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Abstract

Introduction—The 2019-novel coronavirus disease (COVID-
19) is an intractable global health challenge resulting in an
aberrant rate of morbidity and mortality worldwide. The
mode of entry for SARS-CoV-2 into host cells occurs
through clathrin-mediated endocytosis. As part of the efforts
to mitigate COVID-19 infections, rapid and accurate detec-
tion methods, as well as smart vaccine and drug designs with
SARS-CoV-2 targeting capabilities are critically needed. This
systematic review aimed to present a good mapping between
the structural and functional characteristics of aptamers and
their potential applications in COVID-19 theranostics.
Methods—In this study, extensive discussions into the
potential development of aptameric systems as robust ther-
anostics for rapid mitigation of the virulent SARS-CoV-2
was made. Information required for this study were extracted
from a systematic review of literature in PubMed, SCOPUS,
Web of Science (WOS), and other official related reports
from reputable organisations.

Results—The global burden of COVID-19 pandemic was
discussed including the progress in rapid detection, repur-
posing of existing antiviral drugs, and development of
prophylactic vaccines. Aptamers have highly specific and
stable target binding characteristics which can be generated
and engineered with less complexity for COVID-19 targeted
theranostic applications.

Conclusions—There is an urgent need to develop safe
innovative biomedical technologies to mitigate the dire
impact of COVID-19 on public health worldwide. Research
advances into aptameric systems bode well with the fact that
they can be engineered for the development of effective and
affordable diagnostics, therapeutics and prophylactic vacci-
nes for SARS-CoV-2 and other infectious pathogens.
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INTRODUCTION

Emerging and re-emerging pathogens are a threat to
public health with the current pandemic being a wa-
keup call regarding their virulence and impact on so-
cio-economic activities. These infectious pathogens
have resulted in severe outbreaks over several centuries
including 1918 HINI1 flu pandemic (Spanish influen-
za), Severe Acute Respiratory Syndrome (SARS) in
2003, HIN1 influenza pandemic in 2009, Ebola in
2014, Zika virus in the mid-2000s and the mid-2010s,
Middle East Respiratory Syndrome (MERS) in 2012,
and Vibrio cholerae which is still in circulation. So far,
there have been three severe outbreaks in the twenty-
first century resulting in a public health emergency of
international concern (PHEIC) that have been traced
to coronaviruses (CoVs).

Coronaviruses are enveloped positive single-stran-
ded RNA viruses having the largest genome size
among RNA viruses.*> They have four structural
proteins; spike (S), envelope (E), membrane (M) and
nucleocapsid (N) that facilitate interactions with the
host cell and activities within the host after internal-
ization. Coronaviruses can cause several illnesses
including respiratory tract infections and gastroen-
teritis.®” Notably, RNA viruses have an inherent abil-
ity to undergo genetic recombination and mutation to
sustain their survival in new hosts.** Additionally, the
S proteins on the surface membrane of RNA viruses
enable their infectivity in a host.

There are currently seven (7) coronaviruses, namely;
SARS-CoV-2, MERS-CoV, SARS-CoV, HCoV-229E,
HCoV-0C43, HCoV-NL63 and HCoV-HKUI,
known to infect the human population. Until recently,
the virulent members of the coronavirus family were
severe acute respiratory syndrome (SARS-CoV) and
Middle East respiratory syndrome coronavirus
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(MERS-CoV) which resulted in the 2003 and 2010
epidemics, respectively. MERS-CoV affected a mini-
mum of 2494 persons and more than 858 deaths.®’
Phylogenetic analysis revealed MERS-CoV to have
probably originated from Pipistrellus Pipistrellus
which are major reservoirs of group 2c bat coron-
aviruses.®> Similarly, bats have been revealed as the
natural reservoir of SARS-CoV with infected civet cats
as the intermediate host through which humans be-
came infected. This resulted in at least 8437 infected
cases and an estimated 813 fatal cases.®® The contin-
uous spread and existence of SARS-CoV amongst the
human population were annihilated through effective
global public health response coordinated by the
World Health Organisation (WHO). However, there
are four (4) human coronaviruses (HCoV) that have
been circulating in the human population for decades,
namely, HCoV-HKU1, HCoV-NL63, HCoV-229E
and HCoV-OC43.3%77:85 These four virion particles
have been documented to cause relatively mild respi-
ratory infections to humans.®

At present, of particular concern to the world is the
newly emerged SARS-CoV-2 pandemic with more
than two million morbidities and at least a twenty
percent mortality cases in about 210 countries and
territories as of mid-April 2020.°' SARS-CoV-2 has
proven to be a major threat to public health, social
gatherings, and the global economy in a short duration
after the first epic centre in the city of Wuhan, China.
This is because their transmission occurs rapidly due to
factors such as high viral attack rate (about 83%), viral
shedding by asymptomatic patients and human-to-
human transmission."® Clinical and epidemiological
data for COVID-19, howbeit limited, shows a varia-
tion in the disease spectrum, reproductive number, and
case fatality ratio and infection relative to previous
coronavirus diseases.”> Furthermore, the structural
differences between SARS-CoV-2 and SARS-CoV re-
quire that more specific diagnostic and therapeutic
techniques are needed for SARS-CoV-2 mitigation
programs.

