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Abstract
Infectious diseases caused by pathogenic microorganisms such as viruses and bacteria pose a great threat to human health.
Although a significant progress has been obtained in the diagnosis and prevention of infectious diseases, it still remains
challenging to develop rapid and cost-effective detection approaches and overcome the side effects of therapeutic agents and
pathogen resistance. Functional nucleic acids (FNAs), especially the most widely used aptamers and DNAzymes, hold the
advantages of high stability and flexible design, which make them ideal molecular recognition tools for bacteria and viruses,
as well as potential therapeutic drugs for infectious diseases. This review summarizes important advances in the selection and
detection of bacterial- and virus-associated FNAs, along with their potential prevention ability of infectious disease in recent
years. Finally, the challenges and future development directions are concluded.
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Introduction

Infectious diseases caused by viruses, bacteria, and other path-
ogenic microorganisms are important causes of human mor-
bidity and mortality. Pathogenic microorganisms can gain in-
fectivity through transmission between food, water sources, or
hosts. Therefore, effective and reliable diagnosis and therapy
methods are in urgent need for infectious diseases.

The process of microscopic identification includes isola-
tion of pathogenic microorganisms from clinical specimens,
culture, observation, and genome sequencing. It usually takes
long time to cultivate pathogenic microorganisms, and some
pathogenic microorganisms are not easy to profile, which
leads to misjudgment of the diagnosis result. After acquiring
the genetic characteristics of the pathogenic microorganism,
microscopic observation, PCR, and immunology methods can
be applied to diagnose infectious diseases [1]. PCR-based
methods are usually one of the gold standards for the diagno-
sis of infectious diseases, which enable an accurate detection
of the corresponding DNA/RNA fragments of the pathogenic
genome, but they require specialized instruments and condi-
tions and experienced personnel. Moreover, immunology
methods including the agglutination test, enzyme-linked im-
munosorbent assay (ELISA), and Western blot analysis use
specific antibodies to detect surface proteins, carbohydrates of
pathogenic microorganisms, or IgG and IgM. However, anti-
bodies are usually expensive and have poor thermal stability.
Therefore, it is necessary to develop an accessible, stable,
highly specific, and sensitive recognition molecule for the
detection and treatment of pathogenic microorganisms.

Functional nucleic acids (FNAs) refer to a class of nucleic
acid molecules with target binding or catalytic properties. The
most commonly used FNAs are aptamers and DNAzymes
(Fig. 1), which are DNA or RNA molecules selected from
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in vitro screening and confirmed with high binding affinity
and selectivity against targets [4]. Compared with antibodies,
FNAs promise several advantages. First, FNAs have lower
molecular weights with better penetration for in vivo applica-
tions. Second, as nuclei acid molecules, FNAs can be mas-
sively produced by solid-phase synthesis, which is cost-
effective with no batch effects, and feasible chemical modifi-
cation can easily be incorporated. Third, the low immunoge-
nicity of FNAs outweighs antibodies and is crucial for
immunology-related tests. Fourth, as the selection of FNAs
is routine and the library contains large numbers of random
sequences, various FNAs against targets can be enriched with
different functions. Taken together, with these unique merits,
FNAs have been broadly used in the detection and treatment
of pathogenic microorganism–caused diseases. This paper
first introduces different strategies for the selection of
aptamers and DNAzymes. Moreover, corresponding applica-
tions for FNAs in the diagnosis and treatment of bacterial- and
virus-caused infectious diseases are summarized (Scheme 1).

Finally, we share the overview of challenges and the growing
trend of novel FNAs against bacteria and viruses along with
their potential applications in disease diagnosis.

FNA selection for pathogenic microorganisms

Aptamers

Aptamers are synthetic small oligonucleotides with high bind-
ing affinity and specific affinity against targets (Fig. 1a) [5].
Comparedwith antibodies, aptamers are smaller, have easer of
synthesis and modification, and have better thermal stability.
Aptamers have been broadly used in in vitro diagnosis and
therapy. The targets for aptamer selection against pathogenic
microorganisms include whole bacteria, viruses, and protein
markers. Most aptamers were obtained by Systematic
Evolution of Ligands by Exponential Enrichment (SELEX),
which was first developed in 1990 [6, 7]. The workflow of

Aptamer

CoV2-RBD-4C

a b cRNA-cleaving DNAzyme

VAE-2

G4 peroxidase DNAzyme

PS2.M

T A

C
G

A

A
A
T G TA

T
G
GACA

C
GC

G
GTGGCTTA

GT
T
AT

T GC
GGC

G

A

T
G
C

GGA
C
GC

T
A
C

G
GCATTTC

A
T
C
G
G
GT

CCA A
A
G
G
G

5’

3’

A
T
G

AAGCTTACCGTCACTATrAGGAAGATGGCGAAA

TTCGAATGGCAGTGAT
AT

T
G
C
C

TAGC
G

CG
A
T

G
GC

C
TA ACC

G
CAGCT

G
G

TTCTACCGCTTT

G
CT

5’
3’ Sub

VAE-2

C
G

Fig. 1 The structures of typical aptamers and DNAzymes. a CoV2-RBD-4C aptamer against the receptor-binding domain of the SARS-CoV-2 Spike
glycoprotein [2]. b The RNA-cleaving DNAzyme VEA-2 [3]. c The peroxidase DNAzyme PS2.M [4]

Aptamer

DNAzyme

Bacteria

Virus

Biomarker

Toxin

Targets

Electrochemistry Visualization Fluorescence

Prevention

Inhibit Replication Block Fusion Delivery drugs 

Detection

Scheme 1 Functional nucleic acids for infectious disease detection and prevention

4564 Zhu L. et al.



SELEX usually includes the following steps: a random
library of approximately 1013–1015 oligonucleotide se-
quences is incubated with the target (whole cells, cell de-
bris, or biomarkers) and the binding sequences are collect-
ed for amplification followed by increased selection pres-
sure or negative selection to exclude nonspecific binding
aptamers. Although a large number of aptamers have been
obtained by SELEX, improved strategies are needed for

enhancing the affinity and specificity of the aptamers with
reduced workload of screening. Basically, aptamer selec-
tion can be divided into two categories: selecting aptamers
against known biomarkers and targeted selection against
whole cells or virus, both of which will be introduced in
the following sections. Finally, aptamers selected for the
detection of bacteria and viruses are summed up in Table 1
and Table 2, respectively.

