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Abstract: The coronavirus disease 2019 (COVID-19) pan-
demic has devastated families and disrupted healthcare,
economies and societies across the globe. Molecular recogni-
tion agents that are specific for distinct viral proteins are critical
components for rapid diagnostics and targeted therapeutics. In
this work, we demonstrate the selection of novel DNA
aptamers that bind to the SARS-CoV-2 spike glycoprotein
with high specificity and affinity (< 80 nM). Through binding
assays and high resolution cryo-EM, we demonstrate that
SNAP1 (SARS-CoV-2 spike protein N-terminal domain-bind-
ing aptamer 1) binds to the S N-terminal domain. We applied
SNAP1 in lateral flow assays (LFAs) and ELISAs to detect
UV-inactivated SARS-CoV-2 at concentrations as low as 5 �
105 copies mL�1. SNAP1 is therefore a promising molecular
tool for SARS-CoV-2 diagnostics.

Effective disease control of the COVID-19 pandemic,
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)[1] includes early detection of SARS-CoV-2
infections.[2] Despite the deployment of COVID-19 vac-
cines,[3] SARS-CoV-2 diagnostic tools remain critical for
reducing virus spread. Furthermore, advances in rapid
diagnostics enable better preparation for future pandemics.[4]

COVID-19 diagnostic tests for active infections include
molecular tests that detect viral RNA by nucleic acid

amplification, and rapid antigen tests that detect viral
proteins. While molecular tests are extremely sensitive and
specific,[5] rapid antigen tests are simpler to administer,
provide point-of-care results, and are less expensive than
molecular tests.[6] Rapid antigen testing reduces COVID-19
prevalence by an estimated 70% compared to unmitigated
growth.[7]

A major SARS-CoV-2 antigen detected by COVID-19
diagnostics is the spike (S) protein, a transmembrane glyco-
protein that protrudes from the viral envelope.[8] Antibodies
against SARS-CoV-2 S protein have been isolated,[9] and
mRNA encoding the S protein is the basis of FDA-authorized
mRNA vaccines.[10] SARS-CoV-2, a betacoronavirus, is
closely related to SARS-CoV, which caused the 2002–2003
Severe Acute Respiratory Syndrome epidemic, and more
distantly related to the MERS-CoV responsible for the 2012
Middle East Respiratory Syndrome outbreak, sharing � 72%
and � 35% sequence similarity, respectively, with the S
proteins of these viruses.[8b] The SARS-CoV-2 S protein is
composed of three identical monomers with two distinct
subunits.[11] Subunit 1 (S1) contains a receptor binding domain
(RBD), which binds to human angiotensin-converting
enzyme 2 (ACE2) and mediates host cell recognition, and
an N-terminal domain (NTD).[8a, 11a] Recently, an antigenic
supersite on the NTD was found to be frequently targeted by
NTD-binding antibodies,[9a] indicating that binders to this site
may play a role in specific recognition of and immunity to
SARS-CoV-2.

Aptamers are short nucleic acid sequences that bind
target molecules. Aptamers not only achieve specific binding
with affinities on par with antibodies, but also are cheaper and
easier to produce.[12] Novel aptamers are discovered through
a library selection method coined systematic evolution of
ligands by exponential enrichment (SELEX).[13] For detection
of intact SARS-CoV-2 virus, aptamers that bind to accessible
surface proteins such as S are needed.

In this study, we report the discovery and optimization of
DNA aptamers that bind SARS-CoV-2 S protein with high
affinity and specificity. We identified the aptamers� binding
epitope as the NTD of the SARS-CoV-2 S protein by biolayer
interferometry (BLI) and cryogenic electron microscopy
(Cryo-EM). Currently, there are reports of aptamers binding
to RBD of SARS-CoV-2.[14] To our knowledge, the aptamers
reported here are the first to bind the NTD of SARS-CoV-2 S.
In addition, we present the first cryo-EM map of SARS-CoV-
2 S in complex with a DNA aptamer. We then used SNAP1 to
detect both S protein and UV-inactivated SARS-CoV-2 by
lateral flow assay (LFA) and by ELISA.
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We designed a protein SELEX strategy using the SARS-
CoV-2 S protein as the binding target (Figure 1). To minimize
selection of non-specific aptamers, we alternated the protein
tag (His- and Fc-tag) and corresponding partitioning plat-
forms and increased selective pressure by adding multiple
competitors including MERS-CoV S1 and SARS-CoV S1
(Table S1). Using an ELISA-like plate binding assay, we
detected a 15-fold increase in aptamer binding in the round 11
aptamer pool without a further increase in binding for
round 12, indicating that selection was complete (Figure S1).
We sequenced the selection rounds (Table S2) and analyzed
results by FASTAptamer.[15] By round 12, the library had
shrunk considerably, and our top aptamer motif (motif 1)
accounted for 64.3% of all sequences (Table S3, Figure S2). A
closely related motif (motif 3) was also present in two of the
top 100 ranking aptamers. We characterized the aptamers
containing motif 1 (later named SNAP1) and motif 3 (later
named SNAP3) (Table S4). The predicted secondary struc-
tures of the aptamers SNAP1 and SNAP3 and their sequence
similarities are shown in Figure S3A-B.

