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ABSTRACT: The novel severe acute respiratory syndrome
coronavirus (SARS-CoV-2) emerged at the end of 2019, resulting
in the ongoing COVID-19 pandemic. The high transmissibility of
the virus and the substantial number of asymptomatic individuals
have led to an exponential rise in infections worldwide, urgently
requiring global containment strategies. Reverse transcription-
polymerase chain reaction is the gold standard for the detection
of SARS-CoV-2 infections. Antigen tests, targeting the spike (S) or
nucleocapsid (N) viral proteins, are considered as complementary
tools. Despite their shortcomings in terms of sensitivity and
specificity, antigen tests could be deployed for the detection of
potentially contagious individuals with high viral loads. In this work,
we sought to develop a sandwich aptamer-based assay for the
detection of the S protein of SARS-CoV-2. A detailed study on the
binding properties of aptamers to the receptor-binding domain of the S protein in search of aptamer pairs forming a sandwich is
presented. Screening of aptamer pairs and optimization of assay conditions led to the development of a laboratory-based sandwich
assay able to detect 21 ng/mL (270 pM) of the protein with negligible cross-reactivity with the other known human coronaviruses.
The detection of 375 pg of the protein in viral transport medium demonstrates the compatibility of the assay with clinical specimens.
Finally, successful detection of the S antigen in nasopharyngeal swab samples collected from suspected patients further establishes
the suitability of the assay for screening purposes as a complementary tool to assist in the control of the pandemic.

■ INTRODUCTION

Coronaviruses (CoV’s) are a group of highly diverse,
enveloped, single-stranded, and positive-sense RNA viruses
which cause diseases involving respiratory, enteric, hepatic, and
neurological systems with a high range of severity among
humans and animals.1,2 To date, there are seven documented
human CoV’s (HCoV’s). These include HCoV-NL63, HCoV-
HKU1, HCoV-OC43, and HCoV-229E, which cause asymp-
tomatic or mild respiratory infections. Severe acute respiratory
syndrome (SARS)-CoV (SARS-CoV) and middle east
respiratory syndrome (MERS)-CoV (MERS-CoV), on the
other hand, are highly pathogenic and lethal HCoV’s.3 The
most recently recorded pathogenic HCoV is the novel SARS-
CoV-2, previously named 2019-nCoV, which is the causative
agent of the respiratory illness COVID-19, leading to millions
of deaths around the world.4,5

SARS-CoV-2 contains four major structural proteins: the
spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins.6−8 S, E, and M are anchored on the viral surface
envelope, whereas N is found inside the virion. Protein S is a
typical class I fusion glycoprotein that undergoes proteolytic

cleavage, resulting in two subunits S1 and S2. The receptor-
binding domain (RBD) is part of the S1 subunit and it binds to
a host receptor angiotensin-converting enzyme II (ACE2) on
cells and then fuses the viral and host membranes through the
S2 subunit.9−11 The fundamental role of S protein in viral
attachment, fusion, and entry to the cells renders it a key target
for the diagnosis and treatment of SARS-CoV-2,12 and it has
indeed been the main protein target used in currently approved
COVID-19 vaccines.13

The current COVID-19 diagnostic products can be grouped
into serological and diagnostic tests.14 Serological tests
measure antibodies against SARS-CoV-2 in patients to test
who may still be at risk and more broadly assess the prevalence
of COVID-19 in a population. Diagnostic tests focus on
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nucleic acid or viral antigen detection. The standards for the
diagnosis of COVID-19 are nucleic acid amplification tests
(NAATs), including reverse transcription-polymerase chain
reaction (RT-PCR),15 transcription-mediated amplification
(TMA), and loop-mediated isothermal amplification
(LAMP). For the specific detection of SARS-CoV-2, diagnostic
panels consisting of primers specific to SARS-CoV-2 are used
and provide results in 2−3 h. Most of the available NAATs
utilize primers selected from N, E, and S proteins and open
reading frame 1 ab (ORF1ab) genes.16,17 NAAT-based point-
of-care (POC) tests are already available in the market offering
easier handling and shorter turnaround times but still need to
be used in physician offices or clinics. Moreover, molecular
tests are expensive and cannot cover the massive testing needs
for the control of the pandemic situation. Limited availability
of NAAT testing capacity has hindered response effort even in
well-funded health-care systems, while in low- and middle-
income countries, the situation is even more complicated.
Therefore, it is critical to develop alternative tests not limited
to testing at large centralized facilities.
Antigen tests detect the presence or absence of the viral

