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The recent SARS-CoV-2 outbreak has been declared a global
health emergency. It will take years to vaccinate the whole pop-
ulation to protect them from this deadly virus, hence the man-
agement of SARS-CoV-2 largely depends on the widespread
availability of an accurate diagnostic test. Toward addressing
the unmet need of a reliable diagnostic test in the current
work by utilizing the power of Systematic Evolution of Ligands
by EXponential enrichment, a 44-mer G-quadruplex-forming
DNA aptamer against spike trimer antigen of SARS-CoV-2
was identified. The lead aptamer candidate (S14) was character-
ized thoroughly for its binding, selectivity, affinity, structure,
and batch-to-batch variability by utilizing various biochemical,
biophysical, and in silico techniques. S14 has demonstrated a
low nanomolar KD, confirming its tight binding to a spike an-
tigen of SARS-CoV-2. S14 can detect as low as 2 nM of antigen.
The clinical evaluation of S14 aptamer on nasopharyngeal swab
specimens (n = 232) has displayed a highly discriminatory
response between SARS-CoV-2 infected individuals from the
non-infected one with a sensitivity and specificity of �91%
and 98%, respectively. Importantly, S14 aptamer-based test
has evinced a comparable performance with that of RT-PCR-
based assay. Altogether, this study established the utility of ap-
tamer technology for the detection of SARS-CoV-2.

INTRODUCTION
In the past few decades, the human race has witnessed many
pandemic situations where disease transmission occurs by microbial
pathogens across communities and borders. Among these pathogens,
viruses posed a major threat to humanity. In recent years, we have
faced outbreaks of Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV-2002 China), swine-origin pandemic (H1N1) influenza
A virus (2009-Mexico), and the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV-2012 Saudi Arabia).1–3 All these outbreaks
have affected several thousand individuals. More recently, in 2019,
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the largest outbreak of this decade occured due to yet another coro-
navirus, Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2). This virus has stemmed from Wuhan, China and spread
throughout the world.4 Compared to SARS-CoV, there are many at-
tributes including but not limited to aggressive disease transmission,
high attack rates, minimal population immunity, contagiousness, and
severity that makes SARS-CoV-2 distinct from SARS-CoV.5 Due to
its rapid transmission rate, SARS-CoV-2 was declared a global health
emergency by the World Health Organization (WHO) in March
2020. As of May 21st, 2021, SARS-CoV-2 has accounted for an esti-
mated active case of about �15.8 million with �3.4 million deaths
globally6 (https://www.worldometers.info/coronavirus).

Development of vaccines or drugs against novel viruses during a
pandemic outbreak is very challenging as the discovery of potent
lead molecules or vaccine itself is a time-consuming and tedious pro-
cess as it involves various phases of clinical trials.7 In early 2021, many
vaccine candidates were approved and rolled out, and yet it will take
some years to vaccinate the whole population to protect them from
this deadly virus.8,9 However, rapid screening/detection of the popu-
lation for the infection may help with containing the disease. The ma-
jority of these in vitro screening and detection assays rely upon real-
time polymerase chain reaction (PCR) or antibodies.10 The former
requires a sophisticated machine, expensive probes, and a highly
trainedmanpower, while antibodies have to be generated in an animal
and require several booster doses.11 Overall, antibody generation is a
several month process. Further, they are prone to batch-to-batch
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variation and thus have suffered from reproducibility crisis. In 2008, a
validation survey conducted by the Human Protein Atlas evaluated
>5,000 commercially available antibodies from�50 different vendors
using western blot and immunohistochemistry methods. Their data
strongly indicate the reproducibility crisis of antibodies as �50% of
antibodies could not be validated successfully.12 In a recent report,
this problem is elegantly described where researchers have used 16
commercially available antibodies from 7 different sources.13 Out of
these 16 antibodies, only one worked in immunofluorescence assay
while the other two worked for western blotting experiments. Consid-
ering such problems associated with antibodies along with the
outbreak of a novel virus like SARS-CoV-2, it is difficult to rely
upon antigen detection assays using antibodies. Further, even if we
are lucky, getting a good antibody may take several months.14 Alter-
natively, detection of immunoglobulin M (IgM) and IgG in patient
sera using recombinant viral antigens can be a reasonable and prag-
matic approach, but it suffers from poor sensitivity as seroconversion
takes several days to weeks as it may vary from patient to patient.15

Another limitation is that this approach cannot work for immuno-
compromised and hemodialyzed patients.13 Therefore, it is impera-
tive to develop an aptamer-based antigen detection assay as nucleic
acid aptamers can bind to its target with high affinity and selectivity
without/negligible batch-to-batch variation.16 Further, they are
amenable to various sensing platforms present in centralized labora-
tory to decentralized point-of-care (POC) devices used for diagnostic
applications.17,18 In recent years, aptamer technology has emerged as
a rapidmethod to generate high-quality nucleic acid binders or chem-
ical antibodies against a wide variety of analytes ranging from small
molecules to protein (antigen) to whole prokaryotic or eukaryotic
cell in few weeks to a month time.19 Further, ease in functionalization
with various moieties like fluorophore, biotin, redox label, and nano-
materials, etc. makes them an attractive tool for diagnostic applica-
tions.20 Moreover, being a synthetic molecule, aptamers can easily
be synthesized chemically using automated DNA synthesizer that al-
lows their rapid large-scale production with almost no batch-to-batch
variation.21 To bridge the existing diagnostic gap for SARS-CoV-2, we
herein report the identification, characterization, and diagnostic
application of spike trimer binding aptamers. The best performing
aptamer candidate S14 evinced its high diagnostic utility to be used
as a frontline laboratory-based assay for the detection of SARS-
CoV-2 antigen.

