is highly
sensitive and capable of detecting a broad spectrum of
biomolecules, and have been utilized in drug discovery,
clinical diagnostics, and environmental monitoring [50,
51]. Moreover, as the technology progresses, the perfor-
mance and application scope of SPR aptamer sensors are
continually broadening. For instance, the integration of
microfluidics with SPR aptamer sensors allows for high-
throughput screening of multiple targets [52].

Lateral flow aptamer assays

Lateral flow aptamer assays (LFAAs) use aptamers as
recognition elements, similar to traditional lateral flow
immunoassays, providing a portable and user-friendly
platform for rapid diagnostics. The test strip facili-
tates sample flow via capillary action, where aptamers
interact with target molecules to produce visible color
changes, simplifying operation and result interpretation
[53]. LEAAs are especially well-suited for resource-lim-
ited settings and field testing due to their simplicity and
rapid results. They are extensively employed for detect-
ing infectious diseases, foodborne pathogens, and
clinical markers [54]. Additionally, the development of
multifunctional LFAAs is an ongoing trend. Designing
test strips with multiple channels allows for the simul-
taneous detection of various target molecules, offering
comprehensive diagnostic insights. Integrating LFAAs
with portable devices like smartphones also supports the
digitalization and remote transmission of results, signifi-
cantly enhancing their convenience and practicality [55,
56].

Electrochemical aptamer sensors

Electrochemical aptamer sensors identify target mole-
cules by tracking alterations in electrical signals following
the binding of aptamers to their targets. These sensors
function on the principle that such bindings result in dis-
cernible changes in electrical signals. By assessing varia-
tions in current, voltage, or impedance, the presence of
the target can be quantified [57]. The precise nature
of aptamer-target interactions enables these sensors
to achieve highly accurate detections. Electrochemical
aptamer sensors are celebrated for their high sensitivity,
swift response, and potential for miniaturization, which
renders them ideal for point-of-care diagnostics. They
have been utilized to detect pathogens in food, glucose
levels in blood, and heavy metals in water [58, 59]. Fur-
thermore, these sensors can be incorporated into porta-
ble devices for on-the-spot detection [60].
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Application of aptamers in the detection of
respiratory pathogens

Application of nucleic acid aptamers in virus detection
Nucleic acid aptamers demonstrate substantial potential
in virus detection, with specific capabilities for recogniz-
ing various respiratory viruses such as influenza virus,
respiratory syncytial virus, and coronaviruses, as detailed
in Table 1. For instance, aptamers that target the HIN1
influenza virus have been successfully identified and uti-
lized for rapid on-site detection [61, 62].

Influenza virus

Influenza viruses are part of the Orthomyxoviridae fam-
ily and possess segmented single-stranded negative-sense
RNA genomes [70]. They are classified into types A, B,
C, and D based on the antigenicity of their nucleoprotein
and matrix protein, with types A and B being the main
pathogens responsible for human influenza [71]. Since
the 20th century, at least three major influenza pandem-
ics have occurred, collectively resulting in approximately
100 million deaths. Annually, the WHO reports that
around 250,000 people succumb to seasonal influenza.
Due to considerable antigenic drift and shift, the influ-
enza A virus continues to be a formidable pathogen [72],
highlighting the critical need for ongoing influenza pre-
vention and control efforts.

Researchers have identified multiple aptamers target-
ing influenza viruses, with the majority aimed at influ-
enza A. Bharadwaj et al. isolated aptamers that recognize
the influenza A HIN1 virus by targeting the mini-HA
(the stable stem region of hemagglutinin) and the com-
plete HIN1 virus. They developed an electrochemical
aptamer sensor capable of rapidly differentiating HIN1
from other influenza A subtypes, achieving a limit of
detection (LOD) of 3.7 PFU/mL [63]. Tseng et al. devel-
oped an integrated microfluidic system and constructed
a sandwich-based aptamer assay on this platform, which
detects the HIN1 virus within 30 min. This approach sig-
nificantly increases sensitivity, making it 10® times higher
than traditional serological assays [64].

