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The novel coronavirus crisis caused by severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2)
was a global pandemic. Although various therapeutic approaches were developed over the past 2 years,
novel strategies with more efficient applicability are required to target new variants. Aptamers are
single-stranded (ss)RNA or DNA oligonucleotides capable of folding into unique 3D structures with
robust binding affinity to a wide variety of targets following structural recognition. Aptamer-based
theranostics have proven excellent capability for diagnosing and treating various viral infections.
Herein, we review the current status and future perspective of the potential of aptamers as COVID-19
therapies.
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Introduction
The coronavirus disease 2019 (COVID-19) pandemic, caused by
the infectious pathogen SARS-CoV-2, resulted in one of the lar-
gest disease outbreaks of the 21st century. The ssRNA coron-
avirus causes lethal respiratory tract infections and is still in
circulation through novel SARS-CoV-2 variants. SARS-CoV-2 is
efficiently transmitted between humans through airway droplets
or direct contact. Given its high transmissibility and the enor-
mous death toll it caused worldwide, COVID-19 is considered a
severe threat to global health. Numerous attempts have been
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made to discover its pathogenetic mechanisms, develop rapid
indicative tools, efficacious preventive and therapeutic medica-
tions, and to determine cellular processes that could affect sus-
ceptibility to SARS-CoV-2 and drug response.1

Numerous antiviral drugs, antiparasitic agents, anti-
inflammatory drugs,2,3 convalescent plasma, as well as support-
ive measures, including O2 therapy and antibiotics, were used
to manage the disease. Urgent vaccine approval helped curb
the spread of COVID-19 and prevent further transmission of
SARS-CoV-2.4 Furthermore, the development of novel preventive
yahoo.com).
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and/or therapeutic strategies for COVID-19 has been a research
focus.

Aptamers are single-stranded oligonucleotides with high
affinity and specificity for their target molecules. They have var-
ious applications, including bioimaging, and therapeutic poten-
tial, and are used as recognition elements in numerous
detecting platforms.5,6 Aptamers are randomly established from
a library through the systematic evolution of ligands via expo-
nential enrichment (SELEX).7 They are 2–3 nm in diameter,
which is smaller than antibodies, leading to les steric interference
with the shallow coronavirus (�100 nm in diameter).8 Their
smaller size allows for their efficient binding to numerous mole-
cules on various parts of the coronavirus. Given the chemical fea-
tures of nucleic acids, aptamers could be chemically created and
accurately altered with high thermal stability and minor batch-
to-batch variations.9 Furthermore, combining aptamers with
other advanced technologies, including clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas and diagnostic
applications of pathogens, has been reported.10 These character-
istics aim to achieve a more suitable transference, standardiza-
tion, and storage.11 Despite the extensive utility of antibody-
based drugs and detection techniques in the clinic, their accep-
tance rate is limited because of their high price, antibody insta-
bility, and a variety of target restrictions.12,13 Aptamers have
shown the potential to target pathogens in a wide variety of
infectious diseases,14 including those of respiratory syncytial
virus (RSV) and SARS.15 In this review, we summarize several
research approaches investigating the therapeutic potential of
aptamers as promising tools for the therapy of SARS-CoV-2.
SELEX in aptamers
Aptamers are manufactured through an in vitro procedure known
as SELEX, in which aptamers are isolated explicitly for the
desired target. SELEX relies on replicative rounds of binding,
amplification, and separating of nucleotides. The process is initi-
ated by incubating the sequence pool with targets, such as
nucleic acids, proteins, and other molecules of interest. The
sequence pool comprises a nucleic acid library containing 1014–
1015 random 30–100-nucleotide variants flanked by preserved
regions. The haphazard section includes the sequences with high
affinity and high specificity to the unique target. In the next
step, the binding sequences are preserved from the target,
whereas the released nucleotides are excluded. The third phase
is to create a recent sequence pool for the following round by
purifying and amplifying the bound sequences. The SELEX
method typically requires repeating rounds of selection and
amplification (8–15 times) to obtain aptamer sequences with
high affinity. Each round includes incubation of the sequence
pool with the target molecules to allow binding. This is followed
by the separation of bound (desired) and unbound (undesirable)
sequences. The unwanted sequences, nontarget binders, and
unbound aptamers are removed. Sometimes, the adverse selec-
tion step is carried out before incubation with the target, and
sometimes after, to improve the specificity of the selected apta-
mers (Figure 1). Biotech companies provide comprehensive sup-
port for aptamer discovery and development. They facilitate
aptamer selection by generating sequence pools and performing
2 www.drugdiscoverytoday.com
SELEX rounds. They synthesize selected aptamer sequences and
chemically modify them to optimize properties. SELEX has been
widely applied to develop aptamers against pathogenic microor-
ganisms. However, the low variety of the DNA library sequence,
contamination of target cells or PCR reagents, rigid nonspecific
binding, low frequency of cellular target molecules, and alter-
ations of cellular state, can adversely affect the development of
aptamer sequences.16
Aptamer applications in viral infection
Aptamers have been described as robust research tools for the
detection and therapy of viral infections.17,18 A DNA aptamer
was recently designed against the human herpes virus contain-
ing a similar sequence to an exon sequence of the gene encoding
N-sulfoglucosamine sulfohydrolase (SGSH), which demonstrated
a regulatory role in the blockade of the virus. Furthermore, a
highly efficient aptamer was designed to recognise the Ebola
virus (EBOV). The detection procedure involves sample mixing,
separation, and signal acquisition, which are highly integrated
and directed in a magnetism-controlled detection chip, display-
ing high biosafety and excessive potential for point-of-care detec-
tion.19 A recent study designed and optimized 15 RNA aptamers
that bind to the C-terminus helical region of the GP2 subunit of
EBOV, consequently preventing the entry of EBOV into the tar-
get cell by constraining viral fusion with the cell membrane.20