Table 1 A summary of aptamers selected for the detection of bacteria, since 2000 until today

Target type Aptamer name Target Aptamer
type

Sequence of the aptamer (5′ to 3′) Kd (nM) Ref.

Bacteria VPCA-apta #1 V. parahaemolyticus DNA CATACCAAGGCTACCGAGGTTCCAGATATTGG
CCGCTATG

2.04±0.12 [8]

AM-6 E. coli (O157:H7) DNA CGTGATGATGTTGAGTTGGGGTGATGGGTGCA
TGTGATGAAAGGGGTTCGTGCTATGCTGTT
TTGTCTAATAATACTAGTCCTTGCCAAGGT
TTATTCCAGTAATGCCAACCAATCT

0.1076±
0.0678

[9]

Vapt2 V. vulnificus DNA TTCTGATGAGAGTTGCGACCTCCCGGATGAGT
GCCCTGGCTCCGGGTTTGTCTATTTTTGGG
GGTGTTGACAGATATCCT

26.8±5.3 [10]

Clone 63 H. influenzae DNA GCCTGTTGTGAGCCTCCTAACAGGAGGCGAAC
GGGCAGGTTCTTGGGGAGACAAGAATAAGC
ATGCTTATTCTTGTCTCC

0.0284649
±
0.00434

[11]

E-CA 20 S. pyogenes DNA CACACACGGAACCCCGACAACATACATACGGT
GAGGGTGG

7 [12]

BB16-11f B. breve DNA CTCCCAGGCCGTTGGGGCGTTGCCTGCGT 18.66±
1.41

[13]

VA2 V. alginolyticus DNA GACGCTTACTCAGGTGTGACTCGTCGGTCGGG
TGGTTGGGGTGGGTGGTCGGTTTTTAAGCT
GTGTCATTGTCCGAAGGACGCAGATGAAGTCTC

14.31±
4.26

[14]

Lyd-3 S. pyogenes DNA TGACGAGCCCAAGTTACCTGCCCCCGAACCAT
ACCACACGATGCCCCGTACCCCAGCCACCA
GAATCTCCGCTGCCTACA

661.8±
111.3

[15]

VFCA-02 V. fischeri DNA GGGCATGTGGACTTGCGATTTCGGTTTGGTGT
GGTTGGGG

12.8 [16]

Apt-5 E. coli O157:H7 DNA TGAGCCCAAGCCCTGGTATGCGGATAACGAGG
TATTCACGACTGGTCGTCAGGTATGGTTGG
CAGGTCTACTTTGGGATC

9.04±2.80 [17]

RAB35 S. aureus DNA TAGCTCACTCATTAGGCACGGGGGGTTGTGCC
ATTTAAGATGACCGGTTGCCGCGATTTGCA
TAGTTAAGCCAGCC

34±5 [18]

Apt-2 V. parahaemolyticus DNA ATAAGCATGAATTGACCAACCTAAACTTATTC
ATTTTCCAGCACCTCTAATATTACTGGC

10.3±2.5 [19]

Biomarker of
bacteria

C7 SEA protein DNA CCTAACCGATATCACACTCACAGTATACCGCT
CCACCAGTGTGATATCGGGATCTGCTGACG
TTGGTCGT CATTGGAGTATC

7.44±0.6 [20]

EA7 Lipid A region of
LPS

DNA ATAGGAGTCACGACGACCAGCCTTCTAACAGA
ATGTTGTTAGATAGCTTTGAAGCTGGTCTA
TGTGCGTCTACCTCTTGA

102±17 [21]

ML12 LF protein DNA CGAGGGAGACGCGAACCTTCTCGCCTTGGG- 11.0±2.7
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Identifying aptamers against biomarkers of pathogenic
microorganisms

Biomarker-based SELEX uses known biomarkers of bacteria/
viruses or bacterial/viral toxin as SELEX targets. For exam-
ple, aptamers against specific biomarkers on bacteria/viruses,
such as lipopolysaccharides (components of the membranes
of Gram-negative bacteria) [21], hepatitis B surface antigen
(HBsAg) [26], SARS-CoV spike protein [32], and proteins
related with infection and assembly, such as hemagglutinin
of the H9N2 avian influenza virus (adhering the sialic acid
receptors on surfaces of host cells) [35] and HCV core protein
(participating in virus assembly) [30], were obtained. In order
to improve selection efficiency, an innovative selection tech-
nology based on microfluidic technology [36] and artificial
intelligence [36, 37] has been developed. Hong et al. [38]
proposed a microfluidic chip based on magnetic separation,
which combined the cleaning process, operation of
micromagnetic beads, and real-time evaluation of the screen-
ing effect. Only three rounds of screening were required to
obtain highly selective aptamers for GP and NP proteins.
Song et al. [2] used ACE2-based competition and machine
learning algorithms to select high affinity aptamers for
SARS-CoV-2 RBD. The pre-enriching ssDNA library was
sequenced and scored by the enrichment of the motif/sub-
structure, the tolerance of the aptamer family, the ability of
the motif/substructure, the size of the aptamer family, and the
stability of the total secondary structure. Two high-affinity
aptamers that compete with ACE2 were selected. Combined
with the machine learning technology, this novel strategy im-
proved the efficiency of screening candidate aptamers and
avoided the tedious process of manually selecting aptamers.