Table 1 Aptamers for the detection of respiratory virus
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Respiratory syncytial virus

Respiratory syncytial virus (RSV), a prevalent respiratory
pathogen within the paramyxoviridae family, is charac-
terized as a single-stranded negative-sense RNA virus
[73]. RSV is notorious for causing respiratory infections
primarily in infants, the elderly, and immunocompro-
mised individuals, with children under five being particu-
larly vulnerable [74, 75]. Infections may lead to a variety
of respiratory symptoms, and in severe cases, can esca-
late to pneumonia, bronchitis, and recurrent wheezing,
significantly affecting children’s health. Thus, prompt and
precise detection of RSV is imperative for effective dis-
ease management and control.

Aptamers, serving as innovative biological recognition
elements, exhibit substantial promise for RSV detection.
Szakdcs et al. utilized fluorescent aptamers to specifically
label RSV attachment glycoprotein (G), enabling single-
particle tracking analysis to identify, classify, and count
individual RSV particles, successfully detecting single
RSV particles in diluted throat swab samples [76]. Per-
cze et al. developed aptamers that enhance the diagnostic
sensitivity and specificity for detecting RSV, refining the
SELEX process to streamline the aptamer selection [67].
Their research confirmed the aptamers’ stability and effi-
cacy in complex samples, underscoring their potential in
clinical diagnostics.

Coronaviruses

Coronaviruses are enveloped, single-stranded positive-
sense RNA viruses known to induce a spectrum of respi-
ratory ailments, ranging from mild to severe. The novel
coronavirus (SARS-CoV-2), a member of the beta-coro-
navirus subgroup, is responsible for severe acute respira-
tory syndrome and is highly infectious [77]. According to
data from the World Health Organization, as of August
2024, the total number of confirmed cases worldwide has
reached 770 million, resulting in 7 million cumulative
deaths, prompting significant global concern and health
emergencies [78]. Rapid and accurate detection methods
are urgently needed for large-scale screening of SARS-
CoV-2 to identify early infections and asymptomatic
carriers, thereby preventing the spread of SARS-CoV-2.

Organism Target Method Affinity (Kp) DL Ref.
HIN1 mini-HA and whole virus electrochemistry 19.2 nM 3.7 pfu/mL [63]
HIN1 whole virus fluorescence 5514+224nM 0.032 HAU [64]
HIN1 whole virus fluorescence / 138 pg/mL [65]
Influenza B NPS colorimetry 0.97+0.6 nM 0.16 pg/mL [66]
RSV glycoproteins fluorescence / / [67]
SARS-COV-2 RBD electrochemistry / 66 pg/mL [68]
SARS-COV-2 spike proteins LFAAS 2-10 nM 91.2ng/ml [69]

DL: Detection limit, HAU: hemagglutination unit, Ref: references
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Aptamers, with their unique properties, show significant
potential for applications in COVID-19 detection [68].

Ban et al. developed a DNA aptamer-coupled gra-
phene field-effect transistor (GFET) biosensor platform
for detecting SARS-CoV-2 and its variants in saliva sam-
ples, achieving rapid and accurate results within 20 min
[79]. Li et al. introduced a gold nanoparticle-based lat-
eral flow assay that uses aptamers for the visual detec-
tion of the wild-type SARS-CoV-2 spike protein (SPS)
and its variants, achieving a detection limit of 0.68 nM
[69]. Wu et al. created an automated integrated micro-
fluidic system employing novel SELEX-selected SARS-
CoV-2 aptamers for detecting inactivated SARS-CoV-2,
eight SARS-CoV-2 pseudoviruses, and clinical isolates of
SARS-CoV-2 [80]. Aptamer-based detection technologies
are providing innovative solutions for the rapid, efficient,
and convenient monitoring of SARS-CoV-2 and its vari-
ants, essential for public health and environmental safety.
These technologies hold great promise for the rapid
screening and diagnosis of SARS-CoV-2.

Application of nucleic acid aptamers in bacterial detection
In addition to viruses, nucleic acid aptamers have gar-
nered attention for bacterial detection, enabling the
identification of various pathogenic bacteria, including
Streptococcus pneumoniae, Mycobacterium tuberculosis,
Klebsiella pneumoniae and so on, as shown in Table 2.
The high specificity and sensitivity of aptamers make
them essential tools for the early diagnosis of bacterial
infections [81].

