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ARTICLE INFO ABSTRACT

Keywords: The severe acute respiratory syndrome coronavirus (SARS-CoV-2) has infected millions of individuals and
SARS-CoV-2 continues to be a major health concern worldwide. While reverse transcription-polymerase chain reaction re-
COYID'IQ mains a reliable method for detecting infections, limitations of this technology, particularly cost and the
:Iztclliitapsi d requirement of a dedicated laboratory, prevent rapid viral monitoring. Antigen tests filled this need to some
Diagnostic extent but with limitations including sensitivity and specificity, particularly against emerging variants of
Aptamer concern. Here, we developed aptamers against the SARS-CoV-2 Nucleocapsid protein to complement or replace
antibodies in antigen detection assays. As detection reagents in ELISA-like assays, our DNA aptamers were able to
detect as low as 150 pg/mL of the protein and under 150 k copies of inactivated SARS-CoV-2 Wuhan Alpha strain
in viral transport medium with little cross-reactivity to other human coronaviruses (HCoVs). Further, our
aptamers were reselected against the SARS-CoV-2 Omicron variant of concern, and we found two sequences that
had a more than two-fold increase in signal compared to our original aptamers when used as detection reagents
against protein from the Omicron strain. These findings illustrate the use of aptamers as promising alternative
detection reagents that may translate for use in current tests and our findings validate the method for the
reselection of aptamers against emerging viral strains.
Introduction the likeliness of not testing at peak viral load during infection (Jones,

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has
infected millions of individuals and caused morbidity and mortality in
hundreds of thousands of people worldwide. The coronavirus disease
that started in 2019 (COVID-19) ranges in presentation from asymp-
tomatic to fatal with some death rates estimated to be as high as 18
million just in the first two years of the pandemic (Wang, et al. 2022).
SARS-CoV-2 infections were primarily monitored through reverse
transcription polymerase chain reaction (RT-PCR) (Ji, et al. 2020).
While RT-PCR detection has proven to be a reliable method for viral
surveillance (Ai, et al. 2020) and remains the gold standard for SARS-
CoV-2 testing (Weissleder, et al. 2020), limitations of these tests
persist including cost, availability, and in most cases requiring a labo-
ratory to perform the assay and analyze the results (Ji, et al. 2020). In
addition, RT-PCR testing requires several hours to days to obtain a result
(Long, et al. 2020, Weissleder, et al. 2020) which translates to increasing
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et al. 2021, Stankiewicz, et all. 2022) that can create a higher rate of
false-negative results and further increase transmission through the
population. Alternatively, enzyme-linked immunosorbent assay (ELISA)
based antigen tests have been essential as diagnostic tools for the
COVID-19 pandemic (Ravi, et al. 2020). Antigen tests offer several ad-
vantages over genomic detection methods such as rapid, selective, and
low-cost detection (Mahase 2020) which allows for testing multiple
timepoints overcoming the caveats of PCR-based testing. However, the
use of antibodies (Ab) used in these tests has downsides. In addition to
batch-to-batch variations in the production of the Ab (Voskuil 2014), the
time to develop a Ab specific to a viral protein is extensive, a point
especially emphasized in the context of ever evolving viral strains. This
is evidenced by a variant of concern, Omicron, which has 34 to 37 amino
acid substitutions in the spike (S) protein rendering many anti-S protein
mAbs ineffectual (Cameroni, et al. 2022). While compared to the S
protein, the Omicron nucleocapsid (N) protein has fewer mutations
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including a nine-nucleotide deletion in positions 28370-38462 of the N
protein gene and a point mutation, R203M (Syed, et al. 2021, Syed, et al.
2022), resulting in a 10-20% reduction in the limit of detection for some
mAb-based antigen tests (Leuzinger, et al. 2022). Taken together, this
evidence suggests the need to improve critical reagents to advance
diagnostic testing.

Aptamers are short synthetic oligos selected to bind specific targets
(Ellington and Szostak 1990) and provide an alternative or a comple-
ment to antibodies (Nimjee, et al. 2005, Bunka and Stockley 2006).
Aptamers share similar characteristics to antibodies in that they bind
specifically to their targets (Tuerk and Gold 1990) but can be synthe-
sized in a fraction of the time and cost (Lakhin, et al. 2013, Baker 2015)
and are temperature and pH resistant(Chen and Yang 2015) suggestive
of them being very stable. They are also much smaller than antibodies,
~2nm compared to ~ 14 nm in diameter (Abrego-Martinez, et al.
2022), which allows more aptamer to be used on a capturing surface and
for detection, and have less steric hindrance allowing for more binding
of targets leading to enhanced sensitivity (Shereen, et al. 2020).
Aptamers have been successfully used in several ELISA-like assays
(Nguyen, et al. 2016, Nikam, et al. 2022, Zhang, et al. 2022), including
LFAs (Chen and Yang 2015). Thus, aptamers have distinct utility for
COVID-19 antigen testing as they can be direct replacements of anti-
bodies in ELISA formats, termed Enzyme-linked aptamer sorbent assay
(ELASA), by improving sensing performances, provide longer and more
robust shelf life (Chen and Yang 2015) and reduced cost (Yang et al.,
2022a) that is essential for testing multiple timepoints during viral
infection to ensure an accurate positive result.

