
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00604-022-05242-4

REVIEW ARTICLE

Recent advances of functional nucleic acid‑based sensors 
for point‑of‑care detection of SARS‑CoV‑2

Wenxian Zhang1 · Ying He1 · Zhe Feng1 · Jingjing Zhang1 

Received: 5 January 2022 / Accepted: 21 February 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract
This review focuses on critical scientific barriers that the field of point-of-care (POC) testing of SARS-CoV-2 is facing and 
possible solutions to overcome these barriers using functional nucleic acid (FNA)-based technology. Beyond the summary 
of recent advances in FNA-based sensors for COVID-19 diagnostics, our goal is to outline how FNA might serve to over-
come the scientific barriers that currently available diagnostic approaches are suffering. The first introductory section on 
the operationalization of the COVID-19 pandemic in historical view and its clinical features contextualizes essential SARS-
CoV-2-specific biomarkers. The second part highlights three major scientific barriers for POC COVID-19 diagnosis, that 
is, the lack of a general method for (1) designing receptors of SARS-CoV-2 variants; (2) improving sensitivity to overcome 
false negatives; and (3) signal readout in resource-limited settings. The subsequent part provides fundamental insights into 
FNA and technical tricks to successfully achieve effective COVID-19 diagnosis by using in vitro selection of FNA to over-
come receptor design barriers, combining FNA with multiple DNA signal amplification strategies to improve sensitivity, 
and interfacing FNA with portable analyzers to overcome signal readout barriers. This review concludes with an overview 
of further opportunities and emerging applications for FNA-based sensors against COVID-19.
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Introduction

Since the identification of the first case of coronavirus dis-
ease 2019 (COVID-19) stemming from severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) virus infection 
in December 2019, the virus has been proliferating globally 
at an extremely high rate of contagion [1], with a cumula-
tive total of over 280 million confirmed cases and over 5.4 
million deaths in 200 countries and territories worldwide 
(https:// covid 19. who. int/, up to 29 December 2021). The 
reported global mortality rate is approximately 2%, which 
is significantly lower than the 10% for SARS-CoV and the 
35% for MERS-CoV [2]. Despite rapid vaccination efforts 
worldwide, the number of confirmed cases per week has 
rebounded repeatedly around the world, and the continued 

emergence of new mutated strains contributes to the current 
high global outbreak. Given the global perspective, control-
ling the outbreak remains a daunting long-term challenge 
owing to the rapid mutability and high rate of transmission 
of the SARS-CoV-2 virus, which poses a huge threat to pub-
lic health.

Belonging to the beta genus coronavirus, SARS-CoV-2 
has a single-stranded positive-sense RNA genome with 
an envelope structure, which is generally round or oval in 
shape, with a size of 60 ~ 140 nm [3]. The genome is ~ 30 kb 
in length, encoding four conserved structural proteins, 
named as the spike protein (S), the envelope protein (E), the 
nucleocapsid protein (N), and the membrane protein (M) 
(Fig. 1A) [3]. These structural proteins are not only indi-
vidually responsible for essential physiological roles, but 
also serve as components of the viral replication machinery 
or interact with many host cytokines. On the other hand, 
thanks to advances in structural biology, it is now possible 
to visualize the entire virus and related structural proteins 
quickly using transmission electron microscope (TEM) and 
cryo-electron microscopy (cryo-EM), often within a matter 
of weeks (Fig. 1B) [4, 5]. Specifically, the viral S protein 
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mediates the receptor binding to angiotensin-converting 
enzyme 2 (ACE2), assisting the viral entry into host cells via 
TMPRSS2 protease handling [6]. Two functional subunits, 

S1 and S2, constitute the S protein; the S1 subunit binds 
to ACE2, whereas the S2 subunit incorporates membranes 
(viral and host cells). N protein is responsible for mediat-
ing the transcription and replication of viral RNA, which 
contributes to encapsulated genome packaging into viral 
particles and the host cell cycle. This structural information 
results in a rapid development of strategies for COVID-19 
diagnostics, therapeutics, and vaccination.

During each period of SARS-CoV-2 infection, a range of 
biomarkers, including viral nucleic acids, protein antigens, 
and antibodies, have been identified in several biological 
fluids, including blood and lower and upper respiratory flu-
ids of infected people (Table 1), which are extremely criti-
cal for disease diagnosis and therapeutic purposes. Despite 
their importance, the detection of these biomarkers poses a 
considerable challenge because of their distinct diagnostic 
window in SARS-CoV-2 infection (Fig. 1C). Specifically, in 
the incubation period, viral RNA and antigen, gathered in 
nasal and pharyngeal swabs, were the primary biomarkers. 
After 7 days of onset, IgG and IgM antibodies are detectable 
in blood samples from patients. Within recovering patients, 
neutralizing immune antibodies, as in CA1 and CB6, are 
present, of which CB6 is a potential COVID-19 therapeutic 
agent [12]. The metabolic products, molecular lipids, and 
additional detective elements comprising the count of leu-
kocyte eosinophils also showed utmost clinical importance. 
Nevertheless, the concentrations of all the above biomarkers 
are low, and increasingly, the development of biosensors is 
dedicated to the rapid and accurate diagnosis of COVID-
19. Over the past 3 years, many routine clinical and labora-
tory assays, such as reverse transcription-polymerase chain 
reaction (RT–PCR), enzyme-linked immunosorbent assay 
(ELISA), and computed tomography (CT) imaging, have 
been developed. Apart from the accuracy problems of false 
positives/negatives, these methods, however, often rely on 
expensive and complex laboratory instruments, complicated 
operating procedures, and trained technicians, becoming a 
problem that requires consideration and solution for mass 
screening in public health centers and remote rural areas 
[13]. At the same time, the decline in viral load as the 
disease progressed led to unreliable molecular diagnostic 
assays. Therefore, there is an acute necessity for develop-
ing a high-performing, cost-effective, point-of-care (POC) 
diagnostic system for large-scale screening.