We demonstrated that Cy5-labeled SNAP1 and SNAP3
bind specifically to SARS-CoV-2 S1 but not SARS-CoV and
MERS-CoV S1 proteins using flow cytometry binding studies
(Figure S4 and S5A). No SNAP1 or SNAP3 binding was
observed to a control protein (CD71), and a non-specific (NS)
aptamer sequence did not show binding to S1. We further
confirmed specificity using biolayer interferometry (BLI) to
monitor protein association to immobilized aptamers. We
observed that SNAP1 and SNAP3 bind SARS-CoV-2 S1 at
< 10 nM protein (Figure 2A). In addition, SNAP1 did not
bind to SARS-CoV S1 or MERS-CoV S1 even at 200 nM
protein (Figure S5B). Thus, both aptamers target SARS-CoV-
2 S1 with high specificity.

We investigated whether SNAP1 and SNAP3 bind the
RBD by ACE2 competition studies but observed no change in
binding constants between SARS-CoV-2 S1 and ACE2 in the

presence of large excesses of aptamer either by BLI (Fig-
ure S6A) or flow cytometry (Figure S6B). We then used BLI
to characterize binding of SNAP1 and SNAP3 to SARS-CoV-
2 S1 and S1 NTD. Using aptamer-functionalized (SNAP1,
SNAP3, and NS) sensors, we determined that the KD of S1
binding to SNAP1 (39.32� 0.12 nM) was about 2-fold lower
than that of SNAP3 (76.59� 0.45 nM) (Figure 2 A, Table S5).
NS aptamer did not bind to SARS-CoV-2 S1 (Figure S5B).
We observed similar equilibrium constants of aptamer bind-
ing to S1 NTD as that of S1 (SNAP1 KD = 60.35� 1.61 nM,
and SNAP3 KD = 53.25� 2.49 nM for NTD binding) (Fig-
ure 2A), indicating that aptamer binding is localized to the
NTD on SARS-CoV-2 S1 protein. Accordingly, the aptamers
were named SARS-CoV-2 Spike protein NTD-binding
APtamers 1 and 3, or SNAP1 and SNAP3, respectively.

We investigated whether SNAP1 and SNAP3 bind to the
same NTD site through competition studies. We observed
that SNAP3 binding to S1 was reduced to about 50% of
maximum binding in the presence of equal amount of SNAP1
(Figure S7), suggesting that SNAP1 and SNAP3 bind to an
overlapping epitope on NTD. We therefore used SNAP1 for
Cryo-EM characterization.

We determined a Cryo-EM structure of SARS-CoV-2 S
bound to SNAP1 in the presence of the S2M11 neutralizing
antibody, which overcame preferential specimen orientation
in vitreous ice and limited S conformational variability[9e]

(Figure S8A-B). We obtained a cryo-EM map at an overall
3.3 � resolution applying three-fold symmetry (Figure 2B,
Figure S8C). The map was best resolved at the SARS-CoV-2
S core, whereas SNAP1 showed a high degree of flexibility
outside of its binding contact region with SARS-CoV-2 S
(Figure S8D). SNAP1 adopted an overall double-stranded
helical shape, extending outwards from the SARS-CoV-2 S
trimer. Our map unambiguously identifies that SNAP1
interacts exclusively with the NTD of SARS-CoV-2 S (Fig-
ure 2B), in agreement with the results from BLI.

Figure 1. Schematic of protein-SELEX strategy using a DNA aptamer library. After an initial round of positive selection, subsequent rounds
consisted of negative and positive selection with increasingly stringent conditions (Table S1). Negative selection included control proteins (BSA,
MERS-CoV S1, or SARS-CoV S1) and protein immobilization platforms.
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We obtained a 3.6 � reconstruction for the region
encompassing SNAP1 and part of SARS-CoV-2 S NTD
(Figure S8D inset) through focused 3D classification and local
refinement (Figure S8E). SNAP1 contacts residues 68–70, the
NTD hairpin formed by residues 140–158, and a loop
containing residues 253–257. These latter two regions are
part of an antigenic supersite recognized by neutralizing NTD
mAbs.[9a, 16] Comparison of the structures of NTD in complex
with S2L28, S2M28 or S2X333 Fabs (PDB: 7LXZ, 7LY2,
7LXY) and with SNAP1 shows that these regions on SARS-
CoV-2 S NTD are highly dynamic and adopt different
conformations upon binding to different molecules.[9a] We
likely discovered two NTD-binding aptamers because the
NTD antigenic supersite is exposed and differs the most
compared to SARS-CoV and MERS-CoV S1. Our SELEX
and immune systems of multiple individuals selected for
binders to the NTD supersite, which highlights the impor-
tance of the NTD in immunity, vaccine design, and diagnostics
applications.