RESULTS
We herein report the spike trimer antigen-specific aptamer develop-
ment using talon bead-based SELEX, post-SELEX optimization, in sil-
ico, and biophysical characterization. Finally, the application of best
performing aptamer candidate was demonstrated to detect the pres-
ence of spike trimer antigen in clinical specimens, nasopharyngeal
swabs (NP, n = 232).

SELEX-based identification of DNA aptamers against spike

trimer protein of SARS-CoV-2

For aptamer selection, prefusion spike trimeric protein (�194 kDa)
was used as a target (Figure S1). To obtain highly specific and affine
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DNA aptamers against spike protein, we followed a cobalt resin
(Talon)-based SELEX strategy that involved the following steps: (1)
incubation of aptamer libraries with cobalt resin to remove resin
binders (negative selection), (2) incubation of unbound DNA se-
quences with spike protein in solution (binding buffer, BB), (3) addi-
tion of cobalt resin to capture aptamers-spike complex on resin, (4)
elution and enrichment of spike binding aptamers, followed by sin-
gle-stranded DNA (ssDNA) separation for next round and (5) finally,
at the end of SELEX (six rounds) enriched aptamer pool was cloned
and sent for sequencing (Figure 1A).

After six rounds of cobalt resin-based SELEX, the aptamer pool that
was archived at the end of each round (round 1–6) were biotinylated
by incorporating the 50 biotin primer at PCR stage as described pre-
viously.22 The strand separation of PCR product was achieved on
Urea-PAGE, and 50 biotinylated strand was eluted and used to assess
its binding to spike trimer antigen in an aptamer-linked immobilized
sorbent assay (ALISA, Figure 1B) to monitor the enrichment of ap-
tamers over successive rounds of SELEX. Interestingly, from round
one onward, aptamer binding to spike antigen appeared to be satu-
rated. Binding of enriched library (R6) was compared with unen-
riched DNA random library (DRL). As shown in Figure 1C enriched
library evinced �2.5-fold higher binding compared to its unenriched
counterpart. To ascertain the specificity of enriched aptamer library,
we also assessed its binding against a similar protein, MERS full-
length (FL)-spike (�190 kDa). It is evident from the Figure S2 that
despite of having very high similarity between spike of MERS and
SARS-CoV-2, aptamer pool of R1 and R6 are able to discriminate
between these two proteins. Interestingly, both populations demon-
strated the similar binding pattern (Figure S2). Based on these obser-
vations, enriched library of round 6 were cloned and sent for
sequencing. Based on the DNA sequencing data, 14 representative ap-
tamer candidates were selected and subjected to multiple sequence
alignment (MSA). MSA-derived phylogenetic tree (Figure S3) of these
aptamer sequences clearly indicates that all aptamers are clustered
into two groups, with group 1 being the largest one as�71% aptamer
candidates are clustered together in this group. Further, for the iden-
tification of conserved motifs among selected aptamer candidates,
they were subjected to Multiple Em for Motif Elicitation (MEME),
an online tool (http://meme-suite.org). Results for the same were
analyzed on the basis of low E value, among the 14 selected aptamer
candidates a total 5 motifs ranging from 6 nt to 15 nt in length was
observed. Motif-1 was highly prevalent with an occurrence among
nine aptamer candidates out of 14 aptamers (�65%, Table S1).

The selected 14 aptamer candidates (Table 1; Figure S3) were sub-
jected to ALISA to assess their ability to detect spike antigen. These
aptamer candidates contain primer binding domain (PBD), which
is unlikely to play any significant role in aptamer binding to its
cognate target.23 Therefore, we have also compared the binding of
these aptamer candidates with their truncated counterpart, where
the PBD was deleted from each aptamer. Interestingly, the binding
of the truncated version of each aptamer was comparable to that of
its respective parent aptamer (Figure 1D). Based on this data, three
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Figure 1. Detailed schematic approach for SELEX of spike trimer

(A) DNA libraries were incubated with talon beads for negative selection. Unbound DNAwas retained and added to spike trimer immobilized on to the talon-beads for positive

selection. Then binders were eluted and enriched through PCR. PCR amplicon was made single-stranded for the next round of SELEX. After six rounds of SELEX, enriched

aptamer pool was cloned and sequenced. (B) Schema of aptamer-linked immobilized sorbent assay (ALISA) for the detection of spike trimer of SARS-CoV-2. Antigen was

coated in 96-well plates followed by blocking of marginal sites. Blocked wells were incubatedwith biotinylated aptamer followed by washing to remove the unbound aptamer.

Then wells were incubated with HRP-conjugate. Using TMB-H2O2 solution aptamer and spike antigen interaction was monitored in terms of colorimetric response and the

reaction was stopped by H2SO4. (C) Comparing the relative binding of unenriched DRL pool versus enriched aptamer pools (R1–R6) with 125 ng amount of spike trimer using

ALISA. (D) Effect of truncation of aptamers on its binding to spike antigen in comparison to their respective parent counterpart. DOD represents the OD of wells with antigen

subtracted with OD of wells without antigen. To compare the binding, we applied one-way ANOVA with multiple comparison. **** represent statistical significance at p value

(***p < 0.0001). Error bars represent mean ± SD.
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aptamers (S1, S13, and S14) that were showing DOD450nm > 1.0 were
selected for subsequent studies. Next to this, we have also assessed the
binding of the parent (75/80/81-mer) and truncated version (44/45-
mer) of these three aptamers in the viral transport media (VTM)
background. Based on the outcome of this experiment (Figure S4),
the parent aptamer of S1 (75-mer), and truncated aptamer of S13
(45-mer) and S14 (44-mer) were selected for further studies.

