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Abstract
The epidemic of infectious diseases caused by contagious pathogens is a life-threatening hazard to the entire human 
population worldwide. A timely and accurate diagnosis is the critical link in the fight against infectious diseases. 
Aptamer-based biosensors, the so-called aptasensors, employ nucleic acid aptamers as bio-receptors for the recognition 
of target pathogens of interest. This review focuses on the design strategies as well as state-of-the-art technologies 
of aptasensor-based diagnostics for infectious pathogens (mainly bacteria and viruses), covering the utilization of 
three major signal transducers, the employment of aptamers as recognition moieties, the construction of versatile 
biosensing platforms (mostly micro and nanomaterial-based), innovated reporting mechanisms, and signal enhancement 
approaches. Advanced point-of-care testing (POCT) for infectious disease diagnostics are also discussed highlighting 
some representative ready-to-use devices to address the urgent needs of currently prevalent coronavirus disease 2019 
(COVID-19). Pressing issues in aptamer-based technology and some future perspectives of aptasensors are provided for 
the implementation of aptasensor-based diagnostics into practical application.
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Introduction

The outbreak and epidemic of infectious diseases have been 
continuously posing serious threats to global human health 
since the last century [1]. According to the latest situation 
report released by the World Health Organization (WHO), the 
ongoing pandemic of coronavirus disease 2019 (COVID-19) 
has caused more than 6 million deaths worldwide, and currently, 
the Omicron variant remains the dominant variant circulating 
globally [2]. The emergence of unknown pathogens, as well 
as the reemergence and surging variants of known pathogens, 
could bring enormous challenges to the diagnosis, treatment, 
and control of infectious diseases. Highly contagious pathogens 
can be transmitted between animals and human bodies easily 
through contaminated air, water, food, etc. A timely and accurate 
diagnosis is the critical link in the fight against infectious diseases, 
which could function as the basis of an effective treatment and 
the foundation of prophylaxis protocol formulation.

Conventional pathogenic detection techniques in laboratory 
and clinic mainly include microbiological method, molecular 
biology genetic method, and antibody-based immunological 
method. The microbiological method, which involves the 
isolation, culture, and microscopy visualization of pathogens 
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from clinical samples, is highly specific but time-consuming 
and laborious. In addition, traditional culture-based assay is 
poorly adapted to the detection of some fastidious pathogens 
[3]. Molecular biology genetic technique contains a nucleic 
acid amplification method to identify the genome of pathogens, 
i.e., polymerase chain reaction (PCR) detection. PCR detection 
possesses superior sensitivity and specificity toward a wide 
range of pathogens, including those microorganism species 
that are hard to culture when using the microbiological 
method. However, the extremely high sensitivity attributed to 
amplification can also lead to false positive or negative results 
[4]. Hence, sophisticated equipment, highly trained operators, 
and repeated measurements are usually needed to ensure the 
accuracy of the test results. The immunological method relies on 
the specific binding of antibodies to the antigens corresponding 
to specific pathogens [5]. It is a traditional clinical pathogen 
detection method including enzyme-linked immunosorbent assay 
(ELISA) [6, 7], fluorescence and luminescence immunoassay 
[8, 9], and immunoblotting [10]. Immunoassay-based technique 
is sensitive and easy to perform in a basic clinical laboratory 
but demands particular antibody-related production, storage, 
and handling procedures. The specificity of antibodies might 
also be compromised due to pathogen evolution [11]. Therefore, 
continuous efforts should be devoted to the development of rapid, 
sensitive, reliable, and cost-effective techniques for pathogen 
detection, especially those in response to a pandemic.

Biosensor-based diagnostic represents an advanced 
technology in pursuit of rapid detection of various analytes 
including pathogens [12, 13]. A typical biosensor is composed 
of immobilized bio-sensitive materials as recognition moieties 
and physical or chemical transducers that translate the 
recognition information into measurable signals. Commonly 
employed bio-recognition elements involve antibodies, 
nucleic acid derivatives, peptides, enzymes, and whole 
cells [14, 15]. Aptamer-based biosensors, the so-called 
aptasensors, employ aptamers as the recognition moieties or 
bio-receptors to recognize and bind with targets of interest, 
followed by the translation and output of the recognition 
information into identifiable signals via versatile transducers 
[16, 17]. According to signal transduction strategies (sensing 
mechanisms), they can be mainly classified into acoustic, 
electrochemical, and optical aptasensors.

This review article focuses on the design strategies as 
well as state-of-the-art technologies of aptasensor-based 
diagnostics for infectious pathogens (mostly bacteria and 
viruses). We intend to highlight the establishment of patho-
gen diagnostics and point-of-care testing (POCT) methodol-
ogies developed in recent years. Current technical barriers of 
aptamer-based technology are also discussed in the last sec-
tion of the article, followed by representative solutions and 
future perspectives toward the implementation of aptamer-
based biosensing technology into practical application.

Selection of aptamers 
against pathogen‑related targets

Systematic evolution of ligands by exponential enrichment 
(SELEX) method was first described in 1990, and the obtained 
nucleic acid molecules which showed high affinity and specificity 
toward their targets were named “aptamers” [18–20]. Essentially, 
SELEX is a technique that simulates natural evolution in vitro 
to screen the “fittest” aptamers from a random oligonucleotide 
library. A typical SELEX process involves three main steps: 
incubation, separation, and amplification [21]. Target molecules 
are mixed and incubated with an oligonucleotide library 
containing  1012–1016 DNA or RNA single strands [22]. The 
unbound sequences can be removed from bound sequences 
via membrane filtration, magnetic bead-based separation, 
affinity chromatography, capillary electrophoresis [23–25], 
etc. Following separation, the bound sequences are eluted from 
the targets and amplified by PCR (DNA SELEX) or reverse 
transcription PCR (RNA SELEX) to generate an enriched 
pool of selected oligonucleotides for a successive round of 
screening. After 8–15 rounds, the obtained aptamers with high 
affinity are cloned and sequenced for identification, structure 
characterization, and binding analysis. Negative selection or 
counter selection can be employed to eliminate the non-specific 
aptamers that bind to the matrix or target analogs [26].

Pathogenic microorganisms are biological macromol-
ecules with complex structures. The targets of aptamers for 
the detection of pathogens can be a specific purified pro-
tein or receptor on the surface of pathogen microorganisms 
[27], bacterial virulence factors [28, 29], the whole cells 
[30, 31], etc. For the protein-based SELEX, purified proteins 
with relatively simple structures would ensure their binding 
stability with aptamers in each selection round to improve 
the efficiency of screening. However, some proteins might 
not be able to maintain their conformation as identical as 
those in their native state, and the lack of glycosylation pat-
tern, association lipids, or carbohydrates could influence the 
affinity of the selected aptamers to their natural targets [22, 
27]. In addition, some target proteins are not easy to obtain, 
especially when the pathogen is unknown. Whole-cell 
SELEX is developed for the selection of aptamers against 
the whole bacterial cells and viral particles [30, 31]. This 
approach allows effective screening of aptamers without 
prior knowledge of the detailed structural information of tar-
get molecules. However, complicated target molecules with 
multiple binding sites, the presence of non-target cells and 
dead cells in the screening system, or non-consistent cell-
culture conditions might lead to compromised specificity of 
the screened aptamers [32]. Homologous microorganisms 
with similar structures or cell surfaces to target cells could 
be used in the counter selection round of SELEX to elimi-
nate the non-specific aptamers. In addition, efficient aptamer 
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library regeneration and binding confirmation assays are also 
critical for the achievement of a successful cell-SELEX [33].

To date, a considerable number of aptamers have been 
selected against versatile pathogenic species. The imple-
mentation of these aptamers for the diagnosis and treatment 
of infectious diseases have been vastly studied [17, 34–36]. 
Recently, we published a perspective review article on the 
state-of-the-art of aptamer-based therapeutic strategies for 
the treatment of common infectious diseases [21]. Aptamers 
against membrane-fusion-related proteins, key enzymes, and 
whole microbial cells could function as effective inhibitors 
or drug delivery vehicles to inhibit infection. Besides their 
therapeutic application, the research on aptamer-based test-
ing kits and biosensors is also blooming in recent years, 
especially motivated by the current situation of the COVID-
19 pandemic [37, 38]. Several clinical trials of aptasensors 
have been carried out, including detection or diagnostic 
for carcinoma, COVID-19, oxytocin, and anti-HIV drugs 
(searched at “ClinicalTrials.gov” database, Table 1) [39].

Aptasensors for pathogen detection

In a typical aptasensor, selected aptamers are immobilized 
on substrates or materials, which, upon interaction with 
pathogens of interest, would adopt unique three-dimensional 
conformational changes that lead to identifiable signal out-
put of the transducers [40]. Those signals can be detected 
and analyzed by acoustic, electrochemical, or optical-based 
measurements, depending on different signal transduction 
techniques. In this section, versatile aptasensors are sys-
tematically introduced according to classifications of signal 
transduction technique, and the brief details of the selected 
diagnostic aptamers are summarized in Table 2 for reference.

Acoustic aptasensors

Acoustic sensors are often considered “mass sensitive,” 
because mass effect is one of the crucial contributions to the 
response of the sensor [41–43]. Mass-sensitive transducers 
are employed in acoustic sensors in which the changes on the 
transducer surface can be detected by measuring the changes 
of the resonant behavior. Acoustic biosensors are bioassay 
techniques known for label-free detection, ease of operation, 
and real-time measurement [44, 45]. In this section, the basic 
working principles of commonly developed acoustic sensors 
are briefly introduced, followed by the examples of their 
application in pathogen detection.

Quartz crystal microbalance (QCM) aptasensors

QCM sensors have been extensively studied for its high 
sensitivity, low noise level, and ease of fabrication. QCM 
utilizes the piezoelectric effect of quartz crystal to convert 
the change of surface quality into frequency fluctuation in 
output signals [46, 47]. The vibration frequency of quartz 
crystal under alternating electric field is closely related to its 
surface quality. Increase of surface loading due to substance 
adsorption could change the vibration frequency and induce 
a phase shift. In QCM-based diagnostic devices for infectious 
diseases, the receptors employed for target recognition include 
antibodies and antigens, nucleic acid probes, and molecularly 
imprinted polymers [48]. In a typical QCM aptasensor, 
aptamers are immobilized on gold-coated quartz crystals 
(Fig. 1a), and their interaction with target molecules can be 
measured by the corresponding decrease of frequency.