In addition, toxins secreted by bacteria are also targets for
detecting bacterial infections and neutralizing toxicity. In this
case, aptamers against anthrax lethal factor secreted by
Bacillus anthracis [39] and staphylococcal enterotoxin type
A (SEA) secreted by Staphylococcus aureus [20] were
evolved. Overall, biomarker-based SELEX methods can gen-
erate highly specific aptamers. With defined biomarkers, cre-
ative strategies can be introduced to evolve aptamers with
desired characteristics. Moreover, the designed aptamers can
be easily implemented with downstream analysis, such as
nucleic acid amplification for biosensing. Since this technique
is limited to known biomarkers, approaches for evolving
aptamers against unknown targets are needed to expand the
applications of aptamers.

Bacterial/virus-based SELEXs

The whole-bacteria/virus SELEX technology incorporates
whole bacteria/virus with an ssDNA library by identifying oli-
gonucleotide chains and complex markers on the bacterial sur-
face, which does not require verification of special markers on

the surface. DNA aptamers against infectious pathogens includ-
ing Haemophilus influenzae type b [11], Mycobacterium
tuberculosis [40], Escherichia coli (E. coli) [9, 17],
Streptococcus (Streptococcus pyogenes [12], Streptococcus
pneumoniae [15], Staphylococcus aureus [18, 41],
Staphylococcus epidermidis [42]), and Vibrio (Vibrio
parahaemolyticus [43], Vibrio vulnificus [10], Vibrio
alginolyticus [14]) were selected. Moreover, DNA aptamers
for nonpathogenic bacteria such as Bifidobacterium [13] and
Vibrio fischeri [16] were selected. For virus-based SELEXs,
DNA aptamers targeting H1N1 virus [25] and RNA aptamers
targeting hepatitis C virus [34], dengue virus (DENV) [31],
vaccinia virus [44, 45], etc. were selected. However, due to
the large diversity of biomarkers and surface area of the whole
cell, large amounts of nonspecific adsorption and low-affinity
sequences hinder the selecting process, resulting in redundant
selection rounds and aptamers with low specificity. To tackle
this problem, Song et al. [19] poured a functionalized GO (PC-
GO) material composed of polyethylene glycol (PEG) and chi-
tosan (CTS) to the ssDNA library to dissolve nonspecific bind-
ing and low-affinity aptamers. The ssDNA sequences were
amplified by the complementary ring mediated rolling circle
amplification (CRM-RCA) method, and the RCA products
can be directly put into the next round, which improved the
enrichment efficiency and shortens the enrichment time.

DNAzymes

Similar to aptamers, DNAzymes are single-stranded DNA
molecules selected from random DNA libraries in vitro, but
with an added catalytic activity (Fig. 1b–c) [46]. The most
common DNAzymes are RNA-cleaving DNAzymes and G-
quadruplex DNAzymes (G4-DNAzymes). RNA-cleaving
DNAzymes usually split the RNA-containing substrate into
two fragments with a high catalytic efficiency. G4-
DNAzymes [47] are highly ordered nucleic acids rich in gua-
nines with a peroxidase-like catalytic activity. Due to
Hoogsteen hydrogen bonding, guanines can form planar G-
tetrads stabilized by monovalent cations. DNAzymes were
first obtained by “in vitro selection” in 1994, which were
confirmed to have an RNA-cleaving activity. The procedures
of DNAzyme selection are as follows: First, the target is incu-
bated with a pool of random DNAzymes that contained a
single RNA linkage and the activity sequences are cleaved
and release the remained sequences, which were collected
and amplified for the next round. After sequencing, the can-
didate sequences are selected. The target of DNAzymes can
be RNA [48], mixture derived from the bacteria [49], potential
cell target mixture [50], and crude extracellular matrix (CEM)
of bacteria [3]. For instance, Li’s group [51] developed a se-
lection method that incubated a DNA library with a bacterial
culture supernatant for both counter selection and positive
selection. The method did not require pre-determined

4567Selection and applications of functional nucleic acids for infectious disease detection and prevention



biomarkers, and the selected DNAzymes were highly sensi-
tive to bacteria and could respond to potential targets in the
sample matrix (e.g., serum or lake water). Using this method,
a series of bacterial-responsive DNAzymes were screened out,
such as E. coli–activated RFD-EC1 [51], Clostridium
difficile–activated RFD-CD1 [49], Klebsiella pneumoniae–
activated RFD-KP6 [52], and Helicobacter pylori–activated
DHp3T4 [53]. Moreover, the DNAzymes can be combined
with specifically designed probes for the highly sensitive de-
tection of bacteria. However, the target and specificity of these
DNAzymes are unknown, and the detection performances of
complex samples are fuzzy.

In summary, both aptamers and DNAzymes were selected
from ssDNA libraries, where random ssDNA libraries and
ssDNA libraries with RNA sequences were used for the se-
lection of aptamers and DNAzymes, respectively. Besides,
aptamers were evolved by amplifying the sequences with a
strong binding affinity of the target. On the contrary, the se-
quences with cleavage activity activated by the target were
acquired as DNAzymes. Overall, the selection of aptamers
was focused on the binding affinity, while the evolution of
DNAzymes was based on the cleavage activity or peroxidase
activity. The obtained aptamers and DNAzymes can be
employed for different strategies. For instance, the structure
change of aptamers after interaction with the target was usu-
ally employed in biosensors. And the catalytic cleaving activ-
ity or peroxide activity of DNAzymes was commonly used for
signal amplification. However, the applications of
DNAzymes were limited due to the uncertainty of their
targets.

