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Abstract

2020 and 2021 were disastrous years across the world, with the emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) virus as a pandemic, which continues to be a top global health issue. There are still many countries and regions struggling to fight
coronavirus disease 2019 (COVID-19), and, with the emergence of the various variants of the virus, we are still far from considering this
global pandemic over. In addition to having good diagnostic tools and a variety of vaccines with high efficacy, it is of utmost importance
to develop effective antiviral drugs or therapies to battle COVID-19. Aptamers known as the next-generation targeting elements can
offer promising opportunities in developing antiviral drugs against SARS-CoV-2. This is owing to their high specificity and affinity,
making them ideal for targeting ligands and neutralizers to impede both, viral entry and replication or even further enhance the anti-
infection effects in the infected host cells. Also, aptamers are extremely attractive as they can be rapidly synthesized and scalable with
a lower production cost. This work provides in-depth discussions on the potential of aptamers in therapeutic applications, their mode of
action, and current progress on the use of aptamer-based therapies against SARS-CoV-2 and other viruses. The article also discusses the
limitations associated with aptamer-based SARS-CoV-2-antiviral therapy with several proposed ideas to resolve them. Lastly, theranostic

applications of aptamer nanoformulated dendrimers against viral infections are discussed.
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1. Introduction

Coronaviruses (CoVs) belong to a family of viruses
that can cause mild to moderate respiratory tract illnesses.
There are three well-known CoVs. These are severe acute
respiratory syndrome (SARS)-CoV, Middle East respira-
tory syndrome (MERS)-CoV, and SARS-CoV-2 [1]. Coro-
navirus disease 2019 (COVID-19) is caused by the virus,
SARS-CoV-2. As of 23 July 2022, there have been more
than 569 million confirmed SARS-CoV-2 cases globally,
which included >6 million deaths reported [2]. Currently,
despite there is an increasing number of vaccines being de-
veloped and approved since the outbreak, COVID-19 is still
causing significant global health threats and economic bur-
dens. In addition, molecular amplification of viral antigens
and molecular antibody-based detection techniques have
been developed for the clinical diagnosis of SARS-CoV-2
[3.4].

Despite these significant efforts toward diagnosis and
vaccination, there are currently only two oral anti-viral
COVID-19 drugs approved by the United States Food and
Drug Administration (FDA) for emergency use authoriza-
tion (EUA) [5,6]. These are Paxlovid and Lagevrio (Mol-
nupiravir, MK-4482), both offering benefits over Veklury
(Remdesivir) [7]. Paxlovid is a combination of the an-
tiviral Nirmatrelvir (PF-07821332) and antiretroviral drug
- ritonavir- used to treat human immunodeficiency virus

(HIV). It works by disrupting viral replication by binding to
the 3CL-like protease that is responsible for viral replication
[8]. On the other hand, Lagevrio works as a nucleoside ana-
log that inhibits the accurate replication of viral genetic ma-
terials, leading to the formation of non-infectious new viral
particles [9]. Howbeit, the clinical trial data of Lagevrio has
shown to be less effective than anticipated [10]. Also, the
general challenges of inefficient viral medications, such as
low specificity, unwanted side effects, and high mutation
variability, are yet to be addressed. Hence, the search for
antivirals remains a major research endeavour and a high
priority.

Targeted drug delivery is a promising approach for
disease diagnosis and treatments, owing to its capability to
distinguish between malignant cells and healthy cells. Ad-
vancements in biotechnology appear to be promising in tar-
geting and treating SARS-CoV-2 with the use of nucleic
acid-based treatments such as aptamers [11]. The emer-
gence of highly specific aptamers has revolutionized the
sphere of targeted pharmaceutical applications as a new
generation of targeting ligands [12]. A more specific an-
tiviral treatment can be developed through the use of ap-
tamers to promote the targeting of infected cells. It has
been demonstrated that aptamer-navigated targeted drug
delivery can enhance anti-cancer therapeutic outcomes [ 11—
16]. Aptamer-mediated antiviral approaches can be devel-
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oped to inhibit SARS-CoV-2 invasion against host cells or
modulate the host immune system. In this review article,
we first discuss the characteristics of aptamers and their
mechanisms of action to reveal the promising potentials of
aptamer-mediated antiviral treatments. We then discuss the
use of aptamers to treat different infectious pathogens, with
emphasis on the prospects of aptamers in targeting SARS-
CoV-2. The application of aptamers as an antiviral sys-
tem against SARS-CoV-2 is also discussed. We appraise
the therapeutic applications of dendrimer nanoformulation
of aptamers as antiviral drugs and theranostics for SARS-
CoV-2.

2. Aptamers
2.1 Biophysical and Functional Properties of Aptamers

In recent years, aptamers have gained significant re-
search attention for advanced cell targeting in pharmaceuti-
cal delivery and medicines, owing to their enhanced speci-
ficity, binding affinity, and sensitivity with low dissocia-
tion constants towards various molecular targets [13]. They
are chemically synthesized, short, and single-stranded (ss)
oligonucleotides of either single-stranded deoxyribonucleic
acid (ssDNA) or ribonucleic acid (ssRNA) sequences that
can selectively bind to a specific target by folding into
unique three-dimensional (3D) structures [14]. System-
atic Evolution of Ligands by Exponential Enrichment (SE-
LEX) is an iterative selection process used to engineer ap-
tamers through 1015 repeated rounds of sequential target
incubation, selections, amplifications, and enrichment until
an enriched pool of specific target clones is formed to de-
rive aptamers [15]. Specific aptamers to target molecules,
bacteria, cells, tissues, endotoxin, and viruses can be en-
gineered via SELEX with the modification of incubation
conditions and selection strategies. Their ease in function-
alization with diverse moieties such as biotin, redox label,
fluorophore, and nanomaterials allows for a wide range of
applications. In addition, aptamers have high selectivity
and affinity with the chemical versatility of synthetic drugs
and tuneable functional properties, highlighting their ad-
vantages as biological drugs [16,17].

Aptamers possess desirable bio-physiochemical prop-
erties such as small hydrodynamic size (5-15 Kq4), high
productivity, biocompatibility, biodegradability, and low
or negligible immunogenicity as well as good thermal and
chemical stability due to their strong phosphodiester bonds
[14,18]. With their inherent advantages, aptamers have
made them ideal candidates as therapeutic drugs, diagnos-
tic tools, and delivery vehicles for targeted delivery. For
instance, their smaller size (~2—3 nm in diameter) helps to
prevent steric hindrance on the surface of targeted bacte-
ria or viruses, allowing the binding of more recognition
molecules on the cell surface compared to other targeting
ligands such as antibodies. There are numerous studies on
the effectiveness of aptamers in treating various chronic
conditions. These include the Pegaptanib aptamer for treat-

ing vascular age-related macular degeneration [19]; NU172
aptamer for treating anticoagulation in cardiovascular dis-
ease [20]; nucleolin-specific AS1411 for targeting cancer
cells such as renal carcinoma and acute myeloid leukemia
[21]. There are also several other therapeutic aptamers un-
der clinical trials [22-24].

2.2 Aptamer Binding Mechanism

In principle, aptamers interact with their targets by
folding into unique 3D conformations, making them sen-
sitive to changes in their sequences. For example, alter-
ations or mutations that happen in the aptamer-target bind-
ing regions can affect the aptameric binding affinity. Ap-
tamers can act through direct binding to relevant targets
to interfere with the first stage of viral infection, blocking
the viral attachment to the host cell [25]. In addition, ran-
dom oligonucleotides or aptamers with no defined binding
site have shown anti-viral activities against different viruses
such as HIV and hepatitis C. This interaction capacity is at-
tributed to the amphiphilic nature of the phosphorothioate
and its poly-anionic nature [26-28].