Recent studies demonstrated the potential for aptamers in thera-
pies targeting SARS-CoV andSARS-CoV-2 (Table 1).
Therapeutic aptamers
SARS-CoV-2 structural features comprise a single positive strand
of RNA, constituting its genome, which is covered by nucleocap-
sid (N) protein. The 30-kb viral genome comprises an open read-
ing frame (ORF) 1a and 1bb at the 50-end, which encode
nonstructural proteins (pp1a and pp1ab). The 30-end of the gen-
ome encodes essential structural proteins, such as spike glycopro-
tein (S), envelope protein (E), N protein, membrane protein (M),
as well as accessory proteins (ORF 3, 6, 7a, 7b, 8, and 9b). The
virus uses its S protein to attach to angiotensin-converting
enzyme (ACE2) receptors, which are highly concentrated in the
lungs and intestine21 (Figure 2). Here, we provided an overview
of the therapeutic applications of aptamers based on various pro-
teins of SARS-CoV-2.

Aptamers interfering with the S protein–ACE2 interaction
The S protein condenses the specific spikes on the surface of
SARS-CoV-2. It is responsible for virus entry to the host cell by
fusing it with the plasma membrane. The protein has two signif-
icant subdomains: S1 and S2. S1 contains a receptor-binding
domain (RBD) and is responsible for providing stability during
the perfusion state. S2 contains all components that are used
for fusion (Figure 2). S protein, primarily its S1 domain, is highly
immunogenic and essential for host cell infection and, thus, has
been the target of frequent antibody and vaccine research. Previ-
ous research showed that COVID-19 binds to host cells through
interactions with human ACE2.22

Oligonucleotide-based strategies can be best performed by
either hindering viral S protein interactions or interfering with
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FIGURE 1
Systematic evolution of ligands via exponential enrichment (SELEX) begins with the production of various libraries of DNA or RNA molecules; then, the library
is incubated alongside the targets to assemble aptamers and target structures. After that, the libraries are multiplied with PCR for subsequent enrichment
rounds, with oligonucleotides separated out from the target attached aptamers. Multiple rounds are run until the library converges on to a pool of sequences
with affinity to the target. In the final step, the enriched aptamer sequences are identified by sequencing.
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its replication. The former approach is achieved by the aptamer
via the protein–nucleic acid interface or by direct targeting of
the genome through antisense oligonucleotide (ASO)-mediated
gene silencing or small interfering RNA (siRNA). Gene silencing
methods have shown to decrease the inflammatory aftermath
in the lungs in patients critically ill with COVID-19. Rossi et al.
theorized that highly preserved regions inside the replicate
polyprotein-encoding regions of the SARS-COV-2 genome could
be desirable gene silencing targets. Another preference is to use
aptamers for inhibiting ACE2 (Figure 3). Aptamers have a faster
development time compared with protein-based SELEX, and
can quickly identify candidate sequences with high target speci-
ficity and sensitivity in a short period. This supports the vision of
using aptamers for various applications.23