Fig. 1  A Viral structure of SARS-CoV-2. B Transmission electron 
microscopy (TEM) and cryo-electron microscopy (cryo-EM) images 
of SARS-CoV-2. TEM image: reproduced with permission from 
[4], Copyright 2020, American Chemical Society. Cryo-EM images: 
reproduced from [5], open access. C Schematic representation of 
the relationship between viral load and clinical symptoms during 
SARS-CoV-2 infection, showing the diagnostic window for reverse 
transcription-polymerase chain reaction (RT–PCR) and serological 
testing

Table 1  Concentrations of general biomarkers of SARS-CoV-2 in patients with varying degrees of infection

Types of biomarkers Asymptomatic infection Common (mild/moderate) infection Severe infection

Viral loads 102.0 ~ 315.0 copies  mL−1 (N gene) [7] 104.0 ~  107.0 copies  mL−1 [8] 106.0 ~  108.0 copies  mL−1 [9]

Antibodies IgG: 44.4 ~ 58.8 U  mL−1

IgM < 1.0 COI [7]
IgG: 285.8 U  mL−1 (peak)
IgM: ~ 4.7 COI [7]

IgA: 2.8 ~ 3.2 g  L−1

IgG: 7.1 ~ 8.2 g  L−1 [10]
Antigens - 103.9 ~  106.0 fg  mL−1 [11] 106.1 ~  107.2 fg  mL−1 [11]
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Functional nucleic acids (FNAs) are structurally specific 
nucleic acid molecules that fulfill specific biological func-
tions of nucleic acids and nucleic acid analogs. In this case, 
FNAs are programmable, cleavable, biocompatible, and 
molecular recognition-specific stimulus-responsive assem-
bly size control [14]. The structural diversity of nucleic acids 
allows compatibility with a variety of targeting, encompass-
ing inorganic molecules (e.g., metal ions and pesticide mol-
ecules), inorganic nanomaterials (e.g., graphene biomole-
cules), biological systems (e.g., microbes and cultured cells), 
and biomaterials (e.g., magnetic liposomes and exosomes) 
[15]. These features have made FNAs a promising candidate 
for the combination of biological signatures and probe-find-
ing procedures, and can be readily integrated with multiple 
signaling amplification and transduction regimes to accel-
erate biosensing engineering. As a result, FNA has been 
applied as a key component in POC biosensors for efficient 
COVID-19 diagnostics, and is emerging as a major active 
area of research with many exciting results [15].

Recently, an astonishing explosion of researches on 
COVID-19 has emerged with several review articles from 
different perspectives. Asghari et al. [3] focused on the state-
of-the-art biosensing optical platform for POC COVID-19 
diagnosis. Gowri et al. [16] summarized research advances 
in POC-based optical and electrochemical biosensors, and 
provided an outlook on the application of wearable devices 
and smart nano-biosensors for real-time monitoring of 
COVID-19. Loeffelholz et al. [17] provided a comparative 
review of POC COVID-19 tests, including their perfor-
mance, settings for which they might be used, their impact, 
and future directions. Despite the progress, none of the 
abovementioned review papers focused on the engineering 
and application of FNAs for the diagnosis and therapeutics 
of COVID-19, which is an important and a burgeoning field.

In this review, we focus on state-of-the-art POC strate-
gies targeting COVID-19 and discuss the merits and possible 
limitations of each method. Additional sections describe the 
scientific barriers that current POC sensing technologies are 
facing and summarize the fundamental insights into FNAs 
and technical tricks toward the successful realization of 
effective POC detection of SARS-CoV-2. Finally, we con-
clude with an overview of further opportunities and emerg-
ing applications for FNA-based sensors against COVID-19.

Current trends in COVID‑19 diagnostics: 
from centralized laboratories to POC 
settings

POC diagnostics, defined as diagnostics performed near-
patient care, represent an intelligent strategy used for real-
time, rapid, accurate, and on-site testing at the point of 

patient need. Biosensors are regarded as remarkably ver-
satile POC diagnostic platforms, with various biosensors 
currently being developed on the basis of antibodies, pro-
teins, enzymes, aptamers, cells, and nucleic acids as receptor 
probes, incorporating optical, electrochemical, mechanical, 
magnetic, and thermal modes of transmission [16] (Fig. 2). 
Rapid advances in emerging technologies are propelling the 
trend of in vitro diagnostics from centralized laboratories to 
POC testing, with the emergence of lab-on-a-chip (LOC), 
lab-on-a-disk (LOAD), microfluidic paper-based assays 
(μPADs), lateral flow assays (LFAs), miniaturized PCR, and 
isothermal nucleic acid amplification (INAA).

Concentrated laboratory assays for COVID-19 consist of 
nucleic acid amplification, antigen testing, and antibody or 
serological assays. In comparison to time-consuming and 
labor-intensive traditional diagnostic platforms, POC testing 
technologies feature rapid (typically results within minutes), 
high responsiveness and flexibility, low-cost advantages, and 
traceable testing (repeatable, real-time testing). In terms of 
SARS-CoV-2, the POC diagnostic setting is defined as phy-
sician offices, emergency departments, urgent care facilities, 
school health clinics, and pharmacies [18]. By highlighting 
the significance of exploiting POC diagnostic technologies 
for preventing and controlling pandemics in a timely man-
ner, the global pandemic of COVID-19 has exposed clear 
discrepancies in POCT techniques, particularly the require-
ment for affordable portable diagnostic devices capable of 
offering fast and precise outcomes. Possible solutions are 
proposed to fulfill this need in Table 2.

Currently, the FDA’s authorization of emergency usage of 
the POC diagnostic platform for nucleic acid amplification 
comprises two quantitative approaches, Abbott ID NOW 
COVID-19 and Xpert Xpress SARS-CoV-2, and a qualita-
tive approach, the AcculaSARS-CoV-2 Test (Mesa Biotech 
Inc.). While all the above devices offer rapid sample-to-
result diagnostics, their lack of portability may make them 
unaffordable by the majority of users within resource-limited 
environments. Motivated by the cost of diagnostics, a semi-
automated field assay was developed via a human chorionic 
gonadotropin-conjugated toehold-mediated strand exchange 
probe, which was conducted onto a portable commercial 
pregnancy test strip [19]. The Internet of Things-based 
reverse transcriptase loop-mediated isothermal amplifica-
tion (RT-LAMP) POC device analyzes three target genes 
(As1e, N, and E genes) of SARS-CoV-2 to prevent false-
positive results [20]. Moreover, another platform enables 
multiplex detection of coronavirus and mutations associated 
with B.1.1.7, B.1.351, and P.1 variants [21].

For POC diagnosis of antigens, integrated electrochemi-
cal biochips are a foreseeable development direction. The 
self-powered microfluidic platform provides a good equip-
ment base for automated virus diagnosis. The microfluidic 
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automated electrochemical immune-sensing platform was 
designed for the SARS-CoV-2 N protein assay within 15 min 
without any liquid handling [22]. The gold-based lateral flow 
immunoassay (GLFIA) commonly applied in antibody/sero-
logical assays and risks exposing false-negative and false-pos-
itive interpretations is not suitable for large-scale population 
screening. Jia et al. [23] constructed a novel fluorescent lateral 
flow immunoassay (LFIA), which, to overcome the problem 
of false negatives, using hydrophobic quantum dots to ensure 
single-labeled high-intensity fluorescence and to overcome 
the problem of false positives, a double antigen sandwich con-
struction utilizing labeled/immobilized SARS-CoV-2 RBD. 
Analysis of nearly 400 clinical samples yielded 100% sensitiv-
ity and 100% specificity. Electrochemical capillary osmosis 
devices [24], hematological magnetic immunoassay [25], and 
microflow cytometry-based agglutination immunoassay [26] 
were also developed for COVID-19 diagnosis, combined with 
smartphones to obtain faster test results.