Aptamers can potentially offer broad-spectrum inhi-
bition to disrupt viral replication [29]. For instance, de-
oxyribonucleic acid (DNA) aptamers are reported to inhibit
diverse primate lentiviral reverse transcriptase (RT) by at-
taching to the RT over a large surface area with an extended
binding interface. Their binding is remarkably similar to the
binding by natural nucleic acid substrates, with most of the
contacts residing within their interface, making them com-
pete with natural substrates for RT while remaining inert to
the RT activity. An aptamer has been demonstrated to pos-
sess a thumb-and-fingers-open conformation upon binding
with RT, indicating its unique specificity to the target with-
out affecting the polymerization active site [29]. With their
smaller size as compared to antibodies, aptamers can ac-
cess and bind onto conserved or poorly accessible loops or
epitopes to enhance their target binding interaction. For in-
stance, an aptamer demonstrated a neutralization activity of
IC5¢ <60 pg/mL in a study that targeted the dengue virus,
which is stronger than cross-reactive antibodies in neutral-
izing all 4 serotypes. Guanine-rich aptamers can form G-
quadruplex conformations with stacked G.G.G.G tetrads
in the presence of potassium, leading to improved binding
affinity and stability [30]. Aptamers can stimulate the host’s
innate and adaptive immune system against viral infections
by activating certain pathways such as the RIG-1-mediated
IFN production to block viral replication [31].

3. The Therapeutic Applications of
Aptamers against Viruses

Scientific studies have determined some therapeutic
effects of aptamers against viral infections. They can ham-
per viral attachment and replication by binding and inhibit-
ing target molecules. Sullenger et al. [32] reported the
first use of aptamers in treating HIV with trans-activation
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response element-ribonucleic acid (TAR-RNA) aptamer to
impede trans-activator of transcription (Tat)-mediated viral
gene expression by targeting both Tat and cyclin T1 proteins
in the human cluster of differentiation (CD)4+ T helper cells
[32]. Several other studies have also used aptamers to target
different HIV stages, including R1T and RT1t49(-5) DNA
aptamers that inhibit the RT of primate lentiviral family
[29]; and interleukin 6 receptor (IL-6R)-specific aptamer
(16-mer DNA aptamer AID-1 [d(GGGT),]) that acts as the
HIV-1 inhibitor with identical effects as the well-known
Haemophilus influenzae type B (HIB) inhibitor T30923
[33]. The findings showed their inhibitory actions on the 3’
processing activity and binding of HIV-1 integrase as well
as inhibiting the HIV de novo infection. There are also stud-
ies on using aptamer-small interfering RNA (siRNA) com-
plex to reduce the messenger RNA (mRNA) protease [34]
and tat/regulator of virion protein expression (rev) protein
expression of HIV [35] with reduced viral activity.

Other studies have reported on the use of aptamers
to treat various infectious viruses such as hepatitis B virus
and hepatitis C virus (HCV) by targeting the core pro-
tein and nonstructural protein 5B (NS5B) protein to hin-
der both the extracellular DNA synthesis and viral repli-
cation [36]. Lee and his team designed RNA aptamers
containing 2’-hydroxyl- or 2’-fluoropyrimidines to target
an enzyme called NS5B replicase of HCV via competi-
tive sequestration of the target protein. As a result, the
HCYV replicon replication impeded human liver cells with-
out causing escape mutant appearance, off-target effects,
and cellular toxicity. This aptamer was also conjugated
with galactose-polyethylene glycol or cholesterol to en-
hance liver-targeting delivery, in vivo availability, and cell
transfection. Both genotype 1b and genotype 2a HCV JFH-
1 RNA replication was successfully hindered, indicating a
potential new therapeutic tool and feasible antiviral therapy
for current SARS-CoV-2 therapeutics [36].

There are aptamers designed to treat herpes simplex-
1 by targeting its glycoprotein D to block the viral entry
[37]. A study has illustrated the use of a DNA aptamer with
antiviral activity in neutralizing all 4 serotypes of Dengue
viruses by specifically binding onto the dengue virus-2 en-
velop protein domain IIT; in the conserved loop between 55
and (g strands. This DNA aptamer possesses a unique G-
quadruplex structure and a sequence on the 5’-end that con-
tributes to its high binding affinity by hindering the E pro-
tein attachment to the host receptor [38]. RNA aptamers
have also been developed to target the viral protein 35 of
the Ebola virus by competing with double-stranded RNA
to antagonize the viral protein 35-nucleoprotein interaction.
This led to the disruption of the Ebola polymerase cofactor
function by prohibiting the interferon (IFN) inhibitory ac-
tion of the viral protein 35 for effective treatment outcomes
[39]. Also, a DNA aptamer has been shown to have high
sensitivity against the different binding epitopes of the NS1
protein of the Zika virus. It can therefore be used as a detec-
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tion agent in diagnosis with a detection limit of 100 ng/mL
to identify Zika NS1 [40]. These findings suggest the po-
tential application of aptamers as a targeting ligand capable
of navigating antiviral drug molecules to the proper cellular
site for improved therapeutic effects.

Furthermore, aptamers have been widely exploited as
anti-influenza candidates in the drug development race to
treat influenza viruses. Influenza viruses are characterized
by their surface hemagglutinin (HA) glycoprotein that binds
onto the sialic acid receptors of host cells and has been the
target of various aptamers that aim to hinder viral attack and
proliferation. A study has reported the efficacy of DNA
aptamer BV02 against the swine flu virus (HIN1) by tar-
geting the hemagglutinin viral protein responsible for the
first stage of the viral infection—cell interaction [25]. The
study also demonstrated that the binding of the aptamer
against the influenza virus is more dependent on general
two-dimensional (2D) structural motifs such as loops and C
stretches, aptamer length, and repeating sequences of C nu-
cleotides rather than sequence-specific, with 8§7% binding
specificity detected. This mechanism of action is relevant
to different influenza strains and can be extended to other
viruses.

Another viral target for aptamers is the virus en-
donucleases that disrupt the virus transcription. DNA ap-
tamers have been designed to target the N-terminal domain
of the polymerase acidic (PA) protein of the H5NI virus
with increased endonuclease inhibitory activity and antivi-
ral efficacy [41]. Furthermore, PAN-DNA aptamers have
been shown to have cross-subtype protection against an-
other influenza A virus subtypes such as HIN1, H7N7, and
H7N9 with 50% of half-maximal inhibitory concentration
(IC5¢) of approximately 10 nM, potentially due to enriched
guanine-cytosine (GC) with easier hairpin structural forma-
tion for a stronger binding affinity. The anti-viral effects
work by aptameric substitutions in the enzyme active site
to reduce viral fitness [41]. Aptamers are reported with the
capability to distinguish between influenza type A and B
or other closely related subtype strains. For instance, two
RNA aptamers (P30-10-16 and A-20) were designed to bind
against type A and B, respectively, with more than 15-fold
higher affinity than anti-HA monoclonal antibodies in tar-
geting influenza type A [42]. These reported studies as
summarized in Table 1 (Ref. [25,29,32-36,38—43]) with the
successful application of aptamers against different stages
of viral infections and pathogenic diseases have provided
a rationale for the use of nucleic acid-based treatments to
target SARS-CoV-2 infection [29,32-36,38—43].

4. Aptamer as a Potential Antiviral
Candidate for SARS-CoV-2

The development of targeting ligands capable of bind-
ing to the spike protein of SARS-CoV-2 and blocking
viral infection is of importance to COVID-19 therapy.
Angiotensin-converting enzyme Il (ACE2) is the receptor


https://www.imrpress.com

Table 1. Therapeutic applications of aptamers against viruses.