A whole-bacterium SELEX technique was developed for 
the selection of aptamers specifically bound to Escherichia 
coli (E. coli) O157:H7 [49]. Aptamer sequence S1 was 

Table 1  Clinical trials for aptasensors

Row Study title Conditions Status Locations

1 Saliva-Based COVID-19 DNA 
Aptamer Test

COVID-19 Recruiting Udayana University Hospital, Badung, 
Bali, Indonesia

2 Clinical Proof-of-Concept of a Tenofo-
vir (TFV) Aptamer-Based Biosensor

HIV/AIDS (tenofovir) Active, not recruiting
Early phase 1

Clinical Research Center, Eastern 
Virginia Medical School, Norfolk, VA, 
USA

3 Identify Proteomic Biomarkers for 
Outcome Prediction of Lipiodol 
TACE Treatment (Lipiodol TACE)

Hepatocellular carcinoma Not yet recruiting UT Southwestern Medical Center, Dal-
las, TX, USA

4 Molecular Biosensors for Detection of 
Bladder Cancer

Bladder cancer Recruiting University of California Irvine, Orange, 
CA, USA

5 The Clinical Application of 68 Ga 
Labeled ssDNA Aptamer Sgc8 in 
Healthy Volunteers and Colorectal 
Patients

Colorectal cancer Recruiting status unknown
Early phase 1

Xijing Hospital Nuclear Medicine 
Department, Xi’an, Shaanxi, China

6 Non-Invasive, Highly Specific Detec-
tion of Oxytocin in Biological Fluids

Pregnancy (oxytocin) Completed Lucile Packard Children’s Hospital, Palo 
Alto, CA, USA
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then modified with a biotin moiety and immobilized onto 
the surface of a streptavidin fabricated QCM electrode. 
The resulting QCM aptasensor showed a detection limit 
of 1.46 ×  103 CFU (colony-forming unit)  mL−1 for E. coli 
with a response time of 50 min. Wang et al. fabricated a 
QCM sensor with aptamer-ssDNA crosslinked polymeric 
hydrogel for rapid and sensitive detection of Avian influenza 
viruses (AIV) H5N1 [50]. The “smart” AIV-responsive 
hydrogel was constructed by introducing the selected aptamer 
against AIV H5N1 surface protein and a crosslinked ssDNA 
to the polymer backbones, followed by immobilization 
onto the gold surface of QCM sensor. Upon exposure to 
the virus, the binding between aptamer and H5N1 virus 
caused the dissolution of the linkage and led to the swelling 
of the hydrogel, which could be monitored by the QCM 
sensor as decreased frequency of the output signals. The 
detection limit reached 0.0128 HAU (hemagglutinating 
unit) in 30 min, showing no interference from non-target 
AIV subtypes, which was superior to the anti-H5 antibody 
immobilized QCM biosensor in terms of the detection limit 
and detection time. To develop sensors applicable for the 
detection of bacterial cells in food samples, an integrated 
system was reported combing an aptamer-based magnetic 
separation system for target enrichment and QCM analysis 
for real-time monitoring [51]. Salmonella specific aptamer 
immobilized magnetic beads were conjugated to gold-
coated QCM electrode, which could efficiently capture 
the Salmonella cells at 100 CFU  mL−1 in milk in less than 
10 min to induce frequency changes of the QCM sensor. 
Treatment of the crystal surface with NaOH solution could 
regenerate the sensing system for reuse. By employing 
a similar pre-concentration strategy, Brucella melitensis 
bacteria in milk and milk products could be quantitatively 
detected with high selectivity, and the detection limit was 
determined to be  103 cells (Fig. 2a) [52]. Those nanoparticles 
remained high pre-concentration efficiency after recycling for 
8 times. Aptamer-magnetic system has also been applied to 
the detection of lysozyme, and the QCM chip sensor showed 
an observed detection limit of 17.9 ± 0.6 ng/mL with high 
selectivity [53]. Another interesting example developed a 
label-free aptasensor for thrombin based on target-triggered 
release of cargo molecules from gold nanocages [54]. An 
array of gold nanocages were loaded with cargo molecules 
in their interiors, and DNA probes were immobilized on the 
surface for hybridization with thrombin-specific aptamers as 
the gatekeeper. In the presence of thrombin, surface aptamers 
disassociated from the nanocages, resulting in the release of 
interior cargo molecules. The loss of cargo molecules was 
monitored by QCM. The use of polyamidoamine as cargo 
molecules achieved an optimized detection limit of 7.7 pM.

QCM can also be applied for aptamer selection to 
increase the success rate of SELEX. In one example, QCM 
was used to simultaneously track the affinity of DNA pool Ta
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in each selection round to Salmonella typhimurium (S. typh-
imurium), and the candidate pool was cloned and sequenced 
when the frequency change reached a maximum value after 
several rounds of selection and counter-selection (Fig. 2b) 
[55]. Aptamer B5 was chosen for the fabrication of a QCM 
aptasensor, exhibiting a detection limit of  103 CFU  mL−1 
within 1 h. This study successfully demonstrated the feasi-
bility of a more effective aptamer selection by QCM-based 
SELEX, especially for the fabrication of a QCM aptasensor.

Surface acoustic wave (SAW) aptasensors

SAW sensors are also comprised of a piezoelectric substrate, 
together with an interdigital transducer (IDT) that gener-
ate and detect acoustic wave signals on chip surface [56, 
57]. The measurement principle is based on the propaga-
tion of surface acoustic waves. While passing through the 
chip surface, the phase and amplitude of acoustic waves vary 
with surface quality and viscosity, which can be detected 
as decrease in resonance frequency or phase shift between 
input and output signals (Fig. 1b).

Shear horizontal SAW (SH-SAW) sensors, also known 
as Love-wave sensors, are special SAW sensors with higher 
sensitivity by utilizing shear horizontal waves guided 
through the layer on the sensor surface to minimize the 
acoustic losses into substrate [58]. Schlensog et al. reported 
a Love-wave biosensor array for specific detection of human 
α-thrombin and HIV-1 Rev peptide [59]. Compared with 
a bulk acoustic wave sensor (detection limit = 3.3 ng/cm2) 
[60], the sensitivity of the Love-wave sensor (detection 
limit < 80 pg/cm2) was significantly lower. In addition, the 
sensor could be easily regenerated by simple washing steps. 
Endotoxin is a general term of toxic substances in gram-neg-
ative bacteria, which is responsible for symptoms like fever, 
microcirculation disturbance, septic shock, and disseminated 
intravascular coagulation [61]. A label-free and highly sensi-
tive SH-SAW aptasensor was developed for endotoxin detec-
tion [62]. Instead of using Au-based electrode materials, sin-
gle-layered graphene films were employed, accompanied by 

chemical vapor deposition technique for device fabrication. 
Aptamers specifically bind to endotoxin were chemically 
bonded to the surface, and the sensing platform exhibited a 
detection limit of 3.53 ng/mL, with excellent specificity in 
discriminating the endotoxin and the aflatoxin obtained from 
Pseudomonas aeruginosa (P. aeruginosa) (Fig. 3).

Electrochemical aptasensors

Among the wide variety of biosensing techniques, sensors 
based on the changes of electric properties are attractive 
options owing to their high sensitivity, convenient operation, 
and ease of miniaturization for use in portable devices. 
Electrochemical biosensors are capable of transducing 
target recognition events at the electrochemical interface 
into detectable electrochemical signals [63, 64]. To date, a 
considerable amount of research work has explored versatile 
electrochemical strategies for the diagnosis of infectious 
diseases and healthcare monitoring [65–67]. Aptamers have 
been integrated on electrode surfaces as recognition elements 
[68, 69]. In this section, we focus on recent developed 
strategies of electrochemical aptasensors and their application 
in pathogen detection for diagnostic purposes.

Labeled electrochemical aptasensors

In traditional electrochemical aptasensors, electroactive 
species such as enzymes, ferrocene (Fc), and methylene 
blue (MB) are commonly incorporated as labels, because the 
binding of aptamers with pathogenic microorganisms cannot 
generate electrochemical signal by themselves. Aptamers 
labeled with electroactive species are immobilized onto the 
electrode surface in a typical electrochemical aptasensor 
(Fig. 4a). In some other cases, redox probes are added to the 
solution as indicators for the recognition events (Fig. 4b–c). 
Those recognition events could change the electron transfer 
efficiencies of the redox labels, resulting in the changes 
of the corresponding electrochemical signals (potential, 
current, conductivity, or impedance) [70].

Fig. 1  Schematic illustration of 
basic (a) QCM and (b) SAW 
aptasensors for target binding 
and signal measurement
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A highly sensitive structural switching electrochemi-
cal aptasensor was developed based on a DNA aptamer 
tagged with electroactive MB for HspX, a Mycobacterium 
tuberculosis (M. tb) antigen [71]. Upon target binding, the 
electron transfer between MB and electrode was interfered 
by the conformation change of aptamer, leading to a sharp 
decrease in current. The sensor exhibited a response time 
of less than 30 min with a detection limit of 10 pg HspX. 
MPT64 is a 24-kDa protein only secreted by M. tb, which is 
usually employed as a target molecule for M. tb detection. 
An electrochemical aptasensor was constructed for ultrasen-
sitive detection of MPT64 in human serum [72]. The gold 
electrode was immobilized with capture aptamers (MBA I) 
to capture the MPT64 antigen, and coil-like fullerene-doped 
polyaniline  (C60-PAn) redox nanoprobes were decorated with 
gold nanoparticles (GNPs or AuNPs) and labeled with signal 
aptamers (MBA II) to form the tracer label. In the presence 
of the targets, the sandwich reaction between capture aptam-
ers and the tracer label resulted in obvious changes of the 
detection signal by differential pulse voltammetry (DPV) 
measurement, and the signal could be further enhanced by 
the electrocatalytic activity of  C60-PAn toward ascorbic acid 
(AA) (Fig. 5a). The sensor exhibited a detection limit of 
20 fg/mL, showing excellent specificity and sensitivity for 
MPT64 detection in real serum samples of tuberculosis (TB) 
patients. Shahrokhian et al. developed a sensitive diagnos-
tic device for P. aeruginosa whole-cell detection based on 
aptamers immobilized on the surface of engineered zeolitic 
imidazolate Framework-8 (ZIFs-8) [73]. Ferrocene − gra-
phene oxide (Fc-GO) was employed as the electroactive indi-
cator. In the absence of P. aeruginosa, Fc-GO adsorbed on 
the aptasensor through interaction with aptamers, while the 
presence of target bacteria resulted in the removal of Fc-GO, 
giving a signal “OFF” of the DPV signal. The sensing plat-
form was able to detect P. aeruginosa with a detection limit 
of 1 CFU  mL−1. Excellent recovery rate from spiked human 
urine samples revealed the potential of the proposed device 
for application in clinical analysis.