The current development of POC diagnostic platforms is 
attempting to advance in the direction of (1) multiplexing 
multiple targets to improve detection accuracy and sensitiv-
ity, (2) nesting existing portable microanalytical devices to 
reduce costs, and (3) collaborating with smartphone termi-
nals to enhance user-friendliness. However, it is still dif-
ficult in the process of moving from a central laboratory to 
a commercial POC.

Critical scientific barriers to developing 
successful sensors for POC detection 
of SARS‑CoV‑2

Over the past decade, the field of sensors has been revolu-
tionized by rapid advancements in synthetic molecular rec-
ognition units, which have paved new ways to remarkably 
improve the analytical performance of sensors and realize 
commercial success for a variety of practical applications. 
From the perspective of POC sensors, current sensing 
technology poses three major scientific barriers.

Scientific barrier I: lack of a general method 
for receptor design to meet the need to recognize 
a broad range of SARS‑CoV‑2 variants

An essential component of POC sensors is the receptor 
molecule for selective target recognition, and such a fea-
ture is especially important to meet the demand of practical 
applications because new targets can emerge constantly. For 
example, multiple SARS-CoV-2 variants of concern have 
emerged, and mutations in S or N proteins of these vari-
ants have further led to a significant challenge for accurate 
and POC identification of new positives [30]. One recent 
study reported that the lambda variant in South America 
is not only more infectious but can also evade neutralizing 

Fig. 2  Representative SARS-CoV-2 infections, symptoms, clinical sampling methods, biomarkers and bioreceptors for diagnosis, and conceptu-
alized overview on general detection methods, their advantages and disadvantages
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antibodies and reduce vaccine protection. Among them, the 
RSYLTPGD246-253 N mutation is the only 7-amino acid 
deletion variant in the S protein NTD, which is in charge of 
evading neutralizing antibodies. Additional variants, such as 
delta, continue to emerge, and its L452R mutation may not 
only increase binding ability with ACE2 protein (enhance 
infectivity) but also lead to some degree of immune escape. 
Both D614G and P681R mutations may enhance the bind-
ing ability of viral S protein and human ACE2, resulting in 
increased infectivity of the virus. To date, no sufficient proof 
exists that the presently established mutations in concern 
have escaped the vitally significant function of vaccines—
to prevent serious illness. In particular, there are increas-
ing concerns that SARS-CoV-2 genetic variants can escape 
commercially available serological antigen detection tests 
[31]. As the genome of SARS-CoV-2 antibodies is extremely 
similar to that of antibodies produced from other corona-
viruses, there is still an underlying cross-reactivity in the 
majority of serological assays, resulting in a significant risk 
of false positives [32]. Given that SARS-CoV-2 variants will 
emerge for the duration of the pandemic of COVID-19, a 
general method to obtain molecules to recognize any vari-
ants of concern specifically is highly desirable yet remains 
a major barrier for sensing applications.

Scientific barrier II: lack of a general method 
for improved sensitivity to overcome false negatives

Following the progress of molecular biology over the past 
few years, novel POC assays are available on the basis of 
conserved genome sequences of SARS-CoV-2. As the gold 
standard for assaying SARS-CoV-2, RT-PCR still carries 
the challenge of inducing false-negative outcomes, owing to 
the combination of low amounts of primary material, extrac-
tion and process instability, and the presence of suppressive 
interference in the samples [33]. A number of serological 
assays for COVID-19 diagnosis, involving LFIA, chemi-
luminescent immunoassays, and ELISA, have been devel-
oped without being useful to diagnose infection with the 
virus within a single subject [34]. Kits for immunoassays 
and molecular diagnostics, such as Abbott’s ID NOWTM, 
Lumex Instruments’ Microchip RT–PCR, and Roche’s 
Cobas, were available for low-cost diagnostic screening for 
COVID-19 [35]. Notwithstanding the advances achieved, 
false-negative outcomes from POC testing are now being 
consistently reported among suspected patients who have 
typical COVID-19 clinical features and specific computed 
tomography scans of the same. Furthermore, a number of 
mild or asymptomatic infections that were initially nega-
tively diagnosed have taken 2nd, 3rd, or several repeat assays 
to confirm the diagnosis of COVID-19 infection [36]. A pri-
mary reason for these misdiagnoses is the dynamic viral 
loads in different sites during the progression of the disease, 

while the limit of detection or sensitivity of various POC 
diagnostic approaches cannot be met. Therefore, a general 
POC method that provides the required sensitivity without 
compromising the selectivity while still efficiently convert-
ing the target recognition event into a physically detectable 
signal is highly desirable but remains another barrier for 
the successful development of consumer-level POC sensors.

Scientific barrier III: lack of a user‑friendly signal 
readout method in resource‑limited settings

In addition to the barriers of sensitivity and specificity 
discussed above, the emphasis in relation to the develop-
ment of novel COVID-19 assays has moved toward cost-
effectiveness and user-friendliness for unskilled practition-
ers in resource-constrained settings. In order to accomplish 
this goal, a number of portable sensors were designed and 
adapted to POC for fast and flexible analysis of COVID-19 
[37]. Despite the promise of these sensors, their lack of user-
friendliness and cost to meet the vital demands for users to 
test themselves in resource-limited environments limits their 
market demand. Hence, the development and commerciali-
zation of a de novo signaling readout method possessing the 
desired accuracy in terms of sensitivity, specificity, general-
ity and adaptation to different objectives, cost-effectiveness, 
accessibility, and, more importantly, adaptability to self-test 
still represent a significant barrier that cannot be overcome 
by the presently existing diagnostic methodologies available.

Advances in functional nucleic acid‑based 
technology to overcome critical scientific 
barriers

FNAs, including aptamers and nucleic acid enzymes 
(NAEs), generate significant interest within the healthcare 
field owing to distinctive capabilities of identifying targets 
and catalysis [15]. The attractive superiority and versatil-
ity of FNAs have catalyzed the appearance of FNA-based 
functional probes to combat COVID-19. FNAs may be 
utilized to overcome the scientific barriers that currently 
available diagnostic approaches are suffering.