Already, several groups have had success in selecting aptamers that
bind to the SARS-CoV-2 S protein (Avni and Schulman 1987, Li, et al.
2021, Valero, et al. 2021, Zhang, et al. 2021, AminilLi et al. 2022, Zhang
et al. 2022), including S protein from the Omicron variant (Yang et al.,
2022a). The S protein of SARS-CoV-2 is essential for viral infection
(Huang, Yang et al. 2020) making it a key target for vaccine develop-
ment, but it is also one of the most mutated proteins reported in all the
emerging strains of SARS-CoV-2 (Magazine, et al. 2022), rendering
targeting antibodies and aptamers ineffective. The N protein of SARS-
CoV-2 plays a variety of roles in RNA transcription and viral replica-
tion (Cubuk, et al. 2021) and is the most abundantly expressed of the
structural proteins (He, et al. 2004). Additionally, a standard virion on
an average has as few as 30 spike trimers (Sender, et al. 2021), in
contrast the N protein is much more abundant and estimated to be be-
tween 730 and 2200 copies per virion (Bar-On, et al. 2020) and, as
highlighted above, is not under as much evolutionary selection pressure
as S protein providing a more conserved target across viral strains.
Aptamers against N protein have also been developed (Cho, et al. 2011,
Chen, et al. 2020, Zhang,et al. 2020, Kang, et al. 2021), but are far less
common than those against S and to our knowledge none have been
specifically selected against the Omicron variant. In this work, we
selected DNA aptamers against SARS-CoV-2 N-protein and successfully
used these aptamers as detection reagents in place of antibodies in an
ELASA for the detection of SARS-CoV-2 N protein and inactivated virus.
Our results showed increased sensitivity towards the SARS-CoV-2 N-
protein from the Alpha Wuhan strain and showed low cross reactivity to
other common cold coronaviruses. Further, we performed a reselection
of our aptamers against SARS-CoV-2 N protein from the Omicron variant
and identified novel aptamers that strongly bind to this variant of
concern. Our Omicron specific aptamers in an ELASA had a 2-fold in-
crease in the detection of the Omicron variant compared to the Alpha
Wubhan strain, thus illustrating this reselection process as a promising
method for the replacement or complement to antibodies in COVID-19
antigen detection assays particularly for the detection of emerging
variants.
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Methods
Materials

Biotinylated detection aptamers, scramble aptamer and thiolated
aptamers were synthesized by Integrated DNA Technologies (Coralville,
IA) and underwent desalting purification. All sequences of aptamers are
reported in Supplemental table 1. The scramble used the same base as
the detection aptamers but with a random nucleotide (N) repeats: CGA
GGC TCT CGG GAC GAC NNN NNN NNN NNN NNN NNN NNN NNN
NNN NNN GTC GTC CCG CCT TTA GGA TT ACA G. MyOne T1 Dyna-
beads® (Life Technologies; Carlsbad, CA) streptavidin-coated magnetic
beads were employed for partitioning steps. Purified recombinant SARS-
CoV-2 nucleocapsid protein, as well as recombinant SARS-CoV, HuCoV-
NL63, HuCoV229E, and HuCoV-OC43 proteins and detergent (0.05%
Tween-20) neutralized virus samples were previously described (Terry,
et al. 2021). Viral transport medium (VTM) was made by modifying
Hanks Balanced Salt Solution (HBSS) by adding 2% heat-inactivated
fetal bovine serum, 100 ug/mL gentamicin and 0.5 ug/mL amphoter-
icin B following the CDC specifications (https://www.cdc.
gov/coronavirus/2019-ncov/downloads/Viral-Transport-Medium.pdf).
Additional recombinant SARS-CoV-2 N protein was purchased from
RaybioTech (Peachtree Corners, GA, Code: 230-01104-100,). Anti-
SARS-CoV-2 N protein polyclonal antibody (pAb) was purchased from
RaybioTech (CODE: 130-10760B-50), used as the capture antibody, and
biotinylated SARS-CoV-2 N protein monoclonal antibody (mAb) was
purchased from Sino Biological (Houston, TX, Cat: 40143-MMO08), used
as the detection reagent control. PCR quantified SARS-CoV-2 heat
inactivated virus as well as other detergent inactivated common cold
corona viruses were purchased from Zeptometrix (Buffalo, NY). The
Aptamer Folding Buffer composed of 137 mM Sodium Chloride, 2.7 mM
Potassium Chloride, 8 mM Sodium Phosphate dibasic, 1.5 mM Potas-
sium Phosphate monobasic, 0.9 mM Calcium Chloride, and 2 mM
Magnesium Chloride. The ELISA/ELASA wash buffer (10x) was made
with 320 g NaCl, 46.4 g NaoHPO4, 8 g KH2PO4, 8 g KCl, 360 g MgCly, and
2.0 mL Tween-20.

Melting-Off SELEX for aptamer selection

Aptamers were selected against SARS-CoV-2 nucleocapsid protein
under the guidance and in collaboration with Aptagen (Jacobus, PA)
using their modified Melting-Off SELEX method. Briefly, DNA aptamers
were selected against SARS-CoV-2 nucleocapsid protein (target) and
counter selected against pooled nucleocapsid protein from other human
coronaviruses (counter targets) used to reduce the enrichment of
nonspecific aptamers. Melting-Off SELEX uses a complementary capture
probe to immobilize a library to magnetic beads (Supplemental Fig. 1).
Introduction of target/counter-target/matrix can then be used to induce
conformational changes in the library on binding, allowing for the
partitioning of responsive sequences from non-responsive sequences.
Selection began with pre-incubating the library with the capture oligo at
twice the library amount for refolding in 1X SELEX buffer (1X PBS, pH
7.4) by heating the sample to 90 °C for 1 min, cooling to 60 °C for 5 min,
and then cooling to 23 °C for 5 min. While the library was refolding,
Dynabeads® were washed three times with 1X PBS containing 0.01%
Tween-20 and 5 mM MgCl. High MgCl concentrations at or above 5 mM
was used to insure the highest binding to the N protein by preventing
oligomerization of N protein. After refolding was completed, the library
was captured on the washed Dynabeads®. The Dynabeads® were then
washed twice with 1X SELEX buffer to remove non-specifically bound
library members. After the initial wash, the library was incubated with
counter-targets at 23 °C. Non-binding library was partitioned from
counter-binding or buffer-responsive library by magnetic separation,
after which the supernatant was discarded. The Dynabeads® were then
washed repeatedly (number of washes and concentration of N protein
described in Fig. 1A) to remove any remaining non-specific library
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Fig. 1. Selection of SARS-CoV-2 Nucleocapsid Protein Aptamers using Melting-Off Based Library Enrichment. A. Library recovery following a melting-off
based library enrichment determined as a ratio between material recovered from the selection or parallel assessment step and the input amount of material. Spe-
cific selection conditions are indicated below the bar graph. B. Bioinformatics based analysis predicted secondary structures (top panels) and sequence data (bottom
panels) for the five aptamer candidates. The secondary structure and free energy for each aptamer was computed by Quikfold 2.3 (Zuker 2003) at 23 °C, 150 mM
Na-+ (combined monovalent cations in 1X SELEX Buffer). Sequences displayed below each structure. PCR primer annealing regions (5'- CGA GGC TCT CGG GAC GAC
-[sequence]- GTC GTC CCG CCT TTA GGA TTT ACA G —3') are highlighted in bold. C. Aptamers identified through SELEX were evaluated for their binding to
recombinant nucleocapsid protein from HCoVs (200 ng/mL) using a direct ELASA format and compared to a commercially available monoclonal antibody. Back-
ground was subtracted and error bars indicate standard deviation. Statistical significance was reached for all conditions of Alpha variant compared to other HCoV.