Applications of FNAs for infectious diseases

Aptamers

Pathogenic bacteria can cause severe problems in public
health [1]. Therefore, detection of specific pathogen plays
an important role in human health and the environment to
avoid bacterial-derived diseases and potential epidemics
[54]. Ideal bacterial sensors are expected to be rapid and
sensitive, where DNAzyme [49], antibodies [55], and
aptamers [56] have been successfully incorporated. With
advantages of ease of production and modification, flexi-
bility, and stability, aptamers have been widely adopted in
detection of bacteria and therapy for bacterial-induced dis-
eases. A variety of aptamers of desired targets are selected
from the SELEX process [57]. Besides, bacterial or viral
contamination often appears in the process of antibody
production [58]. On the contrary, the chemical production
of aptamers can avoid these problems in the biological
process [58, 59]. Moreover, the incorporation of nucleic
acid amplification can largely enhance the detection

sensitivity of aptamer-based strategies [60, 61]. Overall,
the unique advantages of aptamers make them ideal tools
for biosensing, and the latest applications of aptamer-based
strategies for detection of infectious diseases will be intro-
duced in the following sections.

Bacterial detection

Ligand-responsive biosensors To obtain highly sensitive and
rapid detection of pathogen bacteria, aptamers have been com-
bined with ligand-responsive biosensing devices, like quartz
crystal microbalance (QCM) [62] and multichannel series pi-
ezoelectric quartz crystal (MSPQC) [63]. QCM is a sensor that
can measure the quality with high sensitivity. Specifically, the
quality change of the crystal surface will result in a positive
change in the resonance frequency of the quartz crystal.
Therefore, when aptamers are modified on the crystal surface,
the target can be precisely detected according to the mass
change caused by the bound targets. MSPQC reflects slight
changes of the interaction between targets and aptamers by
varied electrical signals. For example, He’s group developed
a H37Rv sensor platform [63] with MSPQC for the specific
and rapid detection of M. tuberculosis (Fig. 2a). The H37Rv
aptamer was obtained by the whole-cell SELEX, and the spe-
cifically designed probe complementary to the specific
H37RV aptamer was modified with the Au-IDE electrode
by the Au-S interaction. Single-walled carbon nanotubes
(SWCNTs) were bound to aptamers through π-π stacking.
The interaction of the target H37Rv with its aptamers led to
a frequency shift response, where the changed electrical sig-
nals were detected by the MSPQC. This system can distin-
guish H37Rv from the Bacillus Calmette-Guerin vaccine
(BCG) and Mycobacterium smegmatis (M. smegmatis), and
down to 100 CFU mL−1 M. tuberculosis could be detected
within 70 min.

Surface-enhanced Raman scattering Different from conven-
tional Raman spectra, the surface-enhanced Raman scattering
(SERS) technology is based on plasmon resonances on illu-
minated metallic substrates and can achieve a 104~106-fold
signal amplification. For SERS-based bacterial biosensors,
SERS signals were substantially enhanced by the interaction
with aptamers with the corresponding target; thus, pathogens
of interest could be identified directly and quantified sensitive-
ly through the SERS spectrum. For instance, a SERS-based
biosensor was developed for the detection of Staphylococcus
aureus (S. aureus), which is a common food-borne pathogen
widely existing in the natural environment and can produce
enterotoxins. The aptamers coated with AgNPs bound with S.
aureus, and generated enhanced SERS signals, achieving lin-
ear analysis of S. aureus ranging from 101 to 107 CFU/mL,
with the LOD of 1.5 CFU/mL within 40 min [64] (Fig. 2b).
Aside from single bacterial analysis, multiple bacteria
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detection is vital for practical applications. A dual-recognition
platform was proposed to distinguish two bacteria by magnet-
ic enrichment and SERS tags for specific targets (Fig. 2c) [65].
SERS tags were labeled with S. aureus– or E. coli–specific
aptamers to form sandwich structures. By establishing the
linear relationship between the SERS signal intensity and the
logarithm of bacterial concentrations, the developed biosensor
could distinguish both bacteria specifically within 1.5 h,
where the bacterial capture efficiency of S. aureus was
88.89% and 74.96% for E. coli, and the limit of detection
was 50 cells mL−1 for E. coli and 20 cells mL−1 for S. aureus.
Despite the high sensitivity, the reliability of quantitation of
SERS-based approaches still remains controversial.

Electrochemical methods Electrochemical detection relies on
the changes of flow currents on the electrochemical material
surface [67]. The DNA sequence can be folded into various
3D structures to bind to specific targets, and the DNA-
modified surface was stable for a long time. Therefore,
DNA-nanostructured electrochemical detection technologies
have been developed for bacterial analysis with stringent spec-
ificity and high stability [68].

Nanoengineered materials are often used as a signaling
hybridization medium in electrochemical biosensors [69].
Metal-organic frameworks (MOFs) have complementary or
synergistic effects with the addition of metal ions and have
been applied in electrochemical biosensors. In Shahrokhian’s
work [70], they designed a nanoengineered MOF material
based on an E. coli aptamer. The binding of the bacteria and
aptamers could be monitored and quantified by analyzing

resultant pulse voltammetry (DPV) signals, where a linear
dependence on the logarithm of the E. coli O157:H7 concen-
tration ranging from 2.1 × 101 to 2.1 × 107 CFU mL−1 was
established, with the detection of limit of 2 CFU mL−1 and
the limit of quantitation (LOQ) of 21 CFU mL−1.

Visual detection Visual detection of pathogens can translate
complex signals from a series of biochemistry reactions into
the ones that can be observed directly by naked eyes, such as
color changes [16], therefore eliminating the need for complex
instruments for signal readout and saving the cost [71].
Specifically, aptamer-based methods provide a simple, precise,
and universal way for a rapid screening of pathogens [72], and
serve as powerful tools for point-of-care testing (POCT).