Assessment of cross-reactivity of aptamers

The top three aptamer candidates (S1, S13, and S14) selected for their
high binding aptitude were assessed for their ability to selectively
recognize spike trimer protein. The binding of these aptamer candi-
dates were evaluated with various viral proteins, namely human im-
munodeficiency virus envelope (HIV-E) protein (both monomer
and trimer form), monomeric and trimeric (fused with T4 fibritin
motif) hemagglutinin (HA) protein (a spike-like protein) of influenza
virus, and FL spike protein of MERS coronavirus. In addition to this,
we have also used human serum albumin (HSA) and receptor binding
domain (RBD) of the spike protein of SARS-CoV-2 to establish the
selectivity of these aptamer candidates. The purity of these proteins
was assessed using SDS-PAGE and western blotting (Figure S1).
Interestingly, all aptamer evinced a highly selective response in the
presence of spike trimer protein, and no significant cross-reactivity
was observed with other viral proteins (Figures 2A–2C). Further,
none of the aptamers showed any binding to spike RBD indicating
that aptamers are binding to their respective aptatopes located on
the spike trimeric protein other than the RBD portion. Taking
together, these results unequivocally demonstrated the high selec-
tivity of these aptamers for spike protein.

Analytical performance of selected aptamer candidates

To determine the low-end detection limit of selected aptamer candi-
dates, we measured the response of each aptamer in the presence of a
range of spike trimer proteins (2–500 nM). It is evident from Figures
2D–2F that all aptamers can detect as low as 2 nM of the spike anti-
gen. To establish a dynamic linear range, we plotted the aptamer
response OD450 nm as a function of spike antigen concentration.
All three aptamers demonstrated a linear dynamic range from the
concentration of 0.5 to 125 nM with a linearity regression coefficient
(r2) of > 0.9226 (Figure S5). Next, we assessed the binding of these
three aptamers along with a control oligo in RT-PCR positive (n =
5) and negative (n = 10) NP swab samples. This data clearly shows
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 323
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Table 1. Truncated sequences for all selected aptamers

Aptamer Sequence 50-30 Bases

S1
TGGGAGGATTCGGCGCATGGGGA
CGGGGGTGGCCCCCCCCCCTC

44

S2
TGGACATCAGGGTTCCTGTTGGG
CTTGACGGCCTGGGTTCGGTA

40

S3
TCGGGAAAGTGTAGGAACAAATTC
AAGATCAGGGGGGGGGCGAGCC

46

S4
TCGGGTGTTTAATAGTTAGGGTGG
GGGTGGTTCGAAGTTGGG

42

S5
TCAATTGCGGGGGACATCTTTCGG
CATGTATGGCCGATATGCGT

44

S6
TTACAATTTACCAGTCTGGCTCAAC
GTGTGCTCTAGAGCTTGGG

44

S7
TCGACTTAATACGTCTATACCAAACA
CCCCCAACAAAACGTCCC

44

S8
TGGAAGGGCACAAAGTGACGAATGG
GTGTATTTGGATGGGCTG

43

S9
TCGACTTATGACAATCAATATAAAA
CCCGAAAATGGCCTGCCCC

44

S10
TCGTAGGGGGGCCAGAGATGGGGC
CGGGTCCTGCCGGCTGCCAC

44

S11
TGGGGCAGAGGGGGAAATGGCGG
TGTAGGTACTCGGGTTGTGGG

44

S12
TCGAAAGTGTGCCGGCCGCGTGA
AGCGAGCCGATGGGGTCATGC

44

S13
TCGTTGGTGGCGGCGTGCCCGGG
GCACGGGGACGTCTCGCACGGC

45

S14
TGGGAGCCTGGGACATAGTGGGGA
AAGAGGGGAAGAGTGGGTCT

44
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that S13 and control oligo were not as efficient as S1 and S14 (Fig-
ure 3A) in detecting the spike trimer antigen in the clinical specimens.
Hence, aptamer S1 and S14 were selected for further binding studies.

Bio-layer interferometry (BLI)

To determine the strength of aptamer and spike trimer antigen inter-
action, we have determined the dissociation constant of selected ap-
tamer (S1 and S14) candidates using BLI. It is a label-free technology
to measure biomolecular interactions in real-time. The 50 biotinylated
aptamer was immobilized on a streptavidin (SA) sensor, and spike
trimer protein at various concentrations (7.4–600 nM) was used as
an analyte. The aptamer evinced a very tight binding with the spike
protein, which is characterized by a KD in low nanomolar range using
an appropriate (1:1) ligand binding model (Figure 3B). The aptamer
S14 evinced �3-fold higher affinity (KD = 21.8 nM) then S1 (KD =
68.9 nM). Considering the higher affinity of aptamer S14, it was
selected for further evaluation.

Assessment of batch-to-batch variation

Being a synthetic molecule, aptamers are considered to have an addi-
tional advantage over their antibody counterpart viz negligible batch-
to-batch variation. However, in most of the aptamer-based diagnostic
studies, data on the batch-to-batch variation of aptamers are
324 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
missing.4,24–27 Therefore, in the current investigation, we have as-
sessed the seven different batches of aptamer S14 obtained from three
different manufacturers to evaluate their batch-to-batch variation
(Figure 3C). Interestingly, no significant variation was observed in
terms of aptamer binding to its cognate target. This data strongly in-
dicates the reproducibility of aptamer performance regardless of its
batches.