proteins (antigens) and offer an inexpensive solution for
population-scale screening of SARS-CoV-2, particularly with
lateral flow rapid tests. Currently, several rapid antigen tests are
available in the market having received an emergency use
authorization (EUA) from the United States Food and Drug
Administration (FDA).17−20 The majority of these tests are
based on the detection of the N protein antigen. A recent study
suggested the combined detection of the two antigens for more
reliable results based on their finding that an S-based assay was
more specific, whereas an N-based one was more sensitive for
the detection of SARS-CoV-2 infections.21 Due to the
advantages they present compared to RT-PCR, rapid antigen
tests could even substitute NAAT-based testing for screening
purposes. Several studies demonstrated a high correlation
between the antigen concentration and the viral load,
especially in clinical samples with low cycle threshold (Ct)
values corresponding to samples with a high viral load.22−24 It
has been reported that the concentration of the N protein
antigen in symptomatic patient samples taken within 7 days of
symptom onset correlates better with virus culture-based
detection of the infectious virus than Ct values,25 and thus,
antigen tests can be used to screen for infectious individuals.25

However, antigen tests with low sensitivity can produce false
negative results for samples with a low viral load (high Ct
values).26,27

Sandwich-type immunoassays have been established in the
field of viral diagnostics for the detection and quantification of
viral antigens, with their inherent characteristics of superior
sensitivity and specificity, greatly reducing false-positive results.
Taking lessons from the first SARS-CoV outbreak for which
extremely sensitive sandwich ELISA assays targeting the
nucleoprotein of the virus were developed, achieving detection
limits of 50 pg/mL,28 the first immunoassays developed for the
detection of SARS-CoV-2 antigens were also based on the N
protein.29,30 In parallel, a variety of immunoassays and
immunosensors,31−37 ACE2 receptor-based biosensor,37,38 or
even glycan-based lateral flow assay39 have also been reported
in the literature for the detection of the S antigen, achieving
limits of detection (LODs) from 1 fg/mL to 5 μg/mL.
Aptamers are considered as an alternative to antibodies and

can be potentially used to improve currently available
detection methods. Aptamers are synthetic nucleic acids

selected via systematic evolution of ligands by exponential
enrichment (SELEX),40−42 forming three-dimensional struc-
tures allowing them to specifically bind to any kind of target
molecules. They are inexpensive, stable, and versatile and can
be easily modified and applied to virtually any kind of assay.
The vast majority of aptamer selection strategies focus on
obtaining at least one aptamer with high affinity and specificity,
and there are a limited number of reports detailing aptamer-
based sandwich assays.43−45

Recently, aptamers have been selected against the RBD of
SARS-CoV-2 spike glycoprotein.46 Two high binding affinity
sequences were identified, aptamer 1 and 4, with affinity
dissociation constant values (KD) of 3.1 and 13 nM,
respectively. Truncated versions of these aptamers (aptamer
1C, 51 nt and aptamer 4C, 67 nt) were shown to maintain
their high affinity with only slightly lower KD values of 5.8 and
19.9 nM for 1C and 4C, respectively. Aptamer 1C was later
used for the development of a surface-enhanced Raman
spectrometry (SERS)-based aptasensor for the detection of
sub-picomolar concentrations of the spike protein,47 while
aptamer 4C immobilized on gold nanostars was exploited for
spike protein detection using distance-dependent nanoparticle
surface energy transfer (NSET) spectroscopy, achieving an
LOD of 1.7 fM.48 Other high affinity spike protein-binding
aptamers (KD in the low nanomolar range) have also been
reported,49−53 and in silico modeling has also been used to
predict aptamers for binding the spike protein.54−56

Overall, these are the only studies reported to date regarding
the development of S antigen-binding aptamers and the
respective applications developed for the detection of SARS-
CoV-2 infections.
The aim of this work was to develop an aptamer-based

sandwich assay for the detection of the S antigen of SARS-
CoV-2. We envisioned that once a microplate sandwich assay
was established, its format could potentially be transferred to a
POC-compatible format such as a lateral flow assay. To this
end, all aptamer candidates previously reported,46 six full-
length and two shortened aptamer versions, were used in
combinatorial experiments in order to identify pairs of
aptamers able to detect the S1 antigen protein of SARS-
CoV-2. Direct enzyme-linked aptamer assays (direct ELAAs)
were initially performed to evaluate the affinity and specificity
of the eight aptamers, followed by screening of different
combinations of aptamers in the sandwich format to identify
the best-performing aptamer pair in terms of sensitivity and
specificity. Finally, a sandwich ELAA was developed using the
best aptamer pair (Figure 1) and used for the detection of the
spike antigen of SARS-CoV-2 in nasopharyngeal (NP) swab
samples from COVID-19 patients.

