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A universal aptamer against spike-proteins of diverse SARS-CoV-2

variants was discovered via DNA SELEX towards the wild-type (WT)

spike-protein. This aptamer, A1C1, binds to the WT spike-protein or

other variants of concern such as Delta and Omicron with low

nanomolar affinities. A1C1 inhibited the interaction between hACE2

and various spike-proteins by 85–89%. This universal A1C1 aptamer

can be used to design diagnostic and therapeutic molecular tools to

target SARS-CoV-2 and its variants.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
uses its spike-protein to attach to the host cell via human
angiotensin converting enzyme 2 (hACE2). The viral infection
can be stopped by designing an inhibitor that can block the
interaction between the spike-protein and hACE2. As shown in
Fig. 1, one spike-protein trimer includes three spike-proteins,
and each of them is composed of the subunits S1 and S2. S1
consists of S1A and S1B (Fig. 1A), in which S1B, also called
the receptor-binding domain (RBD), establishes the direct
interaction with hACE2.1 Additionally, the S2 subunit plays a
function in mediating the fusion of the viral membrane to the
host cell. Therefore, virus entry is accomplished via a cascade of
events, i.e., S1 binds to hACE2, which then triggers S2 to change
its conformation to a more stable post-fusion state and allows
viral entry into the host cell.2–4 Since S1 directly interacts with
hACE2, many research groups have been actively working
to discover various biomolecules such as antibodies5–10 or
aptamers11–16 to effectively block the interaction between S1
and hACE2.

Aptamers are single-stranded oligonucleotides that can fold
into complex 3D structures, enabling them to specifically
recognize unique targets, including proteins, nucleic acids,
small molecules, and even cells.17–19 Aptamers are selected
from a large random pool of polynucleotides via an iterative

selection process called Systematic Evolution of Ligands by
Exponential Enrichment (SELEX).20,21 DNA aptamers are less
expensive to produce than antibodies and can be manufactured
using general chemical synthesis.22–27 DNA aptamers also have
low immunogenicity, in comparison to antibodies; hence, DNA
aptamers can be a useful molecular tool in disease therapeutics
and diagnostics.

In this work, we used the WT spike-protein as the target and
performed an in vitro selection to isolate aptamers (Fig. 2A).
The initial pool of DNA libraries contained B1015 unique
sequences of a 40-nucleotide randomized region. After each
round of selection, the winner DNA library was amplified by
PCR reaction. After the second selection round, the counter-
selection with the unembellished Ni-NTA magnetic beads was
employed to remove the nonspecific library in every other
selection round. The additional details of the selection process
are provided in Fig. S1 and Table S1 (ESI†). Moreover, we
incrementally decreased the target to library ratio from 2.4 : 1
in round 1 to 1 : 5 in round 10 to favor the selection of high-
affinity anti-spike-protein aptamers. After 10 rounds of in vitro
selection, the enriched library was obtained (Fig. S1, ESI†). The
binding capabilities of all enriched DNA toward spike-protein
were evaluated by a fluorescence plate reader after the 7th

Fig. 1 The schematic representation of the interplay between the wild
type (WT) SARS-CoV-2 spike-protein, hACE2 and A1C1 aptamer (not in a
scale). (A) The interaction between the trimeric spike-protein and hACE2.
The three S1B, S1A, and S2-subunits of the trimeric spike-protein are
depicted in cyan, orange, and blue colors, respectively (PDB code 6vxx).
The hACE2 (PBD code 6mOj) is depicted in magenta color. (B) Demon-
stration of SARS-CoV-2 neutralization using the A1C1 aptamer (red). The
actual binding site of A1C1 on spike-protein is uncertain.
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selection round. Briefly, the 6-FAM-ssDNA was subjected to
binding to the His-tagged WT spike-protein coupled with anti-
His-tagged biotinylated sera-mag magnetic streptavidin-coated
beads (Fig. S2A, ESI†). After washing, the 6-FAM-ssDNA library
was eluted from the complex, and fluorescence emission
(lmax = 520 nm) was measured using the Clariostar microplate
reader. As shown in Fig. 2B, the fluorescence signal signifi-
cantly increased from the 7th round to the 8th round, and it
consistently increased to its maximum at the 10th round. In
addition, the His-tagged spike-protein was immobilized on a
nickel-nitrilotriacetic acid (Ni-NTA) resin and incubated with 6-
FAM-ssDNAs (Fig. S2B, ESI†). After washing, the resin was
subjected to fluorescence imaging. As shown in Fig. 2C and
Table S2 (ESI†), the pool from the 9th and 10th rounds
displayed a stronger fluorescent signal in comparison to the
8th round. Furthermore, the 6-FAM-labeled ssDNA from the

