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Here, we report for the first time DNA aptamers targeted toward the
COVID-19 nucleocapsid protein (Np). Np is one of the most abun-
dant structural proteins and it serves as a diagnostic marker for the
accurate and sensitive detection of COVID-19. After five rounds of
selection, we obtained four DNA sequences with an affinity below
5 nM. The best one displayed a superb binding performance toward
Np with a K4 value of 0.49 nM. Interestingly, we found that the
four pairs of aptamers could bind to Np successively, suggesting a
sandwich-type interaction. Using these sandwiched aptamers in
ELISA and colloidal gold immunochromatographic strips, we were
able to detect Np at the tens of pM level. The results demonstrate
that aptamers are powerful molecular tools for virus detection,
diagnosis, and antiviral therapy.

Novel coronavirus pneumonia has now become a global pan-
demic. Millions of cases have been confirmed, and hundreds of
thousands have died. It has enormous implications for global
economic and social development. One of the key factors in
tackling the spread of COVID-19 across the globe is testing.
Currently, the most common testing methods are based on
the reverse transcription fluorescence quantitative polymerase
chain reaction (RT-PCR), which is designed according to the
COVID-19 sequence.” RT-PCR tests need laboratories, specialized
instruments, and technicians. They also take several hours. Due to
the false-negative rate of RT-PCR, computed tomography (CT)
scans are used for clinical diagnosis of COVID-19.> However, CT
systems are expensive, require technical expertise, and cannot
accurately diagnose COVID-19. The third type of test measures the
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antibody responses to the virus in the blood serum.? Immunoglo-
bulin G and M (IgG and IgM) typically take a few weeks to develop
against a new infection and last much longer in the bloodstream
than the virus itself, providing a historical picture of past infec-
tions. However, they are not suitable for early detection and
diagnosis. Therefore, it is imperative to develop new strategies
to realize the early, sensitive, and specific detection of COVID-19.

Aptamers are a class of nucleic acid sequences that have high-
affinity recognition targets similar to antibodies.* Aptamers can
be easily chemically modified to enhance their stability, affinity,
and detection sensitivity. Moreover, the process of aptamer-sensor
detection is much safer, conveniently operated, and time-saving.
Synthetic aptamers are much cheaper than antibodies with no
batch difference. Therefore, aptamers are employed in different
fields and are most attractive in applications involving ther-
apeutics and diagnoses.>” Importantly, aptamers play a vital
role in the detection of viruses and antiviral therapy,® including
influenza,” ™" dengue'* Ebola,"® and SARS."*™*° In this work, we
have used the SELEX procedure to select DNA aptamers binding
specifically to the COVID-19 nucleocapsid protein (Np).

A 76mer ssDNA library containing 36-nucleotide long random
sequences was constructed and screened by SELEX to discover
ssDNA aptamers that specifically bound to the COVID-19 N
protein. After five rounds of selection, the enriched pool pre-
sented a considerable increase in affinity for the target protein
(Fig. S1, ESIT). The quantitative polymerase chain reaction was
performed to confirm the convergence of the aptamer species
in the enriched pool (Fig. S2, ESIf)."” Then, the profoundly
enriched DNA pool was sequenced using a high-throughput
method. Finally, four aptamer candidates were selected for
optimization and characterization. After truncation, a 58-
nucleotide sequence, named Np-A48, was identified as the
strongest binding aptamer to Np with an affinity of 0.49 nM
(Fig. 1A and Table 1). All aptamers showed a strong binding ability
to Np with their affinity below 5 nM. The secondary structure of
these aptamers was proposed by mfold, as shown in Fig. S3 (ESIt).

COVID-19 Np (pI 10.07) is positively charged at physiological
pH. Therefore, non-specific electrostatic interactions will interfere
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Fig. 1 (A) SPR sensorgram of the binding kinetics for the aptamers with
immobilized COVID-19 Np (the red lines represent fitting the data). (B) The
selectivity of the aptamers to different proteins. COVID-19-S1 is the S1
subunit of the spike protein of COVID-19 and RBD is the receptor-binding
domain. SA is streptavidin. SA-HRP is the complex of SA and horseradish
peroxidase. BSA is bovine serum albumin. The measurements were per-
formed on Octet RED96 systems.

with the specific binding of the aptamers. The nature of this
binding is also expected since encapsidation of the entire viral
genome would require the N protein to bind to diverse
sequences with reasonable affinity.'® To obtain a high-affinity
aptamer, we used several strategies during the selection pro-
cess: first, measurements of the binding of random sequences
from pool 0 were performed. As shown in Fig. S1 (ESI{), the
isolated aptamers bind more tightly than any arbitrary DNA
sequence. Second, we added Salmon extract double-stranded
DNA (10 pM) into the 0.5 uM enriched DNA pool for equili-
bration of non-specific DNA-Np interactions. Under these
conditions, only the high-affinity single-stranded DNA aptamer
could be captured by Np. Third, a high ionic strength was used
to balance the electronegativity of the buffer system. We found
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that 500 mM sodium chloride was the optimized concentration in
the selection system. Fourth, a small peptide consisting of eight
histidine residues (Hisg) was used as the counter selection during
our SELEX process. This strategy was used to avoid screening the
aptamer to target the His-tag of Np. Finally, a high proportion of
serum (40% v:v) was added to the selection system to improve the
specificity, stability, and adaptability of the aptamers.