Aptamers are short single-stranded nucleic acids
with high specificity and sensitivity to biomolecular or
cellular targets. The binding affinity of aptamers to
their cognate targets including virion particles is
comparable to antibodies, if not superior,”® and this is
due to the secondary structures of aptamers having a
singular function of binding cognate targets.® Apta-
mers are chemically synthesised and have desirable
characteristics such as the absence of batch-to-batch
variability, biocompatible, low/no immunogenicity,
and easy to engineer for a plethora of enhanced ther-
anostic applications.™”"%® Aptamers have the capacity
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to distinguish between closely similar molecules
including conformational isomers, amino acid muta-
tion, and variation in functional moieties.”**® Thera-
peutic application of aptameric systems is based on
their functionality in acting as (i) antagonist to inhibit
protein—protein interactions; (ii) an agonist to stimu-
late cellular signalling pathways of target receptors;
and (ii) carriers for targeted delivery of other thera-
peutic agents to cells or tissues.*® The features pos-
sessed by aptamers are ensured through the robust
iterative process known as Systematic Evolution of
Ligands by Exponential enrichment (SELEX) 7* sum-
marised in Fig. 1. In this article, an in-depth discussion
about the ongoing COVID-19 pandemic situation is
presented in relation to its etiology, epidemiological
features, and molecular interactions. The article also
discusses the advances in rapid aptameric systems and
establishes application opportunities for diagnoses,
therapeutics, and prophylactic vaccine development.

COVID-19 PANDEMIC

Etiology and Epidemiology

On December 31, 2019, the Health Commission of
Hubei province, China, made its first announcement of
a cluster of unknown viral pneumonia-like cases in
some patients mainly in the city of Wuhan.'® The cases
were later identified to be caused by a novel coron-
avirus and were provisionally referred to as “2019
novel coronavirus acute respiratory disease (2019-
nCoV)”;*" making it the seventh infectious human
coronavirus. Subsequently, there were reports from
other countries including Taiwan, South Korea,
Thailand, Vietnam, Singapore, Japan, Italy, Germany,
and the USA with suspected cases. The first epic centre
was Wuhan triggering a global public health crisis alert
from China with a minimum of 80,000 reported cases.
Transmission of COVID-19 across the globe occurred
at a horrifying speed resulting in the final declaration
of a pandemic by WHO on March 11, 2020.”° As of
April 22, 2020, the USA had the most clinically
reported infected cases which could be due to any or a
combination of factors such as the large population
size, large volumes of international travels, and high
rate of testing recorded in the country. However, the
most affected country per 100,000 population size had
been San Marino in Europe as of April 22, 2020.

On February 11, 2020, the 2019-nCoV infected
disease was renamed as coronavirus disease 2019
(COVID-19) by WHO to distinguish it from other
SARS-like diseases.®® On the same day, the causative
pathogen was formally named as SARS-CoV-2 upon
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FIGURE 1. Schematic description of Systematic Evolution of Ligands by Exponential enrichment (SELEX) technology in the

generation of anti-SARS-CoV-2 aptamers.

standard assessment by the Coronaviridae Study
Group (CSG) of the International Committee on
Taxonomy of Viruses (ICTV).>! Furthermore, phylo-
genetic analysis of SARS-CoV-2 resulted in it being
classified as subfamily Orthocoronavirinae, subgenus
Sarbecovirus of the genus Betacoronavirus.””

Scientists in China isolated the virus from bron-
choalveolar lavage fluid samples of patients and made
available the partial and whole genomes of the novel
coronavirus on January 7, 2020.> This enabled the rapid
development of point-of-care (POC) real-time poly-
merase chain reaction (RT-PCR) diagnostic assays which
are highly specific for coronaviruses. The researchers
noticed the genome sequence of SARS-CoV-2 were
genetically distinct to the previous coronavirus out-
breaks; SARS-CoV (~ 79%) and MERS-CoV (~ 50%).
Furthermore, the genome sequence was 88% genetically
identical to two bats obtained SARS-like coronaviruses,
namely; bat-SL-CoVZC45 and bat-SL-CoVZXC21.>
However, there was a relatively long branch length
between the identified SARS-CoV-2 and its closest rela-
tives (bat-SL-CoVZC45 and bat-SL-CoVZXC21);
negating them as direct ancestors to SARS-CoV-2. The
phylogenetic analysis implicated the presence of an
intermediate host between the bat natural reservoir for
SARS-CoV-2 and humans as the terminal host.