Using in vitro selection of functional nucleic acids 
to overcome barriers of receptor design

FNAs are typically isolated via a combinatorial technique 
known as in vitro selection, that is, systematic evolution 
of ligands by exponential enrichment (SELEX). In con-
trast, the identification for novel FNAs to target SARS-
CoV-2 not only represents significant progress in the 
domain of virus biology but also revolutionizes the design 
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of functional probes to be used in COVID-19 diagnostic 
applications. In vitro SELEX employs a chemically syn-
thesized initial random library of short single-stranded 
DNA/RNA sequences to generate FNAs that are highly 
specific to their target over a range of concentrations 
depending on the selection conditions [38]. In addition, 
in vitro selection using highly diverse DNA/RNA libraries 
can deliver artificial FNAs for almost any desired target 
of interest. Therefore, the major advantage of the in vitro 
selection system is that the generality of the in vitro selec-
tion process is then carried over to the synthesis of FNAs 
or in other words that provides a general method for bio-
receptor synthesis and thereby overcomes the first barrier 
to successful receptor design.

In the last 2 years, aptamers with high affinity and speci-
ficity were screened against the RBD [39, 40] or N-termi-
nal domain (NTD) of the wild-type S protein [41], B.1.1.7 
SARS-CoV-2 S1 protein [42], N protein [43], and  Mpro [44]. 
Exceptionally, xeno-nucleic acid (XNA) has been adopted 
as a nucleotide analog to displace DNA or RNA with an 
altered sugar, base or phosphate backbone, low immuno-
genicity, and high stability [45]. Aptamers were generated 
via a revised SELEX approach utilizing a mutase capable of 
switching between DNA and FANA. Following eight rounds 
of screening, FANA-R8-9 was selected to bind to the S1 
protein of RBD, even the delta mutant RBD protein [40].

A multicomponent XNAzyme X10 − 23 targeting SARS-
CoV-2-specific RNA was reported in recent times, provid-
ing a novel strategy for improving the velocity, sensibility, 

and specifically the assay of COVID-19 [46]. XNAzymes, 
based on cross-chemistry selective enrichment by exponen-
tial amplification (X-SELEX) for in vitro screening, were 
retrotranscribed into cDNA by XNA-dependent DNA poly-
merase and subsequently PCR amplified for the generation 
of templates to follow rounds or deep sequencing [47]. X10-
23 is an XNA-modified version of DNAzyme 10–23. We 
will summarize reported SARS-CoV-2-specific FNAs and 
their chemical and biophysical characteristics to help further 
design POC sensors against COVID-19 in Table 3.

Interfacing functional nucleic acids with diverse 
DNA‑based signal amplification strategies 
to overcome barriers of improved sensitivity

While the abovementioned FNAs can specifically recog-
nize SARS-CoV-2 and its variants, transducing the bind-
ing events into detectable signals is still challenging, and 
thus, a number of signal amplification strategies have been 
developed by integrating FNA-based functional probes 
with diverse DNA-based reactions. Depending on the func-
tionality of FNAs, the features of FNA-based probes can 
be categorized into three types, that is, biometric recogni-
tion, signaling amplification, and neutralizer. Recently, two 
main branches of FNAs have been used for the diagnosis 
of COVID-19, that is, aptamers and NAEs, which play an 
exciting role in early diagnostics, in-population screening, 
and on-site testing toward outbreak control.

Table 3  A brief overview of FNA probes against COVID-19

Kd dissociation constant values; IC50 half-maximal inhibitory concentration value.

Aptamer
Type Name Molecular target Kd (nM) LOD/IC50 Ref
ssDNA S14 NTD of S protein 21.8 2 nM [39]

SNAP1 NTD of S protein 39.32 ± 0.12 250,000 nM (with LFA)
10,000 nM (with ELISA)

[41]

MSA1 S1 protein 1.8 ± 0.4 500 ~ 20,000 nM [42]
Np-A48 N protein 0.49 1 ng  mL−1 [43]
cb-CoV2-6C3 RBD of S protein 0.13 0.42 nM (authentic virus) [48]
Aptamer-1 RBD of S protein 6.05 ± 2.06 5.2 nM (inhibition of binding) [49]
Aptamer-2 6.95 ± 1.10 4.4 nM (inhibition of binding)
SP6 S protein (not RBD) 21 ± 46 0.0002 ~ 0.001 nM (pseudovirus) [50]

FANA FANA-R8-9 RBD of S protein 1.4 ± 0.4 (delta variant) 1300 ng  mL−1 [40]
NAE
Name/type Molecular target Detection strategy LOD Ref
XNAzyme X10 − 23 S gene Fluorescence lateral flow readout 20 aM [46]
HRPZyme RNA RT–PCR

Colorimetric readout
100 copies [51]

Exo III and DNAzyme SARS-CoV-2 genome Logic DNA circuit
Fluorescent

3300 aM [52]

RT–PCR-based DNAzyme N gene Colorimetric readout 1000 copies [53]
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Representative examples of aptamer‑based diagnostic 
strategies

Aptamers represent a category of potent functional recogni-
tion tools. Their high specificity and affinity, rapid and stable 
synthesis, and easily modifiable and excellent viability for 
binding to other DNA reactions to perform signal amplifi-
cation make aptamers a promising bioreceptor with broad 
utility in COVID-19 diagnostics.

The development of highly sensitive amplification 
approaches is essential toward the assay of COVID-19. Sev-
eral amplification techniques have been advanced as replace-
ments for PCR. Isothermal amplification techniques with a 
single temperature request simplify the POC molecule detec-
tion requirements. Among them, recombinant polymerase 
amplification (RPA), performed at 37 ~ 42 °C, has the short-
est sample preparation time, amplifying 1 ~ 10 target DNA 
copies within 20 min. This method has high sensitivity, good 
selectivity, and rapid response and has been used to amplify 
a variety of targets, comprising RNA, miRNA, ssDNA, and 
dsDNA, from a variety of organisms and samples [54]. A 
COVID-19 diagnostic approach that integrates RT-RPA and 
universal lateral flow test strips into an individual micro-
fluidic chip has been reported with fast, highly sensitive, 
30-min acquisition results [55]. Kang et al. [56] reported an 
ultrasensitive protein biomarker detection platform based on 
immunoassays combined with RPA. Only the DNA bound 
to the target in the form of a heterosandwich was selectively 
amplified with high specificity and sensitivity. The platform 
already offers successful applications for the detection of 
protein biomarkers of various infectious diseases, including 
SARS-CoV-2.

Likewise, another isothermal amplification technique, the 
ligation-dependent isothermal reaction, serves as a sequenc-
ing-specific assay relying upon two independent probes 
ligated at adjacent positions to the target sequence. Woo 
et al. [57] used a one-pot, ligation-dependent isothermal 
reaction cascade for rapid and sensitive detection of RNA, 
involving two brief enzymatic reactions, namely, splint R 
ligase and subsequent transcription by T7 RNA polymerase. 
The final transcript is formed into an RNA adaptor that is 
bound to a fluorescent dye that fluoresces solely upon the 
presence of the target RNA within the specimen.