Aptamer-based detection of spike trimeric antigen in NP swab

samples

To establish the real clinical utility of lead aptamer candidate (S14), its
diagnostic potential was assessed in blinded manner on 232 NP swab
samples obtained from COVID-19 suspects. In parallel, a gold stan-
dard test (real-time PCR) was also performed on these samples. To
achieve a �98% specificity, we derived a cut-off (0.104) using a
receiver operating characteristic (ROC) curve. The ROC curve ex-
hibited an area under the curve equivalent to 0.99, indicating the
robustness of the assay.28,29 Based on the ROC derived cut-off, the
performance of the assay was determined. The aptamer S14 demon-
strated �91% sensitivity with �98% specificity using real-time PCR
as gold standards. These results clearly indicated the translational
value of the aptamer candidate for the detection of SARS-CoV-2
infection (Figure 3D; Table S2).

Structural characterization of aptamers and its interaction with

the spike protein

In order to gain structural insight of S14 aptamer, its secondary struc-
ture was predicted by RNAfold server using DNA parameters and
G-quadruplex prediction options (Figure 4A).30 The minimum free
energy (MFE) predicted secondary structure of S14 contains a stem-
loop-like structure with guanine -cytosine/guanine-thymine (GC/
GT)-rich sequence formingG-quadruplex in the loop region. Interest-
ingly, aptamer S14 has high guanine content; therefore, its G-quadru-
plex-forming ability was also checked using QGRS mapper and G-
score was determined. QGRS mapper results indicated that S14 ap-
tamer can form multiple overlapping G-quadruplex motifs (Table
S3). To substantiate these observations, we subjected S14 aptamer to
circular dichroism (CD). The CD spectrum of S14 aptamer showed
a negative peak at�242 nm and positive peak at�261 nm (Figure S6),
signifying a parallel G-quadruplex DNA structure.31,32 Also, to assess
the effect of various salts on the binding of S14 aptamer, a variety of
buffers were prepared and CD spectra were collected for each buffer
condition. TheCD spectra highlighted the formation ofG-quadruplex
topologies in all the buffers including phosphate-buffered saline (PBS)
alone (without any cation, Figure 4B). Interestingly, in presence of po-
tassium and magnesium ions (buffer 6) G-quadruplex stabilization
was observed and is clearly evident as increase in CD intensity. These
observations are in concordance with previously published
reports.33,34

To check the interaction of S14 with the spike protein, we analyzed
CD spectra by using one concentration of the S14 aptamer with the
increasing concentration of spike protein. The CD spectra of S14
showed a decrease in the negative peak with an increase in the positive



Figure 2. Assessment of cross-reactivity and LOD for 3 best-performing aptamers

(A) S1, (B) S13, and (C) S14with SARS spike trimer, SARS spike-RBD,MERS FL-spike, HIV-Emonomer, HIV-E trimer, influenza HA-monomer, influenza HA-trimer, and HSA.

(D–F) Shown are LOD of all three aptamers with recombinant spike trimer (0–500 nM). *** represent statistical significance at p value (***p < 0.0001). To compare the binding,

we applied two-way ANOVA (n = 2) with multiple comparison. Error bars represent mean ± SD.
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peaks (Figure 4C). This change in CD spectra further affirmed the sta-
ble interaction of S14 with the spike protein of SARS-CoV-2
(Figure 4C).

To gain further insights into the molecular interaction of S14 with the
spike trimeric protein, we used the G-quadruplex-forming motif with
the highest G-score of 71 in the QGRS mapper prediction results for
the S14 aptamer structure prediction (Figure 4D). The complete
structure of the aptamer based on the parallel intra-molecular G-
quadruplex structural motif was constructed and used for molecular
docking analysis (Figure 5). Interaction analysis revealed the binding
of S14 aptamer in the S1 region of the spike trimeric protein. Specif-
ically, S14 binds between the N-terminal domain (NTD) of chain C
and RBD domain of chain B (PDB ID: 6VYB). A total of five H-bonds
(Table S4) were formed between the S14 aptamer and the spike
trimeric protein (Figure 6A). G27 and G32 of the G-quadruplex
loop regions interacted with the Thr376 (C) and Pro-463 (B), respec-
tively, while T16 formed an H-bond with Asn23 (C), and T1 formed
two H-bonds, one each with Pro39 (C) and Asp53 (C). The formation
of four hydrogen bonds with the NTD domain (Asn23, Pro39, Asp53,
and Thr376) of the C chain depicted the preferential interaction of
S14 aptamer with the NTD rather than the RBD of the spike protein
(Figure S7).
Effect of mutation on S14 aptamer