To address this gap some researchers utilised rela-
tive synonymous codon usage (RSCU) bias to study
the natural evolution of SARS-CoV-2 and their hosts,
and suggested snakes as intermediates and/or hosts
before infecting humans.* Nevertheless, the bioinfor-
matics technique and fundamental biological assump-
tions utilised were limited in scope. For instance, their
analyses involved less than 2% of all protein-coding
genes in a typical snake genome, and this can affect the

accuracy of the RSCU statistics. Also, the Codon
Usage Database utilised by the research group was out
of date. Besides, only 8 vertebrates out of more than
100 000 vertebrates were incorporated in the analyses.
That notwithstanding, preliminary evidence from
metagenomic sequencing indicates a strong homology
to sequence reads of bat coronaviruses RaTG13,
pangolin coronaviruses, and SARS-CoV-2.”%¢ There
was as much as 97.4% amino acid similarity between
the receptor-binding domain of S protein of Pangolin
coronaviruses and the receptor-binding domain of
SARS-CoV-2, whiles the remaining part of the whole
genome of SARS-CoV-2 was very similar (96%) to bat
coronavirus RaTG13. This indicates the possible
occurrence of a selectively mediated convergent evo-
lution between bat coronaviruses RaTG13 and pan-
golin coronaviruses to form SARS-CoV-2.

Pathogenicity

Transmission of the virus occurs through infected
aerosols and fomites. SARS-CoV-2 specifically binds to
the functional surface receptors, angiotensin-converting
enzyme 2 (ACE2), similar to SARS-CoV but different
from MERS-CoV which binds to CD26 (also known as
dipeptidyl peptidase 4, DPP4) receptors.®> The binding
interaction between the spike protein (S) of SARS-CoV-
2 and ACE2 receptors mediates viral attachment to host
cells which consequently leads to infection. Upon
infection, SARS-CoV-2 impairs the ciliated epithelial
cells of the upper and lower respiratory tract, reducing
its ability to handle foreign particles.

The recommended incubation period for symptoms
of COVID-19 to be obvious is fourteen (14) days.
Accurate incubation duration is needed to meaning-

BIOMEDICAL
ENGINEERING
SOCIETY



212 AcQuaH et al.

fully inform public health decisions such as active
monitoring, surveillance, control, and modelling.44
Notable symptoms of COVID-19 include fever, dry
cough, dyspnoea, and diarrhoea.* Also, chest radio-
graphs of critically ill patients infected with the virus
show invasive lesions in both lungs."?> SARS-CoV-2 is
highly transmissible with an attack rate as high as
83%."* Preliminary evidence suggests that people with
underlying health conditions, older patients, and racial
minorities (such as Latinos, African Americans, and
Native Americans) are high-risk groups to the severity
of COVID-19.** There have also been confirmed re-
ports about reverse zoonotic COVID-19 transmission
to a tiger in a zoo which has triggered concerns about
possible spread by domestic pets.” Nevertheless, at
present, no significant evidence suggests that humans
are at risk of being infected with SARS-CoV-2 from
domestic animals. The stability kinetics of SARS-CoV-
2 virion particles are similar to SARS-CoV.”® It was
observed that depending on the inoculum shed, SARS-
CoV-2 could stay viable in aerosols for about 3 h;
copper, 4 h; cardboards, 4 h; stainless steel, 5.6 h; and
plastics 6.8 h. The similarity in stability kinetics
between SARS-CoV and SARS-CoV-2 shows that
their epidemiological differences could be due to other
factors such as a high viral load in the upper respira-
tory tract and viral shedding by pre-symptomatic and
asymptomatic SARS-CoV-2 infected persons.”®*®

STRUCTURE OF SARS-COV-2

A SARS-CoV-2 virion consists of a single-stranded
(ss) RNA with nucleoproteins that are enveloped by a
spherical or pleomorphic capsid with a membrane
protein. The capsid envelope contains club-shaped
projections of glycoproteins called spike glycoproteins,
which gives them a crown shape on the outer surface,
and hence the name ‘corona’ virus.'"” These viruses
possess a large genome sequence of 26.4-31.7 kb,
compared to other RNA viruses with 32 to 43% of
guanine + cytosine (G + C) content.® Further, the
viruses contain several small open reading frames
(ORFs) as their conserved genes in their spike, mem-
brane, ORF1lab, envelope and nucleocapsid and nar-
row down to their nucleocapsid gene in distinct
lineages of coronavirus. It is noteworthy that the
fragment in the N-terminal present in the spike protein
is specific only to coronavirus. Coronaviruses possess
genes that can encode for their structural proteins (S,
E, M and N) in their 5’-3’ terminal end.*® Furthermore,
coronaviruses contain a genome with at least six
ORFs, in which two-thirds of the total genome length
encodes 16 non-structural proteins (nsps). A frameshift
is present in between ORF1a and ORF1b to yield ppla
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and pplab polypeptides. The viral encodes for main
protease (Mpro) or chymotrypsin-like protease
(3CLpro) and few papain-like proteases by processing
those polypeptides into 16 nsps. In addition, all the
core structural proteins are encoded near the 3’ ter-
minal by the ORFs 10 and 11.%* Besides, SARS-CoV-2
contains special mature accessory proteins called
hemagglutinin-esterase, 3a/b and 4a/b protein, which
are essential for performing significant functions in
viruses such as maintenance and replication.”