The quantitative properties of isothermal amplification 
approaches can be affected by nonspecific amplification of 
nontarget sequences or primer dimers, whereas the high 
specificity of clustered regularly interspaced short pal-
indromic repeats (CRISPR) technology can improve the 
performance of diagnostic strategies. A variety of CRISPR-
Cas-based detection platforms have been exploited to sense 
different analytes ranging from nucleic to non-nucleic-acids. 
Various assay platforms are currently used as diagnostic 
platforms for COVID-19. Among them, the Cas13 effector 

protein is able to target RNA and is a promising vehicle 
toward the diagnosis and treatment of SARS-CoV-2, par-
ticularly against mutations of the virus. The nucleic acid 
detection techniques currently in use have not yet adequately 
resolved mutations in SARS-CoV-2. Possible avenues to 
address this issue include the use of an aptamer with specific 
affinity as a molecular recognition factor or overriding the 
binding of this aptamer to the virus through an extremely 
sensitive signaling strategy. Wang et al. [58] reported a 
combination of luminescent RNA aptamer and CRISPR-
Cas13 amplification for the analysis of SARS-CoV-2 and 
its mutants (Fig. 3A). The luminescent RNA aptamer is a 
special NA affinity that binds specifically to dyes and fixes 
its structure to form luminescent aptamer dye complexes. A 
linkage strategy is introduced by initiating transcriptional 
amplification. The SARS-CoV-2 was successfully tested in 
throat swabs and serum samples and in food packaging and 
seafood.

In addition to techniques for nucleic acid amplification 
that can improve the performance of the assay, proximity 
ligation immunoassay (PLA) has recently been designed 
for the highly sensitive diagnosis of COVID-19. PLA is 
performed by converting antibody protein-binding events 
into amplifiable DNA sequences for subsequent real-time 
PCR quantitative detection of protein targets. Our group 
[59] reported a biosensor for detecting COVID-19 serum 
on the basis of an aptamer-assisted proximity ligation test. 
As shown in Fig. 3B, the biosensor binds two aptamer 
probes to the same protein target, bringing the connected 
DNA regions close to each other and thus initiating ligation-
dependent qPCR amplification. Utilizing this strategy, the 
protein recognition of serum nucleocapsid protein can be 
transformed into a detectable qPCR signal in 2 h through 
a simple, uniform, and rapid assay process with high sen-
sitivity and specificity. Such characteristics enable clinical 
laboratories to perform nucleic acid and serological antigen 
tests at the same time, thereby improving diagnostic accu-
racy, especially in asymptomatic populations.

As an identification element, it is well suited to ther-
mocapacitive sensors based on the small size of the 
aptamer, its low spatial potential resistance, and its good 
thermal stability. Thermal electrophoresis is an effective 
strategy for handling and detecting objects based on the 
directional migration of objects along a temperature gradi-
ent. An aptamer-based thermophoretic accumulation sen-
sor combines aptamer recognition and thermoswimming 
signal amplification to quantitatively analyze biomolecules 
under a temperature gradient. Deng et al. [60] described a 
one-step thermal stroking assay in Fig. 3C for the quanti-
tative assay of pseudo SARS-CoV-2 virus particles in use 
of PEG-enhanced thermal stroking accumulation based on 
a SARS-CoV-2 S protein-binding aptamer. The assay has 
a 100-fold lower LOD than the lateral flow assay, 100% 
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accuracy for clinical samples, and, more importantly, a 
cost of $0.40 per test, making it an attractive strategy for 
large-scale testing in resource-limited settings. Further-
more, for the direct detection of intact virions, Peinetti 
et al. [61] selected DNA aptamers that bind intact infec-
tious viruses. The aptamer is integrated into a solid nano-
pore, creating a strong constraint on the virus and strongly 
enhancing the sensitivity to SARS-CoV-2 intact virions.

For the sake of simplifying steps, protein-induced fluo-
rescence enhancement (PIFE), a distance-dependent liquid 
platform fluorescence enhancement technique, offers higher 
spatial resolution and specificity compared to fluorescence 
resonance energy transfer (FRET) for the detection of direct 
protein-DNA binding. Lee et al. [62] integrated the PIFE 
method with an aptamer as a 1-min, one-step accurate assay 
system for SARS-CoV-2 N protein, which is more sensitive 
and specific than conventional antibody testing (Fig. 3D).

Aptamers possess the merits of fast synthesis, low cost, 
small size, and high stability. As shown with the analytical 

performance in Table 4, utilizing the existing in vitro screen-
ing of various high affinity aptamers for SARS-CoV-2 
(including ssDNA, ssRNA, and peptide aptamers), in con-
junction with signal transduction strategies (PLA, CRISPR-
based transcription amplification, RPA, isothermal ligation 
and transcription, thermophoretic accumulation, and PIFE), 
holds great promise for satisfying the demand for a sensitive, 
rapid, cost-effective, portable, and user-friendly diagnostic 
platform that can translate COVID-19 assays from central-
ized laboratories to POC locations.

Representative examples of nucleic acid enzyme‑based 
diagnostic strategies

NAEs have been identified to catalyze many chemical reac-
tions, including cleavage, ligation, and phosphorylation of 
DNA or RNA, and applications in analytical chemistry, gene 
therapy, and nanotechnology have been most widely stud-
ied. These features have been successfully applied in various 

Fig. 3  A Schematic of SARS-CoV-2 and its variation detected by 
the CRISPR-Cas13 transcriptional amplification technique. Single-
stranded RNA from SARS-CoV-2 serves as a template for the ligation 
of presubstrate probes, yielding a template for transcription amplifi-
cation. Unlabeled light-up RNA aptamer allows sensitive output of 
amplification signals via the target-activated ribonuclease activity of 
CRISPR-Cas13a. Reproduced with permission from [58], Copyright 
2021, American Chemical Society. B Schematic of the aptamer-
assisted proximity ligation assay and workflow for nucleocapsid pro-
tein. The design of the ssDNA connector for the two proximity probes 
(PPA and PPB) ensures that subsequent ligation-dependent qPCR 
amplification can only be initiated in the presence of PPA, PPB, 
connector, and N protein. Reproduced with permission from [59], 
Copyright from author. C Schematic of the one-step aptamer-based 

thermophoretic assay for rapid detection of SARS-CoV-2 viral par-
ticles. Binding of the Cy5-conjugated aptamer to the S protein and 
PEG-enhanced thermal migration accumulation of the viral particles 
occurred simultaneously under a temperature gradient of local infra-
red laser heating. The fluorescence intensity of the enriched aptamer-
virus complex after 15 min of laser irradiation indicates the level of 
S protein on the viral particles. Reproduced with permission from 
[60], Copyright 2021, American Chemical Society. D Schematic of 
the PIFE-based aptasensor for a mix-and-read, 1-min SARS-CoV-2 
diagnostic assay. In close proximity to a protein, Cy3 is preferentially 
locked into its trans conformational state, resulting in fluorescence 
enhancement. Reproduced with permission from [62] , Copyright 
2022, Elsevier 
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platforms for COVID-19 diagnosis. In general, according to 
their functions, NAEs can be categorized into three types: 
RNA-cleaving DNAzymes [52, 53], horseradish peroxi-
dase-mimicking DNAzymes [63], and a multicomponent 
split XNAzyme [46]. NAE-based sensors for SARS-CoV-2 
detection have rapidly progressed and can serve as either 
receptors of RNA or signal amplifiers.