10th round did not bind to the control His-tagged protein
immobilized on the Ni-NTA resin. This implies that there is
high binding capability and specificity of the ssDNA library
from the 10th round toward the spike-protein. The above data
indicate that after 10 rounds of SELEX, we obtained a promis-
ing aptamer candidate pool with good binding ability against
the spike-protein. For this reason, the enriched aptamer candi-
date pool from the 10th round was cloned using a TOPO TA
Clonings Kit. The product of recombination was used to
transform E. coli component cells, and random colonies were
sequenced (Fig. S3, ESI†). The 50% and 16.7% of the total
sequence data were occupied by SA1 and SA2 sequences,
respectively (Table S3, ESI†). Both consensus sequence motifs
contained multiple GGG, GG, CCC, or CC repeats. The second-
ary structures of all aptamers are shown in Fig. 2D. In addition,
we also determined the specific binding of the 6-FAM-labeled
A1C1 on spike-protein using fluorescence microscopy (Fig. 2E).
For fluorescence imaging, the Ni-NTA/WT spike-protein
complex was incubated with 100 nM 6-FAM-A1C1 DNA for 30
minutes and washed 3 times before collecting fluorescence
images by a digital inverted fluorescence microscope (Invitro-
gen EVOS FL). The bright fluorescence image was observed
from the Ni-NTA/WT spike-protein complex in the presence of
the 6-FAM-A1C1 aptamer or the 6-FAM-ssDNA obtained from
the 10th round of selection. However, both failed to provide the
noticeable bright image when WT spike-protein was replaced
by control protein keeping all other experimental conditions
the same. These experimental results indicate that A1C1 is
specifically bound against WT spike-protein with potentially high
affinity. We optimized the predominant sequence SA1, originally
obtained by the selection process, by deletion of redundant
nucleotides to obtain the aptamer A1C1. The sequences of all
aforementioned aptamers are provided in Fig. 2F.

Next, the binding capability of the A1C1 aptamer toward the
WT spike-protein was further evaluated by a gold nanoparticle
(AuNPs) based colorimetric assay (Fig. S4A, ESI†). The detailed
mechanism and kinetics of the interaction between aptamer
and AuNPs that prevents AuNPs from aggregating have been
extensively characterized by Nelson and Rothberg.28 In this
work, briefly, when the WT spike-protein was added into the
colloids of AuNPs, NaCl, and A1C1 aptamers, the A1C1 aptamer
was preferably bound to WT spike-protein causing the aggrega-
tion of AuNPs. The wine-red color of the AuNPs colloids was
intact for more than 48 hours in the presence of 1.5 M NaCl and
250 nM A1C1 aptamer. However, it dramatically changed into
blue or purple color within 5 minutes of adding 250 nM of the
WT spike-protein (Fig. S4B, ESI†). Besides visual color change,
UV-vis measurement was also employed to measure the effect
of various proteins to the colloids of AuNPs, A1C1, and NaCl
(Fig. S4C, ESI†). The WT spike-protein caused the significant
redshift of the characteristic peak of AuNPs colloids located at
520 nm. The WT S1 and WT S2-proteins also caused some
redshift to the 520 nm peak, but it was not as obvious as the
redshift caused by the WT spike-protein. This states that A1C1
preferably binds to the intact WT spike-protein over the single
WT S1 or S2 protein domain. Next, we performed the