■ RESULTS AND DISCUSSION
Affinity and Specificity of the Aptamers. With the

COVID-19 pandemic caused by the SARS-CoV-2 virus still
advancing more than a year since its outbreak and the global
vaccination rates not reaching the desired level for achieving
herd immunity, availability of SARS-CoV-2 diagnostic tools to
implement the current monitoring and containment strategies
is essential. Antigen tests have emerged as complementary
tools to RT-PCR and typically detect the S or N viral proteins.
The lower homology of S proteins among the known HCoV’s
compared to the N protein renders the S protein as the most
appropriate antigen for the development of sensitive and
specific antigen tests. Viral antigen tests have recently emerged
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as key diagnostic tools that can implement the global efforts of
monitoring and containment of the COVID-19 pandemic.57

With the aim of developing an antigen test for SARS-CoV-2
based on the spike glycoprotein, previously reported spike
protein RBD domain-binding aptamers46 were exploited. The
binding affinities of all full-length aptamers (1−6) and the two
truncated versions (1C and 4C) for both S1 and RBD proteins
of SARS-CoV-2 were initially evaluated using direct ELAAs.
The KD values calculated for each aptamer and both proteins
are shown in Table 1, while the binding curves can be found in

Figure S1 (Supporting Information). All the KD values were
observed to be in the low nanomolar range, demonstrating the
high affinity of the aptamers. Slightly different KD values of
aptamers 1 and 4 and their shortened versions 1C and 4C for
the RBD compared to previously published results can be
attributed to the different binding assays employed and the
aptamer modifications. In the original report,46 site-directed
immobilization of the RBD protein on nickel beads was
achieved via its his-tag, whereas random orientation is expected
when the protein is adsorbed directly on a microtiter plate for
the ELAAs. Moreover, the type of chemical modification added
to the aptamer sequence could affect aptamer folding and
therefore its binding properties. For all studied aptamers,
higher affinities to S1 as compared to the RBD were observed.
It is possible that the conformation of the S1 protein, which is
larger compared to the RBD (76.5 kDa vs 26.5 kDa), is
different after physical adsorption to the microtiter plate and

could provide improved accessibility of the aptamer to the
binding site on the RBD. Another factor that could contribute
to these differences is the variability of the quality of the
recombinant proteins and the organisms used for their
expression. Similar results of higher affinity to S1 compared
to the RBD were also reported for peptide binders selected
recently against SARS-Cov-2 spike protein.58

The specificity of an assay is a critical factor determining its
analytical performance, particularly when screening for SARS-
CoV-2 antigens. The potential cross-reactivity of the aptamers
being evaluated in this work for the development of a SARS-
CoV-2 antigen test with other HCoV’s was thus investigated,
considering that the genome of SARS-CoV-2 shares 65−82.5%
sequence homology with the other known HCoV’s such as
HCoV-HKU1, HCoV-NL63, HCoV-229E, HCoV-OC43,
SARS-CoV, and MERS-CoV.59 As commented previously,
the target protein of the SARS-CoV-2 antigen test is the spike
glycoprotein of SARS-CoV-2. Taking into account that the
protein in its prefusion state is assembled on the virion
envelope by the S1 and S2 domains after proteolysis, as well as
the limited commercial availability of recombinant RBD
protein domains from the different HCoV strains, S1 was
chosen as the most appropriate protein to be used from this
point on. Hence, the binding of the aptamers to the S1 subunit
of the other HCoV’s was evaluated by a direct ELAA (Figure
2). The lowest cross-reactivity to other HCoV’s was exhibited