RNA cleavage DNA enzymes are the first discovered 
catalytic DNA, and they can cleave RNA in a sequence-spe-
cific manner. Of current significance in drug therapy, virus 
control, and gene silencing, its relevance in the diagnostic 
context is being explored. Pan et al. [52] proposed a novel 
coronavirus detection logic DNA circuit based on exonucle-
ase III and DNAzyme dual identification element control. 
Synergistic signal amplification combined with exonuclease 
III and DNAzyme effectively improves the detection sensi-
tivity. Anantharaj et al. [53] used peroxidase DNAzyme as 
a catalyst to induce the generation of a DNAzyme sensor by 
PCR and reported a visible colorimetric approach for the 
assay of SARS-CoV-2 RNA toward a traditional thermal 
cyclometer, which can detect up to 1000 viral RNAs.

Horseradish peroxidase-mimicking DNAzyme (HRP-
zyme) is a short DNA sequence composed of guanine (G)-
rich sequences. It can fold into a stable G-quadruple com-
plex structure with hemin [64]. In addition, HRPzyme can 
catalyze the peroxidation of various HRP substrates, which 
also makes HRPzyme have good application prospects in 
the biomedical field. Ahmad et al. [51] proposed a novel 
optical measurement HRPZyme-assisted assay (HARIOM) 
of COVID-19 (Fig. 4A), which combines the specificity 
of NATs with the sensitivity of enzyme determination to 
greatly improve the signal strength and sensitivity of color-
imetry. The method detects up to 10 RNA components of 
the synthetic virus.

XNAs have the ability to substitute backbone chemicals 
that do not exist in nature and can fold into well-defined 
structures and bind ligands, raising the possibility that they 
may also form catalysts (XNAzymes). As shown in Fig. 4B, 
Yang et al. [46] reported a multicomponent nucleic acid test-
ing system based on XNAzyme, which combines preampli-
fication of analytes and X10-23-mediated catalysis to detect 

SARS-CoV-2. The platform uses traditional fluorescence 
and paper-based lateral flow readout modalities within an 
LOD of 20 aM within 1 h, which provides a method toward 
the fast diagnosis of COVID-19.

Few DNAzyme-based diagnostic applications for 
COVID-19 exist. By rationally engineering responsive 
DNAzymes that can exploit the complementary nature of 
DNA for controlled capture and release while introducing a 
signal amplification strategy, it is promising to build highly 
sensitive, highly specific systems for POC applications. Not 
to be overlooked is the issue of stability of DNAzymes in 
complex samples (clinical samples), for which there are cur-
rently little data, but this is a critical step in the translation of 
DNAzyme-based assays into commercial products.

Representative examples of diagnostic strategies 
incorporating nanomaterials

Nanomaterial-based biosensors are constructed with fast, 
highly sensitive, selective, user-friendly, scalable, realistic, 
and portable properties, which fits our needs for POC diag-
nostics for COVID-19. Various types of nanomaterials, for 
instance metal nanoparticles (NPs), graphene oxide (GO), 
graphene, quantum dots (QDs), and nanocomposites, have 
been exploited within the diagnostics of virally infected ill-
nesses. These nano-sensing platforms offer great sensitivity 
and minimal false-positive/negative responses [65]. Nano-
materials can be functionalized by antibodies/nucleic acids 
and are ideally suited for highly sensitive COVID-19 assays 
due to their excellent surface-to-volume ratio, which allows 
for high interaction strength.

Commonly used nanomaterials for COVID-19 diagno-
sis include gold nanoparticles, quantum dots, carbon-based 
nanoparticles, and magnetic nanoparticles. Gold nanoparti-
cles are one of the most commonly used nanomaterials in 
disease diagnosis owing to their excellent optical proper-
ties, catalytic properties, and easy combination of multiple 
substances. Pan et al. [66] reported a colorimetric bioassay 
on basis of AuNPs that utilized an all-inclusive targeting 
approach mediated via four of the thiol-modified antisense 
oligonucleotide sequences covering two regions of the 

Table 4  Aptamer-based diagnostic strategies for COVID-19

Amplification strategies Target LOD Time (min) Portability Ref

RPA N gene 30 copies  reaction−1 30 Portable [55]
Ligation-dependent isothermal reaction RNA-dependent RNA poly-

merase (RdRp) gene
1 aM 30 ~ 50 Nonportable [57]

CRISPR-Cas13 amplification N gene 80 copies  reaction−1 20 Nonportable [58]
PLA N protein 0.0309 ng  mL−1 120 Nonportable [59]
Thermoswimming signal amplification S protein 26,000 aM 15 Nonportable [60]
PIFE N protein 50 ng  mL−1 2 Portable [62]
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SARS-CoV-2 N gene and then diagnosed positive cases into 
10 min from the isolated RNA biosamples. Upon inclusion 
with RNase H, splits in the RNA strand away from the com-
plex heterodimer of RNA and Au-ASOmix result from vis-
ible precipitation in solution being mediated through added 
clustering between the AuNPs. The method has high selec-
tivity and can be viewed with the naked eye and does not 
require any complex instrument technology, which is worth 
advocating and further studying.

Nanomaterials serve as labels that allow for signifi-
cant signal improvements. Ramanathan et al. [67] depos-
ited ~ 20 nm diamond on the surface of a 10-μm notched 
gold interdigitated electrode (AuIDE), which enhanced the 
sensing of SARS-CoV-2 N protein within an LOD of 0.389 
fM (Fig. 5A). As a result, the accomplished modification 
of nanomaterials on microsized AuIDE provides reliable 
assay support for immobilizing anti-SARS-CoV-2 aptamers 
at high density and offers opportunities for future research 
efforts to develop ultrasensitive sensing surfaces using mul-
tidimensional nanomaterials and aptamers.

The incorporation of nanomaterials can broaden the 
detector and signal readout; for example, Chen et al. [68] 
constructed a novel aptamer-based unlabeled surface plas-
mon resonance (SPR) approach to detect the SARS-CoV-2 N 
gene (Fig. 5B). Among others, SPR is frequently applied to 
a variety of immunoassay strategies for the determination 
of interactions between various biomolecules (e.g., antigen/
antibody, DNA/RNA, and protein). Thiol-modified MXene 
quantum dots  (Nb2C-SH QDs) as the bioplatform were uti-
lized with an LOD of 4.9 pg  mL−1.