Aptamers Target molecules Application Reference
TAR-RNA aptamer Tat and cyclin T1 proteins in human CD4+ T cells HIV treatment [32]
RIT and RT1t49(-5) DNA aptamers RT of primate lentiviral family Treatment of distinct stages of HIV  [29,43]
IL-6R-specific aptamer HIV-1 inhibitor T30923 HIV treatment [33]
Aptamer-siRNA complex mRNA protease and tat/rev protein expression HIV treatment [34,35]
2'-hydroxyl- or 2'-fluoropyrimidines NS5B replicase HCYV inhibition [36]
RNA aptamers

DNA aptamer Dengue virus-2 enveloped protein domain II1 Dengue virus treatment [38]
RNA aptamers Viral protein 35 Ebola virus treatment [39]
DNA aptamer Epitopes of the NS1 protein Zika virus diagnosis [40]
DNA aptamer BV02 Hemagglutinin viral protein Swine flu virus (HIN1) [25]
DNA aptamers N-terminal domain of the polymerase acidic (PA) protein H5NI virus inhibition [41]
P30-10-16 and A-20 RNA aptamers Type A and B of anti-HA monoclonal antibodies Influenza type A [42]

that SARS-CoV-2 uses to infect human host cells via the
binding between the receptor-binding domain (RBD) of the
spike glycoprotein and ACE2. This makes RBD an ideal
target to develop drugs and vaccines against SARS-CoV-2.
NEC Solution Innovators have developed an artificial DNA
aptamer that targets SARS-CoV-2. The aptamer binds to
the 3D structure of the RBD to prevent the viral spike pro-
tein from attaching to the ACE2 receptors on human host
cells, thus blocking the viral entry. The results indicated
a strong binding of the aptamer to three strains of SARS-
CoV-2; the original strain (WK521 Wuhan strain) and two
other mutant strains (TY7-501 Brazilian and QK002 UK
strains) [44]. This work has the potential to facilitate the
development of aptamers as antiviral drugs against COVID-
19.

A serum-stable RNA aptamer has been engineered as a
promising candidate to inhibit viral entry by binding to the
RBD of COVID-19 spike protein with a picomolar range
of binding efficiency, preventing interaction between host
receptors and SARS-CoV-2 spike protein. This RNA ap-
tamer was modified with 2-fluoropyrimidine to enhance its
resistance against viral nuclease-mediated degradation and
improve chemical stability. It was demonstrated with high
specificity to distinguish SARS-CoV-2 from other viruses
such as SARS-CoV and MERS, with no cross-reactivity
and the capability to detect different COVID-19 variants
[45]. This contrasts with recent studies that indicated an-
tibodies with decreased affinity to new variants of protein
spike [46]. Probably, this is due to the less sensitivity of ap-
tamers towards single amino acid mutations as their targets
are usually epitopes with larger and discontinuous struc-
tures [45]. A study has described the application of BC
007 aptamer (currently in clinical trial phase II for con-
gestive heart failure) to target the DNA-susceptible pep-
tide sequences in both the RBD region and RNA-dependent
RNA polymerase of SARS-CoV-2. The findings showed
that the BC 007 aptamer was able to fold into a quadru-
plex structure for high-affinity-specific binding. The pre-

clinical and clinical assessments showed no toxicity. The
tolerability test in addition to the anti-coagulatory effects
of the BC 007 aptamer, highlighted its potential as an an-
tiviral agent against COVID-19 infection [47]. Song and
team have utilized both machine learning screening algo-
rithm and ACE2 competition-based aptamer selection to
identify two aptamers called CoV2-RBD-1C and CoV2-
RBD-4C with hairpin structure and high binding affinities
(K4 values of 5.8 nM and 19.9 nM, respectively) against
several amino acid residues of RBD of SARS-CoV-2 [48].
These aptamers have the potential to hinder the binding and
viral entry of SARS-CoV-2, suggesting their potential to be
used for the prevention and treatment of COVID-19.

Yang ef al. [49] discovered recently that the S1 pro-
tein of RBD can serve as a more stable binding site than
RBD to enhance the kinetic and interaction time between
aptamer-based drug molecules and the receptor, leading to
a stronger interaction potency [50]. The same team also
demonstrated a good dose-dependent inhibitory effect and
neutralization performance of the designed aptamer (nCo V-
S1-Apt) on S1/ACE2 binding and viral infection. This indi-
cates the potential of the aptamer as a neutralizing antiviral
molecule with the capability to block the binding of S1 pro-
tein to the host ACE2, thus, preventing viral transduction.
Mutations that occur in the spike protein of SARS-CoV-2
serve as a challenge to aptamers targeting RBD-ACE2. The
nucleocapsid protein is another target used to treat SARS-
CoV-2. This is certainly since the nucleocapsid protein is
highly conserved among different COVID strains, and thus,
it can be used to overcome drug resistance. A DNA ap-
tamer with K4 of 0.49 nm was developed to detect the pres-
ence of SARS-COV-2 via a sandwich-type interaction that
forms a ternary complex with the nucleocapsid protein [51].
This aptamer can be used to develop aptamer-based antivi-
ral therapy in treating COVID-19. This is further supported
by another study that showed the effectiveness of an ap-
tamer in targeting nucleocapsid protein as a potential an-
tiviral candidate [52].
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Aptamers are capable of blocking the infection and
replication process of SARS-CoV-2 infection, as illustrated
in Fig. 1, while siRNAs have the potential to cleave the vi-
ral RNA genome and hamper its proliferation. It is also
possible that a little concentration of siRNA is sufficient
to reduce viral RNA load significantly. Aptamer-siRNA
chimeras have been reported to be an effective targeted
antiviral therapy with dual functions to inhibit viral repli-
cation and neutralize the virus. siRNA is an exogenous
agent used for gene manipulation and, thus, able to cleave
the viral mRNA and alter gene function via gene silenc-
ing. There are numerous studies designated on the use of
siRNAs against the mRNA of different target genes, which
include envelope, membrane, nucleocapsid, and spike pro-
teins to treat coronaviruses [53—56]. siRNAs with highly
specific cleaving properties work by hindering their gene
expression with complementary sequences to block their
mRNA post-transcription and reduce protein levels [57].
On the other hand, aptamers can act as both targeting lig-
and and delivery system to direct siRNA to the targeted
site of the viral infection cycle and minimize off-target ef-
fects. Many studies have demonstrated the efficacies of
aptamer-siRNA chimeras as targeted delivery, anti-cancer,
or anti-viral therapies. This includes studies against vari-
ous cancers such as lung carcinoma, melanoma, breast, and
lymphoma [58—61] as well as against HIV by targeting the
cell surface markers such as CD4, C-C chemokine receptor
type 5 (CCRS), and glycoprotein 120 (gp120) [34,62—64].
Therefore, presenting the potential of this combination as a
useful dual-functioning antiviral treatment against SARS-
CoV-2.