by aptamers Apt1 and Apt5. Apt1 appeared to be the most
selective among the aptamers studied and it showed less than
20% relative binding to HCoV-NL63 and HCoV-229E. These
are alpha CoV’s, and the RBD from SARS-CoV-2, which is a
beta CoV, shares only 20% sequence homology.60 Spike
proteins from strains of the beta CoV genus, including MERS-
CoV, HCoV-OC43, and HCov-HKU1, share higher sequence
and structural similarities.61 Apt1 showed cross-reactivity with
S1 from these viruses (20−42% relative binding), suggesting
that a similar binding site might be recognized. Surprisingly, no
binding of Apt1 was detected to S1 from SARS-CoV which is
the most recent common ancestor of SARS-CoV-262 and with
which it shares a 74% sequence identity within the RBD
region.63 The specificity of Apt5 followed a similar pattern with
Apt1. The rest of the aptamers, however, showed higher cross-
reactivity with the other CoV’s. Moreover, decreased specificity
was observed for the truncated aptamers Apt1C and Apt4C as
compared to their full-length counterparts despite maintaining
their high affinity.

Figure 1. Detection of the SARS-CoV-2 S antigen with the aptamer
sandwich assay.

Table 1. Affinity of the Aptamers for S1 and RBD SARS-
CoV-2 S Protein Domains

S1 RBD

KD (nM) R2 KD (nM) R2

Apt1 10.2 ± 2.7 0.9875 39.0 ± 11.2 0.9903
Apt2 0.2 ± 0.1 0.9768 7.7 ± 1.4 0.9887
Apt3 5.3 ± 0.5 0.9976 10.9 ± 2.9 0.9706
Apt4 3.3 ± 0.7 0.9869 34.6 ± 17.8 0.9851
Apt5 11.3 ± 6.1 0.9810 29.8 ± 17.8 0.9713
Apt6 3.4 ± 1.1 0.9879 32.2 ± 7.3 0.9701
Apt1C 8.1 ± 1.0 0.9939 21.0 ± 2.7 0.9916
Apt4C 11.1 ± 2.7 0.9623 20.8 ± 5.4 0.9792

Figure 2. Specificity of the aptamers evaluated by direct ELAA. The
relative binding of each aptamer was calculated using constant
concentrations of aptamers (200 nM) and S1 proteins from the
different HCoV’s (2 μg/mL). The error bars correspond to the
standard deviation from duplicate measurements.
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Screening of Aptamer Pairs. The advantage of sandwich-
type aptamer-based assays is that the combination of two
aptamers can considerably improve the specificity and
sensitivity of the assay. In order to find the most appropriate
pair of aptamers for the development of the SARS-CoV-2
antigen test, pairwise experiments combining all eight aptamer
candidates were carried out. Thiolated capture aptamers (1T−
6T, 1CT, and 4CT) and biotinylated reporter aptamers (1B−
6B) were thus combined in a sandwich format (Figure 1) using
constant concentrations, and the results are shown in Figure 3.
Nonspecific interactions between capture and reporter
aptamers in the absence of protein were also evaluated. The
majority of combinations tested resulted in the successful
detection of S1 in a sandwich format, indicating that capture
and reporter aptamers potentially bind to different binding
sites on the target protein. Signals observed in the absence of
S1 protein with the aptamer combinations of 4T with 2B, 5T
with 3B, and 4CT with 5B could arise from partial sequence
complementary, and consequently, these aptamer pairs were
eliminated from the study.
In search of the best-performing aptamer pair, the sensitivity

of several combinations was then evaluated. Eight pairs were
chosen based on both the specificity of the individual aptamers
(Figure 2) and the relative binding they exhibited in the
sandwich format (Figure 3). The pairs chosen were 1T/5B,
2T/1B, 3T/1B, 4T/1B, 5T/1B, 6T/6B, 1CT/6B, and 4CT/
6B. S1 standard curves were thus constructed using the target
protein in a range of 0.0032−50 μg/mL (equivalent to 0.042−
654 nM), and the LODs were calculated as the bottoms of the
curves fitted to the data using the four-parameter logistic

model plus three times the standard deviation of the bottoms.
As can be seen in Figure 4, high sensitivity was exhibited by all
aptamer pairs tested, with LODs in the low nanomolar range
(2.2−14.5 nM, equivalent to 0.17−1.11 μg/mL). EC50 values

Figure 3. Screening of aptamer pairs for the detection of SARS-CoV-2 S1 protein. Each thiolated capture aptamer (AptxT) was analyzed in
combination with each of the biotinylated reporter aptamers (AptxB) using a constant concentration of S1. No protein was added for the control
samples. The number refers to the number of the aptamer tested, T indicates the thiolated aptamer and B indicates the biotinylated aptamer.