To investigate the impact of deletion of critical nucleotides as pre-
dicted by molecular modeling and docking studies, we have created
four mutants by mutating the parent aptamer S14. As T-16 was
one of the most interacting residues, it was deleted to generate
S14_M1 mutant. Further, to check whether the disruption of G-
quadruplex structure affected the binding of S14 with the spike
protein, we generated three mutants by substituting the central
guanine of G-tracts with thymine (S14_G4_M2), cytosine
(S14_G4_M3), and G substituted with T in only the two G-tracts
keeping intact the other two (S14_G4_M4; Table S5). On the CD
spectral analysis of these mutants, signature pattern of parallel
G-quadruplex was depicted by the S14_M4, while other three mu-
tants (S14_M2, S14_M3, and S14_M4) showed a typical CD spec-
trum of a B-DNA (negative peak �250 nm and positive peak
�275 nm). For the sake of comparison, two control oligo having
parallel G-quadruplex structure were also subjected to CD analysis
(Figure 6B).33 Interestingly, on comparing the binding of these
mutants with the spike protein, we observed �31%, �25%, and
�13% reduction in binding of S14_M3, S14_M4, and S14_M2
respectively highlighting the role of G-quadruplex formation in
spike protein interaction. On comparing the S14_M1 mutant’s
binding with the S14 aptamer, the observed �13% reduction.
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 325
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Figure 3. Binding efficiency, kinetics, batch-to-batch variability, and detection efficiency of aptamers

(A) S1, S13, S14, and control aptamer for the detection of spike antigen in RT-PCR negative (n = 10) and positive (n = 5) by ALISA in NP swab samples. (B) Binding kinetics of

aptamer S1 and S14 with spike antigen at 3-fold dilution for the determination of binding affinity (KD) using Bio-Layer Interferometry (BLI). (C) Determination of batch-to-batch

variability of aptamer S14 by ALISA, seven different batches were tested. (D) Detection efficiency of S14 aptamer in RT-PCR negative (n = 188) and positive (n = 44) NP swab

samples by ALISA. Receiver Operating Characteristic (ROC) curve showing specificity (~98%) and sensitivity (~91%) of the test. To compare the binding, unpaired t test was

applied. **** represent statistical significance at p value (****p < 0.0001). AUC represents area under curve. Error bars represent mean ± SD.
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This data clearly indicate that mutations introduced in S14_M3
and S14_M4 are more detrimental to aptamer binding compared
to other mutants (Figure 6C).

DISCUSSION
Currently available antigen detection tests are antibody-based and
have moderate sensitivity and specificity. A good antigen test is
needed as it provides direct evidence of the presence of the path-
ogen.35 Because spike trimeric protein is present on the viral surface
and plays a critical role in host cell entry, it is considered an attractive
biomarker to diagnose SARS-CoV-2 infection.36 More recently, an
attempt has been made to develop aptamers against the surface pro-
tein of other respiratory viruses like influenza and respiratory syncy-
tial virus (RSV), but their clinical diagnostic potential was not demon-
326 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
strated.37,38 To the best of our knowledge, there is no report on the
application of aptamer as a diagnostic reagent to detect SARS-CoV-
2 spike trimeric antigen in clinical specimens (NP swabs). More
recently, Song et al.24 have reported the spike RBD binding aptamers,
but their diagnostic utility was not demonstrated. Further, in compar-
ison to RBD region, the complete spike trimer is a large protein that
provides ample aptatopes (epitopes) and may allow better binding of
aptamers. Thus, in the current investigation, we have used the spike
trimeric protein as a target for aptamer generation. As expected, the
talon bead-based SELEX approach evince high binding aptamer pop-
ulation enriched against the antigen, the specificity of the enriched
population was delineated by comparing the binding with a similar
protein (MERS spike). On cloning and sequencing, the R6 aptamer
pool resulted in the identification of a panel of aptamers that evinced



Figure 4. Secondary structure prediction of S14

aptamer

(A) RNAfold server by enabling DNA and G-quadruplex

parameters to predict the secondary structure of S14 ap-

tamer. (B) CD spectrum for S14 aptamer in different buffers

namely buffer 1 (red), buffer 2 (green), buffer 3 (yellow),

buffer 4 (blue), buffer 5 (pink), buffer 6 (cyan), buffer 7 (gray),

and buffer 8 (brown). (C) CD titration spectrum for S14

aptamer and increasing concentration of spike trimer pro-

tein up to the ratio of DNA aptamer (D)/protein (P) = 1:5. (D)

The G-quadruplex motif in the S14 aptamer sequence and

its G-score predicted using QGRS Mapper. The blue un-

derline guanines participated in the G-quadruplex forma-

tion.
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high binding to spike protein. Interestingly, post-SELEX optimization
yielded two truncated aptamers (S13 and S14) that demonstrated
excellent binding and selectivity for spike trimer protein without
any cross-reactivity with spike protein ofMERS coronavirus, HA pro-
tein of influenza virus, HIV-E, and HSA. Surprisingly, upon trunca-
tion of aptamer, the binding of aptamer S1 was compromised while
the binding of S13 and S14 aptamers remain unaltered. This observa-
tion clearly indicates the role of PBD in S1 aptamer binding while
truncation of PBD did not affect the binding of S13 and S14 aptamers.
These findings are in concordance with the previously reported
studies, which highlight the cooperative contribution of aptamer
binding to its target.19,39 Analytical sensitivity of diagnostic reagent
is an important parameter that is usually defined by the lowest
possible concentration of antigen detected by a molecular recognition
element. The S1, S13, and S14 aptamers developed in the current
study displayed an impressive limit of detection (LOD, 2 nM) with
a linear dynamic range of 0.5–125 nM. The LOD of these aptamers
are comparable to that of other antigen-binding aptamers reported
in the literature.23,40,41