Interfacing functional nucleic acids with portable 
analyzers to overcome barriers of signal readout

While it has been widely recognized that affordable and 
pocket-size signal readout devices play a vital role in 
COVID-19 diagnostics in resource-limited settings, it often 
takes a tremendous amount of resources to develop such 
devices. A major challenge is the requirement of enormous 
financial and personnel expenses as well as time during the 

Fig. 4  A Schematic illustration 
of the working principle of the 
HARIOM assay. Reproduced 
with permission from [51], 
Copyright 2021, Elsevier. B 
XNAzyme-mediated sensor 
detection of SARS-CoV-2. 
Reproduced with permission 
from [46], Copyright 2021, 
American Chemical Society 
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research and development (R&D) process, making it difficult 
to be affordable to the general public. In addition, devices 
that have been developed are often dedicated devices that 
can detect only one or a few targets. In this context, an alter-
native method is to integrate well-developed bioassays with 
current commercially available portable analyzers via new 
signal transduction strategies, which has emerged as a lead-
ing and active field for research with numerous encouraging 
outcomes.

A glucose meter is a kind of electronic medical equip-
ment used to measure glucose concentration in blood and 
has been widely used in clinical diagnosis. Due to the advan-
tages of fast detection speed, ease of carry, low cost, and 

simple operation, the glucose meter has been successfully 
applied in-home testing. Combining a simple and convenient 
glucose meter with a COVID-19 test has been a challenging 
and interesting study. Singh et al. [69] successfully detected 
SARS-CoV-2 viral antigen in saliva samples using an off-
the-shelf portable glucose meter. As shown in Fig. 6A, a 
single-strand aptamer targeting a viral S or N protein first 
binds to a complementary strand of an aptamer that binds 
high-efficiency invertase. In the presence of an antigen, 
the aptamer binds to the antigen, and the double-stranded 
structure opens, freeing the invertase. Invertase hydrolyzes 
sucrose into glucose and then generates a detection signal, 
and the test developed detects SARS-CoV-2 infection within 

Fig. 5  A Schematic of N protein 
detection using an anti-N pro-
tein aptamer on nanodiamond-
enhanced AuIDE. Reproduced 
with permission from [67], 
Copyright 2022, Elsevier. B 
Schematic of the Nb2C-SH 
QD-based SPR aptasensor 
for detecting the N gene of 
SARS-CoV-2. Reproduced with 
permission from [68], Copyright 
2021, Spring Nature 
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a variety of viral loads in a patient’s saliva within 1 h. Our 
research group also tried this work, and we describe concept 
validation for a target response CRISPR-portable glucose 
meter (PGM) platform that converts SARS-CoV-2 signals 
into glucose signals for assay. Employing this device, the 
N gene, N protein, and pseudovirus of SARS-CoV-2 were 
quantified [70].

The continuous development of electrochemical bio-
sensors and smartphones has promoted the development 
of smartphone-based electrochemical meters. First, vari-
ous electrochemical biosensors are very suitable for POC 
diagnosis owing to their merits of simple operation, fast 
detection speed, and high sensitivity. The combination of 
smartphones and POC devices makes portable and inex-
pensive biosensors possible. Currently, smartphone-based 
electrochemical meters have been reported to detect various 
major disease markers, and people are gradually consider-
ing combining the COVID-19 test with smartphone-based 

electrochemical meters. Daniels et al. [71] prepared an elec-
trochemical biosensor based on an adaptor and successfully 
combined the sensor with a smartphone (Fig. 6B). Targeting 
the S protein embedded in the lipid membrane of the outer 
wall of the SARS-CoV-2 virus, the sensor can detect SARS-
CoV-2 virus particles in cultured SARS-CoV-2 suspension 
below 10 pfu  mL−1.

To further advance FNA-based diagnostic devices from 
laboratory demonstration to large-scale industrial produc-
tion, the use of commercially available readers is currently 
the most accessible option. Personal glucose meters, smart-
phone-based electrochemical meters, and handheld Raman 
analyzers have accelerated the development of POC devices 
for early diagnosis and mass screening for COVID-19. At 
the same time, the development of more commercially avail-
able POC devices has facilitated increased portability and 
accuracy in rapid disease diagnosis. Highly scalable port-
able analyzer-based testing, we believe that smartphones 

Fig. 6  A Overview of the proposed point-of-care, aptamer-based 
COVID-19 assay. SARS-CoV-2  N or S protein-specific biotinylated 
aptamer is conjugated to a streptavidin-coated magnetic bead (MB) 
and pre-hybridized with a complementary antisense oligonucleotide 
strand that is covalently attached to an invertase enzyme. Saliva sam-
ples are added and invertase-antisense oligo released upon binding to 
viral antigens or SARS-CoV-2 viral particles. The solution contain-
ing the released antisense invertase is then collected and incubated 
with sucrose. Invertase converts sucrose to glucose that is directly 
readout using a glucometer. Reproduced with permission from [69], 
Copyright 2021, Elsevier. B  Exhaled breath condensate (EBC)-

based diagnostic strategy for SARS-CoV-2 infectivity. Laboratory-
engineered mask allows collection of EBC by first cooling the mask 
for 30 min in the freezer, putting on the cooled mask, and breathing 
into it for 5  min. EBS formed in the Teflon lining of the inside of 
the mask is collected and directly deposited onto an electrochemical 
sensing modified with SARS-CoV-2-specific aptamer targeting the 
RBD region of the S1 spike protein as surface receptor. Using fer-
rocenemethanol as a redox meditator before and after viral interaction 
allows discrimination between positive and negative EBC samples. 
Reproduced with permission from [71], Copyright 2021, Elsevier 
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are excellent terminals for data collection, processing, and 
storage. Based on the Internet of Things, many devices can 
be connected to smartphones, allowing people to more eas-
ily access their personal test results and track their health 
status in real time.

Conclusions and outlook

The speedy and precise diagnostics for COVID-19 in POC 
settings performed a vital function within the current out-
break management. Given the progress made in the past 
3 years, we have summarized the major scientific barriers 
that current POC technologies are facing from the perspec-
tive of POC assay of SARS-CoV-2, and we subsequently 
provided fundamental insights into FNAs and technical 
tricks for molecular engineering of FNAs, comprising 
aptamers and NAEs, in order to overcome these barriers. 
FNAs possess fascinating features and are competitive 
nominees in designing of diagnostic stratagems. By way of 
illustration, diverse signaling tactics that include electro-
chemistry, fluorescence, SERS, thermal conductivity, and 
PGM have been incorporated into aptamers and NAEs to 
detect various COVID-19 biomarkers. The emergence of 
these burgeoning FNA-based diagnosis platforms represents 
a valuable kit for the POC assay of COVID-19. As illustrated 
in Fig. 7, we conclude by outlining further opportunities 
and emerging applications for FNA-based sensors against 
COVID-19.