Lee et al. [72] introduced a magnetic-composite membrane
system to achieve an automated detection of Acinetobacter
baumannii (AB). They developed the whole nitrocellulose
(NC) membrane–based dual-aptamer assay on a microfluidic
chip, where the existence of bacteria could simply be deter-
mined by the color intensity of the test line, which is useful in
point-of-care bacterial diagnostics. Yi and Li’s team devel-
oped an aptamer-based sensor for a rapid and sensitive detec-
tion of Mycobacterium tuberculosis (M. tuberculosis), which
caused almost 1.5 million people’s death in the world [73].
Specifically, they used an app to acquire the results, which is
applicable for ordinary people. The pictures of bacteria were
taken and the number of bacteria was given by the app via
special algorithm. With a special aptamer linked to the direct
or indirect enzyme, the whole assay is designed for complex
specimens. This system achieved a low quantitation limit of

Fig. 2 Schematic of a the electrochemical detection for H37Rv by the
Au-IED MSPQC system [63], b a SERS platform for the detection of S.
aureus [64], c a SERS platform for themultiplex analysis of S. aureus and

E. coli [65], and d a fluorescence strategy for the detection of
Staphylococcus aureus (S. aureus) [66]
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104 CFU mL−1 with a linear response. The whole process
costs only 5 h and significantly saves time compared with
the traditional bacterial culture way which takes 3–5 weeks.

Fluorescence biosensors Since fluorophores can be easily
modified with aptamers, aptamer-based fluorescent methods
usually harness aptamer-modified fluorophores for fluores-
cence signal transduction based on the binding of the target
and aptamers, with the characteristics of rapidness and high
sensitivity [74]. A variety of fluorophores with different prop-
erties can be incorporated, thereby boosting the applications
of aptamer-based fluorescent sensors especially in food safety
[75] and public health [76]. For example, Song et al.
employed an aptamer-based strategy for the quantification of
S. aureus using the fluorescence resonance energy transfer
(FRET) principle (Fig. 2d) [66]. The Van-functionalized gold
nanoclusters modified by aptamer served as the energy recep-
tor. Within 30 min of incubation time, a linear response with
the concentration of pathogen ranging from 2*101 to
108 CFU mL−1 was obtained, with the LOD down to
10 CFU mL−1. The strategy was also applicable for real sam-
ples, where the recovery of S. aureus rose from 99.00 to
109.75%, and relative standard derivations (RSDs) were con-
trolled in less than 4%. It is noted that fluorescence interfer-
ence should be taken into account and the combination of
different fluorophores matters especially whenmultiplex anal-
ysis is needed.

In summary, high specificity and sensitivity are the basic
requirements of detection of bacteria. Combining the flexibil-
ity of aptamers and the innovation of instruments, detection
methods including SERS, electrochemistry, and fluorescence
enable an accurate and specific analysis of bacteria and hold
the potential for clinical use. However, the relative high cost
of equipment may hinder their widespread applications. On
the contrary, visualized approaches where signal outputs can
be directly read by naked eyes eliminate the need for complex
instruments; thus, it is suitable for POCT. Meanwhile, its sen-
sitivity is sometimes sacrificed by the ease-of-use and short
analytical time. Therefore, it is critical to strike the balance
between sensitivity, specificity, analytical time, cost, and op-
eration threshold.

Therapy for bacterial-induced diseases

Aside from bacterial detection, aptamers can also be applied
for the inhibition of bacterial activities by binding specific
sites and inhibiting interaction [39], binding viral enzymes
and reducing activities of bacteria [77], and blocking immune
escape and activating immune cells [40]. Biofilms are orga-
nized groups of bacteria, attached to the surface of inanimate
or living objects, and wrapped by bacterial extracellular mac-
romolecules. Therefore, biofilm bacteria are highly resistant to
host immune defense mechanisms and antibiotics [78].

Pseudomonas aeruginosa (P. aeruginosa) is a universal mi-
croorganism that can survive under extreme conditions. It
causes diseases both in plants and in humans, such as immune
disorders, cystic fibrosis, and severe burns. And P. aeruginosa
can form strong biofilms, which consist of numerous extracel-
lular polymeric substances of bacterial communities, and
causes some serious diseases [79]. P. aeruginosa aptamer
inhibited bacterial infections by targeting biofilm. Therefore,
the P. aeruginosa aptamer can be used in biofilm treatment
[80]. Ciprofloxacin (CPX) and single-walled carbon nano-
tubes (SWNTs) are the most common nanomaterials with a
strong antibiofilm activity. Combination of aptamer-CPX-
SWNTs showed the potential of drug delivery and biofilm
formation overmaster [80].

Moreover, Kim’s group reported that a lethal factor (LF)
aptamer could cure Bacillus anthracis infection by neutraliz-
ing LF protease toxicity [39]. The value of IC50 was 15 ±
1.5 μM and with 85% cell viability, proving that the aptamer
was a powerful neutralizing reagent to inhibit anthrax.
Additionally, Zhang’s team selected an aptamer against
Mycobacterium tuberculosis, which can cause tuberculosis
(TB), the second lethal infectious disease in the world [40].
The highly specific aptamer can induce self-protective and
activate T cells to produce IFN-γ after i t bound
with H37RV (a strain of Mycobacterium tuberculosis). With
the aptamer treatment, the number of bacteria in the spleen of
mice significantly decreased, and less pulmonary alveolar fu-
sion presented in their lungs, indicating the inhibitory effect of
the aptamer on TB.

Virus biosensors engineered with aptamers

Electrochemical methods Electrochemical aptamer–based sen-
sors can be employed with a minimal loss of sensor signals
[81]. Since aptamers are electrically charged, the electrochem-
ical responses of aptamers upon the target binding can be used
to detect viral markers. Ruslinda et al. [82] used the RNA Tat
aptamer probe to detect the HIV-1 Tat protein based on the
changed charge density when the HIV-1 Tat protein bound to
the RNA aptamer. Li et al. [83] assembled gold nanoparticles
(GNPs), polypyrrole nanowires (PPNWs), and multi-walled
carbon nanotubes (MWNT) and on the electrode to increase
the effective surface area, electrocatalytic activity, and conduc-
tivity of the modified electrode, followed by aptamer modifica-
tion. The hybridization of the aptamer with the target H5N1
gene sequence produced electrochemical signals; therefore,
the avian influenza virus was sensitively detected. In addition,
Li et al. exploited an aptamer-based enzyme catalysis system
with bare interdigitated electrodes to detect avian influenza vi-
rus [84]. By constructing sandwich structures on the surface,
Lee’s team illustrated an aerometric biosensing platform based
on a screen-printed carbon electrode (SPCE) modified with
gold nanoparticles to monitor avian influenza virus [85]
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(Fig. 3a), which detected spiked H5N1 from human serum
samples sensitively and specifically. In addition to avian influ-
enza virus, Han et al. combined a hybrid nanomaterial–
modified electrode with a selected DNA aptamer, which en-
abled an accurate and highly selective detection of AIV (avian
influenza virus) H5N1 gene sequences [89].