However, when these three aptamers were tested for their clinical
diagnostic potential, the discriminatory response of aptamer S13
was inferior in comparison to the other two (S1 and S14) ap-
tamers. This is possibly because of the matrix effect.42,43 When af-
finity of S1 and S14 for spike trimer protein was compared, S14
aptamer was found to be superior over S1. High selectivity and af-
finity of S14 aptamer against the spike trimeric protein can be
attributed to the presence of a strong G-quadruplex motifs (G
score = 71) in comparison to the S1 and S13 aptamers. CD spectra
analysis further corroborated the formation of parallel G-quadru-
plex topology in the S14 aptamer. In addition to this, CD spectra
also reveal the role of cations in the stability of S14 aptamer sec-
ondary structure. In silico modeling analysis revealed a long
single-stranded tail at the 50 end followed by the formation of a
parallel G-quadruplex motif at the 30 end. To strengthen these
Molecular Thera
findings, G-quadruplex-forming region of S14
aptamer was disrupted that resulted in the
compromised binding with the antigen. Molec-
ular docking revealed the binding of S14 with
the S1 domain of the spike trimeric protein, where the aptamer in-
teracted with the four amino acids in NTD of the C chain of spike
trimeric protein. Thus, in silico analysis revealed the preferential
binding of S14 with the NTD and was in accordance with the
ALISA results, where no binding was observed with the RBD
domain of spike protein (Figure 2; Figure S7).

Finally, the performance of the lead aptamer candidate (S14) was as-
sessed in NP specimens obtained from COVID-19-suspected subjects.
Importantly, the aptamer-based ALISA demonstrated very high sensi-
tivity and specificity (�91% sensitivity with �98% specificity). This
finding indicates comparable efficiency to that of RT-PCR based assay.
Further, the performance of ALISA developed in the current study was
also compared with other reported antigen and nucleic acid-based
diagnostic assays (Table S6). Besides the reported diagnostic assays,
the performance of the S14 aptamer in terms of specificity and affinity
was found comparable with aptamers developed for viral neutraliza-
tion.44,45 The importance of S14 aptamer generated in the current
study is underlined by the fact that S14 has not only shown high selec-
tivity and affinity for spike trimer in buffer conditions but also per-
formed equally well in the patient-derived clinical samples (NP
swabs), while no previous study has shown the clinical evaluation of
aptamers. Taken together, the current study strongly indicates the
clinical utility of the ALISA for the diagnosis of SARS-CoV-2 infec-
tion. Another important finding of this study is that the spike trimeric
binding aptamer, being a synthetic molecule, has not evinced any
batch-to-batch variation, which is a vital attribute for a diagnostic re-
agent. In addition to this, the developed assay can deliver sample-to-
answer within �5 h with an ability of high throughput screening.
Therefore, this assay can be considered a POC test.46 Unlike molecule
diagnostic test that requires extraction and amplification of nucleic
acids that demands high-end equipment and infrastructure while
ALISA can be operated at routine diagnostic laboratories and health
care centers. Interestingly, ALISA developed in this study is compat-
ible with the currently used sample collection strategy that does not
py: Nucleic Acids Vol. 26 December 2021 327
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Figure 5. Molecular structure of S14 aptamer constructed based on the best score G-quadruplex motif with the extended chains at 50 and 30 ends
(A) The pictorial representation of the aptamer. (B) Optimized tertiary structure of S14. (C) Top view of S14 depicting the stacking of the G-quartets.

Molecular Therapy: Nucleic Acids
require a specialized VTM while commercially available antibody-
based antigen detection tests only work with their customized
VTM.4,47 These important qualities may allow the rapid scale-up of
a diagnostic test along with consistency in the performance. With
the aforementioned advantages associated with aptamers, it has high
translational value to be used as an accurate diagnostic test for
SARS-CoV-2 to extend our testing capabilities.

Conclusions

Development of an effective vaccine or a drug candidate is a lengthy
process as it involves the identification of vaccine/drug candidate, opti-
mization of the same, and validation of the potential vaccine/drug
candidate in the animal model followed by clinical trials.12 In the
absence of a vaccine or drug molecule, the number of cases of SARS-
CoV-2 may increase day by day across the globe. Considering this sit-
uation, the best possible option available to manage this disease is to
curtail the viral transmission. This requires rapid and accurate identi-
fication of infected persons in a community by employing a robust
diagnostic assay. Current diagnostic tests have one or the other limita-
tions such as high turnaround time, low sensitivity or specificity, batch-
to-batch variation, dependence on highly skilled manpower, and
expensive molecular probes and other reagents. To extend our testing
capabilities for SARS-CoV-2, we need a method that could detect the
presence of the viral pathogens accurately and can be scaled up rapidly.
In the current study, we have developed a high-affinity G-quadruplex-
forming DNA aptamer for the spike trimeric protein of SARS-CoV-2.
The diagnostic utility of the developed aptamer was demonstrated in
the NP specimens. The aptamer-based assay indicates its high transla-
tional value for the detection of SARS-CoV-2. At an estimated cost of
�$2–3 USD/test, we believe this test will supplement our ongoing ef-
forts to tackle the COVID-19 pandemic.
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MATERIALS AND METHODS
Reagents and Chemicals