Better understanding of structure and mechanism

Despite the successful POC applications of FNAs to detect 
SARS-CoV-2, we still know very little about the structural 

features and reaction mechanisms of these FNAs. Theo-
retically, high affinity aptamers were obtained by in vitro 
SELEX; however, the outcome of SELEX was still highly 
unpredictable, and the ability to design FNAs from first 
principles was still available. Moreover, several in vivo 
requirements may have been overlooked owing to the in vitro 
SELEX procedure. Such an unknown character affects the 
structural arrangement of the aptamer to some extent and 
may lead to a lack of affinity and specificity of the aptamer 
in real samples. In addition, the low chemical diversity of 
aptamers and instability may contribute to a decrease in 
sensitivity. From the perspective of improving the stability 
of FNAs, it is urgent to explore more ways. With a deeper 
understanding of the structural features responsible for FNA-
virus (biomarker) interactions, we identified the key contrib-
uting factors and mechanisms of FNA-related unique target 
recognition and catalytic properties [72], thereby developing 
next-generation diagnostic techniques with improved rapid-
ity, simplicity, sensitivity, and specificity.

Home testing for daily COVID‑19 screening: 
a potential game changer

Home testing represents a compelling tactic for combating 
widespread COVID-19 epidemics and preventing medical 
resource overload, which is an essential tool for isolating at 
home, screening each day, and surveillance for critical symp-
tomatology. Moreover, while large-scale vaccinations have 
been initiated, routinely monitored against SARS-CoV-2 
remains essential, yet vital problems remain attributable to 
mutations of the virus that make the vaccine less effective. In 
this case, the transfer of SARS-CoV-2 testing from central-
ized laboratories to self-monitoring by individuals at home 
is essential to meet the need for high-frequency COVID-
19 monitoring and increase prevention and treatment 

Fig. 7  Further opportunities and 
emerging applications for FNA-
based POC sensors against 
COVID-19
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effectiveness. To this end, a number of portable equip-
ment have been designed with applications to quickly and 
sensitively diagnose COVID-19 in a POC format. Despite 
their considerable promise, the inability of these devices 
to satisfy the key demands upon home self-testing in terms 
of user-friendliness and expense has reduced their market 
expectations and value. Accordingly, the development and 
commercialization of a singular instrument that satisfies the 
requirements of sensitivity, specificity, generality, and adapt-
ability to varying objectives, low cost, portability, and, cru-
cially, self-test adaptability remain a necessity that cannot be 
fulfilled within the presently existing diagnostic platforms.

Wearable COVID‑19 sensors for continuous vital sign 
monitoring

Wearable sensors that conform to the skin surface and allow 
continuous monitoring of user physiological signals can play 
an important role in the early warning of COVID-19 infec-
tions as well as the process of treatment and recovery [73]. 
While wearable sensors have ignited tremendous interest 
over the past decade, their potential for tackling COVID-19 
is still in its infancy. Existing wearable sensors commonly 
monitor vital physiological signs, including temperature, 
respiratory rate, peripheral oxygen saturation, and metabolic 
biomarkers, which are regarded as critical signatures neces-
sary for the diagnosis and monitoring of COVID-19. Multiple 
groups of researchers, in the period since the outbreak of 
the disease, have explored the strategic applications of wear-
able sensors that have recently been designed to detect and 
monitor the status of patients with SARS-CoV-2 infection 
[74]. Although these tools can offer an earlier intervention 
in serious cases and efficient allocation of medical resources 
to improve patient outcomes, unfortunately, at present, these 
technologies have not met the future demand of telemedicine 
to better control the COVID-19 pandemic. In designing wear-
able devices for preventive and therapeutic monitoring of 
COVID-19, there is first a need to overcome the problem of 
material selection, i.e., high-performance detection. Second, 
the integration of multiple targets is an issue to be consid-
ered, and data analysis is challenging. Finally, noninvasive 
and comfortable technology is a high requirement for users.

An explorative journey from POC diagnostics 
to therapeutics

Despite the considerable advantages of FNAs as diagnostic 
candidates for COVID-19, FNA-based therapy has emerged 
as a compelling and promising strategy in the fight against 
the COVID-19 epidemic. Currently, aptamers for COVID-
19 therapy can be performed through strategies such as 

inhibition of the RBD of S protein and ACE2 interaction to 
inhibit viral infection [75], RBD-independent mechanisms 
to inhibit pseudoviral infection, and binding to the SARS-
CoV-2 main protease to interfere with viral replication. 
Although not in direct usage of NAEs as therapeutic agents 
against COVID-19, alternative strategies for the treatment of 
the SARS-CoV-2 RNA genome have been devised, includ-
ing ribonuclease targeting chimera degraders (RIBOTAC), 
RNA G-quadruplex, targeting bulge structures in the 5′ UTR 
of the RNA genome of SARS-CoV-2, and siRNA-nanopar-
ticle-based therapeutic against COVID-19.

Despite the remarkable progress in engineering FNAs 
against SARS-CoV-2, there are still several challenges that 
restrict their commercial application, and we need to con-
sider the further execution of FNA-based research against 
COVID-19 for therapeutic purposes:

 i. The genomic targeted domains of SARS-CoV-2 RNA 
are supposed to be extremely well conserved and 
essential to viral replication and, crucially, for NAE 
binding and subsequent efficient shearing with affinity.

 ii. Therapeutic aptamers suffer on entry into treatment 
regimens with high kidney clearances, security, and 
pharmaceutical delivery concerns, and underlying 
issues of FNA circulation, cleavage, and in vivo bio-
logical distribution should be taken into account.

 iii. FNAs that act as neutralizing antibodies can be 
designed to combine with nanomaterials, multiva-
lent multisite, and spatial site resistance, particularly 
aptamer-based nanostructures, synergistically result-
ing in increased blocking efficiency.

 iv. Delivery of FNA formulations in a precisely con-
trolled manner also demands additional innovative 
methodologies, with effective delivery methods being 
a key ingredient. Nanomaterial-based carriers, rap-
idly engineered for efficient delivery of FNAs, hold 
a promising direction for next-level FNA-based anti-
COVID-19 drug therapy.

Concluding remarks

In view of the current pace of developments and the tre-
mendous market opportunities for POC assays of SARS-
CoV-2, the continued development of FNA-based diag-
nostic or therapeutic tools is expected to revolutionize 
management to better control the COVID-19 pandemic. 
Overcoming the critical scientific barriers through an 
extensive collaboration of experts in chemistry, engi-
neering, and computer science would further broaden the 
scope of FNA-based diagnostic strategies and potentially 
facilitate their translation into POC clinical applications 
to combat COVID-19.
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