Microfluidics and electrochemistry have a synergistic 
relationship, and the integration of microtechnology with 
electrochemistry has boosted the development toward the 
miniaturization and portability of novel electrochemical sys-
tems and eventually next-generation POCT microsystems 
[74]. An electrochemical aptasensor integrated with an all-
polydimethylsiloxane (PDMS) microfluidic platform was 
constructed, aiming at on-site sample processing and detec-
tion of norovirus in clinical samples [75]. Norovirus-infected 
clinical samples were filtered and enriched by the microflu-
idic chip containing packed silica microbead zones. Carbon 
electrode was modified with graphene-AuNPs composite, 
followed by functionalization with Fc tagged viral capsid-
specific aptamers. The binding of aptamers with norovirus 
resulted in a decrease in the electrochemical signal from Fc 

(Fig. 5b). As shown by DPV analysis, the detection limit 
was determined to be 100 pM for norovirus. The aptasensor 
was also utilized to detect norovirus in spiked blood sam-
ples for real sample application assessment, exhibiting high 
sensitivity and selectivity in the presence of peptidoglycan 
as an interferon.

It was found that aptamer attachment geometry on 
the electrode could dramatically alter the performance 
of electrochemical aptasensors. By switching the 3′ and 
5′ terminus for electrode binding and reporter tagging, 
the orientation of aptamers strongly affected the out-
put signals, suggesting that the attachment geometry of 
aptamers is a worthwhile parameter to optimize in the 
design of new electrochemical aptasensors [76]. Besides 
the essential components of electrochemical aptasensors, 
namely, aptamers, electrode, and electroactive species, 
the existence of external interference factors in the sup-
porting buffer such as salts, ions, and cell lysates may 
lead to electrochemical signal errors. Pre-treatment and 
purification of the samples, optimization of detection 
conditions, and control tests are necessary to minimize 
the interferences. To address the problem in a more 
effortless approach, Lee et al. invented a self-calibrating 
dual-electrode-based electrochemical aptasensing plat-
form for reliable and stable detection of avian influenza 
viruses (AIV) [77]. Both electrodes were fabricated using 
tungsten rods, followed by modification with 3D nano-
structured porous silica film on the surface. MB mol-
ecules were trapped into the pores and capped with the 
corresponding aptamers: one with anti-AIV nucleopro-
tein (NP) aptamers  (AptAIV) for target binding and the 
other with control aptamers  (Aptcon) to correct the false 
responses generated by non-specific aptamer detachment 
and MB release and provide a corrected baseline for the 
output signals (Fig. 5c). Compared with a conventional 
single-electrode platform (RSD: 30.13%), the dual-elec-
trode platform exhibited superior output stability (relative 
standard deviation, RSD: 5.86%) for AIV nucleoprotein 
samples with no need of further purification and wash-
ing steps. This work presented a universal strategy for 
the design of more reliable electrochemical aptasensors.

Label‑free electrochemical aptasensors

Labeled aptasensors are highly sensitive due to the sig-
nal amplification resulted from enzymatic reactions or 
the electroactive labels. Nevertheless, the modification 
of aptamer with tagged molecule is time- and effort-
consuming, and moreover, labeling might affect the 
binding affinity of aptamers toward their analytes [78]. 
Label-free strategy has become an attractive alterna-
tive in electrochemical sensing technology, especially 
with the development of versatile nanomaterials and 
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surface modification technique of electrodes in recent 
years (Fig.  4d). A label-free impedimetric biosensor 
for Salmonella Typhimurium (S. Typhimurium) detec-
tion was developed by combination of S. typhimurium 
specific aptamers and conductive polypyrrole-based 
polymers [79]. Impedimetric measurements was facili-
tated by the variation of the electrical properties of 
the polymeric surface resulted from aptamer-pathogen 
interaction. The aptasensor exhibited a detection limit of 
3 CFU  mL−1. Another impedimetric label-free aptasen-
sor for S. typhimurium was reported using an aptamer-
immobilized diazonium-supporting layer to fabricate the 
screen-printed carbon electrodes (SPEs) [80]. The elec-
trochemical immobilization of the diazonium-grafting 
layer allowed the formation of a denser aptamer layer, 
which resulted in high sensitivity of the aptasensor with a 
detection limit of 6 CFU  mL−1. Both examples performed 
real sample assessment in spiked apple juice to prove 
these aptasensors as viable approaches for rapid detec-
tion of pathogens in food. Istamboulié et al. also used 
diazonium activated SPEs to immobilize a hexaethylene 
glycol-modified 21-mer oligonucleotide aptamer for the 
determination of aflatoxin M1 (AFM1) through electro-
chemical impedance spectroscopy detection [81]. AFM1 
is the hydroxylated metabolite of aflatoxin B1 (AFB1), 
one of the most toxic aflatoxins that has been designated 
as a primary carcinogenic compound by the International 
Agency for Research on Cancer (IARC) [82]. The bind-
ing interaction of aptamers with AFM1 could induce an 
increase in electron-transfer resistance for the determina-
tion of AFM1 with a detection limit of 1.15 ng/L. AFM1 
ranging from 20 to 1000 ng/kg in milk could be detected 
after a simple filtration through a 0.2-mm polytetra-
fluoroethylene (PTFE) membrane. An aptamer targeting 
the receptor-binding domain (RBD) in the spike protein 
(S protein) of the SARS-CoV-2 was immobilized on 
AuNPs/SPEs platform, and the aptasensor yielded a limit 
of detection of 1.30 pM (66 pg/mL) for SARS-CoV-2 S 
protein as revealed by electrochemical impedance spec-
troscopy after 40-min incubation [83]. A whole-virus 
in vitro selection approach was applied to achieve high 
selectivity against active human adenovirus and SARS-
CoV-2 over the inactive ones. The selected aptamers 
(HAdV-Seq4, SARS2-AR10) were then immobilized 
onto the inner wall of a solid-state nanopore for direct 
detection of the viruses, and steady-state current–voltage 

measurements indicated a sensitivity down to 1 PFU/mL 
(plaque forming unit per mL) for human adenovirus and 
1 ×  104 copies/ml for SARS-CoV-2 [84]. The incorpora-
tion of nanowires into the construction of electrochemi-
cal biosensors is promising attributed to their small size, 
high aspect ratios, and excellent electronic properties. A 
facile fabrication technique for sub-100-nm suspended 
carbon nanowire sensors was presented as an innova-
tive platform for chemiresistive biosensing [85]. Aptam-
ers modified with amine moieties were immobilized by 
carbodiimide crosslinker chemistry with the carboxylic 
groups on the surface of carbon nanowire. The platform 
was then integrated with a microfluidic chip to form a 
lab-on-a-chip device for label-free detection of S. Typh-
imurium. The sensor showed highly specific and sensi-
tive detection of target bacteria in 5-min assay time with 
a detection limit of 10 CFU  mL−1.

Besides modification of electrodes, some other tech-
niques with signal enhancement features have been 
adopted for the construction of label-free aptasensors. 
Guo et al., for the first time, integrated rolling circle 
amplification (RCA) coupled peroxidase-mimicking 
DNAzyme amplification technique into electrochemical 
assay of E. coli [86]. An aptamer-primer probe contain-
ing anti-E. coli aptamer and a primer sequence comple-
mentary to a circular probe including two G-quadruplex 
units was designed for target recognition and triggering 
of the RCA-based polymerase elongation. Upon bind-
ing with E. coli, numerous G-quadruplex oligomers were 
formed on the electrode due to RCA coupled DNAzyme 
amplification. The oligomers folded into G-quadruplex/
hemin complexes in the presence of  K+ and hemin, gen-
erating extremely strong catalytic activity toward  H2O2 to 
give an obvious current increase in DPV measurements. 
The proposed aptasensor exhibited a detection limit of 
8 CFU  mL−1 as a simple, rapid platform for E. coli detec-
tion (Fig. 6).

Field effect transistor (FET) biosensor is another type 
of electrochemical sensing platform that make use of 
FET as the signal transducer to provide a label-free and 
ultrasensitive detection technique for various targets [87, 
88]. Aptamers can be immobilized on the sensing chan-
nel of FET, and their recognition behaviors that cause 
the variation of the channel conductance can be recorded 
and further processed by an electrical measurement sys-
tem as output signals [89]. The interaction between split 
RNA aptamer with HIV-1 Tat, the clinically important 
target, was investigated via a multi-wall carbon nano-
tube-modified biosensing FET [90]. Electrical measure-
ments showed that the immobilization of aptamer on the 
multi-wall carbon nanotube gave a 34.4-mV gate volt-
age shift, and in the presence of HIV-1 Tat, the current 

Fig. 2  (a) Aptamer-magnetic bead pre-concentration and detection of 
Brucella melitensis bacteria in food samples with a QCM aptasensor. 
Reproduced with permission from [52], Copyright 2019 Elsevier. (b) 
QCM-based SELEX for S. typhimurium. Reproduced with permission 
from [55], Copyright 2017 Elsevier 

◂
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flow decreased with a concomitant gate voltage shift 
of 23.5 mV. The aptasensor exhibited a sensitivity of 
600 pM for HIV-1 Tat with negligible interferences from 
other tested HIV-1 proteins Nef and p24.

Optical aptasensors

Optical biosensors possess great advantages over traditional ana-
lytical techniques for their high sensitivity, accessibility, small 
size, and cost-effectiveness [91]. In addition, they can be eas-
ily miniaturized and present potential for chip integration [92]. 
Aptamer-based biosensors can be mainly classified into colori-
metric, fluorescent, surface-enhanced Raman scattering (SERS), 
and surface plasmon resonance (SPR) aptasensors depending on 
the corresponding applied optics (Fig. 7). Basic working princi-
ples and a selection of recently reported examples for infectious 
pathogen detection are summarized in this section.

Colorimetric aptasensors

Colorimetric detection allows direct analysis of samples 
by visual observation with naked eyes. This “instrumental-
free” approach is cost-effective and user-friendly, which 
can be applied in basic clinical laboratories. The most 
widely adopted colorimetric technique is ELISA, which is 
a standard method in the diagnosis of various microbial or 
viral infections [6, 7]. Specific antibodies are immobilized 
on the surface of solid substrate to capture target antigens, 
followed by complexation with another antibody tagged 
enzymes. Those enzymes can promote the oxidation of a 
colorless substrate to its colored product. Therefore, the 
corresponding immune response can be determined by 

Fig. 3  Principles and schematic illustration of endotoxin detection 
on the SH-SAW aptasensor. Reproduced with permission from [62] 
under a CC BY license, Copyright 2020 Springer Nature 

Fig. 4  Schematic illustration of some representative electrochemi-
cal aptasensors. (a) Working principle of an aptasensor with a redox 
probe tagged on the aptamer for signal “OFF–ON” detection. (b) 
Working principle of an aptasensor to release the redox probe upon 
target binding for a signal “ON–OFF” detection. (c) Working princi-

ple of an aptasensor with a signal aptamer carrying enzymes to report 
the recognition information via a sandwich assay. (d) Working prin-
ciple of a label-free aptasensor to detect target through the electro-
chemical variation of the conductive material coated on the electrode
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colorimetric output signals. As alternatives to antibodies, 
aptamers have been utilized as the bio-recognition elements 
in enzyme-linked oligonucleotide assay (ELONA) 

(Fig. 7a), which is also known as enzyme-linked aptamer 
assay (ELAA) or enzyme linked aptamer sorbent assay 
(ELASA).