A recent clinical study [65] has demonstrated the ef-
ficacy of RNAi-encapsulated aptamer-functionalized lipid
nanocarriers as an antiviral treatment against SARS-CoV-2
in a severely ill patient, with improvement observed in the
ground-glass opacity in lungs after 6 days post-treatment.
The findings indicated the functionality of the aptamer with
good affinity against the spike protein (0.29 nM Ky value)
and the antiviral action of RNAI, targeting nucleocapsid
phosphoprotein with siRNA molecule. The spike protein-
targeted aptamer worked as both a targeting element and
delivery vector that binds onto the spike protein of SAR-
CoV-2 to block viral entry as well as delivering RNAi to
the targeted mRNA site, leading to reduced production of
disease-causing proteins. This work presents the possibility
of using aptamers and RNAi/siRNA as a powerful antiviral
therapy with three main antiviral strategies that target the
spike protein, inhibit the nucleocapsid protein (N protein),
and work as a delivery vector that enhances high retention
efficiency and permeability, and reduces off-target effects
[65].
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5. Potential Limitations of Aptamer-Based
SARS-CoV-2 Antiviral Therapy

The fact that aptamers are susceptible to nuclease
cleavage and rapid renal filtration can hamper their drug
development and clinical applications. Structural modifi-
cations of aptamers can help to improve both their pharma-
cokinetics and pharmacodynamics. For instance, inverted
nucleotides can be introduced as oligonucleotide terminal
caps, and synthetic polymers such as polyethylene glycol
(PEG) can be used for aptamer conjugation to elongate
the in vivo stability of aptamers and improve their half-
life [66]. It is also possible to modify aptamers with 2’flu-
oro, 2’-amino, or thiol-phosphate in the 2’-position or phos-
phate backbone to increase their resistance against nucle-
ase degradation and binding affinity for better serum sta-
bility [45]. Unlike monoclonal antibodies, these modifica-
tions will not cause aptamers to lose their functional proper-
ties [67,68]. Also, the application of aptamers as molecular
recognition agents may be constrained by nuclease degra-
dation, and this can be resolved using their ‘mirror’ analogs
which preserve their original features and resistance against
nucleases [16]. The hydrophilic characteristics of aptamers
have also limited the specificity of intracellular targets in
addition to the safety aspects of aptameric intracellular de-
livery, which remains unknown and requires further re-
search investigations. Some studies have demonstrated that
aptameric complexes can stimulate the production of neu-
tralizing antibodies as well as the interior accumulation of
delivered cargoes and non-specific effects [69—72]. There-
fore, more research investigations are also required to study
the toxicity of aptamers to utilize their potential as antiviral
agents fully.

6. Dendrimer Nanoformulations against
Viral Infections

Some limitations of aptamers in the development of
antiviral drugs can be addressed through formulation with
novel materials. Dendrimers are hyper-branched poly-
mers with several functional groups and efficient molec-
ular structures, as well as an inner shell, symmetric core,
and outer shell [73]. Dendrimers in nanoforms are iden-
tified to be beneficial in biomedical fields for drug deliv-
ery, bioimaging, and biosensor applications due to their
high surface-to-volume ratio and exclusive properties com-
pared to traditional dendrimers [74]. Dendrimers have been
studied as potential nanoformulations for targeted and con-
trolled delivery of antiviral agents as listed in Table 2 (Ref.
[43,75-82]) [83]. Vacas-Cordoba et al. [75] showed that
polyanionic carbosilane dendrimers namely G2-NF16 and
G3-S16, functionalized with two naphthylsulfonate and sul-
fate possess significant antiviral activity against human im-
munodeficiency virus (HIV). The study indicated that the
dendrimer possessed an enhanced ability to inhibit the virus
at the initial fusion stage with the host cell. Also, the func-
tional groups halted the transmission of viral particles by


https://www.imrpress.com

u///,,, \\“\(\\\\\)
Aptamer that blocks the binding of S1 E

glycoprotein or RBD of SARS-CoV-2

Aptamer that against viral
polymerase or other genomic
targets to impede the viral
multiplication

W translation and replication

Aptamer that targets E
the nucleocapsid Sz
protein of SARS-CoV-2

ACE2
receptors

v

The viral genomic release,

of SARS-CoV-2

Translation of viral
spike protein,
membrane,

nucleocapsid protein
and envelope

O
O

Fig. 1. Aptamers serve as a potential antiviral molecule with the capability to target different stages of SARS-CoV-2 viral entry

and replication.

blocking the interaction of gp120-CD4, which eventually
impeded the bond formation between the virus and the cell
surface of the target. Frohlich et al. [84] derived dimers,
trimers, and dendrimers from Artemisinin, which is a pure
sesquiterpene with 1, 2, and 4-trioxane ring that can be
extracted from the plant, Artemisia annua. The study re-
vealed that the dendrimer possessed enhanced antiviral ac-
tivity against the human cytomegalovirus (HCMV) strain
by inhibiting their green fluorescent protein (AD69-GFP)
[84]. Furthermore, Romanowski ef al. [76] demonstrated
the synthesis of SPL7013, an astodrimer sodium with the
core of divalent benzhydryl amine (BHA) and four lysine
branches generations with hydrophobic naphthalene disul-
fonic acid groups capped on their outermost branches along
with high anionic charged dendrimer surface. In this study,
the surface-modified dendrimer was determined to possess
anti-viral efficacy against a type 5 isolate of clinical ade-
novirus (HAdAV5) in an adenovirus 5 (AdS)/New Zealand
white (NZW) rabbit ocular replication model.

It is noteworthy that astodrimer sodium (SPL 7013)
was initially introduced as a vaginal antimicrobial agent for
the prevention of HIV and Herpes Simplex Virus (HSV),
and is currently utilized as an antiviral lubricant in condom
products [85—-87]. Moreover, Sepulveda-Crespo et al. [77]

demonstrated that the polyanionic carbosilane dendrimer
G2-S16 with a silica core and 16 sulfonate end groups can
inhibit HIV-1 viral ribonucleic acid (RNA) in the vagina of
humanized bone marrow-liver-thymus (BLT) mice model.
The study showed that the dendrimers possess the ability to
block the interaction of gp120/CD4 and halt the cell-to-cell
transmission of the virus in the host via non-specific and
multifactorial antiviral efficacy. Maciel ef al. [78] more
recently developed a new family of chemically very stable
anionic poly(alkylideneamine) dendrimers (G1-G3) func-
tionalized with carboxylate or sulfonate terminal groups,
demonstrating that generation 1 has potent activity against
R5-HIV-INLADS and X4-HIV-1NL4.3 isolates. This ac-
tivity comes from the fact that these dendrimers act directly
over the circulating viral particles by blocking their entry
into the host cells. The in vivo studies in BALB/c mice
also confirmed the G1-C8 or S8 dendrimers’ capacity to
be used against HIV-1 infection. The achieved results are
not only similar to the carbosilane dendrimers, G2-S16, but
were obtained using a lower dendrimer’s generation and a
smaller number of anionic terminal groups. Importantly,
these anionic poly(alkylideneamine) dendrimers of genera-
tion 1 prevent HIV-1 infection without the need to be com-
bined with other antiviral drugs (combined therapy) [78].
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Table 2. Summary of some dendrimer formulations against viral infections.

Dendrimer Formulation/functionalization Antiviral efficacy Reference

Polyanionic carbosilane dendrimers G2-NF16 Functionalized with naphthylsulfonate and Human immunodeficiency virus [75]

and G3-S16 sulfate

Sulfonated SPL7013 dendrimer Viva Gel® Viruses causing vaginal infection [43]

SPL7013 topical astodrimer High anionic charge Clinical adenovirus (HAdVS) [76]

Polyanionic carbosilane dendrimer G2-S16 16 sulfonate end groups HIV-1 [77]

PEG 600 dendrimer Silver nanoparticles HIV-1 [79]

Janus-like dendrimer Peptides and glycoproteins Herpes Simplex virus type 1 [80]

4th and 5th generation PAMAM glycoden- Copper nanoparticles, functionalized with Dengue and Zika viruses [82]

drimers shikimic acid

PAMAM dendrimer Telbivudine, Adefovir, Tenofovir, Entecavir, Hepatitis virus [81]
and Lamivudine

Ist, 2nd, and 3rd generation poly (alkylide- Sulfonate and carboxylate terminal groups Human immunodeficiency virus [78]

neamine) dendrimers with nitrile termini

type-1 (HIV-1)