All routine reagents were procured from Sigma Aldrich, USA, unless
otherwise mentioned. Oligonucleotides used in the study were pro-
cured from Integrated DNA Technologies (IDT, USA), Bioserve Bio-
technologies (India), and Macrogen (South Korea). 96-well plates
(MaxiSorp) were procured from Nunc, USA. Polyvinylidene fluoride
(PVDF) membrane was obtained fromMerck, USA. Bovine serum al-
bumin (BSA) and nuclease free water (NFW) were procured from Hi-
media Laboratories, India. 3, 30, 5, 50-tetramethylbenzidine (TMB; BD
OptEIA)was procured fromBDBiosciences,USA. PCRmastermixob-
tained from EmeraldAmp PCR master mix TakaraBio, Japan.
Following antibodies are used in this study: anti-His antibody (Thermo
Fisher Scientific, USA), anti-HIV-1 gp120 Env (ABLinc, USA), anti-
HSA monoclonal antibody (R&D Systems, USA).
Expression and purification of SARS-CoV-2 prefusion-stabilized

spike trimer

Prefusion stabilized ectodomain construct of SARS-CoV-2 spike trimer
was a gift from Barney S. Graham’s lab (NIH).48 The ectodomain
construct with 2P mutation, C-terminal T4 fibritin trimerization motif
to stabilized trimeric conformation, andTwin StrepTag and8X-HisTag,
was expressed in fully glycosylated form through mammalian expres-
sion system (Expi 293 cells, Thermo Fisher, USA) following the manu-
facturer’s protocol. Briefly, Expi293 cells were transfected with plasmid
DNAusingExpiFectamine293TransfectionKit (ThermoFisher,USA).
The transfected supernatant with secreted protein was harvested 6 h
post-transfection by centrifugation of the transfected culture. The har-
vested supernatant with spike trimer was loaded onto Ni-NTA agarose
(QIAGEN, USA), equilibrated with 50 mM Tris-HCl pH 7.4 and



Figure 6. Molecular interaction and mutational analysis for S14 aptamer

(A) S14 aptamer with the FL spike trimer protein (surface representation). A, B, and C chain of spike protein is colored blue, raspberry, and sea green, respectively, while

aptamer is colored on the basis of its nucleotide composition using ChimeraX 1.0. The interacting residues are represented by stick representation with the H-bonds in red

color. (B) CD spectrum for S14 mutants namely S14_M1 (yellow), S14_M2 (blue), S14_M3 (pink), and S14_M4 (cyan) with two control aptamers (red and green) and parent

S14 (gray). (C) Impact ofmutations on aptamer binding to spike antigen. Binding of eachmutant was compared against parent aptamer S14. In this experiment binding of S14

aptamer to spike antigen was considered as 100%. Error bars represent mean ± SD.
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100 mM NaCl at 4�C temperature utilizing gravitational flow, the col-
umn was washed further with equilibration buffer, and protein was
eluted with elution buffer containing 500 mM Imidazole. The purity
of eluted fractions was assessed on SDS-PAGE and western blotting us-
ing “SARS/SARS-CoV-2 Coronavirus Spike Protein (subunit 1) Poly-
clonal Antibody” (Thermo Fisher Scientific, USA). Ni-NTA purified
fractions were then pooled and dialyzed against 1� PBS. The dialyzed
spike trimeric protein was further subdivided into small aliquots,
snap-frozen in liquid nitrogen, and stored at�80�C until further use.

Aptamer development through SELEX

A Talon bead-based SELEX strategy was followed for aptamer selec-
tion as described previously with few modifications.49 A mixture of
aptamer libraries were used that had a central core of 41–44 nucleo-
tides (N41–N44) and flanked by 18-mer PBD on either side to enable
DNA amplification by PCR using DRF as forward primer (forward,
50-GTCTTGACTAGTTACGCC-30) and DRR as reverse primer
(reverse, 50-GAGGCGCCAACTGAATGA-30).31 From the PCR am-
plicon ssDNA was prepared using ribo-linkage containing reverse
primer followed by alkaline lysis and Urea-PAGE as described previ-
ously.31 To select aptamers against the spike trimer, aptamer library
was annealed and used for negative selection with talon-beads fol-
lowed by positive selection using His8-tagged spike trimer (10 mg) im-
mobilized on talon beads in BB (1� PBS pH 7.4, 10 mM MgCl2,
50 mM KCl, 25 mM NaCl). The spike binding aptamer pool was
eluted and enriched as described previously.31 This enriched pool
of aptamer was made single stranded and used for next round of SE-
LEX. After six rounds of selection, the aptamer pool was cloned in
pTZ57R/T vector system (Thermo Fisher Scientific InsTAclone
PCR cloning kit) and transformed in E. coli DH5a. The obtained col-
onies were randomly picked and analyzed by DNA sequencing.

ALISA

In brief, 125 ng/well spike trimer protein was coated in 96-well plates
at 37�C for 2 h in 1� PBS. Wells were blocked with 1% BSA in BB for
1 h at RT. After blocking, wells were washed with BB once, and then
50 picomoles of biotin labeled aptamers were added to each well for
1 h at RT. The wells were washed four times with wash buffer (WB;
BB supplemented with 0.5% T-20). Streptavidin-horseradish peroxi-
dase (HRP) was added at 1:3,000 dilutions with 0.05% T-20 to each
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 329
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well and incubated for 1 h at RT. Post incubation; wells were washed
with WB and were developed using 100 mL TMB substrate. The reac-
tion was quenched using 5% H2SO4, and optical density (OD) was
measured at 450 nm on ELISA reader. DOD 450 nm estimated by
subtracting OD 450 nm of appropriate negative controls (aptamer
control, antigen control, etc.) was plotted.
Evaluation of cross-reactivity of DNA aptamers

To assess the cross-reactivity of SELEX-derived aptamers with other
antigens, we selected the three best performing aptamer candidates.
The cross-reactivity of these three aptamer candidates was assessed
with various antigens, namely, RBD of SARS-CoV-2, MERS spike,
HIV-E monomer, HIV-E trimer, Influenza HA monomer, Influenza
HA trimer, andHSA in an ALISA as described in the previous section.
Analytical sensitivity of aptamers