The phylogenetic study of SARS-CoV, MERS-
CoV, and SARS-CoV-2 showed that the presence of
the untranslated region in the 5" and 3’ terminal end
helps in the interactions with inter- and intramolecular
compounds. Thus, these regions are highly significant
in the functional interactions between RNAs and are
essential for cellular and viral proteins binding pro-
cess.” In SARS-CoV-2, the non-structural proteins
have a size of 29844 bp and are encoded by Pblab at 5’
terminal end as the ORF present in the total genome
length. However, the size of the non-structural proteins
of MERS-CoV and SARS-CoV is 30119 bp and
29751 bp, respectively. Comparison of the spike pro-
tein in the 3’ terminal between the three betacoron-
aviruses (SARS-CoV-2, SARS-CoV, and MERS-CoV)
shows a significant difference in their 1273 aa, 21493
aa, and 1270 aa. In March 2020, the Global Initiative
on Sharing All Influenza Data (GISAID) reported 253
genome sequences (both complete and partial) of
SARS-CoV-2 that have been contributed and analyzed
by various researchers across the globe since December
2019. The genome sequence is essential to understand
the evolution of the virus within humans, assist in
tracing the infection pathway, and design strategies for
prevention.

STRUCTURAL PROTEINS OF SARS-COV-2

The structure of SARS-CoV-2 is presented in
Fig. 2a showing the various structural proteins (S, M,
E and N). The spike proteins of SARS-CoV-2 are
made up of S protein trimers that belong to the class 1
group of viral glycoprotein fusions such as Influenza
hemagglutinin, Ebola virus glycoprotein, Human
immunodeficiency virus (HIV) glycoprotein 160, and
paramyxovirus F.?*> The S protein is reported to con-
tain a single peptide of 1-12 amino acid in the N ter-
minal, an extracellular domain of 13-1195 amino acids,
a transmembrane domain of 1196-1215 amino acids,
and an intracellular domain of 1216-1255 amino
acids.?! The S protein is critical in these viruses as it is
responsible for its ability to bind with human cells via
angiotensin-converting enzyme 2 (ACE2).*’ Likewise,
M protein which is another significant protein com-
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replication in host cells. The S proteins of SARS-CoV-2 enable attachment to host ACE2 receptors. The M proteins are essential in
shaping of the virions, influencing membrane curvature, and attachment to the nucleocapsid. The E protein is responsible for virus
assembly and release, as well as pathogenesis. The N proteins are repressors of RNA interference and antagonist of interferon.
The N proteins attaches to nsp3 proteins to connect the genome to the replication-transcription complex. They also transform the

encapsidated genome into virions.

ponent in the envelope of the coronavirus family
interacts with a human host via heparan sulfate pro-
teoglycans.” Perrier et al. revealed via subcellular
localization analysis that the M protein of the coron-
avirus family possesses the ability to retain in the
intracellular region of the trans-Golgi network and
identified two motifs in the distal C-terminal domain
part as the basic requirement for specific localization.®!
Furthermore, the interaction between S and M pro-
teins is necessary to retain S protein in the intermediate
compartment of the endoplasmic reticulum and the
Golgi complex to incorporate a coronavirus into a
host.?* Similarly, membrane and nucleoprotein bond
formation stabilizes the nucleoprotein-RNA complex
and the internal viral core and eventually promotes
viral assembly completion.58 Besides, it has been
demonstrated that the viroporins such as E proteins in
the coronavirus family are considered as integral
membrane proteins with enhanced ion channel activ-
ity.®® Moreover, Westerbeck and Machamer (2019)
revealed that the single hydrophobic domain of the E
protein in coronaviruses targets the Golgi membranes
through in vitro cation channel activity and alters its
pH for spike protein protection to promote infectious
virus release.®® Nucleoprotein is a multifunctional
protein with the genome encapsulation ability through
capsid that can disrupt innate immunity, replicate
during the synthesis of RNA, and shuts off translation
processes in the host. It is a 40 kDa sized protein with
twofold N and C terminal domains, which are sepa-
rated by a disordered LKR region with a stretch of

serine or arginine to regulate the N protein function
during phosphorylation.’®”® Figure 2b is the sche-
matic representation of SARS-CoV-2 replication, after
internalization into human host cells using the S pro-
teins. Together, SARS-CoV-2 proteins are critical to
the successful development of drugs and vaccines for
COVID-19 due to their role in viral assembly and
replication.

ENGINEERING APTAMERS FOR RAPID
DETECTION OF COVID-19

Current detection of SARS-CoV-2 is based on real-
time polymerase chain techniques (RT-PCR) and
antibody assays. RT-PCR is the reference standard as
they are highly specific for the detection of the viral
RNA genome of SARS-CoV-2 but fraught with chal-
lenges such as sample preparations and long residence
times. Also, the detection of viral genomes by the RT-
PCR technique does not necessarily indicate the pres-
ence of an infectious virus, especially for patients with
strong immune system that have recovered. On the
other hand, serologic assays such as enzyme linked
immunosorbent assays (ELISA) which are also highly
specific have been developed by numerous research
institutes and companies for the detection of S and N
protein antibodies in the serum or plasm of COVID-19
patients.>* However, it takes days or even weeks for
antibodies (anti-SARS-CoV-2-IgM and IgG) to be
produced by the immune system of COVID-19 patients
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FIGURE 3. Pictorial illustration of window period for efficient
detection of viral RNA using RT-PCR and antibodies using
serological assays. Figure adapted from Lee et al.*®