Next, we investigated the specificity of the aptamers. As
shown in Fig. 1B, the four aptamers displayed distinct selectiv-
ity toward Np. We then evaluated their application in sensing
Np in the presence of sputum (50% v:v PBS buffer), urine, and
human serum. Most encouragingly, the binding dynamic
curves showed that these aptamers were able to bind to the
target rapidly and stably in the complex biological sample
systems (Fig. S4-S6, ESIt). The difference of the binding
kinetics in the different matrices may be related to the aptamer
binding sites of the target, as discussed further below. The
other components of the biomatrix did not cause significant
interference or suppression of the interaction between aptamer
and Np. By a simple comparison, the aptamer-Np complexes
were found to be more stable in sputum and serum than in
urine. These results demonstrate the potential of the new
aptamers for the development of point-of-care testing (POCT)
products to detect COVID-19 Np in samples obtained from
suspected infected persons.

By adopting appropriate three-dimensional stem and loop
structures, the aptamers selectively bind to their targets. Differ-
ences in the sequence often lead to differences in the structure.
In the following experiments, we explored the possibility of
sandwich-type binding between different aptamers and Np. The
Np was coupled on the surface of a CM5 chip by using a typical
EDC/NHS protocol. In the first run, the aptamer Np-A48 flowed
into the channel. Subsequently, a response signal up to 47 RU
was observed. Then, the second aptamer flowed through the
same channel; if the second aptamer bound at different sites,
the response signal should jump up to a second plateau. As
shown in Fig. 2A, the green line represented Np-A58 and the red
line represented Np-A61. In contrast, when Np-Al5 flowed
through the same channel, there were no significant response
signal changes. When we first ran Np-A15 instead of Np-A48
(Fig. 2B), we had similar results that further confirmed that Np-
A15 and Np-A48 share the same binding site. The four pairs of
aptamers (Np-A48 or Np-A15 with Np-A58 and Np-A61) display
sandwich-type interactive features.

The correlation between COVID-19 and SARS-CoV was about
79%, suggesting that COVID-19 might use the same molecular

Table 1 The sequences, binding kinetics parameters, and binding affinity of the aptamers to COVID-19 Np*

Entry Np-  Sequence (5'...3') M 7'sT) ka(sTY K4 (nM)

A48 GCTGGATGTCGCTTACGACAATATTCCTTAGGGGCACCGCTACATTGACACATCCAGC 8.80 x 10° 3.85 x 10°* 0.49 £ 0.05
A58 GCTGGATGTCACCGGATTGTCGGACATCGGATTGTCTGAGTCATATGACACATCCAGC 1.92 x 10* 1.34 x 107 0.70 £ 0.06
A61 GCTGGATGTTGACCTTTACAGATCGGATTCTGTGGGGCGTTAAACTGACACATCCAGC 4.58 x 10* 1.18 x 10°* 2.74 £+ 0.08
A15 GCTGGATGTTCATGCTGGCAAAATTCCTTAGGGGCACCGTTACTTTGACACATCCAGC 2.84 x 10° 1.16 x 1073 4.38 £ 0.06

The association rate constant (k,), dissociation rate constant (k4), and equilibrium dissociation constant (Kg, Kq = ka/kq) were determined by SPR

analysis.
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Fig. 2 (A and B) SPR sensorgram of the binding kinetics for the aptamers
and immobilized COVID-19 Np. Data are presented as real-time graphs of
response units (RUs) against time. Every single sensorgram first flows
through Np-A48 for 3 min or Np-A15 for 2 min, then there is 1.5 min or
1 min of buffer running, and then the second aptamer is injected into the
same channel for 3 min, and finally there is a 2 min run of buffer for the
dissociation reaction.