Visual detection With the advantages of simple operation,
rapidness, and independence of complex instruments, lateral
flow arrays (LFAs) have become one of the most popular
methods for the visual detection of virus in laboratory, com-
munity, and home scenarios [90]. Kim et al. [86] adopted
lateral stream strips with aptamers to form sandwich structures
for the detection of H5N2 virus (Fig. 3b). To overcome the
cross-reactivity of antibodies and the compromised binding
kinetics of aptamers, Li et al. [91] constructed an influenza
virus recognition lateral flow assay equipped with the aptamer
and antibody that can distinguish specific virus strains from
different subtypes.

Fluorescence With the advantages of high specificity and ex-
cellent sensitivity, aptamer-based fluorescent methods enable
signal amplification and allow selective detection. Real-time
detection and imaging of the virus is important for tracing
virus behavior. However, conventional strategies using pro-
tein labeling face a major challenge in virus visualization, in
which fluorescent tags may interfere with the activity of target
proteins and cause damage to cells due to the size effect. To

solve this problem, Zhang’s team developed a strategy comb-
ing specific aptamer and molecular beacons (MBs) to achieve
protein imaging and HIV recognition [92]. It is expected that
imaging of different proteins in living cells could be achieved
by introducing different aptamer beacons. Coronaviruses have
caused large-scale pandemics in the past decades. Ahn et al.
[32] selected aptamers that specifically bind to the N protein
of severe acute respiratory syndrome (SARS) coronavirus,
and constructed an aptamer-based nanoarray chip to capture
SARS coronavirus followed by incorporation of stained fluo-
rescent antibody to detect SARS coronavirus. Recently, the
outbreak of COVID-19 caused by coronavirus (SARS-CoV-2
or 2019-nCoV) has posed a great threat to human health glob-
ally [93, 94]. As effective recognition and detection probes,
aptamers that could recognize SARS coronavirus were obtain-
ed and applied for a rapid detection of COVID-19 [2].

Surface plasmon resonance–based sensors Surface plasmon
resonance (SPR) plays an important role in drug discovery
and small molecule detection. Different from fluorescent
methods or electrochemical assays, SPR-based sensors based
on interaction between biological molecules are label-free and
have been developed for the rapid detection of virus, such as
AIV H5N1 [87], norovirus capsid protein VP1 [27], and
H5Nx viruses [23], and NS5B viral protein of HCV (hepatitis
C virus) [95]. Li et al. [87] developed an SPR sensor to detect
avian influenza virus (AIV) H5N1 (Fig. 3c). They installed the
sensor in a flow cell, calibrated in deionized water, and

Fig. 3 Schematic of aH5N1 viral protein detection by the enzymatic reaction [85], b the cognate pair of the lateral flow strip detecting H5N2 [86], c SPR
aptasensor for the detection of AI H5N1 virus [87], and d aptamers specifically binding different E2 proteins on HCV [88]
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initialized in the air. Within 1.5 h, the whole process was
completed, achieving a LOD of 0.128 HAU (one hemagglu-
tination unit) in poultry swab samples. The result showed the
potential of the SPR aptasensor in the poultry industry.

Others Other methods such as chemiluminescence immuno-
assay (CLIA) and SERS have also been applied for the detec-
tion of virus. CLIA is based on the chemiluminescence assay
where highly specific immune response occurs for various
targets [96], such as viruses or bacteria. Colorimetric sensors
reveal the presence of the virus by the color change. In the
comparison of other analytical methods, colorimetric sensors
have extraordinary superiorities in units of small molecular
testing [97]. For instance, Zeng’s group selected the aptamer
against Zika virus, which is associated with meningoenceph-
alitis and Guillain-Barré syndrome (GBS) and threatens hu-
man survival. They designed an aptamer-based ELISA system
to recognize Zika NS1 protein [98]. As for the detection of
SARS-CoV, Cho et al. [29] separated the N protein of SARS-
CoV by SDS-PAGE, where the 5′-biotinylated aptamer was
used to detect the N protein followed by SA-HRP and ECL
signal output. Moreover, to detect the infections titer of the
hepatitis C virus (HCV), Jang et al. [88] described a system
based on enzyme-linked apto-sorbent assay (ELASA), where
the aptamers against HCV E2 were employed to measure
infectious HCV particles (Fig. 3d). As for SERS-based plat-
forms, Dluhy et al. identified the SERS spectra for the
aptamer-nucleoprotein complex to monitor the influenza virus
with signal amplification [99].

Therapy for virus-induced diseases

Aptamers can cure diseases caused by virus by preventing the
virus from invading cells, inhibiting the proteins or enzymes
involved in viral replication [100], or stimulating the immune
system [101]. Due to the easy modification of aptamers, thera-
peutic molecules, for example, small interfering RNA (siRNA),
can be conjugated to aptamers for antiviral therapy [102].
Typical examples will be discussed in the following section.

Inhibition viral fusion with the target cell Viruses infect cells
by binding to the component on the surface of target cells via
the ligands on the surface of viruses. One of the most direct
and effect antiviral therapies is preventing the fusion of virus-
es to target cells using aptamers [103]. A variety of oligonu-
cleotide aptamers have been selected from pools and shown to
be able to inhibit the fusion of virus to host cells, including the
HA protein–specific aptamers [28, 104, 105], the hepatitis C
virus envelope protein (E1E2) aptamers [106], and Herpes
simplex virus type 1 (HSV-1) [100] aptamers. Aside from
DNA aptamers, RNA aptamers against hemagglutinins
(HAs) of avian influenza (HPAI) H5 and H7 viruses [107]
were also found to inhibit viral entry efficiently.