members. The remaining Dynabead®-bound-library was then incubated
with N protein at 23 °C for 30 min. The recovered library was purified on
10% denaturing PAGE (with 8 M urea and 1X TBE running buffer) for
PCR amplification and propagation to the next round. Library response
was defined as the ratio of recovered material (determined by spectro-
photometric analysis at A260) to the amount of input library. The initial
round of selection used omitted counter-targets to maximize recovery of
rare sequences from the starting library. Selection continued using
target and counter-target at 1 uM until Round 8, where the library
response rose to over 10%. At this point, the concentration of target was
reduced to 0.5 uM. Once the library response appeared to recover, the
target concentration was further reduced to 1 nM. The enriched library
was divided into four fractions to perform a parallel assessment against
the buffer only (negative condition), pooled nucleocapsid protein from
other human coronaviruses (counter condition), purified detergent
treated SARS-CoV-2 nucleocapsid protein in VTM (positive condition),
and detergent neutralized virus in VTM (Supplemental Fig. 1). The
Surface Plasmon Resonance (SPR) measurements were carried out with
a Biacore X100 instrument. The Biotin CAPture Kit (GE Healthcare
Europe GmbH, Germany) was used for the interaction studies according
to manufacturer’s instructions. It enables reversible capture of bio-
tinylated ligands and includes the sensor chip CAP, the Biotin CAPture
Reagent, and a two-component regeneration solution. The binding af-
finity of the aptamers for the N-protein of Wuhan Alpha strain and
Omicron variants were performed using a modified protocol developed
by Aptagen.

Aptamer sequencing

The initial library was subjected to nine rounds of Melting-Off se-
lection followed by parallel assessment. The SELEX process was
designed to enrich sequences over multiple rounds of selection that bind

to SARS-CoV-2 Nucleocapsid Protein. A counter selection process was
used to remove sequences that respond to components of negative pa-
tient samples as well as general epitopes associated with human IgG. As
a result, the population to be sequenced was expected to contain mul-
tiple copies of aptamer candidates. The Illumina (San Diego, CA) Mini-
Seq system was implemented to sequence the aptamer libraries after the
post-parallel selection using a single-end read technique. Deep
sequencing and subsequent data analysis reduces the traditional
approach of performing many screening rounds, which may introduce
error and bias due to the screening process (Schutze, et al. 2011).
Hundreds of thousands of sequences were analyzed from the parallel-
exposed final libraries. From these sets of data, the library sequence
families were constructed at 90% homology (sequence similarity
considering mutations, deletions, and insertions). The top 200 sequences
are available in Supplemental Table 1.

Direct ELASA

Recombinant nucleocapsid protein (100 pL of 200 ng/mL in 5 mM
MgCl- PBS) from SARS-CoV-2 or other human coronaviruses was coated
on the wells of a 96-well plate overnight. Protein was blocked with
blocking buffer (2% BSA in PBS, pH 7.2) for 30 min and washed with 1x
ELISA wash buffer (diluted with pure water). Biotin-modified aptamers
(200 nM concentration in folding buffer) were heated to 95 °C for 5 mins
and placed on ice. Protein was incubated with 100 pL of aptamers at a
200 nM concentration for 2 h and then washed with 300 uL of 1x ELISA
wash buffer. For detection, 100 L of streptavidin-poly-HRP (50 ng/mL)
was added for 30 min followed by 5 washes with 300 pL of 1x ELISA
wash buffer. TMB substrate (50 uL) was then added to each well for 30
min and the reaction was stopped with 1 M sulfuric acid and absorbance
read at 450 nm. All steps were performed at ambient temperature under
mild shaking conditions.
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Hybrid sandwich ELASA

To determine the efficiency of the aptamers for detection in a
sandwich ELISA-like format, a hybrid sandwich ELASA was developed in
which an antibody (Ab) was used as the capturing agent. Briefly, 10 ng/
mL Ab was coated on a high binding ELISA 96-well plate (Corning Cat.
No. 9018) overnight. Plates were washed with 1x ELASA wash buffer
and protein at various concentrations (150 pg to 500 ng) was added for
4 h. Plates were blocked with blocking buffer (2% BSA in PBS, pH 7.2)
for 30 min and washed with 1x ELASA wash buffer. Biotin-modified
aptamers (200 nM in folding buffer) were heated to 95 °C for 5 mins
and placed on ice. Protein was incubated with 100 uL biotin-modified
aptamers at 200 nM concentration or mAb (1 pg/ml) for 2 h and then
washed with 300 pL of 1x ELASA wash buffer. For detection, 100 uL of
streptavidin-polyHRP (50 ng/mL) was added for 30 min followed by 5
washes with 300 L of 1x ELISA wash buffer. TMB substrate (50 uL) was
then added to each well for 30 min and the reaction was stopped with 1
M sulfuric acid and absorbance read at 450 nm. All steps were performed
at ambient temperature under mild shaking conditions.

Sandwich ELASA using Thiol-modified aptamers as capture reagents

To develop a sandwich ELASA in which aptamers were used for both
the capture and detection we followed the protocol described by Svo-
bodova et al.(Svobodova, et al. 2021). Briefly, thiol-modified aptamers
were immobilized on maleimide-activated microtiter plates as capture
and, as above, biotinylated aptamers were used as reporters with SA-
poly-HRP/TMB for the detection. Thiolated aptamers (50 pL of 500
nM in PBS) were coated on a maleimide-activated microtiter plate
(ThermoFisher Scientific, Waltham, MA) overnight. The plates were
blocked with 200 pL of 5% skimmed milk (w/v) in PBS for 1 h at ambient
temperature and then 200 ng/mL SARS-CoV-2 nucleocapsid protein
were added to the wells. Biotin-modified aptamers (200 nM in folding
buffer) were heated to 95 °C for 5 mins and placed on ice. Protein was
incubated with biotin-modified aptamers for 2 h and then washed with
300 uL of 1x ELISA wash buffer. For detection, 100 pL of streptavidin-
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polyHRP (50 ng/mL) was added for 30 min followed by 5 washes with
300 pL of 1x ELISA wash buffer. TMB substrate (50 uL) was then added
to each well for 30 min and the reaction was stopped with 1 M sulfuric
acid and absorbance read at 450 nm. All steps were performed at
ambient temperature under mild shaking conditions.