In recent years, the simple selection processes and structural
stability of several DNA aptamers, such as CoV2-6C3, cb-CoV2-
6C3, aptamer-1, aptamer-2, and nCoV-S1-Apt1, have gained
attention. However, RNA aptamers have more complex 3D struc-
tures.14 Although both SARS-CoV and SARS-CoV-2 S proteins
have general structural homology, none of the three SARS-CoV
RBD-directed monoclonal antibodies could bind to SARS-CoV-2
RBD. Consequently, there is a crucial need to recognize efficient
identification molecules for SARS-CoV-2 RBD. Although neutral-
izing antibodies have been extensively applied in biology and
clinical medicine, aptamers have various advantages, including
less immunogenicity as well as facile engineering and chemical
modification. SARS-CoV-2 binds to host cells via the interface
of the S protein and ACE2 on host cells. Following receptor
detection, the virus genome along with its nucleocapsid is
released into the cytoplasm of the host cell. PP1a and PP1ab
are two factors that facilitate the control of host ribosomes in
the translation of viral proteins.

Using an ACE2 competition-based aptamer selection
approach, Song et al. showed an improved Kd value of CoV2-
RBD-1C and CoV2-RBD-4C aptamers with limit of detection
(LOD) of 5.8 nM and 19.9 nM, respectively. Simulated interac-
tion modeling proposed that the two aptamers could have the
same binding sites on ACE2 or SARS-CoV-2 RBD. Moreover,
these aptamers provided a prospect for generating new probes
for the identification of SARS-CoV-2. They could aid in diagnos-
ing and treating SARS-CoV-2 by creating a novel means for in-
depth research of the coronavirus infection procedure.11

ssDNA-aptamer (BC 007) was shown to be capable of neutral-
izing pathogenic autoantibodies24,25 because they occur in the
heart as well as circulatory system diseases.26 BC 007 showed a
perfect safety profile in Phase I trials (NCT02955420), which
led to its successful entry into Phase II clinical testing.27 BC
007 can also bind to vital proteins of SARS-CoV-2, including
www.drugdiscoverytoday.com 3



TABLE 1

Summary of antiviral aptamers designed for SARS-COV therapeutic applications

Selected aptamer Aptamer type Target Organism Refs

NG1 ssDNA Helicase SARS-COV 41
NG3 ssDNA Helicase SARS-COV 41
30-Inverted thymidine aptamer NG8 ssDNA Helicase SARS-COV 41
30-biotin aptamer NG8 ssDNA Helicase SARS-COV 41
ES15-(1,2,3,4,5,6) RNA NTPase/helicase SARS-COV 42

Peptide S protein SARS-COV-2 30
BC-007 ssDNA S protein, RNA polymerase SARS-COV-2 29
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DNA-susceptible peptide structures, such as the RNA-dependent
RNA polymerase of SARS-CoV-2 and the RBD of the S protein (re-
purposing). Overall, BC 007 displayed specific binding for both
sequences in a therapy-relevant concentration range, as shown
by nuclear magnetic resonance (NMR), circular dichroism (CD)
spectroscopy, and isothermal titration calorimetry (ITC)
analyses.28

In a recent study, an 18-residue-long peptide aptamer was
designed using bacterial Thioredoxin A as the scaffold protein.
The peptide–aptamer tertiary structure was prepared and docked
to the RBD of the SARS-CoV-2 S protein. Its binding was found to
be similar to the pattern of ACE2 binding. Moreover, it showed
remarkable stability in a 100 ns (number of nanoseconds) molec-
ular dynamics simulation. Overall, it was suggested that this pep-
tide aptamer could be considered for the treatment of SARS-CoV-
2.29 Recently, highly resistant 20-fluoro-arabino nucleic acid
(FANA), and xeno-nucleic acid (XNA) aptamers formed by SELEX
through targeting the SARS-CoV-2 S-protein RBD were shown to
strongly block the RBD and the subsequent ACE2 binding.30