Fig. 5  (a) Preparation procedure of the tracer label and schematic 
diagram of the electrochemical aptasensor for the detection of 
MPT64 via sandwich reaction. Reproduced with permission from 
[72] Copyright 2017 Elsevier. (b) Structure of PDMS microflu-
idic chip and electrode functionalization and detection of norovirus. 

Reproduced with permission from [75], Copyright 2017 Elsevier. (c) 
Self-calibrating dual-electrode-based electrochemical aptasensing 
platform for AIV detection. Reproduced with permission from [77], 
Copyright 2020 Elsevier 

Fig. 6  Electrochemical assay of 
E. coli using RCA and DNA-
zyme amplification technique. 
Reproduced with permission 
from [86], Copyright 2016 
Elsevier 
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Two highly specific aptamers against Salmonella ente-
ritidis (S. enteritidis) were selected via cell-SELEX and 
employed for the development of a sandwich type aptamer-
based colorimetric capillary detection platform [93]. Poly 
enzyme-horseradish peroxidase (HRP) was used to promote 
the  H2O2-mediated oxidation of 3,3′,5,5′-tetramethylbenzi-
dine (TMB) for color generation. Capturing aptamers were 
covalently immobilized to the inner surface of capillary to 
bind with target cells, followed by the attachment of sign-
aling aptamers. The detection limit was determined to be 
 103 CFU  mL−1 by absorbance measurements.

Although highly efficient, HRP is a natural enzyme with 
some limitations such as high-cost, inherent instability, 
and sensitivity to environmental interferences [94]. 
Therefore, various artificial enzyme peroxidase mimetics 
have been developed as substitutions to HRP. Wu et al. 
reported the preparation of  ZnFe2O4-reduced graphene 
oxide  (ZnFe2O4/rGO) nanostructures as an effective 
enzyme mimetics for the detection of S. typhimurium 
[95]. Aptamer (on microplate)-target-aptamer-ZnFe2O4/
rGO sandwich complexes were formed via aptamer-target 
recognition, exhibiting a detection limit of 11 CFU  mL−1 in 
buffer solution. Au@Pd nanoparticles could also function 

as enzyme mimetics for colorimetric determination of 
Campylobacter jejuni (C. jejuni) in milk samples [96]. 
Originally, a large number of aptamers specific for C. 
jejuni were floated in the solution. Au@Pd nanoparticles 
added to the solution were covered with free aptamers via 
electrostatic interactions, which hindered the reactivity 
of the catalyst for TMB oxidation. Aptamers bound with 
target cells were released from the nanoparticles to recover 
the peroxidase-like activity of the catalyst, inducing an 
obvious color change to blue. The intensity of blue color 
was quantified by absorbance spectroscopy, and the 
detection limit for C. jejuni was 100 CFU  mL−1 in milk. 
Sun et al. established a colorimetric aptasensor based on 
G-quadruplex DNAzyme for the determination of Vibrio 
parahaemolyticus (V. parahaemolyticus, Vp), a widespread 
foodborne pathogen causing food poisoning derived from 
seafood [97]. Vp aptamers were immobilized on magnetic 
nanoparticles (MNPs) as capture probes, and label-free 
ssDNA containing both the complementary DNA (cDNA) 
sequence of Vp aptamer and a  CatG4 sequence was partly 
hybridized with the aptamer. Upon exposure to Vp, ssDNA 
dissociated from the aptamer to form trivalent DNAzyme 
via the interaction of  CatG4 with hemin. TMB solution 

Fig. 7  Schematic illustration of representative optical aptasensors. 
(a) Working principle of an ELONA aptasensor. Colorless substrate 
TMB is oxidized by enzymes like HRP to generate a blue color. 
(b) Working principle of a AuNPs-based colorimetric aptasensor. 
Released AuNPs aggregate in the presence salt accompanied by a 
color change from red to purple. (c) Working principle of a fluores-

cent aptasensor. The fluorescence of the fluorophore is recovered due 
to inhibition of FRET upon target binding. (d) Working principle of a 
SERS aptasensor. Raman intensity is amplified via the formation of a 
sandwich style complex. (e) Working principle of a SPR aptasensor. 
Aptamer-target binding leads to the variation of refractive index
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containing  H2O2 was then added to the supernatant for 
colorimetric output signals (Fig. 8a). The detection limit 
was determined to be as low as 10 CFU  mL−1.

RCA was employed as a signal enhancement approach in 
enzyme-linked aptasensor for colorimetric detection of Lis-
teria monocytogenes (L. monocytogenes) [98]. L. monocy-
togenes-specific aptamer bound to biotin probe 1 (BP1) was 
immobilized on the surface of a microplate. In the presence 
of target bacteria, BP1 was released to hybridize with the 
RCA probe that was complementary to BP1 for the initiation 
of the RCA reaction. The RCA process produced copies of 
the ssDNA (cssDNA) to form complexes with biotin-probe 3 
(BP3), followed by the addition of streptavidin labeled HRP 
(SA-HRP) to generate SA-HRP ~ BP3 ~ cssDNA complexes, 
which was responsible for the oxidation of the enzyme sub-
strate for colorimetric detection. The competition-based 
assay showed a limit of detection of 4.6 ×  102 CFU  mL−1 
in pure culture, which was three orders of magnitude higher 
than that without RCA signal enhancement. Real sample 
analysis of spiked fresh lettuce showed a detection limit of 
6.1 ×  103 CFU  g−1.

AuNPs have been intensively applied in colorimetric 
assays, serving as color indicators. When aptamers adsorb 
onto the surface of AuNPs via electrostatic interactions, the 
addition of salt cannot induce the aggregation of AuNPs. 
Upon disassociation of the aptamers, the released bare nano-
particles could form salt-induced aggregates to result in a 
color change from red to purple, which can be easily differ-
entiated by naked eye (Fig. 7b). By applying this phenome-
non, an aptamer-based assay was described for the detection 
of S. typhimurium [99]. The absorbance at 550 nm increased 
linearly with the logarithm of the bacteria concentration 
ranging from 100 to  109 CFU  mL−1, exhibiting a detection 
limit of 16 CFU  mL−1. Similar strategy was employed for 
the determination of Shigella flexneri in food samples [100]. 
The sensing platform was capable of simple, convenient, and 
on-site detection at a concentration as low as 80 CFU  mL−1 
within 20 min. A two-stage colorimetric sensing platform 
was established for the detection of Cronobacter sakazakii 
(C. sakazakii) in powdered infant formula [101]. Aptam-
ers were originally bound with target bacteria, and followed 
centrifugation, the supernatant containing unbound aptam-
ers was incubated with AuNP solution. By addition of salt 
solution, the color and spectral change were observed by 
naked eye or with a spectrometer. Compared with conven-
tional single stage method, this platform could minimize the 
interference factors that might inhibit salt-induced AuNPs 
aggregation. C. sakazakii in powdered infant formula at a 
concentration of 7.1 ×  103 CFU  mL−1 could be determined 
by naked eye within 30 min. A hybrid nanomaterial-based 
immunosensor was developed for the detection of Dengue 
virus [102]. Super paramagnetic nanoparticles γ-Fe2O3 
named surface-active maghemite nanoparticles (SAMNs) 

were modified with 3-mercaptopropionic acid (MPA) to 
form a self-assembled monolayer with thiol groups to bind 
with AuNPs, followed by covalent linkage of aptamers with 
thiolated ends. Colorimetric tests were performed at each 
stage of material fabrication, and a color change from red to 
dark purple was observed for AuNPs and SAMNs@MPA@
AuNPs@aptamer complex, respectively, due to the increase 
of the local refractive index on the surface of AuNPs. A pool 
containing four dengue serotypes was added to the complex 
for conjugation with aptamers, inducing further color change 
to green owing to the reduction of the surface area of AuNPs 
caused by aptamer-target binding. Interfering analysis was 
carried out to rule out possible false positive diagnoses from 
other viruses of the same genus such as zika virus (ZIKV) 
and yellow fever virus (YFV).

Lateral flow assay is a strip paper-based platform with great 
convenience for rapid POCT due to the low development costs 
and ease of production [103, 104]. Kim et al. applied a cognate 
pair of aptamers screened by graphene oxide SELEX (GO-
SELEX) on lateral flow strips for sandwich-type detection of 
avian influenza H5N2 whole virus particles for the first time 
[105]. Aptamer  J3APT was used as a capturing aptamer for test 
line, and a secondary aptamer  JH4APT labeled with AuNPs 
was used as a reporter. The detection limit for H5N2 virus 
(H5N2/K08-404) was estimated to be 1.27 ×  105  EID50  mL−1 
and 2.09 ×  105  EID50  mL−1 in buffer and spiked duck’s feces, 
respectively. The assay exhibited remarkable specificity with 
no significant signals for other subtype species due to the cog-
nate pair of aptamers.

Fluorescent aptasensors

A wide variety of fluorophores and fluorescent quenchers 
can be tagged onto oligonucleotides during aptamer 
synthesis, providing versatile labeled f luorescent 
aptasensors [106, 107]. The recognition information 
between aptamers and target molecules is monitored in real 
time through changes of fluorescence intensity as output 
signals. The competition between target molecules with 
quencher-tagged complementary DNA (cDNA) sequences 
to bind with fluorophore tagged aptamers is a commonly 
employed format in the design of fluorescent aptasensors. 
Originally, aptamers hybridize with their cDNA sequences, 
and the fluorescence of the fluorophore that serves as the 
energy donor can be quenched by the energy accepting 
quencher through Förster resonance energy transfer (FRET) 
upon light excitation. The separation of the fluorophore 
from adjacent quencher due to target binding and cDNA 
disassociation interferes with the FRET process, leading to 
the recovery of fluorescent emission as detectable signals 
(Fig. 7c) [108].

Based on the abovementioned DNA hybridization strat-
egy, a FRET-based fluorescent aptasensor was engineered 

Page 17 of 38    443



Microchim Acta (2022) 189:443

1 3

443   Page 18 of 38



Microchim Acta (2022) 189:443

1 3

nanoprobe showed an ultrahigh specificity and single-cell 
level sensitivity (detection limit = 1.0 CFU/mL) for ratio-
metric fluorescence detection of S. aureus.