The analytical sensitivity of the three best performing aptamer candi-
dates was determined in terms of the lowest concentration of antigen
detected by these aptamers. Briefly, a range (2–500 nM/well) of spike
trimer protein was coated on 96-well plates and binding of each ap-
tamer candidate was assessed across the aforementioned range of pro-
tein concentration in an ALISA. Finally, OD450 nm was plotted as a
function of spike trimer concentration to determine the low-end
detection limit of each aptamer candidate.
Clinical diagnostic application of aptamers

NP swabs (n = 232) collected at clinical sites for COVID-19 investi-
gation were subjected to RT-PCR at the bioassay laboratory, THSTI.
NP swabs were parallelly tested using aptamer-based assay (ALISA)
in a blinded manner. The sample was decoded after the completion
of ALISA. Next to this, ALISA data were compared with RT-PCR
data. Briefly, NP swab samples were diluted 1:25 (12 mL VTM +
288 mL 1� PBS) at final volume of 300 mL and incubated for 2 h at
37�C. Post incubation, wells were washed with BB, and the remaining
procedure for ALISA was same as described above. All participants
were enrolled after a duly informed consent process and Institute
Ethics Committees of the participating research institutes and hospi-
tals (DBT research consortium) approved, THS 1.8.1/ (91) the proto-
cols for this study.
BLI

BLI experiments were done using Octet Red96 instrument (ForteBio,
USA). A 25 nMconcentration of aptamer S1 and S14were immobilized
on a streptavidin-coated biosensor surface. The reference sensors were
blockedusingbiotinylatedBSA (50mg/mL) to reducenon-specific back-
ground binding. The baseline interference phase was obtained by mea-
surements taken for 60 s in BB supplemented with 0.02% Tween-20.
Next to this, the sensors were subjected to association phase immersion
for 300 sec in wells containing different concentrations of spike trimer
diluted in BB. Following the association phase, the sensors were
immersed into BB for an additional 300 sec to estimate the dissociation.
The Kon, and apparent KD values of the aptamers S1 and S14 were esti-
mated to establish their binding affinities for spike trimer. KD value was
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determined utilizing 1:1 globalfitmodel. The fittingswere considered to
be satisfactory if c2 < 0.5. Graphs were plotted using Origin v8.0.

CD spectral analysis

To analyze the secondary structure of the aptamers, we performed CD
using Jasco J-1500 spectrophotometer (Jasco Hachioji, Tokyo, Japan)
equipped with a Peltier temperature controller.50 A continuous supply
of nitrogen gas was purged to avert water condensation around the
cuvette, if any. The aptamer samples were dissolved in the BB with a
working concentration of 20 mM and spectra was analyzed in a
2 mm cuvette in a range of 200–340 nm. Scanning speed was fixed
at 20 nm/min. To nullify the BB effect on the spectra, we obtained a
blank spectrum for the BB and subtracted it from the spectra of the ap-
tamer. In addition to this, to assess the effect of salt, various buffers
(pH 7.4) were prepared in different combinations of salt viz buffer 1
(1� PBS only), buffer 2 (1� PBS + 10 mM MgCl2 + 25 mM NaCl +
50 mM KCl), buffer 3 (1� PBS + 10 mM MgCl2), buffer 4 (1�
PBS + 50 mM KCl), buffer 5 (1� PBS + 25 mM NaCl), buffer 6 (1�
PBS + 10 mM MgCl2 + 50 mM KCl), buffer 7 (1� PBS + 25 mM
NaCl + 50 mM KCl), and buffer 8 (1� PBS + 10 mM MgCl2 +
25 mMNaCl) for CD spectra of S14 in these buffers. Also, CD spectra
was obtained to observe the target-dependent changes occur in the
structure of aptamer in response to increasing concentration of spike
antigen. CD graphs were plotted using Sigma Plot v8.5.

Structure prediction of S14 and its molecular docking with the

spike trimer

The best performing aptamer candidate (S14) was analyzed for its
G-quadruplex-forming propensity using QGRS Mapper.51 The pa-
rameters used for the prediction was a minimum G-tract of 3Gs
with a loop length of 7 and a maximum length of 45 bases. The G4
motif with the highest G-score was selected for its structure prediction
using the 3D-Nus server.52 The extra 50 and 30 nucleotide bases were
added using Discovery Studio v4.0 (DS).53 The resultant structure was
energy minimized by exploiting the conjugate gradient algorithm in
DS. Molecular docking of the S14 aptamer with spike trimer protein
(PDB ID: 6VYB) was performed using standalone Hex 8.0.0 software
on a Linux environment. The docked complex was analyzed by using
ChimeraX 1.0 and open source Pymol.

S14 aptamer mutant’s analysis

Structure guided four structural variants of S14 (S14_M1, S14_M2,
S14_M3, and S14_M4)were generated by disrupting theG-quadruplex
forming region. Binding of each of these mutants were compared with
parent aptamer S14 by ALISA as described in the previous section.

Statistical analysis

All experimental data are represented as mean ± SD determined using
GraphPad Prism v7.0 software. To evaluate the diagnostic potential of
SARS-CoV-2 spike trimer in ALISA, we used OD450 values obtained
in NP swabs from suspected COVID-19 patients to construct a ROC
curve using GraphPad Prism. The cut-off points were derived to
achieve R98% test specificity. The test sensitivity was calculated on
this cut-off point using real-time PCR as a gold standard.
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