doorway to enter cells as SARS." The N protein serves multiple
purposes, such as packaging the RNA genome into helical
ribonucleoproteins, modulating host cell metabolism, and regu-
lating viral RNA synthesis during replication and transcription.>’
On the basis of the SPR assay, the N-terminal RNA-binding
domain (NTD) and the C-terminal dimerization domain (CTD)
of COVID-19 Np should capture aptamer 1 and aptamer 2,
respectively. As shown in the SPR sensorgram, Np-A48 and
Np-A58 bind to Np successively, resulting in the formation of a
ternary complex, aptamer 1|Np|aptamer 2. No matter whether
we first ran Np-A48 or Np-A15, they both showed competition,
proving the fact that these two aptamers occupy the same
binding site. The mfold secondary structures of Np-A48 and
Np-A15 share a virtually identical loop sequence at one end of a
base-paired stem. Similarly, the aptamers NP-A58 and Np-A61
share identical loops that cap the base-paired stems. Since
these identical regions were selected independently, it is highly
likely that they correspond to the recognition domains of the
aptamers for their N protein target. The performance of the
aptamers binding at different sites on the same target is also
shown in their effects on the microenvironment. Different
biological matrices (sputum, serum, and urine) contain differ-
ent components, which directly or indirectly interfere with the
binding of the aptamers and the target, causing differences in
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the binding dynamics. Benefiting from the sandwich combi-
nation performance that the detection process could reduce the
impact of interference factors as much as possible.

To prove that these aptamers can be applied in future clinical
samples, enzyme-linked immunosorbent assay (ELISA) was per-
formed by using a combination of Np aptamers and antibodies
(Table S2, ESIt). The sensitivity of ELISA was evaluated by testing
standard solutions of Np at different concentrations (400, 200,
100, 50, 25, 12.5, 6.25, and 0 ng mL™") in PBS solution (pH 7.4).
The limit of detection (LOD) for aptamer-hybrid ELISA reached
1 ng mL™"' (~20 pM).”' The sandwiched aptamers were then
fabricated into a gold nanoparticle immunochromatographic
strip (GIS) to detect spiked Np in human serum or urine. Fig. 3
represents an illustration of GIS and the images of the strips.
The test line in the presence of 1 ng mL " can be clearly seen by
the naked eye. The intensity of the test lines in pixels was
quantified by Image] software (Fig. S7, ESIt). Importantly, all of
the detection process can be done in 15 minutes.

To fight the current global pandemic, we aim to provide
useful aptamers as molecular tools. The application of these
aptamers in ELISA and GLS assay shows that they should
enable the rapid development of POCT and biosensors for
personal or home use. The binding mechanism of aptamer
and antibody to the same target is different. The smaller size of
the aptamers (about 2-3 nm in diameter), as compared to
antibodies (about 12-15 nm in diameter), subjects them to less
steric hindrance on the surface of the target (herein, it is
COVID-19 Np). In theory, the smaller size allows for the binding
of more recognition motifs on the same surface area of the
protein. Therefore, the antibody-aptamer hybrid showed good
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Fig. 3 (A) lllustration and schematic diagram of the strip test results. (B)
Visual assessment sensitivities of strips for spiked Np in urine.
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performance. For either ELISA or GLS, when only using apta-
mers or antibodies, the range of LOD was 50-100 ng mL "
(Table S3, ESIT). The aptamer-antibody hybrid used in ELISA or
GLS showed greatly improved performance (50-fold enhance-
ment) compared to using one alone. The novelty of our bio-
sensors is the use of a pair of sandwich-type aptamers. As
shown in Fig. 3A, the formation of the Np-A48|Np|Np-A58
complex makes the detection of Np in a sophisticated system
robust and sensitive.

With the spread of the epidemic, more and more analytical
detection methods have been developed, as we have summar-
ized in Table S4 (ESIt). Each method has its advantages
and disadvantages. The detection limit for the PCR method is
low, but there are false positives. The antibody method is not
suitable for early diagnosis.

Recently, a field-effect transistor (FET)-based biosensing device
was reported to achieve a limit of detection for COVID-19
spike protein at the level of 1.6 x 10" pfu mL™" (clinical
samples: 2.42 x 10> copies per mL).>*> The limit of detection
of our sensors (ELISA and GLS) for testing N-protein is better
than that of the reported one.>® However, other studies based
on our new aptamers may find that the analytical performance
can be improved by orders of magnitude (new work will be
submitted and published by our collaborators). These results
indicated that aptamers are powerful molecular tools to combat
COVID-19. Although many aptamers are used both in virus
detection and antiviral therapy,® there is still a lack of high-
performance aptamer-based market products for the fight
against the current outbreak of COVID-19. Future work will
continue to advance the acquisition of high-performance apta-
mers and the development of possible application products
and technologies.

In conclusion, we have developed four DNA aptamers, all of
which have high affinity to bind with COVID-19 Np. Among
them, four pairs (Np-A48/Np-A58, Np-A48/Np-A61, Np-A15/Np-
A58, and Np-A15/Np-A61) can form ternary complexes with Np.
Using these sandwich type aptamers in ELISA and GLS assay,
the limit of detection has reduced to the tens of pM level. All
the results suggest that the new aptamers hold great potential
in the development of POCT and biosensors to address the
current epidemic crisis.
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