Inhibition of viral replication cycle Inhibition of viral replica-
tion cycle can block virus proliferation. Aptamers have been
shown to have antiviral effects by inhibiting enzymes or other
proteins participating in viral replication, transcription, and
translation [103]. Aptamers have been confirmed to be able
to inhibit the activity of endonuclease [108, 109], RNA poly-
merase [34, 110], reverse transcriptase (HIV-1RT) [111, 112],
and methyl transferase activity of dengue virus [31]. The
aptamers of Ebola virus can block the competitive binding
of dsRNA to VP35 protein of Ebola virus and destroy the
interaction of evp35 nucleoprotein (NP) [113]. Moreover,
the aptamer against HBV core protein could inhibit the assem-
bly of the nucleocapsid, resulting in reducing extracellular
HBV DNA synthesis [114]. Hepatitis C virus aptamers
disrupted the localization of the core protein via lipid droplets
and NS5A, holding back the core protein from binding to viral
RNA [30].

Delivery of antiviral molecule drugs Since aptamers are easy
to be modified, they can be easily modified with antiviral
molecules and serve as carriers. In addition, aptamers have
low immunogenicity and can reduce side effects. At present,
the most commonly used method is to combine aptamers
with siRNAs to transport siRNAs to target tissues which
knock out the target mRNA, and effectively inhibit HIV-1
replication. Zhou et al. [115] conjugated anti-gp120
aptamer with anti-HIV-1 siRNAs to target mRNA of HIV-
1 tat/rev protein. Zhu et al. [102] modified the anti-CD4
DNA aptamer with siRNAs against the mRNA of HIV-1
protease. Both methods showed an inhibitory effect on viral
infectivity.

Although studies have shown that aptamers had great po-
tential as antiviral drugs, it is still necessary to develop more
stable aptamer screening technology, modification methods,
and efficient targeted transfer methods to evolve aptamers
with higher affinity or desired properties. Moreover, the phar-
macokinetics of aptamers in the circulatory system also needs
attention.

DNAzymes

Bacterial biosensors engineered with DNAzymes

Visual detectionDue to the catalytic activity and ease of mod-
ification, it is easy to couple signal conversion molecules with
DNAzymes. By introducing different combinations of sub-
strates and DNAzymes, visual signal conversion was realized
during the catalytic reaction. For example, Tram et al. [116]
combined urea hydrolase with DNAzyme that specifically
cleaved bacterial-specific RNA on magnetic beads. Urea
was hydrolyzed by urease to convert bacterial signals into
pH signals, providing a simple, low-cost, and easy-to-
promote method for bacterial detection (Fig. 4a). Liu et al.
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[120] integrated PCR and g-quadruple DNAzyme which
mimic the horseradish peroxidase to initiate a colorimetric
reaction in the presence of DNA of L. monocytogenes. Court
et al. [121] conjugated urease to DNAzyme targeting
Helicobacter pylori (HP) via streptavidin-biotin interaction.
RNA cleavage reaction releases urease upon adding HPwhich
was then added to urea and phenol red for colorimetric
reaction.

Fluorescence biosensors Due to its RNA-cleaving activity,
DNAzymes can induce the switch of specially designed
probes and trigger fluorescent signal changes [117].
Typically, DNAzymes are coupled with RNA modified with
a fluorescent group and a quencher, where the fluorescence is
quenched in the absence of the target. After the introduction of
the target, it will induce the cleavage of the RNA strand and
keep the quencher away from the fluorescent group, thereby
producing fluorescent signals (Fig. 4b). Based on this strategy,
detection of Escherichia coli [51] [50, 117, 122], Klebsiella
pneumoniae [52], and Vibrio anguillarum [3] has been real-
ized with high specificity [123]. Cao et al. [124] described a
turn-off strategy where the MBs modified with fluorophores
and quenchers were complementary to RNA sequences and
displayed fluorescent signals. However, the target could trig-
ger DNAzymes to cleave RNA sequences, which were there-
fore not able to hybridize with the MBs. As a result, the fluo-
rescent signals were quenched.

Other methods Apart from visual detection and fluorescent
methods, nucleic acid amplification has also been incorporat-
ed for bacterial detection. Bengtson et al. [125] developed a
binary deoxyribose sensor called TB-DzT that combined mul-
tiplex PCR and single-nucleotide polymorphism (SNP) for the
identification of resistant mutants of Mycobacterium
tuberculosis (M. tuberculosis). He’s group [118] proposed a
DNAzyme-integrated localized surface plasmon resonance
(LSPR) sensing strategy to detect E. coli, where the
DNAzyme-induced RNA cleavage triggered the HCR signal
amplification reaction. Glucose oxidase was modified to the
amplificated chain to catalyze glucose, followed by oxidizing
silver TNPS to produce a plasma resonance response (Fig.
4c). Li’s group [119] proposed a DNAzyme feedback ampli-
fication (DFA) strategy, which used primers and complemen-
tary sequences for RNA cleavage. Subsequently, the cleaved
RNAs served as substrates and were furthered amplified by
rolling circle amplification (RCA), leading to exponential am-
plification, and the sensitivity was 3–6 orders of magnitude
higher than conventional methods (Fig. 4d). Collectively, the
integration with nucleic acid amplification can significantly
enhance the sensitivity of bacterial detection.