Figure 4. Sensitivity of the sandwich assays for SARS-CoV-2 S1
detection using different combinations of aptamer pairs.
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varied from 10.9−873.7 nM (0.83−66.84 μg/mL). The best-
performing pair was 1T/5B with an LOD of 2.2 nM (170 ng/
mL) and an EC50 of 10.9 nM (830 ng/mL). It has to be
pointed out that the assays were not optimized at this point;
therefore, further improvement of their performance is
expected following optimization.
In addition to sensitivity, specificity is one of the most

important parameters defining the performance of an analytical
assay. For this reason, the response of the sandwich assays to
S1 domains from all known HCoV’s was evaluated using the
chosen aptamer pairs. As shown in Figure 5, the 1T/5B pair
exhibited the highest specificity. The combination of Apt1 as a
capture aptamer with Apt5 as a reporter aptamer decreased the
cross-reactivity shown by the individual aptamers for HCoV-
HKU1 and HCoV-OC43, confirming that sandwich formats
can improve the specificity of analytical assays. However, some
cross-reactivity with S1 from MERS-CoV was observed for the
1T/5B pair, similar to when the two aptamers were used
individually. Cross-reactivity effects with MERS-CoV S-RBD
protein were also observed with a near-infrared biosensor
developed for SARS-CoV-2 S antigen detection using ACE2.38

The same study also reported nonspecific signals from the
SARS-CoV S protein and an influenza antigen. Since a cell
membrane receptor was utilized as the biorecognition element,
such interference from other viral antigens can be expected. In
contrast, when specifically developed receptors such as
aptamers and antibodies are used for bioassay design, cross-
reactivity with other biomolecules can be prevented. Never-
theless, high antigen sequence and structural similarities can
contribute to lower assay specificity even when monoclonal
antibodies are used.36 Consequently, the specificity exhibited
by the 1T/5B pair was a decisive factor in choosing this pair
for final assay development. The low cross-reactivity with the
MERS-CoV antigen is not of critical importance since the
occurrence of this virus in the population during the present
pandemic is negligible.
Sensitivity of the Apt1T/Apt5B Pair for Sandwich

Detection of SARS-CoV-2 S1. As mentioned earlier, an
initial screening of the aptamer pairs was performed in order to
choose the best-performing pair in terms of sensitivity and
specificity. To improve the performance of the sandwich assay
based on the 1T/5B aptamer pair, the concentrations of both
capture (Apt1T) and reporter (Apt5B) aptamers were
optimized. A checkerboard assay was carried out first using
31.25−2000 nM Apt1T aptamer in combination with 7.8−250

nM Apt5B aptamer. The highest signals were obtained for the
1T capture aptamer at concentrations ≥250 nM in
combination with the Apt5B reporter aptamer at concen-
trations ≥125 nM (Figure S2, Supporting Information). The
sensitivity of the assays was thus evaluated using 125−500 nM
Apt5B reporter aptamer, while the capture aptamer Apt1T was
maintained at the highest concentration tested (2000 nM).
The lowest LODs were calculated when 125−250 nM Apt5B
was used, enabling the detection of as low as 270−280 pM
(21−22 ng/mL) S1 (Figure S3, Supporting Information). This
corresponds to the improvement of 1 order of magnitude
compared to when nonoptimized assay conditions were
employed.
Since the final objective of the study is detection of the S

antigen in NP swab samples from individuals suspected of
having been infected with SARS-CoV-2, the compatibility of
the assay with the viral transport media typically used to collect
these samples was evaluated. Serial dilutions of the target S1
protein were prepared in viral transport medium (VTM), and
the assay was performed as described earlier with some
modifications. The volume of the sample or the standard
protein analyzed was 25 μL. As can be observed in Figure 6,
the performance of the assay under these modified conditions
in VTM was similar to the one conducted under optimized
conditions. The LOD was 190 pM (15 ng/mL) compared to
270 pM (21 ng/mL) calculated for the assay in PBS-based
buffer. This corresponds to the detection of 375 pg of S1 in
VTM, more than an order of magnitude lower than the
sensitivity achieved by a rapid antigen test based on a sandwich
between ACE2 and a spike protein monoclonal antibody (<5
ng of S1).37 Recent reports exploiting the aptamers selected by
Idili et al., in electrochemical aptamer-based (EAB) sensors,
report detectability over a concentration range of 760 pg/mL−
76 ng/mL64 and detection limits of as low as ag/mL,65 but real
saliva or NP samples are not tested. Cennamo et al. also used
Song’s aptamers in a plasmonic D-shaped plastic optical fiber
aptasensor, achieving a detection limit of 37 nM, but the
sensor was not applied to the analysis of real samples.66 Li et al.
selected an aptamer against the wild-type and B.1.1.7 spike
protein and demonstrated the use of the selected aptamers for
the detection of a pseudotyped lentivirus in saliva samples, but
again, no real samples from individuals with SARS-CoV-2 were
analyzed.51 In another work, the use of aptamer-functionalized
gold nanoparticles was reported, achieving a detection limit of
10 nM, which is equivalent to 3540 genome copies/μL of