and detected with the serological test, as shown in
Fig. 3. To circumvent the setbacks in serological as-
says, monoclonal antibodies that can directly bind
unto SARS-CoV-2 proteins can be used in the devel-
opment of an immunoassay. The S and N proteins are
useful markers for detection as they are the most ex-
posed and most abundant proteins, respectively. In a
recent in vitro experiment, Wang et al., identified
monoclonal antibodies, human 47D11 antibody, that
can block the conserved epitopes of S proteins of both
SARS-CoV and SARS-CoV-2.*' Conspicuously, the
pathogenesis of SARS-CoV-2 is similar to SARS-
CoV.* However, it is expensive to produce mono-
clonal antibodies. Also, there are ethical issues, sus-
ceptibility of contamination for its hybridoma cultures,
and lower sensitivity after about 11 days pio.>*
Hence, there is a need to establish highly sensitive and
specific assays that can be robust during the course of
infection in order to improve diagnosis and prognosis
of cases related to COVID-19.

Aptamers offer greater flexibility in the design of
aptasensors for early detection of SARS-CoV-2 in
symptomatic and asymptomatic persons, and achieve
the ASSURED (Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment-free, and
Deliverable to the end user) diagnostic criteria rec-
ommended by WHO. This is due to the biostability,
bioavailability, low cost of synthesis, case of modifi-
cation, high specificity and sensitivity, and chemical
and thermal stability of aptamers as compared to
antibodies.™”® Although there is currently no aptamer-
based diagnostic technology for the novel SARS-CoV-
2 wvirus, the applicability of aptamers has been
demonstrated in various diagnostic assays for viral
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proteins and enzymatic processes analogous to that of
SARS-CoV-2 proteins. For instance, Cho et al., gen-
erated ssDNA aptamers that detects the N protein of
SARS-CoV with a binding affinity (K4q) of
4.93 + 0.30 nM."* Roh & Jo, (2011) developed quan-
tum dots-conjugated RNA aptamer on chip for rapid
detection of the N protein of SARS-CoV.** The
aptasensor could detect concentrations as low as
0.1 pg mL~". Quantum dots are colloidal nanoparti-
cles of semiconductor materials with optical charac-
teristics comparable with organic fluorophores. Ahn
et al., synthesised RNA aptamers and developed an
aptasensor that utilised a hybrid of chemiluminescence
immunosorbent assay and a nanoarray aptamer chip
to detect SARS-CoV.> The synthesised aptamer
molecularly recognised the C-terminal region of
SARS-CoV N protein at a concentration as low as
2 pg/ml.

Aptamers, by virtue of the iterative SELEX tech-
nique, have the capacity to easily differentiate between
targets that are similar, a characteristic that is essential
for different viral species or strains of the same family
with high coefficient of genome similarity. For in-
stance, Gopinath & Kumar, (2013) generated RNA
aptamers, D-26, with high specificity (K4 = 0.15 pM)
towards HA protein of a recent pandemic influenza
virus strain, pdmHINI (A/California/07/2009), from
other subtypes of influenza A viruses such as H5N1/
Vietnam, H2N2/Japan, HIN1/Hong Kong, H3N2/
Panama, H7N7/Netherlands, HIN1 (A/New Caledo-
nia/20/1999), and HINI1 (A/Brevig Mission/1918).
Also, chemical modification of the D-26 aptamer with
2’-fluoropyrimidines enhanced the biostability against
endoribonuclease and binding affinity to 67 fM.*® On
the other hand, aptamers can also be engineered to
molecularly recognise viral strains that are closely re-
lated. Bhardwaj, Chaudhary, Kim, & Jang (2019) re-
cently generated ssDNA aptamers, V46, that have the
capacity to detect different strains of HIN1 virus with
a high affinity. The binding potency as an aptasensor
was evaluated using a label-free -electrochemical
aptasensor. The significance of their study was to en-
able easy subtyping of a broad range of HIN1 viruses
with the same aptasensor and allow for the generation
of reliable results even when the virus undergoes
antigenic shift.'” Thus, various modalities of aptamers
can be easily engineered for different molecular
recognition applications as there is a need to develop
simple and robust point-of-care aptasensors for rapid
detection of COVID-19 patients. Due to the chemical
synthesis process used for the generation and produc-
tion of aptamers, they are 10-50 times cheaper than the
production of antibodies.”® Examples of aptamer-
based point-of-care platforms reported in the extant
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TABLE 1. Aptamer-based point-of-care devices for rapid, affordable, sensitive and specific detection of cognate molecules.