Ardestani et al. [79] utilized dicyclohexylcarbodi-
imide with dimethyl sulfoxide (DMSO) and polyethylene
glycol 600 (PEG 600) as the dendrimer core for the fabri-
cation of first- and second-generation dendrimers. Later,
the dendrimers were conjugated with silver nanoparticles
to form anionic linear globular dendrimers with exclu-
sive antiretroviral activity. It is evident from the study
that the resultant dendrimers possessed an ability to de-
liver silver nanoparticles for controlled inhibition of hu-
man immunodeficiency virus-1 (HIV-1) single-cell repli-
cable (SCR) virions pseudotyped by vesicular stomatitis
viral G-protein (VSVG) [79]. Falanga et al. [80] syn-
thesized a novel Janus-like dendrimer with peptides de-
rived from glycoproteins of Herpes Simplex virus type 1
(HSVT1) for the inhibition of the same viral strains. In this
work, the Janus dendrimer was fabricated by a combina-
tion of copper-catalyzed bio-orthogonal cycloaddition of 1,
3-dipolar alkyne, or azide to obtain photoinitiated mono-
functional, thiol-ene coupling and bifunctional conjugates
of peptidodendrimer. The resultant dendrimers were deter-
mined to possess HSVT1 virus inhibition activity during the
early and late stages of the infection process [80]. Bayat et
al. [81] proposed the use of antiviral drugs, such as Tel-
bivudine, Adefovir, Tenofovir, Entecavir, and Lamivudine,
entrapped in PAMAM dendrimer to suppress hepatitis virus
growth. The study revealed that the drugs, such as Adefovir
and Entecavir, entrapped in dendrimer possess an enhanced
ability to inhibit the virus compared to the standalone drug
counterparts [81]. This suggests that standalone dendrimers
or drug/nanoparticles entrapped dendrimers may possess
some antiviral efficacy.

7. Dendrimer Nanoformulations Drugs and
Theranostics

Several dendrimer-formulated drugs or biomolecules
have been recently proposed to be beneficial for the inhi-
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bition of SARS-CoV-2. Khaitov et al. [88] extracted 15
siRNAs via an in-silico approach and screened them based
on SARS-CoV-2 genes fused with the reporter gene of lu-
ciferase from a firefly. The screened siRNA, named siR-
7, was regulated via locked nucleic acid to obtain stable
siRNA and formulated with KK-46 peptide dendrimer. The
resultant peptide dendrimer formulation was identified to
possess the ability to inhibit SARS-CoV-2 and was pro-
posed to be beneficial for the treatment of COVID-19 via
inhalation [88]. Mignani ef al. [89] proposed that func-
tionalized dendrimers can be utilized to target SARS-Co V-
2 and inhibit their growth and spread. They indicated that
biocompatible dendrimers can serve as a novel nanocarrier
of antiviral drugs to eliminate SARS-CoV-2 [89].

Farzin et al. [90] prepared an exclusive nanoscale
genosensor for the early detection of COVID-19 via SARS-
CoV-2 viral RNA polymerase sequence. In this study, a re-
dox probe with silver ions on the surface of hexathia-18-
crown-6 was incorporated with a carbon paste electrode.
The carbon electrode was modified with silicon quantum
dot-coated polyamidoamine (PAMAM) and chitosan den-
drimer, essential for the probe sequence immobilization
of aminated oligonucleotides. The study showed that the
dendrimer-based voltammetric genosensor was beneficial
in detecting RNA-dependent RNA polymerase sequence of
SARS-CoV-2 in human sputum samples with a 0.3 pM limit
of detection [90].

In recent times, the antiviral advantages of aptamers
and/or siRNA and dendrimers have led to the emergence of
aptamer formulations of dendrimers to exhibit potential an-
tiviral efficacy. Zhou et al. [91] reported a dicer substrate
small interfering-RNA conjugated with cationic PAMAM
dendrimer for the inhibition of HIV-1 infection in a RAG-
hu humanized mouse model. The study showed that the
formulation protected the host from the depletion of CD4+
T-cells induced by the virus without any measurable toxic-
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ity. However, the study also reported the accumulation of
the formulation in the liver and peripheral blood mononu-
clear cells [91]. Vivian [92] proposed the development of
a novel biosensor via dendrimer-gold platforms and conju-
gated with an either an aptamer for the detection of HIV in
biological samples [50]. These reports show the potential
of aptamer-dendrimer combinations in the development of
a wide range of theranostics for viruses and viral diseases,
including SARS-CoV-2.

8. Conclusions

Aptamers possess remarkable potential as they can be
synthesized with high specificity for a wide range of targets,
making them relevant as affinity ligands capable of render-
ing antiviral functionalities. Ongoing mutations in SARS-
CoV-2 constitute a major challenge that affects the effec-
tiveness of vaccines and drugs for COVID-19. Hence, the
highly specific properties of aptamers are extremely attrac-
tive to accommodate viral mutations for the development of
new and improved antiviral therapy against SARS-CoV-2.
This is further supported by numerous reported studies that
have demonstrated the useful application of aptamers and
aptamer-conjugated dendrimers in diagnosing and treating
different viral infections. Their preclinical safety and effi-
cacy profiles provide ample rationale to promote the devel-
opment of aptamer-based antiviral therapies against SARS-
CoV-2.

Author Contributions

KXT and JJ prepared the initial draft of the review.
JR and MKD reviewed and helped to improve the quality of
the manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the final
manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

All the authors acknowledge their respective depart-
ments and Universities for their support. The authors (JJ
and JR) acknowledge FCT-Fundagéo para a Ciéncia e a Tec-
nologia through the CQM Base Fund - UIDB/00674/2020,
by ARDITI-Agéncia Regional para o Desenvolvimento da
Investigacdo Tecnologia e Inovagdo, through the project,
M1420-01-0145-FEDER-000005 - Centro de Quimica da
Madeira - CQM™T (Madeira 14-20 Program). The author
(JJ) acknowledges the support of Programa de Coopera-
cion Territorial INTERREG V-A MAC 2014-2020, Project
Inv2Mac (MAC2/4.6d/229) through a Post-Doc Grant.

Funding

FCT-Fundacdo para a Ciéncia e a Tecnologia through
the CQM Base Fund - UIDB/00674/2020.

ARDITI-Agéncia Regional para o Desenvolvimento
da Investigacdo Tecnologia e Inovacdo (M1420-01-0145-
FEDER-000005 - Centro de Quimica da Madeira - CQM*
(Madeira 14-20 Program).

Programa de Cooperacion Territorial INTERREG V-
A MAC 2014-2020, Project Inv2Mac (MAC2/4.6d/229).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Zhu Z, Lian X, Su X, Wu W, Marraro GA, Zeng Y. From SARS
and MERS to COVID-19: a brief summary and comparison
of severe acute respiratory infections caused by three highly
pathogenic human coronaviruses. Respiratory Research. 2020;
21: 224.

[2] World Health Organization. WHO Coronavirus (COVID-19)
Dashboard. 2022. Available at: https://covid19.who.int (Ac-
cessed: 22 July 2022).

[3] Jayamohan H, Lambert CJ, Sant HJ, Jafek A, Patel D, Feng H,
et al. SARS-CoV-2 pandemic: a review of molecular diagnos-
tic tools including sample collection and commercial response
with associated advantages and limitations. Analytical and Bio-
analytical Chemistry. 2021; 413: 49-71.

[4] Rotondo JC, Martini F, Maritati M, Caselli E, Gallenga CE,
Guarino M, et al. Advanced Molecular and Immunological Di-
agnostic Methods to Detect SARS-CoV-2 Infection. Microor-
ganisms. 2022; 10: 1193.

[5] U.S Food and Drug Administration. Administration USFaD,
Coronavirus (COVID-19) Update: FDA Authorizes Additional
Oral Antiviral for Treatment of COVID-19 in Certain Adults.
2021. Available at: https://www.fda.gov/news-events/press-a
nnouncements/coronavirus-covid- 19-update-fda-authorizes-a
dditional-oral-antiviral-treatment-covid- 19-certain (Accessed:
23 July 2022).