Streptococcus pneumoniae

Streptococcus pneumoniae, a gram-positive bacterium,
was first isolated from patient sputum by Pasteur and
Sternberg in 1881 [88]. It typically resides in the human
nasopharynx and can become pathogenic when the
immune system is compromised. S. pneumoniae is a
primary cause of community-acquired pneumonia and
can also cause meningitis, otitis media, and sepsis, all of
which have high morbidity and mortality rates [89]. In
2019, S. pneumoniae was responsible for over 600,000

Table 2 Aptamers for the detection of respiratory bacteria
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deaths [90]. Therefore, the rapid and early identification
of S. pneumoniae is crucial for reducing mortality.

Zhang et al. established a novel and highly sensitive
method for simultaneous detection of S. pneumoniae and
S. aureus [32]. This method utilizes nucleic acid aptamer
nanoprobes mediated by a hairpin allosteric mechanism
and an aptamer-assisted CRISPR system, achieving a
detection limit of 135 cfu/mL and a reduced detec-
tion time of 55 min [32]. Bayrac et al. selected aptamers
targeting S. pneumoniae through bacterial SELEX and
integrated these aptamers into a graphene oxide-based
fluorescent assay for live cell detection, which also inhib-
its biofilm formation [24]. These methods provide effi-
cient, rapid, and specific detection of S. pneumoniae,
thereby improving diagnostic accuracy and offering new
avenues for antimicrobial drug development.

Mycobacterium tuberculosis

Mycobacterium tuberculosis, the causative agent of tuber-
culosis, primarily infects the lungs but can also affect
other organs [91]. The global tuberculosis epidemic has
been exacerbated by factors such as HIV prevalence,
drug-resistant strains, immunosuppressive drugs, drug
abuse, and population movements. HIV-infected indi-
viduals with M. tuberculosis are at a heightened risk of
developing active tuberculosis, increasing AIDS-related
morbidity and mortality. In 2020, an estimated 1.3 mil-
lion people died from tuberculosis [92]. Thus, developing
novel biomolecules for early detection of M. tuberculosis
is critical. Aptamers, with their unique properties, have
been widely utilized to construct highly sensitive detec-
tion platforms for the early and accurate detection of M.
tuberculosis.

Azmi et al. combined the M. tuberculosis biomarker
(CFP10-ESAT6 antigen) with aptamers on a graphene/
polyaniline (GP/PANI) modified gold electrode to form
a sandwich-type portable electrochemical biosensor,
enhancing signal amplification and achieving a detection
limit of 1.5 ng/mL [84]. Das et al. introduced methylene
blue into an aptamer electrochemical biosensor, detect-
ing the HSPX antigen in cerebrospinal fluid samples
within 30 min [93]. Li et al. combined aptamers with

Organism target Method Affinity (Kp) DL Ref.
S. pneumoniae whole bacterium fluorescence 661.8+111.3nM 15 cfu/mL [21]
S. aureus whole bacterium electrochemistry 16.5+34nM 39 cfu/mL [82]
whole bacterium electrochemistry 1447 £8.18 nM 414 cfu /mL
S.aureus whole bacterium colorimetric / 8 cfu/mL [83]
M. tuberculosis CFP10-ESAT6 electrochemistry / 1.5 ng/mL [84]
P aeruginosa LPS fluorescence 46.2+95nM 88 ng/mL [85]
P aeruginosa 3-O-C;HSL electrochemistry 106.7 nM 145 ng/mL [86]
K. pneumoniae whole bacterium SPR / 34x10° cfu/mL [87]

DL: Detection limit, LPS: Lipopolysaccharide, Ref: references
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DNA click ligation technology for ultrasensitive detec-
tion of the CFP-10 antigen, with a detection limit as
low as 10 pg/mL [94]. Aptamer biosensors are portable,
easy to operate, and suitable for rapid on-site detection,
enhancing early tuberculosis control and management.