Point-of-care assays Remarks Reference
Smartphone Detection of Zika virus 20
Smartphone Similar platform for rapid detection of Zika virus is being adapted for 23
COVID-19 by researchers in University of Utah

Aptamer-linked immunosorbent assay (ALISA) Detection of active Mycobacterium tuberculosis from sputum samples 65
Aptamer-linked immunosorbent assay (ALISA) Detection of Mycobacteria tuberculosis in serum and sputum samples 72
Aptamer-magnetic bead-electrochemiluminescence Detection of brain natriuretic peptide in serum samples 11
(ECL) assay

Dot-blotting Detection of vaccinia virus 60
Gold nanoparticle (GNP) aggregation assay Detection of Staphylococcal enterotoxin B 53
Upconverting phosphors/nanoparticles (UCNP) assay Detection of Salmonella typhimurium and Staphylococcus aureus 22
Lateral flow assay Detection of thrombin in human plasma samples 92
Lateral flow assay Detection of cortisol 17
Lateral flow assay Detection of dopamine in urine 18
Lateral flow assay Detection of nervous necrosis virus 51

literature is shown in Table 1 and can be easily adap-
ted for COVID-19.

ENGINEERING APTAMERS FOR COVID-19
THERAPEUTIC APPLICATIONS

Using an in vitro SELEX method Jang et al. gen-
erated an ES15 RNA aptamer that inhibits SARS-CoV
non-structural protein 10 (nsP10) with NTPase/Heli-
case enzymatic activity.’’ Inhibiting the enzymatic
activities of helicases is critical in the development of
promising drugs due to their indispensable role in viral
genome replication, transcription, and translation.”’
The ES15 RNA aptamer inhibited dsDNA unwinding
activity of the helicase by up to ~ 85% in a dose
dependent faction with an ICsy of 1.2 nM. Shum and
Tanner (2008) generated DNA aptamers targeting the
helicase of SARS-CoV. The aptamers were found to
have two unique secondary structures, G-quadruplex
and non-G-quadruplex, which were able to molecu-
larly recognise SARS-CoV helicase and stimulated
ATPase activity.® However, only DNA aptamers
NGI1, NG3 and NG8 with non-G-quadruplex struc-
ture were found to inhibit the helicase activity of the
coronavirus with ICsy values of 87.7, 120.8, and
91.0 nM, respectively. Furthermore, the inhibition
activity and biostability was significantly enhanced
upon modification of the 3’-end with biotin or inverted
thymidine.

On another note, inhibition of viral replication with
the use of aptamers have also been demonstrated
against diverse viral targets. Similar to other viruses
such as HCV and influenza viruses, SARS-CoV-1 and
SARS-CoV-2 utilise RNA-dependent RNA poly-
merase (RARPs) to catalyze the replication of RNA
from an RNA template. RdRPs are encoded in the

genomes of all RNA viruses that are void of a DNA
stage.”® The ability to use aptamers to block RARPs
and inhibit virus replication as anti-viral treatments
have previously been demonstrated for HCV.>*
Blocking RdRPs with aptameric systems as a treat-
ment process for COVID-19 can be another significant
step in ensuring recovering of patients. Yamamoto
et al. synthesised a 37-mer RNA that specifically binds
to the Tat protein or peptides of HIV and prevented
in vitro and in vivo Tat-dependent trans-activation.”
Gao et al. generated ssDNA aptamers that inhibited
NS2 enzymatic activity of HCV by binding to its N-
terminal region. NS2 proteins are vital in the viral
RNA replication of HCV, influenza viruses, and
coronaviruses.”’*’ It was also observed that the inhi-
bition activity of the ssDNA aptamer did not present
any cytotoxic effect in vitro.”” Other methods through
which aptamers can be engineered for enhanced ther-
apeutic outcomes for COVID-19 include attaching
RNA interference genes and biocompatible polymers,
as discussed in the section below.

Aptamer-siRNA/miRNA Conjugates

Targeted therapy using engineered aptamers and
RNA interference (RNAi) molecules such as micro-
RNA (miRNA) and small interfering RNA (siRNA)
have been shown to be promising in inhibiting virus
gene function in the host by cleaving targeted mRNA
molecules of the virus. siRNA is short in length with
about 21-23 base pairs and widely used as an exoge-
nous agent for the manipulation of gene expression.*
Gene silencing by siRNA shows various potencies in
treating cancer metastasis and virus infections. How-
ever, there are challenges such as short circulation half-
life, targeted delivery, and low cellular uptake that

BIOMEDICAL
ENGINEERING
SOCIETY



216 AcQuaH et al.

have impacted its practical applications in medicines.
Also, Cui et al. revealed that the nucleocapsid proteins
of coronaviruses have the potential of encoding viral
suppressors of RNA Silencing, via its double-stranded
RNA binding activity, which facilitates their replica-
tion."> Despite these challenges, siRNAs (such as
siRNA-M1, siRNA-M2, SARSi-1, SARSi-2, SARSI-3,
SARSi-4, SARSi-5, SARSi-6, SARSi-7, SARSI-8,
SARSI-9, SARSI-10, SARSI-11, siSC2 and siSC5) have
been successfully developed and tested in either in vitro
or in vivo setups for prophylactic and/or therapeutic
treatment of coronaviruses by targeting the mRNA of
the M, N, Sor E pro‘[eins.“g‘52 Effective use of siRNAs
for antiviral treatment requires that: i) it is geared to-
wards a homogenous sequence region of the virus
critical for viral replication, ii) there is targeted delivery
of the siRNA to the cytoplasmic site of action
expressing the viral mRNA, and iii) the siRNA has a
high sequence specificity in order to prevent non-
specific target effects or stimulation of the TLR7 or
cytokines of the host.®” Hence, it is ideal to conjugate
siRNA with other vehicular molecules such as apta-
mers to enhance its specificity as demonstrated by
Zhou et al. for HIV-1 treatment.”” The researchers
reported that aside transport of the functional siRNA
to the infected cell the aptamer could also neutralize
the virus infection.