Microarray synthesis against SARS-CoV-2 variants Delta and Omicron

A Cy5-labeled reporter oligo complimentary to a constant region of
the library (5’-GTC GTC CCG AGA GCC TCG - Cy5 —3') was synthesized
by IDT (Coralville, IA) and purified by HPLC. This oligo would be dis-
placed during target binding to provide an indication of binding ability.
The selected full-length aptamer candidates were arranged randomly by
name before being synthesized by LC Sciences (Houston, TX) on dupli-
cate 4 K microarray chips using standard phosphoramidite chemistry
and masking techniques proprietary to LC Sciences. Each candidate
cluster occupied 18 positions (3 x 6 colonies), with control sequences
distributed semi-regularly throughout each chip (Fig. 2). Heat-
inactivated Omicron (hCoV-19/USA/GA-EHC-2811C/2021, Lineage
B.1.1.529, NR56495) and Delta (hCoV-19/USA/MD-HP05285/2021,
Lineage B.1.617.2, NR-56128). SARS-CoV (pB700 NP-1), HuCoV-NL63
N (pB702 NP), HuCoV-229E (pB705 NP-1), and HuCoV-OC43 (pB701
NP-2) nucleocapsid protein samples were used as counter-target mate-
rial. 1X SELEX Buffer was prepared as 1X PBS with 1% Tween-20, pH
7.4.

Monoclonal colonies of each candidate were synthesized 3’ to 5,
with the 3’-end anchoring each individual candidate to the colony re-
gion on the chip. Colonies are defined as aptamer replicates in a single
well, while clusters are defined as the group of wells that contain the
same candidate. Candidate colonies and clusters are needed to signifi-
cantly enhance the change in signal when responding to target or
counter target, as an individual molecule’s change in fluorescence can
be drowned out by the signal of its neighbors. Additional sequences were
synthesized as a quality control measure.

Before use, the microarray chip was blocked with 0.1% BSA in 1X
PBS solution to prevent nonspecific reporter binding to the chip. Can-
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Fig. 2. Aptamers as detection reagents for SARS-CoV-2 N protein and inactivated virus in a hybrid ELASA format. Aptamers 1 and 5 were evaluated as
detection reagents in a hybrid ELASA format where an antibody was used for capture and aptamers were used as detection reagents. A. Detection of SARS-CoV-2
Alpha recombinant nucleocapsid protein or B. inactivated virus. C. Aptamers were evaluated for their ability to detect N protein from SARS-CoV-2 viral strains
of interest (200 ng). D. Detection of SARS-CoV-2 Omicron recombinant nucleocapsid protein or E. inactivated virus. The error bars indicate standard deviation and
statistical significance is indicated when p < 0.05 and was calculated using one-way ANOVA with Siddk multiple comparisons test (Figures A, B, D and E) and

Welches T Test (Figure C).
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didates were refolded using a modified protocol, as the microarray setup
cannot be heated above 60 °C without compromising the microfluidics.
A solution of 100 nM Cy5-labeled Reporter oligo in the 1X SELEX Buffer
was introduced to the chip with an oscillating peristaltic pump to ensure
even distribution across colonies. During this process, the candidates
were refolded by heating the chip and solution to 60 °C for 20 min and
then cooling to 23 °C for 20 min. Unbound probe was removed by
washing with 1 mL of 1X SELEX Buffer. Fluorescence readings were then
taken by a GenePix 4000B Microarray Scanner (Molecular Devices, LLC.;
San Jose, CA) with 1X SELEX Bulffer in place to establish baseline re-
sponses of each candidate. While the microarrays were being prepared,
solutions of heat-inactivated nucleocapsid protein from Omicron, Delta,
and pooled Control samples were prepared by diluting stock solutions to
1 x 10°8 genome equivalents/mL (Omicron and Delta) or 33 ng/mL
(pooled Controls). After the fluorescence probe had been annealed and
the pre-incubation baseline image taken, 500 pL of prepared N-protein
solution was circulated through the microarray for 16 h at 37 °C. After
this incubation step was completed, the microarray was washed with 1
mL of 1X SELEX Buffer and a post-incubation image was taken with 1X
SELEX Buffer remaining in the array. Omicron sample was assessed
initially, and the same array was washed with 5 mL of 1X SELEX Buffer
before undergoing the full preparation process for Delta analysis. Con-
trol analysis used a separate microarray chip. Data analysis was con-
ducted as follows. The mean background fluorescence value
(fbackground) was subtracted from the mean fluorescence value of each
candidate prior to the addition of sample (fpre-treatment) as well as
each candidate after the addition of sample (fpost-treatment). The
amount of signal loss from the pre-treatment condition to the post-
treatment condition was then expressed as a percentage. This process
was repeated for the target and counter-target assessment. The percent
signal loss for the target assessment was then divided by the percent
signal loss for the counter assessment to generate a score. A score greater
than one indicates increased response to the target condition over the
counter condition. The percent signal loss from the target assessment
minus the percent signal loss from the counter assessment is also
recorded.

[1 _ (fpoxl—/rez/mxem 7fbafkground )

*100 = %FluroscenceDecrease (€8]
(fpre—rremmem - fhuz:kgrmmd)

%F| luorescenceDecrease g

= Score 2)
% FluorescenceDecrease e,

Statistics

Statistical comparisons of aptamer activity relied on two-sided t-tests
with Welch’s correction and one-way ANOVA using Siddk multiple
comparisons test was used to identify statistical significance between
different aptamers or controls. Where each test was used is indicated in
the figure legends.