Lanthanide-doped upconversion nanoparticles (UCNPs) 
possess great potential as alternatives to traditional organic 
fluorophores for their excellent photo-stability, low cyto-
toxicity, and high signal-to-noise ratio [113, 114]. A novel 
detection platform for E. coli ATCC 8739 was developed 
based on the FRET between UCNPs (as the donor) and 
AuNPs (as the acceptor) [115]. Dissociation of UCNPs-
cDNA from AuNPs-aptamers resulted in the recovery of 
upconversion fluorescence. The biosensor showed a detec-
tion limit of 3 CFU  mL−1.

As another distance-dependent fluorescence assay 
technology, protein-induced fluorescence enhancement 
(PIFE) offers a promising alternative to FRET for higher 
spatial resolution and specificity to probe protein-nucleic 
acid interactions [108, 116]. The response distance for 
PIFE is within a 0–30 Å range, shorter than that in FRET 
(10–100 Å). Cy3 is preferentially to lock into its trans 
conformational state in close proximity to a protein, 
resulting in significant fluorescence enhancement [117]. 
Based on PIFE, a Cy3-labeled aptamer was used to monitor 
the protein binding with the nucleocapsid proteins (NP) of 
SARS-CoV-2 [118]. The detection limit of the assay was 
calculated to be 2.5 ng for N protein.

Electrospun fibrous strips integrated with capture aptamers 
and aggregation-induced emission (AIE) probes were utilized 
for fluorescent trace sensing and photodynamic destruction of 
antibiotic-resistant E. coli [119]. AIE probes were synthesized 
from the linkage of two cephalosporin moieties to hydroxyl 
tetraphenylethene (TPE), followed by the conjugation onto 
electrospun fibers. The fluorescence emission of the probe 
was turned on only in the presence of b-lactamase, a critical 
marker for screening antibiotic-resistant bacteria. The appar-
ent color change from blue to green was given as visual read-
out of bacterial levels, and the detection limit was determined 
to be 60 CFU  mL−1 toward E. coli/pUC19. In the meantime, 
captured bacteria could be efficiently destroyed by the reac-
tive oxygen species (ROS) generated by the AIE probes under 
room light illumination (Fig. 8c).

Microfluidic platforms have also been integrated for the 
fluorescent assay of infectious pathogens. A microfluidic 
chip with femtoliter-sized wells was fabricated for sensitive 
fluorescence-based detection of SARS-CoV2 NP [120]. An 
aptamer/antibody sandwich method was applied, form-
ing β-galactosidase (β-Gal)-linked antibody/NP/aptamer 
immunocomplexes on magnetic beads. The magnetic 
beads and β-Gal substrate were injected into the wells of 
the microfluidic chip, and the fluorescence images were 
monitored by a conventional inverted fluorescent micro-
scope, showing a detection limit of 33.28 pg/mL for NP. 
Lee’s research group demonstrated a digital microfluidic 

Fig. 8  (a) Schematic illustration of the colorimetric aptasensor for 
Vp. Reproduced with permission from [97], Copyright 2019 Ameri-
can Chemical Society. (b) Dual-recognition ratiometric fluorescent 
nanosensor for S. aureus. Reproduced with permission from [112], 
Copyright 2020 American Chemical Society. (c) Schematic illustra-
tion of bacterial capture and photodynamic destruction on fibrous 
strips. Reproduced with permission from [119], Copyright 2020 Royal 
Society of Chemistry 

◂

for the detection of P. aeruginosa [109]. The hybridized 
complex of P. aeruginosa-specific aptamer and 5-carbox-
yfluorescein labeled cDNA (FAM-cDNA) was adsorbed 
onto the surface of graphene oxide quantum dots (GOQDs) 
through the single-stranded flanking region in the aptamer, 
so that the fluorescence of FAM was quenched by GOQDs 
owing to the FRET. Aptamer-target binding led to the dis-
association of FAM-cDNA from GOQDs, and the fluores-
cence was recovered due to the inhibition of fluorescence 
quenching. The aptasensor showed a limit of detection of 
100 CFU  mL−1 with a detection time of 2 h toward P. aer-
uginosa. By employing MNPs, the same research group 
developed another fluorometric assay for the detection of P. 
aeruginosa [110]. This aptasensor was based on the hybridi-
zation of aptamer-modified MNPs and fluorescein-labeled 
complementary DNA (FAM-cDNA). Magnetic separation 
was employed for the enrichment of aptamer-target com-
plexes, and the number of bacteria could be quantified by 
the fluorescence intensity of the released FAM-cDNA in 
the supernatant. The detection process took less than 1.5 h 
with a detection limit as low as 1 CFU  mL−1. Cui et al. con-
structed an ultrasensitive sensing platform for Staphylococ-
cus aureus (S. aureus) based on self-assembled fluorescent 
carbon dots (CDs) and  Fe3O4 nanoparticles [111]. S. aureus-
specific aptamers were immobilized on the surface of  Fe3O4 
to form a nano-dimer with CDs modified cDNA, and the 
fluorescence of CDs was quenched via the FRET process, 
in which CDs acted as energy donors and  Fe3O4 as accep-
tors. In the presence of S. aureus, the fluorescence of CDs 
was regenerated, and the detection limit was determined to 
be 8 CFU  mL−1. A dual-recognition ratiometric fluorescent 
nanosensor was reported, exhibiting a remarkably large 
stoke shift for accurate tracking of pathogenic bacteria at the 
single-cell level [112]. In this system, blue fluorescent π-rich 
electronic carbon nanoparticles (CNPs) acted as the energy 
donor, and upon titration of the near-infrared (NIR) fluo-
rescent QD tagged with aptamer and broad-spectrum gly-
copeptide antibiotic vancomycin (Apt-Van-QDs), efficient 
energy transfer happened from the blue fluorescent energy 
donor to NIR Apt-Van-QDs (energy acceptor), leading to the 
quenching of the emission at ∼465 nm and the emergence 
of the emission at ∼725 nm. The FRET process was dis-
rupted in the presence of target bacteria S. aureus, and the 
emission of complex Apt-Van-QDs@CNPs switched to the 
blue channel with a stoke shift of ∼260 nm (Fig. 8b). The 
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platform utilizing ELISA-like assay for influenza A H1N1 
virus detection [121]. Magnetic beads served as three-
dimensional substrates for H1N1-specific aptamers to 
capture the virus, while an HRP-conjugated antibody was 
used to form sandwich complexes with activate tyramide-
tetramethylrhodamine (TTMR) to generate amplified fluo-
rescent signals. Droplets containing magnetic beads were 
driven by electromagnetic force to automate the entire 
detection process within 40 min. The experimental detec-
tion limit was determined to be 0.032 HAU, which was 

of enough sensitivity for clinical diagnosis of influenza A 
H1N1 virus. The same group developed another integrated 
microfluidic device was for the diagnosis of Acinetobac-
ter baumannii (AB), a lethal multidrug-resistant patho-
gen mainly responsible for nosocomial infections [122]. 
Replacing antibodies with a pair of aptamers, the dual-
aptamer assay was constructed by attaching one aptamer 
to the magnetic beads for the collection bacterial cells, 
while a secondary aptamer tagged with quantum dot (QD) 
functioned as a quantitative tool (see Fig. 9 for detailed 

Fig. 9  Dual aptamer assay for the detection of AB. (a) Bacterial sam-
ples and reagents were loaded into the corresponding chambers. (b) 
Magnetic beads and bacteria were pumped into the reaction chamber 
by a micropump and mixed by a micromixer. (c) Unbound materials 
were washed away with wash buffer while applying an external elec-

tromagnetic field. (d) Bead-bacteria complexes and QD were mixed 
by a micromixer. (e) Excessive QD was washed away with wash 
buffer while applying an external electromagnetic field. (f) Fluores-
cent signals were excited by LED and detected by photodiodes (PD). 
Reproduced with permission from [122], Copyright 2020 Elsevier 
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assay). The electromagnetically driven microfluidic system 
featuring light-emitting diode (LED)-induced fluorescence 
modules exhibited a limit of detection of 100 CFU/reaction 
within a detection time of 30 min. The whole detection 
process could be carried out automatically without human 
intervention or external equipment.

SERS aptasensors

SERS effect refers to the phenomenon of an exceptional 
increase in Raman cross-section of adsorbed molecules than 
that of the normal Raman scattering signal due to the enhance-
ment of electromagnetic field on nanostructured metal–dielec-
tric surfaces [123]. SRES overcomes the limitation of the low 
sensitivity of normal Raman spectrum and represents a power-
ful tool to analyze the change of adsorption state of molecules 
on nanostructured metal surfaces [124]. The combination of 
SERS-based strategies with aptamer-based capture biomol-
ecules holds significant potential for rapid, real-time, and on-
site pathogen detection [125–127].

SERS aptasensing strategy is a label-based approach. 
Typically, aptamers are immobilized onto the surface of 
metallic nanoparticles as capturing probes to bind with tar-
get molecules, followed by the formation of a sandwich style 
complex with the secondary aptamers labeled with Raman 
reporters such as 4-mercaptobenzoic acid (4-MBA) and 
5,5-dithiobis-(2-nitrobenzoic acid) (DTNB). The recognition 
information could be monitored through the changes of the 
Raman spectra of the labels (Fig. 7d). Employing a sandwich 
strategy, a SERS aptasensor was achieved for highly sensi-
tive detection of influenza virus [128]. Aptamer RHA0385 

was utilized as the primary aptamer to attach onto metal 
particles of a SERS substrate for the recognition of H1, H3, 
and H5 influenza virus subtypes, and a secondary aptamer 
was labeled with Raman-active molecules for signal detec-
tion upon binding with target viruses. The sensor showed 
a limit of detection of  10−4 HAU per sample, which was 
significantly lower than the values of other commonly used 
techniques for influenza virus detection. Applying a similar 
sandwich assay, a SERS-based aptasensor for quantitative 
detection of E. coli O157:H7 was developed, exhibiting a 
detection limit of 3 CFU  mL−1 [129]. The high sensitivity 
resulted from applying a combination of MNPs-based cap-
ture probe and gold nanobones (NBs)-based signal probe 
 (GNRApt-1+RhB) prepared from gold nanorods (GNRs) come-
diated by an aptamer (Apt-1) and signal molecule rhoda-
mine B (RhB) (Fig. 10). The capture probe could specifically 
bind with target bacteria via the affinity of Apt-2, followed 
by the formation of a sandwich style complex with the sig-
nal probe to produce a greatly enhanced Raman intensity, 
which was derived from the strong electromagnetic field 
distribution with the locations at the apex of both ends of 
the  GNRApt-1+RhB.