Virus biosensors engineered with DNAzymes

Visual detection G-quadruplex-hemin DNAzyme has a simi-
lar function to HRP, which catalyzes the oxidation of colorless

(A) (B)

(C) (D)

Fig. 4 Bacterial biosensors engineered with DNAzymes. a Visual detection of bacteria [116]. b The fluorescence-based detection method [117]. c The
surface plasmon resonance (LSPR) sensing strategy to detect E. coli [118]. d The DNAzyme feedback amplification (DFA) strategy [119]
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2,2-azinobis(3-ethylbenzothiozoline)-6-sulfonicacid
(ABTS2−) to the green ABTS radical by H2O2. This principle
has been applied for the detection of HBV gene [126], DNA
related to HIV [127], and dengue virus (DENV) [128]. Yin
et al. [129] constructed a visual biosensor with polystyrene
(PS) electrospun nanofibrous membrane as a basement to en-
hance the DNAzyme catalysis efficiency. Except for the de-
tection of HIV DNA, it can also distinguish single-base and
double-base mismatch with high selectivity and sensitivity
(Fig. 5a). James et al. [134] detected the dengue virus by
coupling the specific RNA sequence of the virus to the nano-
gold using DNAzyme, which caused the aggregation of the
nanogold, resulting in the color of the solution changing from
red to colorless.

Fluorescence biosensors The specific recognition of
DNAzymes and the target RNAcan produce fluorescence signal
changes and realize the detection of virus. Kim et al. [130]
reported on a nanosized graphene oxide (nGO)–based
DNAzyme delivery system, in which the fluorescent
DNAzymes were doped into GO and delivered to cells. In the
presence of the hepatitis C virusmiRNA, the DNAzyme hybrid-
ized with the miRNA and detached from the GO, thereby gen-
erating fluorescence signals (Fig. 5b). Xiang et al. [135] used
Mg(II)-dependent DNAzyme to cleave the substrate and release
G-quadruplex, which bound to thioflavin to produce fluores-
cence. Du et al. [131] developed the HsCR strategy in which
DNAzymes were amplified in the form of hairpin DNA strands
and tDNase was synthesized by polymerase by RCA. With
these two strategies, a homogeneous target-induced cascaded

amplification strategy was developed for the simultaneous de-
tection of enterovirus 71 and coxsackievirus B3 (Fig. 5c).

Electrochemical methods A common strategy for the electro-
chemical detection of viruses based on DNAzyme is to con-
struct a recognition probe of the target DNA on the electrode.
When the target exists, the probe is reassembled into a G-
quadruplex DNAzyme. When mixed with hemin and hydro-
gen peroxide, 3.3′,5.5′-tetramethylbenzidine sulfate (TMB)
will be oxidized, resulting in the change of electrorheological
signals, which can be revealed by voltammograms [132, 133].
Yu et al. [132] designed two DNA sequences that blocked
each other (Fig. 5d). The target triggered isothermal exponen-
tial amplification (EXPAR) and HCR reaction, and the
polymerase-initiated polymerization and cleavage enzyme
can regenerate target DNA. At the same time, the released
DNA sequence self-assembled into G-quadruplex. In the pres-
ence of hemin, TMBwas oxidized to generate electrochemical
signals to detect avian influenza A (H7N9); hemin/G-
quadruplex DNAzyme can also oxidize methylene blue
(MB) in the presence of hydrogen peroxide. Utilizing this
characteristic, electrochemical detection of influenza virus
subtype H7N9 [132] and hepatitis B virus surface antigen
(HBsAg) [136, 137] has been developed.

DNAzyme-based treatment strategies for diseases caused
by viruses

DNAzymes can effectively cleave RNA and hold the advan-
tages such as flexible design and independence of cell

Fig. 5 DNAzyme-based biosensors for the detection of virus. a Visual detection of virus [129]. b, c Fluorescence-based biosensors for the detection of
virus [130, 131]. d Electrochemical methods for virus detection [132, 133]
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mechanisms. It can be effectively used in the body without
expensive chemical modification and is used to down-regulate
a series of important therapeutic genes [138]. DNAzymes
were found to be able to inhibit the expression of HBV s-
and e-genes [139], inhibit hepatitis B virus X gene expression
[140], suppress the transcription and expression of F gene in
respiratory syncytial virus (RSV) [141], target M2 gene of
influenza A virus [142], and cleave the RNA sequence of
the 3′-NCR of JEV genome [8]. Hong et al. [143] constructed
nanocarrier chitosan-g-stearic acid (CSO-SA) beads on chito-
san for the intracellular delivery of HBV-specific DNAzyme,
which targeted cytoplasm, resulting in the enhancement of
inhibition of HBV virus.

Conclusions and future directions

Pathogenic microorganism–caused infectious diseases such as
viruses and bacteria pose a great threat to human health.
Although a significant progress has been achieved in the di-
agnosis and treatment of infectious diseases, it still remains
challenging to develop rapid and cost-effective detection
methods and overcome the side effects of therapeutic reagents
and resistance of pathogens. FNAs have high affinity, little
batch effects, low immunogenicity, and ease of modification,
thus providing powerful tools for the development of new
diagnostic and therapeutic agents. This article reviews the se-
lection of nucleic acid aptamers and DNAzymes and their
latest development in the detection of bacteria and viruses
and the treatment of diseases. The SELEX technology of
aptamers and the screening technology of DNAzyme enabled
a flexible evolution of the desired FNA towards whole bacte-
ria, whole viruses, bacterial and viral markers, and virus’s
DNA and RNA. Moreover, aptamers and DNAzymes have
been proven as potential tools for antiviral therapy due to the
ability to inhibit the recognition of viruses and cells and the
proliferation of viruses. However, the application of FNAs
requires a comprehensive evaluation of its characteristics, in-
cluding the stability, equilibrium dissociation constantKd, and
half-inhibitory concentration IC50 in different application sce-
narios. On the other side, the aptamers selected with whole
cell and whole bacteria as targets cannot guarantee high affin-
ity to real samples due to the unknown targets. The side effects
of DNA enzymes with unknown cleavage sites in the treat-
ment of infectious diseases are also unknown. Therefore, it is
necessary to study the targets and activation mechanism of
aptamers and DNAzymes carefully before clinical use.
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