Neutralizing antibodies against SARS-CoV-2 have several
drawbacks, including their potential for antibody-dependent
enhancement (ADE) and their large size, which makes them
unsuitable for intranasal delivery. To avoid these limitations,
CoV2-6 aptamer was applied to inhibit ACE2 binding to S-
protein RBD by using molecular docking. It has been indicated
that, by engineering aptamer binding to the region of S-protein
RBD that is involved in ACE2–receptor engagement, SARS-CoV-
2 infection could be successfully blocked. In further studies,
CoV2-6 was engineered as a circular bivalent aptamer (cb-
CoV2-6C3) to improve aptamer stability, binding potential,
and efficacy. cb-CoV2-6C3 revealed efficient binding to S-
protein RBD (Kd: 0.13 nM), and considerable SARS-CoV-2 virus
inhibition (IC50: 0.42 nM). Furthermore, the cb-CoV2-6C3 apta-
mer was stable in serum for 12 h and was preserved at room tem-
perature for 14 days. Overall, the results indicated that CoV2-6
could prevent ACE2 binding to S-protein RBD, inhibiting SARS-
CoV-2 infection.31 Other bead-based SELEX experiments indi-
cated the potential of DNA aptamers in targeting purified RBD
proteins with high affinity and further proved the blockade of
RBD–ACE2 interaction and host cell infection.32 Researchers
used the capillary electrophoresis (CE)-based SELEX method to
develop a range of DNA aptamers, including nCoV-S1-Apt1,
which can target the RBD S1 subunit and disrupt the interaction
between S1 and ACE2.33

Among various RNA aptamers, RBD-PB6 indicated efficient
viral blockade by inhibiting RBD binding to the ACE2 receptor.
4 www.drugdiscoverytoday.com
This aptamer has a strong affinity (in the nanomolar range) for
the S protein of the beta variant of SARS-CoV-2 and can effec-
tively inhibit the alpha variants with Kd values of 38 and
12 nM, respectively. Additionally, a 20-fluoropyrimidine-modi
fied aptamer was found to be effective against both SARS-CoV-
2 and wild-type virus-like particles (VLPs), including the
D614G spike variants. It did not show any cross-reactivity to
Middle East respiratory syndrome (MERS) or SARS-CoV-1 S
proteins.34

To dominate the mutations frequently occurring in the RBD
of SARS-CoV-2 variants, Sun et al. used a cocktail of three neutral-
izing aptamers (CoV2-RBD-1C, CoV2-RBD-4C, and CoV2-6C3)
by attaching them to a gold nanoparticle (gold NP) core. The
conjugated multivalent aptamer system showed improved stabil-
ity because of the nuclease deactivation feature of gold NPs and
efficiently blocked various epitopes on the S proteins. The apta-
mer–gold NP conjugate demonstrated an affinity within the
pM range and showed efficient toxicity against various variants,
including pseudotyped SARS-CoV-2 N501Y, D614G, K417N:
E484K:N501Y 35, and Omicron.36 A recent study identified
DNA-based aptamers known as slow off-rate modified aptamers
(SOMAmers) that can bind to fragments of the SARS-CoV-2 S
protein (S1, S2, and RBD). Several of these aptamers were capable
of preventing the S protein from binding to ACE2 and neutral-
ized the virus in vitro. The most potent aptamer in this research
was SL1111, which inhibits spike–ACE2 binding and neutralizes
all tested variants. SL1111 appears to bind to a spike surface con-
served across variants. These aptamers showed promise as
COVID-19 diagnostics or therapeutics tools, and SL1111 is being
developed as a candidate treatment requiring in vivo testing.37