[6] U.S. Food and Drug Administration. Administration USFaD,
Coronavirus (COVID-19) Update: FDA Authorizes First Oral
Antiviral for Treatment of COVID-19. 2021. Available at:
https://www.fda.gov/news-events/press-announcements/coron
avirus-covid- 19-update-fda-authorizes- first-oral-antiviral-tre
atment-covid-19 (Accessed: 23 July 2022).

[7] Cully M. A tale of two antiviral targets - and the COVID-19
drugs that bind them. Nature Reviews Drug Discovery. 2022;
21: 3-5.

[8] Roberts JA, Duncan A, Cairns KA. Pandora’s box: Paxlovid,
prescribing, pharmacists and pandemic. Journal of Pharmacy
Practice and Research. 2022; 52: 1-4.

[9] Jayk Bernal A, Gomes da Silva MM, Musungaie DB, Kovalchuk
E, Gonzalez A, Delos Reyes V, et al. Molnupiravir for Oral
Treatment of Covid-19 in Nonhospitalized Patients. New Eng-
land Journal of Medicine. 2022; 386: 509-520.

[10] Kozlov M. Merck’s COVID pill loses its lustre: what that means
for the pandemic. Nature. 2021. (online ahead of print)

[11] Jiang S, Hillyer C, Du L. Neutralizing Antibodies against SARS-
CoV-2 and other Human Coronaviruses. Trends in Immunology.
2020; 41: 355-359.

[12] Tan KX, Danquah MK, Pan S, Yon LS. Binding Characteriza-
tion of Aptamer-Drug Layered Microformulations and in Vitro
Release Assessment. Journal of Pharmaceutical Sciences. 2019;
108: 2934-2941.

[13] Tan KX, Danquah MK, Sidhu A, Ongkudon CM, Lau SY. To-
wards targeted cancer therapy: Aptamer or oncolytic virus? Eu-
ropean Journal of Pharmaceutical Sciences. 2017; 96: 8—19.

&% IMR Press


https://covid19.who.int
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19
https://www.imrpress.com

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

Tan KX, Pan S, Jeevanandam J, Danquah MK. Cardiovascular
therapies utilizing targeted delivery of nanomedicines and ap-
tamers. International Journal of Pharmaceutics. 2019; 558: 413—
425.

Jeevanandam J, Tan KX, Danquah MK, Guo H, Turgeson A.
Advancing Aptamers as Molecular Probes for Cancer Theranos-
tic Applications—the Role of Molecular Dynamics Simulation.
Biotechnology Journal. 2020; 15: 1900368.

Wandtke T, Wozniak J, and Kopinski P. Aptamers in diagnostics
and treatment of viral infections. Viruses. 2015; 7: 751-780.
Tan KX, Danquah MK, Sidhu A, Yon LS, Ongkudon CM.
Aptamer-Mediated Polymeric Vehicles for Enhanced Cell-
Targeted Drug Delivery. Current Drug Targets. 2018; 19: 248—
258.

Tan KX, Ujan S, Danquah MK. Colloidal formulation of ap-
tamers for advanced therapeutic delivery. Materials for Biomed-
ical Engineering. 2019; 479: 311-329.

Ng EWM, Shima DT, Calias P, Cunningham ET, Guyer DR,
Adamis AP. Pegaptanib, a targeted anti-VEGF aptamer for ocu-
lar vascular disease. Nature Reviews Drug Discovery. 2006; 5:
123-132.

Riccardi C, Meyer A, Vasseur J-J, Cavasso D, Russo Krauss
I, Paduano L, et al. Design, Synthesis and Characterization of
Cyclic NU172 Analogues: A Biophysical and Biological In-
sight. International Journal of Molecular Sciences. 2020; 21:
3860.

Sharma VR, Thomas SD, Miller DM, Rezzoug F. Nucle-
olin Overexpression Confers Increased Sensitivity to the Anti-
Nucleolin Aptamer, asl411. Cancer Investigation. 2018; 36:
475-491.

Ismail SI, Alshaer W. Therapeutic aptamers in discovery, pre-
clinical and clinical stages. Advanced Drug Delivery Reviews.
2018; 134: 51-64.

HaBel SK, Mayer G. Aptamers as Therapeutic Agents: has the
Initial Euphoria Subsided? Molecular Diagnosis and Therapy.
2019; 23: 301-309.

Nimjee SM, Sullenger BA. Therapeutic Aptamers: Evolving to
Find their Clinical Niche. Current Medicinal Chemistry. 2020;
27: 4181-4193.

Musafia B, Oren-Banaroya R, and Noiman S. Designing Anti-
Influenza Aptamers: Novel Quantitative Structure Activity Re-
lationship Approach Gives Insights into Aptamer — Virus Inter-
action. PLoS ONE. 2014; 9: €97696.

Vaillant A, Juteau J, Lu H, Liu S, Lackman-Smith C, Ptak R, et
al. Phosphorothioate Oligonucleotides Inhibit Human Immun-
odeficiency Virus Type 1 Fusion by Blocking gp41 Core Forma-
tion. Antimicrobial Agents and Chemotherapy. 2006; 50: 1393—
1401.

Cardin RD, Bravo FJ, Sewell AP, Cummins J, Flamand L, Juteau
J, et al. Amphipathic DNA polymers exhibit antiviral activity
against systemic Murine Cytomegalovirus infection. Virology
Journal. 2009; 6: 214.

Neurath AR, Strick N, Li Y. Anti-HIV-1 activity of anionic poly-
mers: a comparative study of candidate microbicides. BMC In-
fectious Diseases. 2002; 2: 27.

Ditzler MA, Bose D, Shkriabai N, Marchand B, Sarafianos SG,
Kvaratskhelia M, et al. Broad-spectrum aptamer inhibitors of
HIV reverse transcriptase closely mimic natural substrates. Nu-
cleic Acids Research. 2011; 39: 8237-8247.

Macaya RF, Schultze P, Smith FW, Roe JA, Feigon J.
Thrombin-binding DNA aptamer forms a unimolecular quadru-
plex structure in solution. Proceedings of the National Academy
of Sciences. 1993; 90: 3745-3749.

Hwang S, Sun H, Lee K, Oh B, Cha YJ, Kim BH, et al. 5’-
Triphosphate-RNA-independent activation of RIG-i via RNA
aptamer with enhanced antiviral activity. Nucleic Acids Re-

&% IMR Press

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[43]

[44]

[45]

[46]

[47]

search. 2012; 40: 2724-2733.

Sullenger BA, Gallardo HF, Ungers GE, Gilboa E. Analysis of
trans-acting response decoy RNA-mediated inhibition of human
immunodeficiency virus type | transactivation. Journal of Virol-
ogy. 1991; 65: 6811-6816.

Magbanua E, Zivkovic T, Hansen B, Beschorner N, Meyer C,
Lorenzen I, et al. d(GGGT) 4 and r(GGGU) 4 are both HIV-
1 inhibitors and interleukin-6 receptor aptamers. RNA Biology.
2013; 10: 216-227.

Zhu Q, Shibata T, Kabashima T, Kai M. Inhibition of HIV-1 pro-
tease expression in T cells owing to DNA aptamer-mediated spe-
cific delivery of siRNA. European Journal of Medicinal Chem-
istry. 2012; 56: 396-399.

Zhou J, Neff CP, Swiderski P, Li H, Smith DD, Aboellail T, et
al. Functional in vivo delivery of multiplexed anti-HIV-1 siR-
NAs via a chemically synthesized aptamer with a sticky bridge.
Molecular Therapy. 2013; 21: 192-200.

Lee CH, Lee YJ, Kim JH, Lim JH, Kim J, Han W, et al. Inhi-
bition of Hepatitis C Virus (HCV) Replication by Specific RNA
Aptamers against HCV NS5B RNA Replicase. Journal of Virol-
ogy. 2013; 87: 7064-7074.