Results
Aptamer selection against SARS-CoV-2 nucleocapsid protein

Multiple aptamers were selected to target the SARS-CoV-2 nucleo-
capsid protein as described in materials and methods. The results for
nine rounds of pooled-split Melting-Off screening and parallel assess-
ment are summarized in Fig. 1A. The low library recovery seen in Round
1 is typical, a result of collecting sequences that bind to SARS-CoV-2
Nucleocapsid Protein from over 1014 possible species. Once library
response significantly increased by Round 7, concentration of the pro-
tein target was reduced to increase the stringency of selection. The li-
brary recovered after four rounds of exposure to the moderate
stringency condition. At this point, target concentration was again
decreased. Under these conditions library response did not recover, so
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the Round 13 (G12) library was taken to parallel assessment against
detergent treated N protein and detergent inactivated SARS-CoV-2 vi-
rions in viral transport medium (VITM) to evaluate suitability for
sequencing (Fig. 1A). Library response to the detergent inactivated
SARS-CoV-2 in VTM was at least 4% higher than any other sample,
representing a large quantity of sequences that could be elucidated.
Thus, the library was deemed sufficiently enriched to proceed to
sequencing and bioinformatics.

Bioinformatics and aptamer candidate selection

Five libraries were collected for sequencing: 1) the post-parallel
assessment library recovered after incubation with detergent inacti-
vated SARS-CoV-2 in 1X SELEX Buffer (positive population G12(S)); 2)
post-parallel assessment library that had been recovered from incuba-
tion with positive target in SELEX Buffer (positive population G12(P));
3) post-parallel assessment library recovered after incubation with
counter-target in SELEX Buffer (counter population G12(C)); 4) post-
parallel assessment library recovered after incubation with only SELEX
Buffer (negative population G12(N)); and 5) the pre-parallel assessment
library that had been recovered from incubation with positive target in
SELEX Buffer prior to the round of parallel assessment (pre-positive
population G11(P)). The positive population was compared against the
counter population to identify any sequences that were not removed
during the counter selection steps, but still had some affinity for both the
target and counter-target (Supplemental Fig. 3). As the positive G12(P)
population was the target for screening, candidates are chosen from this
population’s sequences (Supplemental Figures 4 and 5). Those se-
quences that appeared at comparable rates in both positive and counter
populations were ranked lower than ones that could predominantly be
found in the positive populations. Conversely, families and sequences
that appeared with significantly higher frequency in the positive pop-
ulations over the counter population were considered for aptamer can-
didacy (Supplemental Fig. 6). Finally, the stability of a candidate’s
secondary structure was used as a “tiebreaker” parameter, as stronger
aptamers have relatively stable secondary structures. After considering
these factors, 200 candidates were chosen for microarray synthesis and
high throughput assessment. Five sequences were specifically identified
as potential top candidates of the selection process based on the previ-
ously described criteria (Fig. 1B).

Since the goal was to identify aptamers that bind to SARS-CoV-2
Nucleocapsid Protein over proteins from other human coronaviruses,
the candidates were selected based on greater proportional representa-
tion in the G12(P) and G12(S) positive populations over the G12(C)
counter population that contained recombinant nucleocapsid protein
from three common cold human coronaviruses, HCoV-NL63, HCoV-
229E and HCoV-HKul. Aptamer 1 (Apl) is the strongest sequence
calculated under this criterion — there are other candidates that appear
exclusively in the G12(P) and G12(S) positive populations, though some
may not be entirely dependable due to low read counts. Sequences that
appear in the G12(S) population that do not appear in the G12(P)
population are not considered at this point, as they may be responding to
other molecules in the processed samples. Although based on sequence
enrichment (frequency in generation over generation), the most strongly
enriching sequences tended to coincide with sequences chosen consid-
ering counter-target response. Finally, the top five candidate sequences
exhibited sufficient stability based on m fold secondary structure pre-
diction (Zuker 2003) and were subjected to a standard Surface Plasmon
Resonance (SPR) assay and were determined to have high binding af-
finities with affinity dissociation constant values (Kp) below 20 nM, thus
are preferential candidates (Fig. 1B).

Detection of SARS-CoV-2 N protein using a direct ELASA

With the aim to develop an aptamer-based SARS-CoV-2 antigen re-
agent, selected aptamers were challenged to detect SARS-CoV-2 N
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protein in a direct ELASA assay while maintaining specificity against
other human coronaviruses (HCoV) sharing a 65-82.5% genome
sequence homology with SARS-CoV-2. In this regard, 200 ng/mL of re-
combinant protein from SARS-CoV-2, HCoVs NL63, 229E, HKul and
0C43 and MERS-CoV was plated overnight and detected with the top 5
aptamer candidates and a commercially available mAb (Sino Biological,
Cat: 40143-MMO8) done in triplicate. In all cases, except a small reac-
tion to NL63 and OC43 (which was not used in the counter selection step
during the production of the aptamers), the aptamers had little cross
reactivity to the other HCoVs and MERS but showed a strong signal for
SARS-CoV-2 (Fig. 1C). The cross reactivity to NL63 and OC43 was not
observed at more physiological concentrations, such as under 1 ng/mL
of recombinant protein (data not shown) illustrating the aptamers
specificity to SARS-CoV-2.

Aptamer as detection reagents for SARS-CoV-2

To further evaluate the aptamers as detection reagents, we used a
hybrid sandwich ELISA/ELASA test where an Ab was used for capture
while aptamers were used for the detection of soluble viral protein.
Using this hybrid format, the Ab was coated on a 96-well plate and
contrived negative or positive samples containing either recombinant
protein or known concentrations of inactivated virus (determined by
qRT-PCR from the manufacture) was incubated for four hours. The top 5
identified aptamers candidates were then used to detect captured re-
combinant protein (Fig. 2A and Supplemental Fig. 7A) or detergent
inactivated virus (Fig. 2B and Supplemental Fig. 7B) and the aptamers
were compared for relative binding. For simplicity only aptamers 1 and
5, which had the lowest limits of detection against the Alpha and Om-
icron variants (described below in detail), respectively, are shown. A
scrambled aptamer (scramble) and a detection mAb were used as
negative and positive controls, respectively. Apl and 5 both had a
detectable signal even at the lowest concentration tested of<6.5 ng/mL
recombinant protein (Fig. 2A) but Apl had a higher relative binding
signal compared to Ap5 at 100 ng (p < 0.001) and 200 ng of protein (p <
0.001). Both aptamers had detectable signals at<250 k inactivated
SARS-CoV-2 alpha strain viral copies, and while Apl had a higher
relative binding signal at the highest concentrations compared to Ap5,
the difference did not reach statistical significance (Fig. 2B). Aptamers 2,
3 and 4 performed similarly to Ap1l for both recombinant protein and
inactivated virus (Supplemental Table 7). Taken together, these data
illustrate the ability of the aptamers to act as detection reagents for
SARS-CoV-2 N recombinant protein and inactivated virus.