Helicase enzyme
Viral helicase has a crucial role in viral genome replication,
which could be considered a probable target for therapeutic
applications against viral pathogens. The SARS-CoV helicase
involves various biological processes, including recombination,
conformational catalytic procedures, replication, chromatin
remodeling, Holliday movement junctions, and DNA repair.
Therefore, SARS-CoV NTPase/Helicase (nsP10) could be a poten-
tial target for developing anti-SARS-CoV agents.38,39 Different
drugs can target helicase and prevent its function by obstructing
its binding to the nucleic acids.40 The study presented an attrac-
tive RNA aptamer library for nsP10 of SARS. This RNA aptamer
efficiently inhibited the nucleic acid activity of the helicase
and ATPase41 as an anti-SARS-CoV agent applicant. Given the
high resemblance of the nsp10 sequence arrangement in coron-
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FIGURE 2
Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) structural features and possible targets for detection and treatment. SARS-CoV-2 comprises
four crucial structural proteins: envelope (E), membrane (M), nucleocapsid (N), and spike glycoprotein (S). The S protein is a suitable target for aptamer
selection because it has as an essential role in the pathogenesis of the virus. The S protein comprises three identical monomers and two distinct subunits: the
S1 subunit, located at the external layer of the virus, contains a receptor-binding domain (RBD) and an N-terminal domain (NTD), wherasS2 is a membrane-
bound subunit (a). The RBD is the binding site for human angiotensin-converting enzyme 2 (ACE2), which mediates host cell recognition. Transmembrane
protease serine 2 (TMPRSS2) activates the S protein by cleavage at the S1/S2 sites, enhancing viral entry within the host cell (b).
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aviruses, it is proposed that it could also be investigated against
SARS-CoV-2.42 Another therapeutic DNA aptamer has also been
recently introduced against the SARS-CoV nsp13 protein, which
could capably hinder the role of ATPase in the SARS-CoV
helicase.43
Other targets
Previous investigations utilized DNA and nuclease-resistant RNA
aptamers to target the N protein of SARS-CoV.44,45 However,
given the current situation, the conserved nature of the N pro-
tein, and its affinity for nucleic acids, the modular and customiz-
www.drugdiscoverytoday.com 5
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FIGURE 3
Therapeutic mechanisms of aptamers for treating Coronavirus 2019 (COVID-19). (1) Blocking the receptor-binding domain (RBD) on severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2); (2) blocking nucleocapsid (N) proteins on SARS-CoV-2; and (3) blocking the helicase of SARS-CoV-2; and (4) blocking
human angiotensin-converting enzyme 2 (ACE2) on lung epithelial cells.
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able properties of aptamers make them appealing for repurposing
and developing into a potential therapeutic molecule against
SARS-CoV-2.46 Additionally, there are aptamers designed to tar-
get the S protein, which has been shown to block S-TLR4 signal-
ing involved in SARS-CoV-2 pathogenesis and inflammation.
The ST-6 aptamer, along with its two truncated versions (ST-6–
1 and ST-6–2), exhibited promising results as a potential thera-
peutic candidate for SARS-CoV-2 therapy.47
Aptamer conjugation with advanced technology: new
insight into COVID-19 therapeutics
Given the success of genome-targeting strategies and accessibility
to the RNA genome sequence of SARS-CoV-2 (GenBank:
MN908947), one strategy could be to target the viral RNA gen-
ome for degradation. Therefore, using siRNAs, RNA aptamers or
ASOs, and nucleoside analogs to the SARS-CoV RNA genome
could provide essential insights and promising therapeutic tar-
gets for SARS-CoV-2 treatment.48 Numerous aptamer-mediated
siRNA delivery systems have been advanced to improve RNA
interference (RNAi) effectiveness for targeted delivery. Neverthe-
less, effective and harmless delivery of siRNA into the target cells
6 www.drugdiscoverytoday.com
remains a major concern for the clinical progress of siRNA-based
therapeutics.49