Yadavalli T, Agelidis A, Jaishankar D, Mangano K, Thakkar N,
Penmetcha K, er al. Targeting Herpes Simplex Virus-1 gD by a
DNA Aptamer can be an Effective New Strategy to Curb Viral
Infection. Molecular Therapy - Nucleic Acids. 2017; 9: 365—
378.

Chen H-L, Hsiao WH, Lee HC, Wu SC, Cheng JW. Selec-
tion and Characterization of DNA Aptamers Targeting All Four
Serotypes of Dengue Viruses. PLoS ONE. 2015; 10: e0131240.
Binning JM, Wang T, Luthra P, Shabman RS, Borek DM, Liu
G, et al. Development of RNA Aptamers Targeting Ebola Virus
VP35. Biochemistry. 2013; 52: 8406-8419.

Lee KH, Zeng H. Aptamer-Based ELISA Assay for Highly Spe-
cific and Sensitive Detection of Zika NS1 Protein. Analytical
Chemistry. 2017; 89: 12743-12748.

Yuan S, Zhang N, Singh K, Shuai H, Chu H, Zhou J, et al. Cross-
Protection of Influenza a Virus Infection by a DNA Aptamer
Targeting the PA Endonuclease Domain. Antimicrobial Agents
and Chemotherapy. 2015; 59: 4082—4093.

Gopinath SCB, Misono TS, Kawasaki K, Mizuno T, Imai
M, Odagiri T, et al. An RNA aptamer that distinguishes be-
tween closely related human influenza viruses and inhibits
haemagglutinin-mediated membrane fusion. Journal of General
Virology. 2006; 87: 479-487.

Mumper RJ, Bell MA, Worthen DR, Cone RA, Lewis GR, Paull
JRA, et al. Formulating a Sulfonated Antiviral Dendrimer in a
Vaginal Microbicidal Gel Having Dual Mechanisms of Action.
Drug Development and Industrial Pharmacy. 2009; 35: 515-
524.

NEC group. Innovators NS, NEC contributes to development
of artificial DNA aptamer that binds to the novel coronavirus
(SARS-CoV-2). 2021. Available at: https://www.nec.com/en
/press/202105/global 20210506 02.html (Accessed: 27ss July
2022).

Valero J, Civit L, Dupont DM, Selnihhin D, Reinert LS, Idorn
M, et al. A serum-stable RNA aptamer specific for SARS-CoV-
2 neutralizes viral entry. Proceedings of the National Academy
of Sciences. 2021; 118: €2112942118.

Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD,
Chu HY, et al. Comprehensive mapping of mutations in the
SARS-CoV-2 receptor-binding domain that affect recognition
by polyclonal human plasma antibodies. Cell Host and Microbe.
2021; 29: 463-476.¢6.

Weisshoff H, Krylova O, Nikolenko H, Diingen H, Dallmann A,
Becker S, et al. Aptamer BC 007 - Efficient binder of spreading-
crucial SARS-CoV-2 proteins. Heliyon. 2020; 6: ¢05421.


https://www.nec.com/en/press/202105/global_20210506_02.html
https://www.nec.com/en/press/202105/global_20210506_02.html
https://www.imrpress.com

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

10

Song Y, Song J, Wei X, Huang M, Sun M, Zhu L, et al. Discov-
ery of Aptamers Targeting the Receptor-Binding Domain of the
SARS-CoV-2 Spike Glycoprotein. Analytical Chemistry. 2020;
92: 9895-9900.

Yang G, Li Z, Mohammed I, Zhao L, Wei W, Xiao H, et al. Iden-
tification of SARS-CoV-2-against aptamer with high neutraliza-
tion activity by blocking the RBD domain of spike protein 1.
Signal Transduction and Targeted Therapy. 2021; 6: 227.

Neff CP, Akkina R. Targeted Delivery of Aptamers and siRNAs
for HIV Prevention and Therapies in Humanized Mice. Human-
ized Mice for HIV Research. 2014; 397-406.

Zhang L, Fang X, Liu X, Ou H, Zhang H, Wang J, et al. Dis-
covery of sandwich type COVID-19 nucleocapsid protein DNA
aptamers. Chemical Communications. 2020; 56: 10235-10238.
Chen Z, Wu Q, Chen J, Ni X, Dai J. A DNA Aptamer Based
Method for Detection of SARS-CoV-2 Nucleocapsid Protein.
Virologica Sinica. 2020; 35: 351-354.

Liu F, Wang C, Gao Y, Li X, Tian F, Zhang Y, et al. Current
Transport Systems and Clinical Applications for Small Inter-
fering RNA (siRNA) Drugs. Molecular Diagnosis and Therapy.
2018; 22: 551-569.

Akerstrom S, Mirazimi A, Tan Y. Inhibition of SARS-CoV
replication cycle by small interference RNAs silencing specific
SARS proteins, 7a/7b, 3a/3b and S. Antiviral Research. 2007;
73:219-227.

Henzinger H, Barth DA, Klec C, Pichler M. Non-Coding RNAs
and SARS-Related Coronaviruses. Viruses. 2020; 12:1374.
Ghosh S, Firdous SM, Nath A. siRNA could be a potential ther-
apy for COVID-19. EXCLI Journal. 2020; 19: 528-531.

Asha K, Kumar P, Sanicas M, Meseko CA, Khanna M, Kumar
B. Advancements in Nucleic Acid Based Therapeutics against
Respiratory Viral Infections. Journal of Clinical Medicine. 2018;
8: 6.

Yang Y, Han Y, Sun Q, Cheng J, Yue C, Liu Y, ef al. Au-
siRNA(@ aptamer nanocages as a high-efficiency drug and gene
delivery system for targeted lung cancer therapy. Journal of
Nanobiotechnology. 2021; 19: 54.

Zhang L, Mu C, Zhang T, Wang Y, Wang Y, Fan L, et al. Sys-
temic Delivery of Aptamer-Conjugated XBP1 siRNA Nanopar-
ticles for Efficient Suppression of HER2+ Breast Cancer. ACS
Applied Materials & Interfaces. 2020; 12: 32360-32371.

Dinis Ano Bom AP, da Costa Neves PC, Bonacossa de Almeida
CE, Silva D, Missailidis S. Aptamers as Delivery Agents of
siRNA and Chimeric Formulations for the Treatment of Cancer.
Pharmaceutics. 2019; 11: 684.

Soldevilla MM, Meraviglia-Crivelli de Caso D, Menon AP, Pas-
tor F. Aptamer-iRNAs as Therapeutics for Cancer Treatment.
Pharmaceuticals. 2018; 11: 108.

Zhou J, Lazar D, Li H, Xia X, Satheesan S, Charlins P, et al.
Receptor-targeted aptamer-siRNA conjugate-directed transcrip-
tional regulation of HIV-1. Theranostics. 2018; 8: 1575-1590.
Takahashi M, Burnett JC, Rossi JJ. Aptamer—siRNA Chimeras
for HIV. Gene Therapy for HIV and Chronic Infections. 2015;
211-234.

Wheeler LA, Vrbanac V, Trifonova R, Brehm MA, Gilboa-
Geffen A, Tanno S, et al. Durable Knockdown and Protection
from HIV Transmission in Humanized Mice Treated with Gel-
formulated CD4 Aptamer-siRNA Chimeras. Molecular Ther-
apy. 2013; 21: 1378-1389.

Saify Nabiabad H, Amini M, Demirdas S. Specific delivering of
RNAI using Spike’s aptamer-functionalized lipid nanoparticles
for targeting SARS-CoV-2: a strong anti-Covid drug in a clinical
case study. Chemical Biology and Drug Design. 2022; 99: 233—
246.