Figure 5. Specificity of the sandwich assays using different aptamer pairs and S1 from different HCoV’s. Each protein was used at 2 μg/mL, and the
error bars indicate the standard deviations from duplicate measurements.
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inactivated SARS-CoV-2.67 Using a 44-mer G-quadruplex-
forming DNA aptamer they selected against the spike trimer
antigen of SARS-CoV-2, Gupta et al. achieved a detection limit
of 2 nM.52 They used this aptamer for the analysis of 232 NP
samples, achieving a highly discriminatory response between
SARS-CoV-2-infected individuals from the noninfected ones
with a sensitivity and specificity of 91 and 98%, respectively.52

The sensitivity of the assay compares well with other studies
reported in the literature, exploiting antibodies or other
biorecognition elements for the detection of the S antigen of
SARS-CoV-2 (Table S3, Supporting Information). Overall,
these results demonstrate the potential of aptamers for the
sensitive detection of viral antigens even under non-native
conditions such as VTM that would allow the analysis of
clinical samples such as NP swab samples from suspected
COVID-19 patients.
Application of the Assay to Clinical Samples. The

assay was finally employed for the analysis of NP swab samples
collected from individuals suspected of SARS-CoV-2 infection.
Total RNA was extracted from these samples, and SARS-CoV-
2 viral RNA was detected with droplet digital PCR (ddPCR),
as described in the Supporting Information. Aptamer-based
sandwich assay was performed as described in the previous
section using VTM for the preparation of the standard curve
samples. Ten negative samples (taken from individuals
screened for COVID-19 and found not to have the infection)
were analyzed, and the average signal obtained using these
negative samples corresponded to 173 ng/mL, the highest
signal obtained corresponded to 362 ng/mL, and 400 ng/mL
was thus selected as the cutoff. Fifty samples taken from
individuals who were confirmed to have the COVID-19
infection were analyzed. As can be seen in Table 2, the S1
antigen was detected in all positive samples, but applying the
cutoff of 400 ng/mL established using the negative samples,
nine false-negatives were obtained. Four false-positives were
obtained, but these were samples taken from individuals who
had been infected with COVID but in follow-up studies had

then tested negative in PCR, and in these cases, there could
still be some remaining antigen that was detected.

■ CONCLUSIONS
Herein, we describe the characterization of RBD-binding
aptamers for the development of a laboratory-based sandwich
assay. The affinity of the aptamer candidates was evaluated,
and KD values in the low nanomolar range were obtained. The
specificity of the aptamers was also studied using S1 from all
seven known HCoV’s, and Apt1 and Apt5 were observed to be
the most specific aptamers, exhibiting only negligible cross-
reactivity with the S1 from MERS-CoV. Using the Apt1 as a
capture aptamer and the Apt5 as a reporter aptamer, an LOD
of 21 ng/mL (270 pM) was obtained, corresponding to
approximately 1 ng of S1 protein, while as low as 375 pg of S1
could be detected in VTM typically used for the collection of
NP swab samples. NP swab samples from confirmed COVID-
19 patients were analyzed, and the S antigen was detected in all
positive samples, which had been previously verified by RT-
ddPCR. However, applying the cutoff of 400 ng/mL
established using the negative samples resulted in nine false-
negatives. Work is ongoing to see if a component of the
transport medium cross-reacts with the aptamers, resulting in
this background signal, which would not be present if the swab
was directly placed in a buffer, as would be the final format of
the assay in a true application. In parallel, we are pursuing
means to improve the assay sensitivity, combining with an
antibody and also carrying out further truncation studies, and a
higher number of real positive and negative samples need to be
analyzed to elucidate true sensitivity and specificity values. To
the best of our knowledge, this is the first report on the use of
aptamers for the development of a SARS-CoV-2 antigen assay
based on the S antigen. The work described herein is the first
step toward the development of a rapid aptamer-based antigen
test.