Fig. 2 Selection and characterization of anti-spike DNA aptamers. (A)
SELEX scheme for the selection of aptamers against the WT spike-
protein. (B) The fluorescence intensity of the ssDNA library increased over
selection rounds, indicating the enhanced binding capability. The fluores-
cence emission was measured at lmax = 520 nm. (C) Fluorescence imaging
of spike-protein/Ni-NTA beads in the presence of the 6-FAM-ssDNA
library. The libraries were obtained from the 0th, 7th, 8th, 9th, and 10th
rounds, respectively. It shows that the spike-specific pool is satisfactorily
enriched after the 10th round of selection. The control protein does not
display a fluorescence signal. (D) The secondary structures of the anti-
spike aptamers were obtained using NUPACK. (E) Fluorescence image of
the 6-FAM-A1C1 aptamer and Ni-NTA resin beads coupled with the WT
spike-protein and control protein. Brighter fluorescence images from the
beads coupled with the WT spike-protein shows that the 6-FAM-A1C1
specifically and effectively bound to the WT spike-protein. (F) Nucleotide
sequences of the anti-spike aptamers. The A1C1 aptamer was optimized
from SA1 by deleting redundant nucleotides (dotted ones) while aptamers
SA1 and SA2 are the original aptamers obtained via selection process.
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fluorescence imaging study on Ni-NTA resin beads coupled
with the His-tagged S1, S2, WT spike-protein, and a control
protein (PD-L1), in the presence of the 6-FAM-A1C1 aptamer.
Fig. S5 (ESI†) shows that the A1C1 aptamer has no binding to
the control protein. It shows weaker but comparable binding to
isolated S1 or S2, and much stronger binding to the intact
spike-protein. The quantification analysis indicates that,
binding to the 6-FAM-A1C1 aptamer, S1, S2, PD-L1, and unem-
bellished Ni-NTA resin bead shows 34.4, 31.9, 7.6, and
5.5% fluorescence intensity, respectively, in comparison to
the normalized 100% fluorescence intensity produced by the
intact WT spike-protein (Fig. S5C, ESI†). Since A1C1 still can
bind to S1 or S2 alone, we assume that A1C1 may bind to the
junction site of S1 and S2 in the whole spike-protein. Further
study on the complex structure can provide more information.

To test the binding affinity of the A1C1 against WT, Delta,
and Omicron spike-proteins, we employed a flow cytometry
assay using the Ni-NTA magnetic beads (Fig. 3). The beads were
incubated with 200 nM target protein for 2 h, and it was washed
with the SELEX buffer. The Ni-NTA/protein complex was then
incubated with various concentrations (3, 10, 30, 100, 300, and
1000 nM) of the 6-FAM-A1C1 aptamer, and samples were
subjected to the flow cytometry measurement after washing.

When the A1C1 concentration was 3 nM, the Ni-NTA bead/
protein complex produced a weaker fluorescence signal. As
A1C1 concentration was increased from 3 to 100 nM range, the
fluorescence signal was significantly increased. However, it did
not apparently change when A1C1 concentration was increased
beyond the range of 100 nM. As shown in Fig. 3, A1C1 has a low
nanomolar binding affinity toward different spike-proteins. The
Kd values of A1C1 aptamers are 28.6, 25.1, and 19.8 nM, for the
WT, Delta, and Omicron spike-proteins, respectively.