Aptamer conjugation to siRNAs, ASOs, and CRISPR has
emerged as a promising strategy for targeted delivery of these
therapeutic agents. This approach involves the attachment of
an aptamer with binding affinity to a specific cell surface marker
to the therapeutic agent, allowing for targeted delivery to the
desired cells. Therefore, one promising strategy in COVID-19
therapy is the conjugation of aptamers to siRNA, which could
be attained by either covalent linkage or complementation
(e.g., annealing), resulting in aptamer–siRNA chimeras. Aptamers
with binding affinity to SARS-CoV-2 proteins, including the S
protein, for instance, could serve as targeted delivery agents for
siRNAs, ASOs, and other therapeutics that inhibit vital viral func-
tions. By providing specific guidance to the virus-infected cells,
aptamers could enhance their potency, reduce off-target effects,
and prolong the duration of action against COVID-19. A recent
study developed a circular aptamer-ASO chimera (circSApt-
NASO) containing an aptamer that binds the S protein and an
ASO that inhibits the N gene. The chimera inhibited both S-
induced inflammation and viral N gene-dependent replication,
displaying efficacy against the original strain and omicron vari-
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ant, which highlights the potential of aptamers as synergistic
treatments.50 Further studies revealed that aptamer-
functionalized lipid nanoparticles encapsulating siRNAs could
target the nucleocapsid phosphoprotein. Molecular docking
and antiviral tests indicated a significant inhibition of infection
in human lung cells. Furthermore, inhalation of this formulation
was correlated with an improved lung inflammation/opacity
state in a patient with severe COVID-19, demonstrating a
promising therapeutic approach.51 By leveraging RNAi and tar-
geted delivery, this strategy has the potential for developing safe
and effective anti-COVID-19 treatments. In this codelivery
approach, while nanoparticles protect siRNAs from degradation
and facilitate cellular uptake/endosomal escape, the high affin-
ity/specificity of aptamers for the S protein allows for selective
targeting of virus-infected cells. Noticeable benefits of aptamer–
siRNA chimeras over other methodologies (e.g., protein-based
systems) are simplicity (single-component conjugates), ease of
manufacturing, and low immunogenicity. Given that the human
immune system does not typically recognize nucleic acids as
external molecules, aptamer–siRNA chimeras create less non-
specific immune system activation compared with protein-
mediated delivery systems.52

The CRISPR and CRISPR/Cas systems have also been the cen-
ter of attention for various essential applications, including gen-
ome editing and biosensor development, because of adjustable
mechanical features, favorable biocompatibility, and cleavage
activity.53 Although several studies have explored the use of
CRISPR technology to enhance the performance of aptamers in
detecting COVID-19, there have been no studies to combine
these technologies for therapeutic purposes.54,55 It appears that
combining their complementary strengths through targeted
approaches could enhance CRISPR targeting by guiding nucle-
ases to the specific viral proteins, thus maximizing virus disrup-
tion and replication inhibition. Developing aptamer–CRISPR
complexes that bind to SARS-CoV-2 could improve the selective
delivery of editing agents to the viral genome, enabling precision
cutting with reduced off-target effects and improved safety and
selectivity. In general, combining aptamers and CRISPR allows
for developing several therapeutics concurrently. Using multi-
plex therapies that target different components (replication
enzymes, entry proteins, and RNA) provides a multipronged
attack needed against fast-mutating viruses, such as SARS-CoV-2.

Aptamer administration and kinetics
Aptamers can be delivered through various routes, including
intravenous, intranasal, oral, and topical administration. Intra-
venous administration is the most commonly used route for
aptamer delivery, where aptamers are administered directly into
the bloodstream. However, this route has limitations, including
potential immunogenicity and rapid clearance from the circula-
tion.56 In general, a particular problem with unprotected phos-
phodiester DNA aptamers is their short circulation lifetime in
the blood because of the presence of serum nuclease or clearance
by different organ extraction, including lung and kidneys.57

Studies with chemically stabilized antiangiogenic Ribozyme
(ANGIOZYMETM) in healthy volunteers indicated that, following
intravenous or subcutaneous administration, they could readily
be distributed throughout the body and be taken up by target
cells.58 Intranasal administration of aptamers is a non-invasive
delivery route that provides direct access to the respiratory tract,
which is the primary site of SARS-CoV-2 infection. The small size
of aptamers enables aptamer formulation into gels and aerosols,
which could be applied for intranasal administration or nebuliza-
tion as a straightforward delivery strategy into the respiratory
system.31 Although oral administration is regarded as a non-
invasive route that directs the systemic delivery of aptamers, it
could be challenging to achieve sufficient bioavailability because
of the gastrointestinal barrier.59