■ EXPERIMENTAL SECTION
Materials. Phosphate-buffered saline (PBS; 10 mM

phosphate buffer, 137 mM NaCl, 2.7 mM KCl, pH 7.4),
PBS-tween (PBS, 0.05% v/v Tween 20, pH 7.4), carbonate-
bicarbonate buffer (50 mM, pH 9.4), MaxiSorp immunoassay
plates, and maleimide-activated plates were purchased from
Fisher Scientific (Madrid, Spain). Skim milk powder was from
Merck (Barcelona, Spain), BioFX TMB super-sensitive one-
component HRP microwell substrate was from Surmodics
(USA), streptavidin-polyHRP80 (SA-polyHRP) was from
Bionova Cientifica (Madrid, Spain), and VTM was from
Vircell (Granada, Spain). Spike glycoprotein S1 proteins from
the known HCoV’s (SARS-CoV-2, SARS-CoV, MERS-CoV,
HCoV-NL63, HCoV-HKU1, HCoV-OC43, and HCoV-229E,
Table S1, Supporting Information) and the spike RBD from

Figure 6. Sensitivity of the sandwich assay based on the Apt1T/
Apt5B aptamer pair in aptamer binding buffer and in VTM.

Table 2. Analysis of S1 in NP Swab Samples with the
Aptamer Sandwich Assay and Comparison with PCR
Results

test (target) result number of samples

PCR (viral RNA) positive 45
negative 5

aptamer sandwich assay (S antigen) true positive 36
false-positive 3
true negative 1
false-negative 9
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SARS-CoV-2 were supplied from Sino Biological (Eschborn,
Germany). The DNA aptamers,46 with 5′-biotin or 5′-thiol-C6
modifications, were synthesized by Biomers.net (Ulm,
Germany), and their sequences are shown in Table S2. The
aptamer-binding buffer (BB) was composed of PBS containing
0.55 mM MgCl2.
Evaluation of the Binding Properties of the Aptamers

with a Direct Enzyme-Linked Aptamer Assay. The
affinity and specificity of the aptamers were evaluated with a
direct ELAA. For the affinity studies, SARS-CoV-2 spike S1 or
RBD proteins (50 μL of 2 μg/mL in 50 mM carbonate buffer
pH 9.4) were used to coat the wells of a 96-well plate, followed
by blocking with 200 μL of 5% skimmed milk (w/v) in PBST.
The wells were then incubated with 50 μL of serially diluted
biotin-modified aptamers in binding buffer (200 nM down to
12.8 pM), followed by the addition of 50 μL of SA-polyHRP
(50 ng/mL in PBST) for detection. Finally, 50 μL of the TMB
substrate was added to each well and color development
proceeded for 5 min at which point the reaction was stopped
via the addition of an equal volume of 1 M sulfuric acid. The
absorbance was read at 450 nm using a SpectraMax 340 PC
microtiter plate reader. The affinity dissociation constants (KD
values) were determined by nonlinear regression analysis
performed with the GraphPad Prism 6 software using the “one
site-specific binding with Hill slope” model. For the specificity
studies, S1 proteins from all seven known HCoV’s (2 μg/mL
each of SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-NL63,
HCoV-HKU1, HCoV-229E, and HCoV-OC43) were immo-
bilized on the plates and used in combination with 200 nM
biotinylated aptamers as described above. All steps were
performed for 30 min at ambient temperature (22−25 °C)
under mild shaking conditions and the plates were washed (3
× 200 μL of PBST) between incubation steps. The relative
binding (%) of the individual aptamers to each protein was
calculated after normalization of the signals obtained to the
responses for the target S1 protein from SARS-CoV-2. Data
shown represent the mean ± SD from duplicate measurements
and three independent experiments.
Screening of Aptamer Pairs for Sandwich ELAA