The substrate of SERS-based aptasensor is critical 
for aptamer adsorption and sensitivity optimization 
through both electromagnetic and chemical mechanisms 
[130]. Toward the aim of signal enhancement, novel 
SERS substrates such as graphene oxide-wrapped 
 Fe3O4@Au nanostructures [131] and gold-coated 
polydimethylsiloxane film [132] were developed for 
the enhancement of Raman scattering to determine Vp. 
For sensitive detection of Vp, a hetero-sandwich-based 

Fig. 10  Schematic illustration of the SRES aptasensor for the detection of E. coli O157:H7. Reproduced with permission from [129], Copyright 
2020 American Chemical Society 
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SERS method was described in conjunction with the 
RCA signal amplification strategy [133]. Antibodies 
were immobilized on the microplate to capture the target 
bacteria, followed by binding with silver-coated AuNPs 
fabricated by aptamer-included ssDNA probes. The DNA 
probes could also serve as primers of the RCA process to 
initiate the assembly of metallic nanoparticles, creating 
excess “hot-spot” sites for Raman measurement. The 
achieved sensor provided a detection limit of 1 CFU  mL−1 
for Vp and was successfully applied to determine Vp 
in spiked food samples showing satisfactory sensitivity 
and specificity. A dual-recognition platform for the 
simultaneous detection of two pathogenic bacteria, 
E. coli and S. aureus, was constructed based on the 
dual recognition by vancomycin and aptamers [134]. 
Vancomycin, a broad-spectrum glycopeptide antibiotic, 
was incorporated on  Fe3O4@Au nanoparticles as a 
universal bacteria capturer to efficiently enrich target 
bacteria, while aptamer-modified AuNPs with two 
different types of SERS tags were employed for the 
specific and sensitive quantification of target bacteria. 
The platform exhibited a detection limit of 20 and 50 
cells  mL−1 for S. aureus and E. coli, respectively.

SPR aptasensors

SPR sensor is developed upon the basis of surface plasmon 
resonance absorption. The resonance frequency or reso-
nance angle of surface plasmons changes with the variation 
of refractive index of the adjacent medium bound on the 
metal surface, so that the measurement of SPR frequency or 
angle could indicate the reaction of biomolecules adsorbed 
on the substrate surface [135]. As for a SPR aptasensor, 
aptamers are adsorbed on the metal surface. Target bind-
ing increases the thickness of the surface, leading to the 
change of the refractive index (Fig. 7e). Similar to QCM 
and SAW sensors, SPR sensor is also mass sensitive. From 
this perspective, SPR sensor can also be classified as acous-
tic sensors. Our classification here is based on the work-
ing principle, that ultimately, surface plasmon resonance is 
an optical phenomenon. SPR sensor provides a label-free 
detection platform for a wide variety of target molecules 
including pathogens [136].

The sensitivity and selectivity of SPR-based sensors 
are generally lower than some other labeled optical tech-
niques such as fluorescent sensors, and these shortcomings 
have been significantly improved in recent years by the 
incorporation of AuNPs and the sandwich assay involv-
ing a pair of recognition units. Nguyen et al. screened and 
characterized a series of aptamers against whole H5Nx 
avian influenza viruses using a multi GO-SELEX method 
[137]. Aptamers IF10 and IF22, which could bind H5N1 
virus simultaneously at different site of the same virus, 

were applied to develop a sandwich-type AuNPs-based 
SPR aptasensor. The angel shift of the sensor using a 2nd 
aptamer conjugated with AuNPs was enhanced by 50-fold, 
compared to those using single aptamer or 2nd aptamer 
without modification. By applying a pair of aptamers with 
a sandwich-type signal enhancing technique, the sensor 
exhibited high sensitivity toward H5N1 whole virus with 
a detection limit of 200  EID50/mL. Employing a similar 
strategy, norovirus capsid protein detection at attomo-
lar concentration was achieved by using a gold nanorod 
enhanced surface sandwich assay [138]. The sensitivity 
was found to be  105 times higher than that of sandwich 
platform without any gold nanorod particles. Wang et al. 
investigated the binding reactions between aptamers and 
outer membrane proteins on the surface of S. typhimurium 
at single-cell level using SPR and atomic force microscopy 
(AFM) [139]. Two DNA aptamers were used for the label-
free detections of S. typhimurium, and the high-throughput 
biosensor exhibited a detection limit of 3 ×  104 CFU  mL−1. 
AFM topography and recognition images of the bacteria 
was obtained by attaching aptamer APT33 to AFM tip 
and on modified Au (111) surface. This study provided 
some fundamental insight for a better understanding of 
the binding activities between aptamers and bacteria on a 
biosensor surface.

In the last few years, various plasmonic nanoparticle-
based localized surface plasmon resonance (LSPR) biosen-
sors have been established and applied in biotechnological 
and clinical assay for their inherent label-free nature, port-
ability, low cost, and real-time sensing capacity [140]. A 
portable plasmonic biosensor-based device was developed 
for ultrasensitive and selective detection of S. typhimurium 
in pork meat samples [141]. AuNP monolayer with a reg-
ulated diameter of 20 nm was deposited on a transparent 
glass substrate to produce longitudinal wavelength extinc-
tion shifts via a LSPR signal. Aptamers were conjugated 
onto the chip by a simple dipping adsorption method. The 
plasmonic-active biodevice exhibited quantitative detection 
of the bacteria with an upper detection limit of  104 CFU/mL 
in pure culture as well as in artificially contaminated pork 
meat samples within 30–35 min. No pre-enrichment step 
was needed for spiked pork meat samples.

Instead of being the target, pathogenic bacteria were 
employed as recognition moieties to detect lysozyme via 
a SPR-based system [142]. Micrococcus lysodeikticus (M. 
lysodeikticus) whole cells were adsorbed on graphene oxide 
(GO)-coated SPR interfaces. As M. lysodeikticus is a typical 
enzymatic substrate for lysozyme, the cell walls of bacteria 
were destroyed upon exposure to the lysozymes in serum, 
followed by cell detachment from the GO surface to result 
in obvious changes in the SPR signal. The sensor showed 
a detection limit (0.05 μg  mL−1) suitable for clinical use in 
undiluted serum.
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Other aptasensors

Microcantilever array sensing technology provides another 
analytical platform featuring label-free detection, high 
scalability, low sample volumes, and short response time. 
Generally, a micron-sized rectangular cantilever beam 
is coated with receptor molecules on one side, and the 
binding with target molecules could induce the dynamic 
response change of microcantilevers [143]. Piezoelectric 
microcantilevers, operated in vibration mode (oscillation), 
were demonstrated to detect hepatitis C virus (HCV) helicase 
using RNA aptamers as receptor molecules. The engineered 
RNA aptamers provided sufficient surface stress for the 
ligand-binding to RNA aptamers on the microcantilever 
surface, which enabled the label-free detection of proteins 
at low concentrations (100 pg/mL) [144].

A gravity-based method was applied for rapid visual detection 
of flu viruses. RNA aptamers specific for different strains of 
human influenza virus were assembled onto gold nanoparticles 
that subsequently formed a gold nanoshell (AuNS) around the 
viral envelope. This AuNS could be visualized by transmission 
electron microscopy or sedimentation with a low-cost centrifuge 
to detect 3 ×  108 virus particles with naked eye [145].

An aptamer-assisted proximity ligation assay (Apt-PLA) 
was reported as a generalizable method for the detection 
of serum COVID-19-associated antigens (Fig. 11a) [146]. 
The binding of two aptamer probes to the same SARS-
CoV-2 N protein could bring the ligation DNA region into 
close proximity, thereby initiating ligation-dependent qPCR 
amplification to generate a significant qPCR signal. A limit 

of detection of 30.9 pg  mL−1 for N protein in spiked human 
serum was obtained within a workflow of 2 h.

Aptamers can also be adapted to thermophoretic sensors to 
provide a homogeneous approach for quantitative analysis of 
biomolecules in a temperature gradient. The binding of aptam-
ers with their target would give rise to differences in thermo-
phoretic movement between the aptamer-bound complex and 
non-binding aptamer [147]. A one-step thermophoretic assay 
was described for rapid and quantitative detection of pseudo-
typed SARS-CoV-2 viral particles (Fig. 11b). Aptamers spe-
cific for the S protein of SARS-CoV-2 were labeled with fluo-
rescent Cy5 dyes, and under a temperature gradient induced 
by localized infrared laser heating, high-affinity binding of 
aptamers to the S protein and PEG-enhanced thermophoretic 
accumulation resulted in an enhanced fluorescence intensity, 
indicating the level of S protein on viral particles. A limit of 
detection of 170 particles μL−1 (26 fM of the spike protein) 
was achieved in 15 min.

Aptasensors for POCT

A timely and reliable diagnosis is critical for the treatment 
and control of infectious diseases. POCT, or bedside 
testing, allows a quick and accurate analysis of the patient 
with minimum human intervention in hospitals, resource-
constrained clinics, and communities [11, 148, 149]. The 
“ASSURED” criteria, i.e., Affordable, Sensitive, Specific, 
User-friendly, Rapid and robust, Equipment-free, and 
Deliverable to end-users, can be used as a guideline to aid the 

Fig. 11  (a) Scheme of aptamer-assisted proximity ligation assay for 
COVID-19 antigens. Reproduced with permission from [146] under 
a CC BY license, Copyright 2020 The Royal Society of Chemistry. (b) 

Schematic of the one-step aptamer-based thermophoretic assay for 
rapid detection of SARS-CoV-2 viral particles. Reproduced with per-
mission from [147], Copyright 2021 American Chemical Society 
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selection of diagnostic tests in resource-constrained settings 
[150]. As a vast number of aptasensors have been established, 
the integration of aptamers as molecular recognition elements 
into lab-on-a-chip devices to construct POCT facilities seems 
a promising approach for rapid diagnosis of infectious diseases 
[151, 152]. The employment of aptamers in POCT would 
enable discrimination and real-time monitoring of disease-
causing pathogens for subsequent personalized therapy. Some 
LSPR, paper-based lateral flow assay, electrochemical and 
microfluidic aptasensing platforms listed in the “Aptasensors 
for pathogen detection” section have showcased their potential 
for the development of POCT devices as proof-of-concept 
models [75, 85, 105, 118, 120–122, 141]. In this section, we 
would like to highlight some ready-to-use devices, focusing on 
addressing the urgent needs of currently prevalent COVID-19, 
and the brief details of the selected aptamers are summarized 
in Table 3 for reference.