Aptamers conjugated with different moieties, including lipids
or polymers, could enhance their pharmacokinetic and biodistri-
bution properties. This strategy could resolve the problem of
instability in the biological media as well as crossing the cellular
membranes to reach the site of action. Furthermore, by improv-
ing the stability of aptamers through bioconjugates, their life-
time could be extended in the blood, which would facilitate
their uptake by target cells.5 By complexing the aptamer with a
protein, its circulation time could be greatly improved.57 There
is also evidence that liposome vesicles could be applied for direct-
ing aptamers into intracellular targets.60,61 Although in most
cases, the preferred administration route of aptamer–conjugated
nanocarriers is via intravenous injection, some studies have used
topical administration for the delivery of aptamer-functionalized
carriers loaded with antitumoral drugs to treat skin cancer.62
Disadvantages of aptamers
Although aptamers have received much attention over the past
decade and are potential candidates for various detection and
therapeutic uses, they have some unresolved limitations. The
first is that the selection process of most aptamers is performed
in vitro, whereas the marked molecular structures vary and are
more complicated in vivo. Thus, the aptamers might not be as
efficient and functional as anticipated for in vivo studies. Further-
more, they are subject to cross-binding with other molecules that
are not their target, which could restrict the utilization of apta-
mers for diagnostic applications. Therefore, considering all
aspects and the precise outline of the selection procedure, it
appears essential to improve aptamer specificity. Many types of
virus and complex structures need more precise SELEX proce-
dures to develop specific and/or universal antimicrobial apta-
mers. Furthermore, unchanged aptamers (particularly RNA
aptamers) are commonly sensitive to digestion by cellular nucle-
ases in body fluids or within cells. Consequently, varying chem-
ical modifications are needed to improve the in vivo stability of
aptamers. The most commonmodification is to replace the sulfur
atom with non-bridging O2 in the DNA or RNA phosphate back-
bone. Moreover, alterations of RNA aptamers are performed at
the 20-position on the ribose ring. Modified RNA aptamers indi-
cate a half-life of 100 h in human serum, which is significantly
improved compared with seconds associated with unmodified
RNA.63

Additionally, small-sized aptamers are simply filtered out
through glomerular capillaries.64 The typical approach is to con-
jugate to polyethylene glycol (PEG),65 liposome,66 cholesterol,67

an antibody,68 or other nanomaterials to increase the circulation
time of aptamers.69 PEG has been broadly used to expand the cir-
www.drugdiscoverytoday.com 7
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culation half-life of these biological agents. Another crucial chal-
lenge is the delivery of aptamers into the lungs. Finally, scale-up
and mass production of these potential biological agents will be
necessary.48

Concluding remarks and future perspectives
Given the development of aptamers for numerous viruses, such
as HIV, hepatitis C virus (HCV), and SARS-CoV, there is signifi-
cant potential for also developing an extensive range of aptamers
for genomic RNA and multiple proteins of SARS-CoV-2. Further-
more, aptamers are mostly constrained as sensing modules,
although they can also be widely used as therapeutic inhibitory
agents. This aspect of aptamers remains to be fully explored.
We anticipate extensive developments in aptamer technology,
where the next steps would be to develop multifunctional apta-
mers with the capability of recognizing and inhibiting various
targets. This would be of significance for therapeutic applica-
tions, particularly in pandemic infections, such as COVID-19.

Only two aptamer-based technologies have reached clinical
trials thus far: a saliva-based DNA aptamer (NCT04974203) and
the SARS-CoV-2 therapeutic aptamer ApTOLL, developed to a
Phase Ib randomized multicentre placebo-controlled clinical trial
including patients hospitalized with COVID-19 at risk of cyto-
kine storm syndrome (NCT05293236). Structural analysis of
the previously established aptamers could be beneficial in apta-
mer repurposing and screening to develop favorable aptamers
for diagnostics and therapeutic applications against SARS-CoV-2.

The S protein is a potential target for novel drugs to protect
against SARS-CoV-2. However, no US Food and Drug Administra-
8 www.drugdiscoverytoday.com
tion (FDA)-approved aptamers have been reported against the S
protein of this virus. ACE2, as a receptor for SARS coronaviruses
with a significant role in controlling respiratory distress syn-
drome (ARDS), has been considered a possible therapeutic and
diagnostic target.70 Researchers recently developed stable and
biologically active aptamers that inhibit SARS-CoV-2 infection
with high affinity and potency by blocking the S protein RBD–

ACE2 receptor interaction. These aptamer-blocking strategies
provide a novel approach for COVID-19 treatment beyond anti-
bodies. Helicase also has a crucial role in viral proliferation and
replication and could be regarded as a useful target for develop-
ing coronavirus aptamers for potential therapeutic applications.
Likewise, the N protein has also been recognized as a key target
to hinder COVID-19 because of its role in synthesizing viral RNA.

Overall, given all the potential targets and their coupling with
advanced molecular methods, aptamers could serve as sensitive
diagnostics and therapeutics in the near future. However, further
evidence is still needed, especially from clinical trials, to support
these possibilities.
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