Keefe AD, Pai S, Ellington A. Aptamers as therapeutics. Nature
Reviews Drug Discovery. 2010; 9: 537-550.

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

[82]

(83]

Thevendran R, Sarah S, Tang T, Citartan M. Strategies to bio-
engineer aptamer-driven nanovehicles as exceptional molecular
tools for targeted therapeutics: a review. Journal of Controlled
Release. 2020; 323: 530-548.

LiL, Xu S, Yan H, Li X, Yazd HS, Li X, et al. Nucleic acid ap-
tamers for molecular diagnostics and therapeutics: advances and
perspectives. Angewandte Chemie International Edition. 2021;
60: 2221-2231.

Verhoef JJF, Carpenter JF, Anchordoquy TJ, Schellekens H. Po-
tential induction of anti-PEG antibodies and complement acti-
vation toward PEGylated therapeutics. Drug Discovery Today.
2014; 19: 1945-1952.

Ishida T, Kiwada H. Anti-polyethyleneglycol Antibody Re-
sponse to PEGylated Substances. Biological and Pharmaceutical
Bulletin. 2013; 36: 889-891.

Bouchard PR, Hutabarat RM, Thompson KM. Discovery and
Development of Therapeutic Aptamers. Annual Review of Phar-
macology and Toxicology. 2010; 50: 237-257.

Zhou J, Rossi J. Aptamers as targeted therapeutics: current po-
tential and challenges. Nature Reviews Drug Discovery. 2017;
16: 181-202.

Svenson S, Tomalia DA. Dendrimers in biomedical
applications—reflections on the field. Advanced Drug
Delivery Reviews. 2012; 64: 102—-115.

Kesharwani P, Jain K, Jain NK. Dendrimer as nanocarrier for
drug delivery. Progress in Polymer Science. 2014; 39: 268-307.
Vacas-Cordoba E, Maly M, De la Mata FJ, Gémez R, Pion
M, Muiioz-Fernandez MA. Antiviral mechanism of polyanionic
carbosilane dendrimers against HIV-1. International Journal of
Nanomedicine. 2016; 11: 1281-1294.

Romanowski EG, Yates KA, Paull JRA, Heery GP, Shanks
RMQ. Topical Astodrimer Sodium, a Non-Toxic Polyanionic
Dendrimer, Demonstrates Antiviral Activity in an Experimen-
tal Ocular Adenovirus Infection Model. Molecules. 2021; 26:
3419.

Sepulveda-Crespo D, Serramia MJ, Tager AM, Vrbanac V,
Gomez R, De La Mata FJ, et al. Prevention vaginally of
HIV-1 transmission in humanized BLT mice and mode of an-
tiviral action of polyanionic carbosilane dendrimer G2-S16.
Nanomedicine: Nanotechnology, Biology and Medicine. 2015;
11: 1299-1308.

Maciel D, Guerrero-Beltran C, Cefa-Diez R, Tomas H, Mufioz-
Fernandez M, Rodrigues J. New anionic poly(alkylideneamine)
dendrimers as microbicide agents against HIV-1 infection.
Nanoscale. 2019; 11: 9679-9690.

Ardestani MS, Fordoei AS, Abdoli A, Ahangari Cohan R,
Bahramali G, Sadat SM, et al. Nanosilver based anionic linear
globular dendrimer with a special significant antiretroviral activ-
ity. Journal of Materials Science: Materials in Medicine. 2015;
26: 179.

Falanga A, Del Genio V, Kaufman EA, Zannella C, Franci G,
Weck M, et al. Engineering of Janus-Like Dendrimers with Pep-
tides Derived from Glycoproteins of Herpes Simplex Virus Type
1: Toward a Versatile and Novel Antiviral Platform. Interna-
tional Journal of Molecular Sciences. 2021; 22: 6488.

Bayat M, Taherpour AA, Elahi SM. Molecular interactions be-
tween PAMAM dendrimer and some medicines that suppress
the growth of hepatitis virus (Adefovir, Entecavir, Telbivudine,
Lamivudine, Tenofovir): a theoretical study. International Nano
Letters. 2019; 9: 231-244.

Antunes NMPR. Fighting Dengue and Zika using novel
Glycodendrimer-encapsulated metal nanoparticles as viral in-
hibitors [master’s thesis]. Universidade da Madeira. 2021.
Lembo D, Donalisio M, Civra A, Argenziano M, Cavalli R.
Nanomedicine formulations for the delivery of antiviral drugs:
a promising solution for the treatment of viral infections. Expert

&% IMR Press


https://www.imrpress.com

[84]

[85]

[86]

[87]

Opinion on Drug Delivery. 2018; 15: 93-114.

Frohlich T, Hahn F, Belmudes L, Leidenberger M, Friedrich
O, Kappes B, et al. Synthesis of Artemisinin-Derived Dimers,
Trimers and Dendrimers: Investigation of their Antimalarial and
Antiviral Activities Including Putative Mechanisms of Action.
Chemistry - a European Journal. 2018; 24: 8103-8113.
McCarthy TD, Karellas P, Henderson SA, Giannis M, O’Keefe
DF, Heery G, et al. Dendrimers as Drugs: Discovery and Pre-
clinical and Clinical Development of Dendrimer-Based Micro-
bicides for HIV and STI Prevention. Molecular Pharmaceutics.
2005; 2: 312-318.

Jiang Y-H, Emau P, Cairns JS, Flanary L, Morton WR, Mc-
Carthy TD, ef al. SPL7013 gel as a topical microbicide for pre-
vention of vaginal transmission of SHIV89. 6P in macaques.
AIDS Research & Human Retroviruses. 2005; 21: 207-213.
Rupp R, Rosenthal SL, Stanberry LR. VivaGel™(SPL7013
Gel): A candidate dendrimer—microbicide for the prevention of
HIV and HSV infection. International Journal of Nanomedicine.
2007; 2: 561-566.

&% IMR Press

[88]

[89]

[90]

[91]

[92]

Khaitov M, Nikonova A, Shilovskiy I, Kozhikhova K, Kofiadi
I, Vishnyakova L, et al. Silencing of SARS-CoV-2 with modi-
fied siRNA-peptide dendrimer formulation. Allergy. 2021; 76:
2840-2854.

Mignani S, Shi X, Karpus A, Lentini G, Majoral J-P. Functional-
ized Dendrimer Platforms as a New Forefront Arsenal Targeting
SARS-CoV-2: An Opportunity. Pharmaceutics. 2021; 13: 1513.
Farzin L, Sadjadi S, Sheini A, Mohagheghpour E. A nanoscale
genosensor for early detection of COVID-19 by voltammetric
determination of RNA-dependent RNA polymerase (RARP) se-
quence of SARS-CoV-2 virus. Microchimica Acta. 2021; 188:
121.

Zhou J, Neff CP, Liu X, Zhang J, Li H, Smith DD et al. Sys-
temic Administration of Combinatorial dsiRNAs via Nanoparti-
cles Efficiently Suppresses HIV-1 Infection in Humanized Mice.
Molecular Therapy. 2011; 19: 2228-2238.

Vivian JS, Towards HIV Sensing: The Development of Electro-
chemical DNA/RNA Aptamer Biosensors on Dendrimer-Gold
Platforms [master’s thesis]. University of Johannesburg. 2013.

11


https://www.imrpress.com

	1. Introduction
	2. Aptamers
	2.1 Biophysical and Functional Properties of Aptamers
	2.2 Aptamer Binding Mechanism

	3. The Therapeutic Applications of Aptamers against Viruses
	4. Aptamer as a Potential Antiviral Candidate for SARS-CoV-2
	5. Potential Limitations of Aptamer-Based SARS-CoV-2 Antiviral Therapy
	6. Dendrimer Nanoformulations against Viral Infections
	7. Dendrimer Nanoformulations Drugs and Theranostics
	8. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