COVID‑19

Currently, two standard screening methods for SARS-CoV-2 
are reverse transcription PCR (RT-PCR) and serological 
tests (detection of antibodies) [153, 154]. The molecular 
diagnosis of COVID-19 is surrounded by some unneglectable 
issues, including false negative results from the detection of 
viral RNA, temporal variations of viral loads, selection and 
treatment of specimens, and limiting factors in detecting 
viral proteins [155]. There are urgent needs and tremendous 
opportunities for the development of alternative diagnostic 
techniques, especially for POCT methods [156]. To date, 
a considerate number of aptamers have been selected for 
diagnostic and therapeutic purposes toward COVID-19, 
which are ideal candidates to be functionalized as recognition 
moieties in corporation with versatile POCT techniques [157].

Electrochemical aptasensors are advantageous for low 
cost, rapid response, readily amenable for miniaturization, 
convenient for real-time and on-filed detection, which are 
desired qualities for the development of POCT devices [68, 
69]. A mask-based diagnostic platform integrating an elec-
trochemical aptasensor for SARS-CoV-2 was developed as 
a POCT method for COVID-19 screening [158]. SARS-
CoV-2 aptamers targeting the S1 protein were immobilized 
onto SPEs with ferrocenemethanol as a redox mediator. 
Exhaled breath condensate (EBC) was readily collected by 
a mask-based sampling device, followed by screening with 
the biosensor which detected SARS-CoV-2 viral particles 
down to 10 PFU  mL−1 in cultured SARS-CoV-2 suspen-
sions. Results about the infectivity state of the patient could 
be obtained in 10 min (Fig. 12a). However, the sampling 
process was directly correlated to viral load in breath and 
breathing of the patient, and the sampling step needs fur-
ther modification to overcome some false negative issues. 

In another example, a SARS-CoV-2 spike S1 protein spe-
cific aptamer was screened via SELEX and immobilized 
into the sub-nanometer channels of porous anodic alumina 
structures [159]. Target binding resulted in increased steric 
hindrance and decreased charge density, which affected the 
ion transport through the nanochannels along with a rapid 
electrochemical response (Fig. 12b). The aptasensor exhib-
ited an ultrahigh detection sensitivity to S1 protein (down to 
1 fM level) and was successfully applied to detect the SARS-
CoV-2 viral particles in clinical pharyngeal swab specimens. 
Based on a microelectrode array (MEA) chip modified with 
SARS-CoV-2 NP-specific aptamers, a microfluidics-coupled 
capacitive sensor was developed for real-time, label-free 
SARS-CoV-2 screening and diagnosis (Fig. 12c) [160]. The 
limit of detection reached an ultralow level of femtogram 
per milliliter attributed to the ultrasensitive solid − liquid 
interface capacitance indicator, and by employing a micro-
fluidic enrichment method, the response time of the sensor 
was shortened to only 15 s. Aiming at developing portable 
biosensors, a 10-μm gap-sized gold interdigitated electrode 
(AuIDE) aptasensing platform was presented for ultrasensi-
tive detection of SARS-CoV-2 (Fig. 12d) [161]. Its sensitiv-
ity was enhanced by depositing carbon nanodiamond on the 
sensing surface. The aptasensing was evaluated by electro-
chemical impedance spectroscopy measurements, and the 
detection limit was evidenced as 0.389 fM for NP in spiked 
human serum.

Commercially available glucometers can be repurposed to 
detect a variety of non-glucose-based targets including infec-
tious pathogens. These meters are portable, inexpensive, and 
user-friendly. Singh et al. reported a point-of-care salivary 
antigen testing for SARS-CoV-2 viral antigen with an off-
the-shelf glucometer [162]. An aptamer-based competitive 
assay was conducted based on aptamer-oligo-invertase com-
plex preassembled on magnetic beads. In the presence of the 
cognate antigen, antigen-sensitive switch occurred, and after 
magnetic separation, the released enzyme could hydrolyze 
sucrose into glucose, which allowed signal readout with a 
glucometer (Fig. 12e). This assay could clinically discrimi-
nate infected and non-infected individuals with low-cost 
reagents ($3.20/test) and an unmodified glucometer ($29). 
As for the glucometer, issues on optimization of aptamer 
binding conditions, enzyme selection, and increasing shelf 
life need to be addressed prior to clinical approval.

The ongoing pandemic of COVID-19 has roused a 
surging increase in the development of aptasensors for the 
detection of SARS-CoV-2. Besides the abovementioned 
examples, there have also been a considerable number of 
excellent examples presented during the last 2 years, mainly 
employing electrochemical [163–167], photoelectrochemical 
[168, 169], and optical [170–174] aptasensing strategies. 
Many of these aptasensors were capable of detecting viral 
proteins/particles with similar or better sensitivities than 
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those of the conventional assays within an hour or even in 
real time. Device miniaturization and incorporation with 
lateral flow assays, microfluidic platforms, or smartphones 
would further promote the implementation of these 
aptasensors into POCT utilization [11, 149, 175].

Other selected examples of anti‑infective POCT 
devices

Lateral flow assays are well-acknowledged potent POCT 
approaches, especially in resource-limited settings owing 
to the advantages of ease of use, low cost, test rapidity, 
disposable format, and low sample volume required 
[176]. The high inter-batch variability and relatively low 
accuracy due to the use antibodies could be addressed by 
employing synthetic aptamers as recognition molecules. A 
ready-to-use lateral flow assay was developed for detecting 
inflammation/infection biomarker C-reactive protein (CRP) 
using microarray technology as a prescreening platform 
(Fig. 13a) [177]. CRP-specific aptamer was immobilized 
on microarray chips in sandwich format for lateral flow 
assay, and the cutoff for CRP detection was 10 mg/L for the 
determination of infections/inflammation (≥ 10 mg/L CRP) 
in human patient samples.

Smartphones is well-suited for POCT and personalized 
healthcare for their high-resolution cameras, advanced com-
puting and data processing capabilities, and most impor-
tantly, global accessibility to users [178]. Optical signal 
output can be captured and analyzed readily with self-built 
cameras and programs installed on smartphones. A POCT 
method for on-site and visual detection of streptomycin 
was established based on aptamer recognition and digital 
image colorimetry by smartphone [179]. The fluorescence 
intensity of anthocyanins dye SYBR Green I was employed 
as indicator for the concentration of streptomycin, and the 
RGB values of acquired images were analyzed by the Touch 
Color APP installed in smartphone (Fig. 13b). The limit 
of detection of this method was 94 nM, and the recovery 
rates reached 94.1–110% for determining streptomycin in 
chicken and milk samples. Smartphone-based system was 
also established for the real-time detection of mycotoxin by 

combining nucleic acid aptamer recognition and shape cod-
ing microhydrogel techniques, exhibiting a detection limit 
of 0.1 ng/mL [180].

Yang’s research group developed a target-responsive hydro-
gel system encapsulated Au core/Pt shell nanoparticle (Au@
PtNP) as a universal platform for quantitative POCT. The 
hydrogels were constructed with DNA-grafted linear poly-
acrylamide and cross-linking DNA aptamers for selective tar-
get recognition. The presence of target molecules would trigger 
the release of the preloaded Pt nanoparticles that possessed 
excellent catalytic capability for decomposing  H2O2 to  O2. The 
generation of  O2 in sealed environment could be measured 
by a portable volumetric bar-chart chip [181, 182] or a hand-
held pressuremeter [183] (Fig. 13c). In addition, glucoamylase 
was also used as alternatives to Pt for cascade enzymatic reac-
tions for signal amplification and visualization with micro-
fluidic paper-based analytic devices [184]. This strategy was 
employed for portable and highly sensitive detection of a series 
of targets, including cocaine and ochratoxin A. Similar pres-
sure amplification technique was utilized for an instrument-
free detection of multiple pathogens by integrating a portable 
multiplexed bar-chart chip with nanoparticle-mediated mag-
netic aptasensors (Fig. 13d) [185]. This user-friendly device 
allowed visual quantitative detection of multiple pathogens 
simultaneously without cross-interference. Three major food-
borne pathogens in apple juice were specifically quantified 
with limits of detection of about 10 CFU/mL.

The remold of commercially available handheld meters 
such as glucometer [162, 186], pressuremeter [183, 185], 
and thermometer [187] represents promising approach for 
the development of POCT diagnostic devices [188]. These 
household meters possess merits of wide availability, easy 
operation, good portability, rapid response, and low cost. 
The transformation of the detection of targets into readable 
signals, i.e., changes of glucose, temperature, or pressure, 
is the major technical challenge which requires enormous 
investment of manpower and resources at the research and 
development stage. Due to the inherent poor sensitivity of 
these handheld meters, signal amplification strategies are 
crucial to detect subtle signal variation in response to bio-
markers at low abundance.

Conclusions, challenges, and perspectives

Under the current circumstances of global epidemic, a vast 
number of aptasensors aiming at rapid, ultrasensitive, highly 
specific, cost-effective, and user-friendly detection of infectious 
pathogens have been established, integrating innovated report-
ing mechanisms, signal enhancers, nanomaterial-based sensing 
platforms, and automated detection technologies. Herein, we 
have discussed the design strategies and advanced techniques 
of aptasensors, covering the utilization of three major signal 

Fig. 12  Selected examples of candidate POCT platforms for SARS-
CoV-2. (a) Exhaled breath condensate-based diagnostic strategy for 
SARS-CoV-2 infectivity. Reproduced with permission from [158], 
Copyright 2021 Elsevier. (b) Aptamer-functionalized nanochannels 
for one-step detection of SARS-CoV-2. Reproduced with permis-
sion from [159], Copyright 2021 American Chemical Society. (c) 
Conceptual illustration of the sensor, measurement system, and NP 
capturing. Reproduced with permission from [160], Copyright 2022 
American Chemical Society. (d) Diamond enhanced AuIDE for the 
detection of SARS-CoV-2 NP. Reproduced with permission from 
[161], Copyright 2022 Elsevier. (e) Point-of-care SARS-CoV-2 sali-
vary antigen testing with an off-the-shelf glucometer. Reproduced 
with permission from [162], Copyright 2021 Elsevier 

◂
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Fig. 13  (a) Schematic illustration of an aptamer-based lateral flow 
assay for detection of CRP. Reproduced with permission from [177], 
Copyright 2020 American Chemical Society. (b) A POCT method for 
on-site and visual detection of streptomycin by smartphones. Repro-
duced with permission from [179], Copyright 2018 Elsevier. (c) Tar-

get-responsive hydrogel pressure-based assay for POCT. Reproduced 
with permission from [183], Copyright 2017 American Chemical 
Society. (d) A multiplexed bar-chart chip for visual quantitative detec-
tion of multiple pathogens. Reproduced with permission from [185], 
Copyright 2018 American Chemical Society 
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transducers, the employment of aptamers as recognition moie-
ties, and the construction of versatile sensing platforms. The 
latest development of POCT devices for anti-infective purposes 
has also been highlighted. Real sample analyses of spiked food, 
drinks, urine, and blood are always performed, some of which 
were tested on patients to demonstrate the capability of these 
sensors as potential candidates for pathogen detection and clini-
cal diagnosis of infectious diseases.