Klebsiella pneumoniae

Klebsiella pneumoniae, a common gram-negative bac-
terium, belongs to the Enterobacteriaceae family [95].
It typically resides in the upper respiratory tract and
intestines of healthy individuals and is usually non-
pathogenic. However, under certain conditions such as
immune system weakening or dysbiosis, it can cause vari-
ous infectious diseases including pneumonia, peritonitis,
meningitis, urinary tract infections, and sepsis, posing
a significant risk in hospital-acquired infections [96]. In
recent years, the increasing prevalence of carbapenem-
resistant K. pneumoniae has presented a significant chal-
lenge to clinical treatment. Early, accurate, and rapid
detection of K. pneumoniae is crucial for disease control
and treatment guidance.

Deb et al. designed a plasmonic aptamer-gold nanopar-
ticle (Au-NP) sensor based on the localized surface plas-
mon resonance (LSPR) phenomenon of Au-NPs [87].
When K. pneumoniae binds to the aptamer sensor, it

Page 7 of 11

Detection Technology

Fluorescence

* .
Ly

Vet
- >
rFY L

v

Lateral Flow

Colorimetry

Electrochemistry

SPR

)

X

I/uA

alters the charge distribution and refractive index on
the Au-NP surface, resulting in changes in the LSPR
spectrum, enabling highly specific and sensitive detec-
tion of K. pneumoniae [87]. This method supports early
diagnosis and treatment, and aptamers’ ease of opera-
tion and cost-effectiveness offer broad application pros-
pects, showcasing significant potential in K. pneumoniae
detection.

Application of nucleic acid aptamers in multiplex infection
detection

Respiratory infections often involve co-infections with
multiple pathogens. Nucleic acid aptamers, due to their
high specificity and sensitivity, can simultaneously detect
multiple pathogens, offering a novel approach for diag-
nosing multiplex infections. Multiplex aptamer sen-
sors and microarray technologies are effective means to
achieve this goal.

Song et al. used the sequential toggle cell-SELEX (STC-
SELEX) method to isolate highly affine aptamers target-
ing bacteria of different genera, enabling simultaneous
detection of six pathogens including E. coli, K. pneu-
moniae, S. epidermidis and others using fluorescent-
labeled aptamers [97]. Kukushkin et al. used multiple
lithography techniques to fabricate a surface-enhanced



Feng et al. Virology Journal (2024) 21:237

Raman spectroscopy (SERS) substrate with four active
regions, each modified with a different labeled aptamer
[98]. This multiple lithography SERS aptamer sensor
allowed for the simultaneous detection of RSV, influenza
A virus, adenovirus, and SARS-CoV-2 within 17 min [98].
Effah et al. employed vancomycin-modified polyimine-
interlayer superparamagnetic iron oxy-gold nanopar-
ticles and aptamer-conjugated surface-enhanced Raman
scattering as capture probes for broad-spectrum bacteria
and specific probes for target bacteria, respectively [99].
They further developed a sensor with a dual recogni-
tion strategy, successfully achieving the co-detection of
K. pneumoniae and A. baumannii [99]. This specific and
efficient method greatly facilitates simultaneous research
on multiple pathogens, elucidating their interrelation-
ships and enhancing protection of human health.

Challenges in clinical application of nucleic acid
aptamers

Nucleic acid aptamers, as innovative biomolecules, dem-
onstrate considerable potential for clinical applications
in disease diagnosis and treatment. Employing detec-
tion methods such as fluorescence, colorimetric analysis,
and electrochemical sensing, these aptamers can iden-
tify a range of respiratory pathogens, including bacteria
and viruses, marking significant advances in laboratory
research, as shown in Fig. 2. However, several challenges
must be addressed for clinical application.

Each detection method has its own limitations. For
instance, fluorescence aptamer probes can suffer from
high background signals, reducing accuracy in com-
plex samples, while colorimetric assays, though simple
and cost-effective, may have lower sensitivity and be
influenced by sample color or turbidity. Surface plas-
mon resonance sensors offer high sensitivity but require
expensive equipment and complex analysis. Lateral flow
assays are portable and user-friendly but typically pro-
vide qualitative results and may lack the sensitivity for
low-concentration pathogens. Electrochemical sensors,
while sensitive, often need controlled conditions and
specialized equipment, limiting their point-of-care use.
Therefore, selecting the appropriate method for patho-
gen detection depends on factors such as pathogen type,
required sensitivity, available resources, and testing envi-
ronment to ensure optimal performance.