Development. Sandwich-type ELAA assay was developed
based on thiol-modified aptamers immobilized on maleimide-
activated microtiter plate wells as capture aptamers in
combination with biotinylated aptamers as reporters and SA-
polyHRP for final detection. For screening of aptamer pairs
and identification of aptamers forming a sandwich, each
thiolated aptamer was used to coat the plate wells (50 μL of
500 nM in PBS) after overnight incubation at 4 °C. The plates
were blocked with 200 μL of 5% skimmed milk (w/v) in PBST
for 1 h at ambient temperature and then 50 μL of 2 μg/mL
SARS-CoV-2 S1 protein in binding buffer were added to the
wells. Following another 30 min incubation at ambient
temperature and washing, the biotinylated aptamer (50 μL of
200 nM each in binding buffer) and SA-polyHRP (50 μL of 50
ng/mL in PBST) were added in sequential incubation steps
followed by signal generation using TMB as described in the
previous section. In total, 48 different aptamer combinations
were evaluated for the detection of SARS-CoV-2 S1 in pairwise
combinatorial experiments. The sensitivity of eight aptamer
pairs was then studied. The pairs chosen were Apt1T/Apt5B,
Apt2T/Apt1B, Apt3T/Apt1B, Apt4T/Apt1B, Apt5T/Apt1B,
Apt6T/Apt6B, Apt1CT/Apt6B, and Apt4CT/Apt6B. Solu-
tions of different concentrations of SARS-CoV-2 S1 protein
were analyzed in the range of 42 pM−654 nM (equivalent to

3.2 ng/mL−50 μg/mL) using the conditions described above.
The data were plotted using GraphPad Prism 6 software and
fitted to a “Sigmoidal 4 parameter logistic” model. The LODs
were interpolated from the fitted curves as the bottom of the
curves plus three times the standard deviation of the bottom.
The specificity of the same aptamer combinations was finally
assessed using S1 proteins (2 μg/mL each in binding buffer)
from all seven HCoV’s as described above. The data represent
the mean ± SD from duplicate measurements and three
independent experiments.

Optimization of Sandwich Assay Conditions for S1
Detection with the Apt1T/Apt5B Aptamer Pair. A
checkerboard titration experiment was initially performed,
varying the concentrations of both capture (Apt1T) and
detection (Apt5B) aptamers, to optimize their concentrations
at a constant SARS-CoV-2 S1 protein concentration (2 μg/
mL). Apt1T starting solution of 2000 nM was serially diluted
twofold down to 31.3 nM, whereas Apt5B was used in the
range of 250 nM down to 7.8 nM. Next, the performance of
the assay was evaluated to elucidate the LOD and EC50 using
the Apt1T at the maximum concentration (2000 nM) to coat
the maleimide-activated plate and the Apt5B at 125, 250, and
500 nM. S1 protein was analyzed in the range of 50 μg/mL
down to 3.2 ng/mL using 50 μL per well, as detailed in the
previous section.

Detection of the S Antigen in NP Swab Samples. The
sandwich aptamer assay with the Apt1T/Apt5B aptamer pair
was finally employed to analyze NP swab samples from the
COVID-19 Cohort of the Galicia Sur Health Research
Institute (COHVID-GS) (https://www.iisgaliciasur.es/apoyo-
a-la-investigacion/cohorte-covid19/) including samples from
individuals with a confirmed diagnosis of COVID-19 (n = 50)
and healthy donors (n = 10). The specimens were collected in
VTM, and ddPCR was performed to verify the presence of
viral RNA in the samples, as detailed in the Supporting
Information The samples were heated for 30 min at 65 °C to
deactivate any remaining viral particles and used without
dilution for analysis, as explained in the previous sections with
some modifications. Specifically, 500 nM Apt1T capture
aptamer was immobilized on the wells of the maleimide-
activated plate, the volume of the sample or the standard
protein was 25 μL instead of 50 μL, the sample incubation step
was 1 h instead of 30 min, and the Apt5B reporter aptamer was
used at 150 nM. The S1 protein standard calibration curve was
constructed in parallel in VTM to facilitate the quantification
of the antigen level in the samples. Each sample was analyzed
in duplicate and the average signals obtained for each sample
in wells with and without the Apt1T aptamer were used to
interpolate the S1 antigen concentration from the calibration
curve.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05521.

Recombinant proteins and aptamers used in this work;
biosensors and assays developed for the detection of the
SARS-CoV-2 S antigen; binding studies by direct ELAA
to monitor S proteins interactions with aptamers;
checkerboard titration of concentrations of capture and
detection aptamers to optimize aptamer sandwich assay;
sensitivity of the sandwich aptamer assay at different
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