Aptamer detection of other SARS-CoV-2 viral strains

Since viral strains can have changes in their proteins due to evolu-
tionary selection processes, we next sought to evaluate the ability of the
aptamers in detecting all viral strains of interest as of June of 2022.
Using a hybrid sandwich ELASA in which an Ab was used as capture with
aptamers as detection, aptamers 1-5 were evaluated on their ability to
detect a consistent amount of 100 ng/mL of recombinant protein from
SARS-CoV-2 viral strains B.1.1.7 (Alpha), B.1.351 (Beta), B.1.617.2
(Delta), P.1 and B.1.1.529 (Omicron). Since Ap1-4 had similar results,
for simplicity only Ap1 is shown in the main figure (Fig. 2C) while Ap2-4
are shown in Supplemental Fig. 7C. Aptamers 1-4 were able to detect all
viral strains in a similar fashion and showed a higher signal (higher
relative binding) to the alpha strain compared to the subsequent viral
strains, with protein from the Omicron variant having the poorest signal.
Interestingly, Ap5 had a higher preference to the Omicron variant than
the other viral strains which gave a statistically significant higher rela-
tive binding signal compared to Ap1 (p = 0.005) and the mAb control (p
= 0.007, Fig. 2C). We followed up this finding by comparing Ap1 and
Ap5 for their binding affinity for the Omicron variant at several con-
centrations and found that Ap5 had a detectable signal at concentrations
as low as 0.50 ng/mL of recombinant N protein from the Omicron
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variant (B.1.1.52) compared to Apl at ~ 50 ng/mL (Fig. 2D). Ap5 also
gave a statistically significant higher relative binding signal compared to
Ap1 at 100 ng/mL (p = 0.047) and to both Ap1 (p = 0.22) and the mAb
(p = 0.039) at 200 ng/mL. This pattern was also true when comparing
Apl and 5 for detection of inactivated SARS-CoV-2 Omicron variant
(B.1.1.529), with Ap5 having a detectable signal at<125 k viral copies
and having statistically higher relative binding signal compared to Apl
and the mAD at all viral titers higher than 500 k/mL (Fig. 2E). These data
suggest that identified aptamers differentially bind to N protein from
different viral strains indicating preferential binding of different epi-
topes of the N protein. These preferences could thus provide an
improved reagent for the detection of SARS-CoV-2 variants that have
specific N protein changes, such as those found in the Omicron variant
(Hossain, Akter et al. 2022).

SARS-COV-2 Omicron microarray reselection assay

Based on our finding that our aptamers preferentially bind N protein
from a particular viral strain, to further improve our aptamers, we
challenged the top 200 aptamers against N protein from the SARS-CoV-2
Omicron strain to develop a SARS-CoV-2 Omicron variant specific
aptamer. Candidates were first tested against 1 x 10"8 genome equiv-
alents/mL of Omicron N-protein target in 1X SELEX Buffer. Supple-
mental Fig. 8 (left), depicts the result of blocking candidates with
Reporter oligo. Based on the image, most candidates interacted well
with the Reporter, although there is a strong gradient in probe anneal-
ing. Despite this, assessment continued as candidate responses are
normalized to pre-incubation fluorescence baselines. After this reading
was taken, candidates were incubated with target for 16 h at 37 °C. The
solution at the inlet of the peristaltic pump was then replaced with 1X
SELEX Buffer to wash the target sample from the microarray (Supple-
mental Fig. 8, (right)). Fluorescence readings of each pixel were
collected and averaged to produce a Mean Fluorescence value and
Standard Deviation per candidate. Candidate response to target was
then calculated as described in Equation (1). As a comparison similar
approaches were used to analyze candidate response to 1 x 10"8 genome
equivalents/mL of Delta N-protein in 1X SELEX Buffer (Supplemental
Fig. 9) and 33 ng/mL of pooled counter-targets in 1X SELEX Buffer
(Supplemental Fig. 10). Candidate percent responses to target samples
and pooled counter-targets were calculated as the mean of the 18
replicate positions pre- and post-incubation, omitting colonies that did
not successfully incorporate the fluorescent probe. Pre-incubation
fluorescence was then divided by post-incubation fluorescence to pro-
duce a Signal Ratio value, which was then used to rank how responsive a
sequence was to the assessment condition; elevated aptamer response
would result in greater displacement of the fluorescent Reporter, and
therefore represent a larger difference in pre- and post-incubation
readings. The percent responses were then compared to determine
candidates that specifically responded to the Omicron variant. Candi-
dates were ranked according to the ratio of signal loss to either the
Omicron Variant or to counter targets. The greater this score, the more
response to the target condition relative to the counter condition, with
scores > 2 being favorable. Only a handful of the strongly counter-
target-responsive sequences were the same as those that responded
strongly to Omicron (Supplemental Fig. 11). Two aptamer candidates
(Fig. 3A) were then synthesized for qualitative assessment.

SARS-CoV-2 Omicron variant aptamers as detection reagents

We evaluated the top two aptamers, Ap25 and Ap26, discovered in
the microarray assay for their efficiency as detection reagents for SARS-
CoV-2 N protein from the Omicron variant of concern. As with Apl and
Ap5, Ap25 and Ap26 were able to detect recombinant N protein (200 ng)
from all variants of concern in a hybrid ELASA but had an improved
signal to the Omicron and Delta variants (Fig. 3B). Ap 25 also had an
increased signal for the Beta variant while Ap26 had a decreased signal
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A. Ap 25 Ap 26

AG = -13.28 kecal/mol AG = -14.99 keal/mol
Sequence (5->3):

CGA GGC TCT CGG GAC GAC ATCTTC
AGC GATTCT TAAACCTTA GAG TAT GTC
GTCCCGCCTTTAGGATITACAG

Sequence (5'->3"):