Finally, The A1C1 aptamer was tested for its ability to block
the hACE2/spike-protein interaction in an ELISA competition
assay (Fig. 4A). Briefly, the ELISA wells were first coated with the
hACE2 protein. The A1C1 aptamer and spike-proteins (WT,
Delta, or Omicron) were then added simultaneously to the well
to measure the competition of the hACE2/spike-protein binding
over the A1C1/spike-protein interaction. After washing, the
amount of the residual spike-protein in each well was deter-
mined using the absorbance caused by the HRP-mediated
oxidation of the TMB. The amount of anti-His-tagged-HRP relies
on the residual spike-protein that bind to hACE2. Additional
control experiments were performed in the absence of the A1C1
aptamer or using a control pool of the random ssDNA library
obtained from the 1St round selection. The analysis from the
ELISA competition assay showed that approximately 89.1% of
WT, 87.3% of Delta, and 85% of Omicron spike-protein inter-
actions with hACE2 were inhibited by the A1C1 aptamer,
respectively (Table S4, Fig. 4B and Fig. S6, ESI†). The control

Fig. 3 The binding affinity of the 6-FAM-A1C1 aptamer against the (A–C)
WT, (D–F) Delta, and (G–I) Omicron spike-protein. (A, D, and G) The mean
green fluorescence emission intensity (XC) measured by the flow cytome-
try from the 6-FAM-A1C1 aptamer bound to the complex of Ni-NTA bead
and His-tagged spike-protein. (B, E, and H) The increment of XC values as a
function of 6-FAM-A1C1 concentration bound to the same quantity of Ni-
NTA bead/spike-protein complex. The error bars indicate the standard
deviation of XC values from the mean XC value of three trials (C, F, and I)
The binding affinity (Kd) of the 6-FAM-A1C1 aptamer against spike-protein
was determined by intensity vs concentration plot using the Origin
software.

Fig. 4 The determination of the inhibition efficacy of the A1C1 aptamer
against the hACE2/spike-proteins interaction. (A) The schematic repre-
sentation of the ELISA competition assay to measure the inhibition efficacy
of the aptamers (not to scale). The hACE2 is first coated to the well surface
(I); when the mixture of A1C1 aptamer and His-tagged spike-protein (top
panel) is added to the well, the binding potential of hACE2/spike-protein
interaction competes with the A1C1/spike-protein interaction (II); since
potential of the A1C1/spike-protein interactions exceeds that of hACE2/
spike-protein interaction, the spike-protein and HRP do not persist in the
well after washing (III); in the absence of HRP, TMB does not produce any
colored product (top panel). However, in the absence of aptamer, hACE2
has strong interaction with spike-protein, and color product is formed
(bottom panel). (B) The inhibition efficacy of the A1C1 aptamer or a random
DNA sequence is determined as an opposite function of the absorbance
caused by the color product. The blue color is formed due to HRP
mediated oxidation of TMB, which changes into yellow after adding 2 mL
of concentrated sulfuric acid. The absorbance is measured by employing
Clariostar microplate reader at lmax = 450 nm. For each sample, ELISA was
performed for three trials. The error bars indicate the standard deviation of
the absorbance from their mean observed in three trials. The A1C1
aptamer inhibits approximately 89.1, 87.3, and 85% of hACE2/spike-
protein interactions related to the WT, Delta, and Omicron respectively.
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experiments confirm that the hACE2/spike-protein interaction
can only be specifically inhibited by A1C1. Recently, it was
reported that the SP6 aptamer does not bind to the RBD of the
S1-protein, but it reduces pseudovirus infection by interfering
with the post-binding process of the pseudovirus to cells via an
RBD-independent mechanism.29 The inhibition mechanism of
our A1C1 is currently unknown. Most likely once A1C1 binds to
the spike-protein, it induces an allosteric effect on spike-protein,
affecting its binding with hACE2.

In summary, we isolated anti-spike-protein aptamers by in vitro
selection. The selected universal anti-spike protein aptamer, A1C1,
binds to WT, Delta, and Omicron spike-protein with uniformly
high affinity. Furthermore, the A1C1 aptamer can inhibit 85–
89.1% of the hACE2/spike-protein interaction includingWT, Delta,
and Omicron variants. Conclusively, the anti-spike-protein univer-
sal A1C1 aptamer could be used to design diagnostic and ther-
apeutic molecular tools to target SARS-CoV-2 and its variants and
possibly other coronaviruses that may emerge in future.
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