MicroRNAs (miRNAs) are endogenous short,
double-stranded, and non-coding RNAs that act as
regulators for the expression of various genes. A pre-
vious study demonstrated the efficacies of an anti-B cell
maturation antigen (BCMA) RNA aptamer called
apt69.T in treating myeloma when conjugated to
miRNA-137 and anti-miRNA-222. The apt69.T-miR-
NAs conjugates significantly inhibited the NF-kB
pathway with reduced cell viability and delivered
therapeutics effectively to the targeted BCM-overex-
pressed myeloma cells.'> Also, an AS1411 (aptNCL)
DNA aptamer-miRNA let-7d conjugate was synthe-
sized as a novel miRNA anti-cancer therapeutic agent
to treat gastric cancer cells. The findings indicated
miRNA let-7d as an effective tumour suppressor which
was successfully delivered for cellular uptake by tar-
geted nucleolin-positive MKN-45 malignant cells with
strong antiproliferative effects. This is attributed to the
specific binding affinity of aptNCL aptamer against
the overexpressed nucleolin biomarkers.'® The syner-
getic effects between aptamer and miRNA have led to
better therapeutic efficacies. Notably, the chemistries
demonstrated in the extant literature for the attach-
ment of aptamers to RNAi molecules can be adapted
for any transgene of interest. The occurrence of three
severe global public health emergencies related to
coronaviruses necessitates the need to engineer siR-
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NAs and miRNAs with aptamers for targeted treat-
ment.

Aptamer-Nanoparticle (NPs) Conjugates

Aptamer-NPs conjugates have been studied exten-
sively in delivering an effective dosage of drugs to the
targeted active sites for enhanced therapeutic effects.
Biocompatible polymers with tuneable properties are
often conjugated with aptamer-mediated delivery for-
mulation as  aptamer-conjugated  biopolymeric
micro/nanoparticles to overcome the limitations of
aptamers whilst enhancing their targeting capabilities.
The effectiveness of ARC1779 PEGylated DNA apta-
mer was reported in impeding thromboembolism by
targeting and blocking the activity of von Willebrand
factor in order to inhibit both platelet activation and
aggregation.”” An EpCAM aptamer-conjugated cur-
cumin-loaded poly(lactic-co-glycolic acid)(PLGA)-le-
cithin-Polyethylene Glycol (PEG) NP demonstrated
high efficacies in targeted delivery of encapsulated
drugs to the targeted HT29 colon cancer cells for col-
orectal adenocarcinoma treatment. Both the encapsu-
lation efficiency and in vivo bioavailability of
encapsulated curcumin were significantly improved as
compared to the unformulated free curcumin.** An-
other study also showed the efficacy of RNA aptamer-
conjugated PEG-PLGA polymeric NPs in the loading
and delivery of doxorubicin drug molecules to the
targeted MCF-7 breast tumour cells with higher drug
encapsulation efficiency, cellular internalization and
cytotoxicity for breast cancer treatment.® These apta-
mer-navigated NPs were shown to offer better target-
ing affinity, prolong circulation  half-life  of
encapsulated drug molecules and enhance the rate of
internalization and cancer-killing effects.

APTAMER-MEDIATED COVID-19
PROPHYLACTIC VACCINE DEVELOPMENT
AND DELIVERY

Aptamers can be fabricated to bind with a specific
target molecule and thus, can be an excellent and
efficient candidate for the development of vaccines.
However, these aptamers require a delivery system to
make them reach and bind with the target site. Thus,
aptameric viral vaccines, aptamer-mediated protein
and DNA vaccines, as well as other novel vaccine with
aptamers can also be beneficial as a potential vaccine
candidate against the SARS-CoV-2 virus.