Next, we investigated whether SNAP1 can bind to S
protein variants. S-2P is a stabilized mutant that contains two
proline mutations K986P and V987P[17] and recapitulates the
native state of S on SARS-CoV-2[8a, 18] (Figure S9A). We
observed striking differences in binding kinetics between
trimeric proteins S and S-2P (Figure S9B). SNAP1 bound to S
with an on-rate 125-fold higher than that of S-2 (Table S5).

We also evaluated SNAP1 binding to the S protein from
the B.1.1.7 virus variant (Table S6) which contains several
deletions in the NTD that affect antibody neutralization
(Figure S9B). The on-rate of S-B.1.1.7 association to SNAP1
immobilized on the biosensor was in between that of SARS-
CoV-2 S and S-2P (S> S-B.1.1.7>S-2P) (Table S5). However,
we measured a very fast off-rate despite using a trimer,
suggesting reduced affinity of SNAP1 to this variant.

Aptamer truncation has, in some cases, improved binding
affinity while reducing synthesis cost.[19] Deleting 10 or 18
nucleotides (nt) of the constant region from each end of
SNAP1 did not perturb predicted structures of the random
region (Figure S10A). The truncated SNAP1.66 (20 nt dele-
tion, 66 nt total length) and SNAP1.50 (50 nt total length)
aptamers have similar equilibrium binding constants as
untruncated SNAP1 to both SARS-CoV-2 S1 and NTD
(Figure S10B, Table S5).

Finally, we applied SNAP1 in LFA and ELISA for
aptamer-based detection of SARS-CoV-2 S protein and UV-
inactivated SARS-CoV-2. Capitalizing on the trimeric nature
of the S protein, we used SNAP1.50 as both the capture and

Figure 2. SNAP1 and SNAP3 aptamers bind to the NTD of SARS-CoV-
2 S protein. A) Kinetic and binding equilibrium constants were
measured by BLI. Biotinylated aptamer loaded on streptavidin biosen-
sors was associated with SARS-CoV-2 S1 or NTD. Dotted lines indicate
switch from analyte association to dissociation. KD values
(mean�s.d., n = 5–6) were determined from a global fit of the kinetic
data for a 1:1 binding model. B) Two views of the S/SNAP1/S2M11
complex cryo-EM unsharpened map. SNAP1: purple, NTD: light blue,
RBD: dark blue, rest of SARS-CoV-2 S: cyan, S2M11 CH (Fab fragment
heavy chain): dark gray, S2M11 CL (Fab fragment light chain): light
gray.
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detection agent in the HybriDetect LFA (Figure 3A). We also
performed a modified ELISA using SNAP1 to capture SARS-
CoV-2 S protein (Figure 3B). We were able to detect as low as
250 pM of SARS-CoV-2 S with LFA (Figure S11A) and
10 pM S protein with ELISA (Figure S11B). The LFA
detected UV-inactivated SARS-CoV-2 virus but not lentivirus
at 2.5 � 107 copiesmL�1 (Figure 3 C). The ELISA detected
UV-inactivated SARS-CoV-2 at concentrations as low as 5 �
105 copiesmL�1 (Figure 3D). The concentration of SARS-
CoV-2 RNA detected in saliva and nasopharyngeal samples
from COVID-19 positive patients by RT-qPCR in the first
two weeks after onset of symptoms ranged from 104 to
1010 copiesmL�1.[20] Therefore, SNAP1 can potentially detect
SARS-CoV-2 in patient samples in a clinically relevant
scenario. Potential approaches for further improving sensi-
tivity in future diagnostic designs using SNAP1 include
multimerizing the aptamer, including an amplification step,
or using alternative detection modalities.[6a, 21]

In summary, we discovered novel SARS-CoV-2-binding
aptamers, characterized binding through real-time kinetics
measurements and high resolution cryo-EM, and detected
SARS-CoV-2 by LFA and ELISA. Due to the relatively short
time frame required for selection, aptamer SELEX can be
a first response platform for creating diagnostic agents for
emerging diseases.
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Coronavirus
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Discovery and Characterization of Spike
N-Terminal Domain-Binding Aptamers
for Rapid SARS-CoV-2 Detection

Rapid diagnostics are essential for early
detection of COVID-19 and reduced dis-
ease spread. In this study, we discovered
the DNA aptamer SNAP1 (SARS-CoV-2
spike protein N-terminal domain binding
aptamer 1), which binds with high affinity
and specificity to SARS-CoV-2 spike pro-
tein as well as UV-inactivated SARS-CoV-2
virus.
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