CGA GGC TCT CGG GAC GAC CAT CTG
CAG CGT AAATTC GAT ACT ATC ATG GTC
GTCCCG CCTTTAGGATITACAG

Omicron Signal Ratio: 4.65
Omicron-Counter Score: 5.00

Omicron Signal Ratio: 3.62
Omicron-Counter Score: 3.65
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Fig. 3. Identification of aptamers reselected against N protein from Omicron SARS-CoV-2 variant. The top 200 aptamers selected against the alpha variant
were reselected against the omicron variant using a microarray assay. A. Top 2 Aptamer candidates based on highest binding affinity against SARS-CoV-2 Omicron
Nucleocapsid Protein. B. Aptamers were evaluated for their binding to N protein from SARS-CoV-2 viral strains of interest (200 ng) using a hybrid ELASA format. C.
Reselected aptamers were evaluated for their binding to recombinant nucleocapsid protein from HCoVs (200 ng/mL) using a direct ELASA format. Background was
subtracted and error bars indicate standard deviation. D. Relative binding of aptamers as detection reagents for SARS-CoV-2 Omicron recombinant nucleocapsid
protein. The error bars indicate standard deviation and statistical significance is indicated when p < 0.05 and was calculated using one-way ANOVA with Sidak
multiple comparisons test (Figure D) with and two-sided t-tests with Welch’s correction (Figure B).

of the Alpha variant compared to Apl and Ap5. Ap25 and Ap26 were
then compared to Apl and ApS5 for their ability to detect various con-
centrations of recombinant N protein from the Omicron variant. Apl
had the highest (poorest) limit of detection at ~ 50 ng, followed by Ap5
and Ap26 at ~ 12.5 ng with Ap25 reaching a limit of detection at less
than ~ 6.25 ng. Supportive of our reselection, Ap25 had an increase
signal at all concentrations compared to any other aptamer, but Ap26
was only slightly better than Ap5 at concentrations at 200 ng and under
but was lower at 400 ng of N protein. These data show that reselection of
aptamers against emerging variants of concern can provide further
improved detection reagents.

Identifying suitable aptamer pairs for a sandwich ELASA

To pursue additional utility of the aptamers we sought to develop an
ELASA sandwich assay in which aptamers were used as both capture and
detections reagents. Testing several formats including binding directly
to plastic, and biotinylating the aptamers and then binding to a strep-
tavidin coated plate, but we found that aptamers in these formats were
not well suited as capture reagents. However, following a protocol
outlined by Svobodova et al. (Svobodova, et al. 2021) in which thiolated
aptamers bound to a maleimide plate, aptamers were able to capture N
portion from SARS-CoV-2 Alpha Variant. Specifically, thiolated aptam-
ers 1-4 or a capture Ab were coated on a maleimide plate. SARS-CoV-2 N

protein form the Alpha strain was added at various concentrations and
incubated overnight. Biotinylated aptamers 1-4 and a detection Ab were
used as detection reagents (Fig. 4) to identify suitable aptamer pairs.
When using Ap1 as the detection and with Ap4 as capture a strong signal
was observed that exceeded the Ab as capture control (Fig. 4A). This
signal produced with the Apl detection and Ap4 capture pair reached
statistical significance when compared to Ap1l detection pair with either
itself (Apl, p = 0.02) or the other two tested aptamers (Ap2, p = 0.01
and 3, p = 0.02) as capture, highlighting the Ap1 detection/Ap4 capture
as a strong suitable pair. Ap4 as capture also had a signal when com-
bined with Ap2 as detection but did not reach statistical difference to the
other aptamers and was lower than the Ap2 detection with Ab capture
(Fig. 2B) and to the Apl detection with Ap4 capture pair. Ap3 as
detection with the capture aptamers produced a titred results correlating
with the concentration of the protein, likely indicating a real result
however the signal was not as high as other pairs (Fig. 4C). Interestingly,
when Ap4 was used as detection with the other aptamers as capture
there was only a mild signal produced with Ap2 (Fig. 4D). These findings
are particularly interesting when comparing Apl detection and Ap4
capture compared to its inverse (Ap4 detection, Apl capture) as it in-
dicates not all aptamers hold universal utility for being both capture and
detection reagents, however, further work is required to fully under-
stand this effect. While further work is required to develop aptamers as
efficient capture reagents, these findings provide support that aptamers



C.P. Neff et al.

p=0.02
Apl — Ap2
'—‘—!
=0.02
A. o0 AP P , B. 100 7P
S a
8 6] < 75
(o)) (o))
[= [=
i B
o 50 o 504
(] (]
2 2
©
T 25 T 25+
o o
0- 0-
SROP HRES HRHS GRSS SRS
N protein (ng/mL)
D. 100 AP4 E. 100~ mAb
S S
< 754 < 754
(o] (o))
c c
2 2
o 50 o 50
[ [
> 2
©
< 25+ & 25+
o o
0 0-

SRS FRSS HRES HROS FROS
N protein (ng/mL)

%

SRS SROS SHSS KRS SRSS
N protein (ng/mL)

Current Research in Biotechnology 5 (2023) 100132

Ap3

0O

*100+

754

50+

25+

Relative Binding (%)

[
RARES RARES AR SRS KRS
N protein (ng/mL)

Capture
== Apl ®E Ap2 = Ap3
mm Ap4 mAb

SROS SRS HROS GRS KRS
N protein (ng/mL)

Fig. 4. Screening of aptamer pairs for the detection of SARS-CoV-2 N protein. Thiolated capture aptamer was analyzed in combination with each of the bio-
tinylated detection aptamers using 400 to 50 ng/mL of SARS-CoV-2 N recombinant protein. The graph title refers to the biotinylated aptamer used as detection (or
detection monoclonal antibody), and the colors indicate the thiolated capture aptamer (or capture antibody). The error bars indicate standard deviation and sta-
tistical significance is indicated when p < 0.05 and was calculated using one-way ANOVA.

can be used as capture reagents for SARS-CoV-2 N protein providing
potential future options for novel capture and detection pairs.

Discussion

Despite the availability of vaccines, SARS-CoV-2 continues to spread
worldwide in part due to the challenges of testing to understand infec-
tious status when interacting with the public. While genomic testing
remains the most reliable for detection of viral infection, the limitations
of this technology have prevented continued effective screening and
viral monitoring, leading to increased viral spread. To this extent, an-
tigen diagnostic assays provide alluring alternatives with rapid testing
that is affordable and applicable for at home use. However, using anti-
bodies as reagents in these tests comes with limitations, particularly
adaption to emerging viral strains. In this regard, we developed
aptamers specific to the N protein of SARS-CoV-2 that when used as
detection reagents in ELISA based assays were comparable to antibodies
regarding detection limits, which was in low picomolar range, and
specificity exhibiting only negligible cross reactivity to the N protein
from other HCoVs. Furthermore, reselection for aptamers that bind to N
protein from the Omicron variant of concern produced sequences with
specific responses to Omicron N-Protein that translated to an improved
limit of detection when used as detection reagents.