Several RNA aptamers have been synthesised in
recent times to inhibit different viruses and have the
potential of being engineered as potential vaccines to
reduce viral loads in humans. Jung et al. identified that
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2’-fluoro-modified RNA aptamers can specifically bind
with methyltransferase of dengue virus via SELEX
technology, which is essential for the replication and
translation of the viral genome, and acts directly on the
structure of type-1 cap, 2’-O and N-7 methylation in
viral RNA. In the study, the selected aptamer was
truncated into an RNA sequence of 45-mer to bind
with dengue viral methyltransferase serotype 2 and 3
for the effective inhibition of N-7 protein methylation
activity.*' Likewise, Valencia-Resendiz er al. reported
that RNA aptamer can be used to inhibit type 16
infection by human papillomavirus (HPV), which is
responsible for 50% of cervical tumours in the world.
In this study, high affinity Sc5¢3 RNA aptamer was
isolated that can bind specifically to HPV type 16
virus-like particles to inhibit the pseudovirus model.
The study emphasized that the nuclease-resistant RNA
Sc5c3 aptamer can inhibit the infection by HPV in vitro
and can also be effective in reducing the infection
in vivo.™ Similarly, several other RNA, DNA and
oligonucleotide aptamers are under extensive research
and are being proven to be beneficial in the detection
and development of antiviral vaccines.'” Aptamers
synthesised to specifically bind SARS-CoV-2 can be
delivered as vaccines through nanoencapsulation in a
viral capsid.*® Various mechanisms through which
aptamers can be engineered for the development of
anti-SARS-CoV-2 vaccines is shown in Fig. 4.

OUTLOOK

As a typical characteristic of pandemics, it is
anticipated that the transmission of COVID-19 will
occur in multiple waves in successive months with high
morbidity and mortality. It should be noted that the
length of the peak outbreak of COVID-19 will last
longer than most public health emergency diseases and

Aptamer encapsulated
virus-like particle

e . YAY o o

Inactivated vaccine
directed by aptamer

Aptamer mediated
protein vaccine

Immune response Inhibit SARS-CoV-2

Target cell

FIGURE 4. Proposed mechanism of action of aptamer-based
virus and protein vaccines against SARS-CoV-2.

will vary between communities and nations. In-depth
epidemiological knowledge of COVID-19 is therefore
critical in the development of cost-effective strategies
for the control, surveillance, and diagnosis to limit the
spread of the disease in the population. The macro
impact of COVID-19 in nations across the globe is
widely different due to the vast demographical differ-
ences in countries, hospital capacities, availability of
tests, supply-chain capacities of protective equipment,
and economic strengths. Also, the lack of sufficient
rapid, affordable, and accurate detection of suspected
COVID-19 cases has resulted in uncertainties in the
estimated reproductive numbers (R,) and efficacy of
public health measures.>

In order to mitigate the effect of the current pan-
demic and prevent future outbreaks, rapid targeted
mass screening of people before or during symptomatic
stages is inevitable. This will be crucial to test, trace,
isolate and treat infected persons. In addition, com-
munity mass screening which is affordable will be
critical in determining the percentage of asymptomatic
patients. It will also help in identifying and isolating
zoonotic hosts of the infectious disease. Historically,
infrared scanners have been widely used in mass pre-
screening of suspected infected persons during severe
outbreaks of infectious diseases and pandemics.
Though helpful, infrared scanners are unable to effec-
tively pre-screen COVID-19 asymptomatic persons at
entry and exit points of geographical boundaries. This
is evident in the high ratio of individuals estimated to
not show any signs of fever for SARS-CoV-2 infection
(12.1%) relative to MERS-CoV (2%) and SARS-CoV
(1%).%°

Research advances into aptameric systems bode well
with the fact that they can be engineered for the
development of effective and affordable diagnostics,
therapeutics and prophylactic vaccines for SARS-
CoV-2 and other infectious pathogens. Shedding of
SARS-CoV-2 has been detected in various specimens
such as nasal secretions, sputum, saliva, and faecal
samples of infected persons.** Although saliva speci-
mens are easy to obtain, they contain low viral loads
relative to nasal secretions, which makes it difficult for
current molecular diagnostic test kits. However, apta-
meric probes have high specificity and low detection
limits due to their unique three-dimensional structures
and sequences. This allows for the development of real-
time detection test kits for pathogens even in their la-
tent state."> Early diagnosis is inevitable for effective
and early treatment of patients to avoid the severity of
the infection. This will be very critical in saving lives in
low resourced communities and nations. Also, owing
to the bioavailability, high affinity, and specificity of
aptameric ligands, novel therapeutic systems can be
developed using aptamers for the treatment of COV-
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ID-19. The mode of entry for SARS-CoV-2 into host
cells occurs through clathrin-mediated endocytosis
which depends on the binding interaction between the
receptor-binding domain (RBD, Arg319-Phe541) at
the C-terminus of spike proteins of SARS-CoV-2 and
the host cellular receptors, ACE2, along with S pro-
teins priming by host cell transmembrane serine pro-
tease 2 (TMPRSS2). As such, future aptamer-based
theranostic systems including prophylactic vaccines for
COVID-19 can be developed based on either of the
following mechanisms: (i) acting as antagonists by di-
rectly interacting with the RBD and SARS-CoV-2
proteins, namely; spike protein, envelope, membrane
and nucleocapsid, in order to neutralise its infectivity;
(i1) acting as antagonists by directly binding to ACE2
receptors to block S proteins; (iii) by acting as cargo
for targeted delivery of other therapeutic agents; an-
d (iv) acting as agonists to stimulate an appropriate
immune response. In summary, there is an urgent need
to develop safe innovative biomedical technologies to
mitigate the dire impact of COVID-19 on public health
worldwide.
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