Despite being compared as promising alternatives to anti-
bodies, the market share of aptasensor-based diagnostic prod-
ucts lags far behind than that of the antibodies. Antibody-based 
immunologic diagnostics currently dominates the market of in 
vitro diagnostics (IVD) [189]. There are a limited number of 
clinical trials on aptasensors for infectious disease diagnostics 
(Table 1). Current situation is that the market recognition of 
aptamers is relatively low compared with that of antibodies, 
and few companies are willing to invest on the commerciali-
zation of aptamer-based diagnostic devices. Several exposed 
technical barriers of aptamer-based technology have ham-
strung the implementation of aptasensors into clinical utiliza-
tion: (i) highly sensitive and specific anti-infective aptamers 
are still insufficient compared with the rich database of anti-
bodies. The main reason lies in the relatively low screening 
efficiency and success rate of conventional SELEX process. 
Hence, many of the analytically aimed studies are based on 
limited number of well-characterized model aptamers [190]; 
(ii) the inherent structural flexibility of oligonucleotides 
reduces the repeatability of aptamer-target binding. The bind-
ing is also highly sensitive to exterior interferences such as pH, 
temperature, and species of buffer. Sometimes the high binding 
affinity cannot be reproduced without a standard protocol; (iii) 
most of the in vitro SELEX were carried out in saline buffer 
or cell culture medium, and those selected aptamers may not 
retain their high affinity and specificity toward pathogens in 
their natural forms, concerning the complexity of real sample 
analysis and diverse interfering factors [21]; (iv) DNA/RNA 
aptamers, especially unmodified ones, are intrinsically suscep-
tible to nuclease degradation. Their metabolic instability and 
other pharmacokinetic problems such as rapid renal filtration 
may have adverse effect on their binding performance in physi-
ological environment [191].

As for aptasensors, despite that a vast number of papers 
have been published in this field, the majority of them are 
proof-of-concept models that lack the potential for practical 
application in clinic. Robust and affordable POCT devices 
are scarce due to several critical issues: (i) the reliability of 
the sensor still needs to be improved. Although some aptam-
ers are characterized as highly sensitive and specific to infec-
tious agents during selection, whether those features could be 
retained after fabrication should be carefully evaluated. Infec-
tious pathogens, especially bacteria and viruses, are prone 
to mutation, and aptamers selected against certain strain of 
pathogens might give false negative result to other mutated 

strains; (ii) the stability and reproducibility of the sensors are 
crucial factors to be considered. For instance, fluorescent dyes 
serving as reporting probes are susceptible to photobleach-
ing, and those nanomaterial-based platforms may suffer from 
batch-to-batch difference in their performance [107]; (iii) the 
fabrication procedures of many reported aptasensors are rela-
tively tedious, which is unfavorable for industrial commercial 
production; (iv) the overall cost of an aptasensor manifests 
insignificant advantage over that of antibody, concerning 
the complicated production process, and the use of precious 
metal-based materials in some cases.

The SELEX procedure, cornerstone of aptamer technol-
ogy, has been fast-developing in the last few years to address 
the aforementioned deficiencies of aptamers [192, 193]. Cell-
SELEX has been extensively applied for the identification of 
aptamers for infectious pathogens to broaden the scope of 
targets, avoid target purification, and retain the natural con-
formation of molecules on cell surfaces [30–33]. Slow off-rate 
modified aptamers (SOMAmers), selected from library with 
functionalized nucleotides combined with a strategy of slow 
off-rate selection, possess enhanced (sub-nM) affinity to vari-
ous protein targets [194, 195]. In addition, SOMAmers-based 
platform is capable of measuring hundreds of protein analytes 
in one single sample, providing a new tool for biomarker iden-
tification [196]. Microfluidic chip technique has been incor-
porated into SELEX to provide a rapid, highly efficient, and 
automated screening method in which the sample and reagent 
consumption can be reduced to microliter grade, and each 
selection round only takes about 1 h [197]. The utilization of 
high-throughput sequencing during each SELEX round allows 
supervision of the whole enrichment process for a timely 
adjustment of the screening procedures, hence reducing the 
screening blindness and accelerating the screening process 
[198]. To circumvent the susceptibility of aptamers to nucle-
ase digestion and renal filtration, versatile post-SELEX chem-
ical modifications have been explored, including PEGylation, 
sugar modification, phosphodiester linkage modification, and 
truncation [16, 97]. In silico approaches carried out during 
selection and modification process are expected to reduce the 
time and cost associated with aptamer development. There 
are methods enabling the estimation of aptamer-target binding 
affinity, performing thermodynamics and kinetic analysis, and 
optimizing aptamer sequence modification [199, 200].

Although superior specificity is highly appreciated in 
aptamer selection, aptamers with broad-spectrum recogni-
tion of targeted pathogens can be especially useful in the 
context of infectious disease diagnostics and therapy. The 
molecular diagnosis of virus infection by aptasensors pri-
marily relies on the detection of viral proteins. Aptamers that 
selected against highly conserved residues of an evolving 
viral protein would present a broad-spectrum recognition of 
the variants, hence possessing more reliable target binding 
and higher genetic barrier to resistance in contrast to highly 
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specific aptamers [201, 202]. However, some viral proteins 
share certain amount of sequence identity with other viral 
species (such as the envelope, nucleocapsid, membrane, and 
spike proteins of SARS-CoV-2, SARS-CoV, and MERS-
CoV [203]), and the choice of epitopes specific to each virus 
need to be cautious to reduce cross-reactivity and eliminate 
false positive results [155]. The choice of broad-spectrum 
or highly selective aptamer depends on specific application 
scenarios, whether the intention is to make generalized dis-
ease diagnostics or to differentiate variants of pathogens for 
precise medication.

Besides optimization of the screening process, 
innovative ideas have been presented to ameliorate the 
performance of various aptasensing platforms. The 
development of nanomaterial-based aptasensors has 
become a hotspot in aptamer-based diagnostic research 
filed [204]. Attributed to the outstanding optical, electrical, 
or magnetic properties of versatile nanomaterials, 
the sensitivity and specificity of aptasensors could 
be significantly enhanced [205]. The distinct color 
difference between well-dispersed and aggregated 
AuNPs has been vastly employed for the preparation of 
colorimetric aptasensors, and generally, owing to the large 
surface-to-volume ratio of the nanomaterial, aptamers 
can be coated onto the surfaces of AuNPs for signal 
amplification [206–208]. Carbon nanomaterials such as 
carbon nanotubes, carbon nanowires, and graphenes that 
possess hydrophobic surfaces can be easily adsorbed 
by aptamers, and their excellent conductivity enables 
readily functionalization for electrochemical aptasensors, 
especially label-free detection systems [209–211]. As 
alternatives to conventional organic fluorophores, quantum 
dots and UCNPs feature enhanced photo-stability and 
high signal-to-noise ratio, which are particularly suitable 
for the development of fluorescent aptasensors [115, 
212, 213]. MNPs such as  Fe3O4 are advantageous for 
facile separation, extraction, target cell enrichment, and 
signal amplification owing to their ease of production, 
environmentally friendliness, and good biocompatibility 
[214, 215]. Hybrid nano-conjugated systems have also 
been fabricated for the integration of the unique properties 
of single nanomaterial species [216–218]. Future efforts 
should be focused on the development of robust, multi-
functional, low-cost, readily to large-scale production 
nanomaterial-based sensing platforms.

Multiplexed detection refers to the detection of multiple 
targets simultaneously in a single assay. The features 
of enhanced diagnostic efficiency, higher throughput, 
reduced cost, and improved operational convenience 
are highly desired, especially in clinic diagnostics 
and POCT [219–222]. Aptamers specific for different 
targets can be labeled with distinguishable signal tags 
and integrated onto one single platform for multiplexed 

biosensing. Toward the development of highly efficient, 
on-site, and cost-effective simultaneous screening 
methods, multiplexed aptasensors have been designed for 
the detection of antibiotics, mycotoxins, and pathogens 
[185, 223, 224]. For example, an aptamer-immobilized 
LSPR-based sensor was used to detect and identify three 
different bacterial species (Lactobacillus acidophilus, 
S. typhimurium, and P. aeruginosa) in a multiplexed 
mode [225]. Quantitative detection of S. typhimurium 
and S. aureus simultaneously has also been realized 
using GNPs modified with different Raman molecules, 
while aptamers functioned as the signal and capture 
probes [226]. Aptamer-functionalized quantum dots 
and upconverting nanoparticles, which can be excited at 
different wavelength to minimize cross-talk between the 
luminescent signals, were successfully employed for the 
detection of S. typhimurium and S. aureus using a dual 
excitation strategy [227]. Recently, a microfluidic paper-
based colorimetric multiplexed aptasensor was developed 
for E. coli O157:H7 and S. Typhimurium, and image 
analysis was used to read and quantify the colorimetric 
signal and measure target concentration [228]. Despite 
the fast development of multiplexed aptasensors for 
pathogen detection in the last few years, there exist some 
challenges for simultaneous detection techniques, such as 
limited number of distinguishable signal tags, multiple 
signal overlap, mutual interference, and cross-reactivity 
between different targets [223]. Meanwhile, complicated 
fabrication procedures of the sensing platforms will 
compromise their practical significance and application 
prospect. How to strike a balance between delicate design 
and simple configuration is an important issue to be 
explored.

POCT is currently a subsector of accelerated development 
in IVD industry. The outbreaks of influenza, Ebola, the field of 
sexually transmitted disease control, and the recent pandemic 
of COVID-19 have brought in unprecedented market demand 
for rapid diagnosis of infectious diseases [229–231]. As 
discussed in the last section, the incorporation of anti-infective 
aptamers with lateral flow assays, microfluidic platforms, and 
smartphones have manifested great potential in rapid, user-
friendly pathogen testing and patient diagnosis in resource-
constrained facilities [152, 232]. With the development of 
tailor-made aptamers and the advancement of cutting-edge 
devices, aptamer-based POCT is anticipated for a prosperous 
future in infectious disease diagnostics. Tremendous efforts 
from researchers and bio-pharmaceutical companies have 
been devoted to promote the development of aptamer-
based technology over the past two decades. We believe the 
pressing needs in the diagnosis of infectious diseases will 
motivate continuous innovations and breakthroughs from 
diverse aspects for the translation of aptasensors into clinical 
practices.
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