The purpose of this study was to select aptamers that could substitute
or support antibodies in antigen-based diagnostic assays, particularly
with the reselection of our aptamers to quickly adapt to the detection of
emerging variants. Others have been successful in using aptamers in
place of antibodies for detecting SARS-CoV-2(Avni and Schulman 1987,
Cho, et al. 2011, Chen, et al. 2020, Zhang, et al. 2020, Kang, et al. 2021,
Li, et al. 2021, Valero, et al. 2021, Zhang, et al. 2021, AminilLi et al.
2022, Zhang et al. 2022) in several formats including in a SARS-CoV-2 S
protein LFA(Yang et al., 2022b). However, many of these assays used
aptamers selected against recombinant protein produced in other cell

types and were not treated with detergent which reasonably expected to
result in confirmational differences that may prevent optimal binding
and reduce effectiveness in tests that require deactivation of the virus.
Here, to ensure the target protein was similar to what would be detected
in a point of care assay, i.e., detergent inactivated virus, the aptamer
selection was performed on N protein that was grown in human cells and
was treated with detergent and kept in a high salt concentration to
prevent oligomerization. To produce the best aptamers, the SELEX
procedure here used high-stringency conditions including low target
concentrations (<1 nM) of purified target, detergent included in the
selection buffer, and included a parallel assessment using counter tar-
gets comprised of protein from other HCoVs and two positive controls:
detergent treated N protein in viral transport medium (VITM) and
detergent inactivated virus in VTM. Aptamer sequences that were
identified in both positive control samples but not in the counter targets
provided a highly enriched library specific to SARS-CoV-2.

To confirm our aptamers were viable in an ELASA, we first utilized a
direct assay in which protein was bound to a plastic plate and aptamers
were used for detection. We found that our top aptamers were compa-
rable to a commercially available antibody in detecting SARS-COV-2 N
protein from the Alpha strain, thus illustrating the ability of our
aptamers to perform as designed. To take our aptamers a step further, we
next evaluated the aptamers in assays against inactivated virus using
contrived samples with virus in VTM. In this regard, we utilized a hybrid
ELASA format in which a previously validated antibody was used for
capture of SARS-CoV-2. This hybrid format allowed soluble virus to be
captured, expediting the evaluation of the aptamers as detection re-
agents, and bypassing the need to determine aptamers pairs for capture
and detection. Using this format, we found that our aptamers worked as
well as a validated antibody for detection of SARS-CoV-2 Alpha Strain.
While our goal was to improve detection limits, this finding of non-
inferiority compared to an antibody shows great promise for the
aptamers as they are cheaper to produce and are more stable than
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antibodies among other advantages. We also tested our aptamers in
contrived samples mixed with nasopharyngeal swab samples and with
saliva and found that nasopharyngeal swabs did not impact our detec-
tion limits, but saliva had an inhibitory effect. However, others have had
success using aptamers in saliva based tests (Zhang et al. 2022), thus it is
possible that with some additional modifications our assay would be
suitable for other bodily fluids. Feasibly, these findings suggest aptamers
could replace antibodies as the detection portion of the assay.

We next challenged our aptamers against all viral strains of concern
as of June 2022 and found that all our aptamers were able to detect all
strains, and interestingly Aptamer 5 produced a higher signal against the
Omicron variant. This finding was particularly noteworthy as several
other antibody tests had been rendered unable to detect, or had a
decreased sensitivity, of the Omicron variant and this variant is known
to have changes in the N protein (Hossain, et al. 2022). Having speci-
ficity to viral strains, particularly of those that evade antibody detection,
and can be selected and substituted quickly is one of the distinct ad-
vantages of aptamers compared to antibodies. To further pursue this
idea, we performed a microarray reselection assay with our aptamers
against Omicron inactivated virus to determine which of our aptamers
had a higher preference, indicating a better reagent to use in antigen
tests to detect the Omicron variant. Considering both affinity and
specificity, we were able to identify two novel sequences as strong,
specific aptamers for Omicron N-Protein. Identified aptamers were then
tested for sensitivity for Omicron N-Protein and found to produce a high
signal that indicated increased detection limits by more than two-fold
and they maintained their specificity for SARS-CoV-2 compared to
other HCoVs. The preference of these new aptamers and Aptamer 5 to
Omicron compared to the Alpha strain may indicate a unique binding
sequence, which to fully elucidate would present an interesting avenue
for a future study. In a cursory attempt to explain this effect we found
that each of these aptamers with a preference for the Omicron variant
had a sequence of TAAA that the other tested aptamers did not, poten-
tially indicating this sequence as the cause for the higher affinity to the
Omicron N protein, however further testing would be required to
confirm this.This success highlights the feasibility and provides proof of
concept of this approach to quickly adapt aptamers against emerging
variants of concern.

Here we illustrate the selection of aptamers for SARS-CoV-2 that can
replace antibodies in antigen-based assays. Further, we identified spe-
cific aptamers with a higher prefrence to the Omicron variant, illus-
trating its use as a promising reagent in current tests and validating the
method for the selection of aptamers against emerging viral strains.
While we did have some success in using aptamers as capture reagents,
our aptamers in most cases were not able to perform as well as anti-
bodies, thus the utility of aptamers as capture reagents requires further
investigation. Additionally, while our process identified aptamers that
could perform as well as antibodies as detection reagents, further
research may focus on optimizing aptamer functionality through trun-
cation to a core binding domain, re-selection to further explore sequence
space with a biased library based on the successful candidates, and/or
the incorporation of modified nucleotides for enhanced affinity and
specificity, which may particularly improve aptamers as detection or
even capture reagents. Nevertheless, our results here illustrate the utility
of aptamers in viral diagnostic assays which could decrease cost,
improve detection limits, and be quickly adapted for emerging viral
strains of SARS-CoV-2 or even novel viruses yet to be discovered.
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