In addition to the challenges with detection meth-
ods, aptamer structures are sensitive to environmental
conditions such as temperature, pH, and ionic strength,
which can influence their binding affinity and specific-
ity. To ensure reliable clinical applications, it is crucial
to enhance their stability through advanced chemical
modifications. Unmodified aptamers are vulnerable to
nuclease enzyme attack in vivo, resulting in a short-
ened half-life and seriously affecting their stability [100].
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Nucleic acid aptamers can be chemically modified to
enhance their stability and binding ability. In addition,
producing high-affinity aptamers often involves a com-
plex and repeated SELEX screening process, posing a
barrier to mass production. Simplifying and automating
this process, along with improving production efficiency
and standardizing the selection, modification, and puri-
fication steps, are essential for enhancing scalability and
consistency [101]. Additionally, nonspecific binding in
complex biological samples can reduce detection accu-
racy, making the development of new aptamer designs
and effective blocking strategies a critical research chal-
lenge [102].

Despite these challenges, the distinctive advantages of
nucleic acid aptamers render them invaluable in modern
diagnostics. Addressing these challenges through ongo-
ing innovation and interdisciplinary collaboration will
facilitate their successful clinical integration, ultimately
improving global health outcomes.

Summary and outlook

Nucleic acid aptamers offer unmatched specificity, low
immunogenicity, and ease of modification, making them
highly promising for pathogen detection. Compared to
traditional methods like PCR and ELISA, aptamers pro-
vide faster detection, easier synthesis, and high specific-
ity, as shown in Table 3. Despite challenges like complex
screening and stability issues, advancements in selection
technologies and expanding applications suggest aptam-
ers will play a key role in diagnosing and treating respira-
tory infections.

The outlook of nucleic acid aptamers in respiratory
pathogen detection is exceptionally promising. Con-
tinuous improvements in technology will expand their
clinical applications. Future research should focus on
optimizing aptamer design, enhancing stability through
chemical modifications, and exploring innovative materi-
als. High-throughput screening and automated synthesis
will be crucial for improving efficiency, while addressing
standardization and developing diverse platforms will
support faster, more precise detection.

Moreover, the integration of nucleic acid aptamers with
cutting-edge technologies such as microfluidics, nano-
technology, and advanced signal amplification meth-
ods can significantly improve detection sensitivity and
specificity. The creation of portable, easy-to-use diag-
nostic tools based on aptamers will support rapid, on-
site pathogen detection, which is particularly valuable in
resource-limited settings and during infectious disease
outbreaks.

In conclusion, nucleic acid aptamers are transforma-
tive in pathogen detection. Their unique properties and
versatility position them as essential tools in modern



Feng et al. Virology Journal (2024) 21:237 Page 9 of 11
Table 3 Comparative analysis of diagnostic methods for respiratory pathogens
Methods Advantages Drawbacks / Limitations Reference
Culture Low cost; Suitable for many sample types; Time-consuming; High contamination risk; Low sensitivity, especially with [7,8]
Allows drug susceptibility testing antibiotics; Limited by culture medium type [103]
ELISA High sensitivity and specificity; Prone to non-specific interference; High production cost; Possible false [9]
negatives; Complex operation [104]
[105]
PCR High sensitivity and specificity; Risk of false positives/negatives; Cumbersome process; Requires sophisti- [7]
Time-efficient cated instruments and high-cost reagents; Strict conditions needed [10-12]
[106]
mNGS Direct sequencing without culture; Unbi-  Prone to false positives/negatives; Complex, high-cost operation; Lack of [13-15]
ased, broad-spectrum detection standardized methods and guidelines; No dedicated quality control
Aptamer High specificity and affinity; Easy to Complex screening and preparation; Poor internal stability; Lack of standard-  [16, 17]

synthesize; Time-efficient

ized procedures; Screening methods need optimization

diagnostics and therapeutic interventions, with the
potential to significantly improve global health outcomes.
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