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ABSTRACT

COVID-19, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has caused an ongoing global
pandemic with economic and social disruption. Moreover, the virus has persistently and rapidly evolved into
novel lineages with mutations. The most effective strategy to control the pandemic is suppressing virus spread
through early detection of infections. Therefore, developing a rapid, accurate, easy-to-use diagnostic platform
against SARS-CoV-2 variants of concern remains necessary. Here, we developed an ultra-sensitive label-free
surface-enhanced Raman scattering-based aptasensor as a countermeasure for the universal detection of SARS-
CoV-2 variants of concern. In this aptasensor platform, we discovered two DNA aptamers that enable binding
to SARS-CoV-2 spike protein via the Particle Display, a high-throughput screening approach. These showed high
affinity that exhibited dissociation constants of 1.47 + 0.30 nM and 1.81 + 0.39 nM. We designed a combination
with the aptamers and silver nanoforest for developing an ultra-sensitive SERS platform and achieved an atto-
molar (10718 M) level detection limit with a recombinant trimeric spike protein. Furthermore, using the intrinsic
properties of the aptamer signal, we demonstrated a label-free aptasensor approach, enabling use without the
Raman tag. Finally, our label-free SERS-combined aptasensor succeeded in detecting SARS-CoV-2 with excellent
accuracy, even in clinical samples with variants of concern, including the wild-type, delta, and omicron variants.

1. Introduction

diagnosis of SARS-CoV-2 continues to play an essential role in reducing
virus spread. Further development of advanced rapid diagnostic tools

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
pathogen responsible for COVID-19 (Wu et al., 2020), has caused an
ongoing global pandemic with high morbidity and mortality, severely
threatening public health and the global economy (Podder et al., 2021;
Yang et al., 2021). Effective control of pandemics like COVID-19 should
focus on the early detection of infections (Spinelli and Pellino, 2020).
Vaccines from Moderna, Pfizer-BioNTech, Johnson & Johnson, Novavax
and others are now widely available (Banerji et al., 2021), but early
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will be valuable both here and as a countermeasure for preventing and
controlling future pandemics (Simpson et al., 2020).

Currently, early detection of SARS-CoV-2 is primarily achieved by
reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)-based molecular diagnostics (Emery et al., 2004; Corman et al.,
2020). However, these assays entail a turnaround time of >24 h to
screen and diagnose patients with suspected SARS-CoV-2 infection.
Lateral-flow-based immunoassays (Li et al., 2020) and CRISPR-based
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tests (e.g., SHERLOCK (Kellner et al., 2019) and DETECTR (Broughton
et al., 2020)) can shorten the time required for diagnosis, but typically
require high production costs owing to their reliance on antibodies or
enzymes. Rapid antigen tests (RATs) such as the lateral-flow immuno-
assay can be effective for generating quick results at the point of care,
but also face hurdles including a high false-positive rate (Gans et al.,
2022). As such, there remains an unmet need for rapid, low-cost di-
agnostics that can achieve high sensitivity and selectivity for target
analytes.

Aptamers are single-stranded DNA or RNA reagents with high af-
finity and specificity to specific target molecules (Ellington and Szostak,
1990). Compared with monoclonal antibodies, DNA aptamers have
several benefits, including thermal and pH stability, small size, and
straightforward chemical synthesis (Jayasena, 1999), which means that
they can be easily and reproducibly produced and modified at a low cost
(Zhou and Rossi, 2017). Several DNA aptamer-based analytical ap-
proaches have already been developed, such as the aptamer-based lat-
eral-flow assay (Chen and Yang, 2015), the enzyme-linked
oligonucleotide assay (ELONA) (Drolet et al., 1996), and aptamer-based
field effect transistor (FET) biosensors (Park et al., 2021; Hwang et al.,
2021). However, although ultra-sensitive detection methods have been
achieved by incorporating aptamers into various sensing platforms (Hu
et al.,, 2012; Taghdisi et al., 2016), these typically require aptamer
modification with labels for signal reporting at the 5’ or 3’ end of the
aptamer sequence, which increases the production cost in terms of
chemical synthesis.

As an alternative, we have developed a label-free surface-enhanced
Raman scattering (SERS)-based aptamer sensor. In the last decade,
SERS-based aptasensors have been intensively explored for sensitive
detection of analytes ranging in size from small-molecule targets to
protein targets (Scatena et al., 2019). Although Raman scattering is not
inherently ideal for biological applications owing to its inherently weak
signal, the use of SERS can provide up to 10%-fold signal enhancement.
This enhancement is derived from the molecular vibrations of analyte
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molecules on the surface of a nanostructured metal substrate, coupled
with locally-amplified electromagnetic fields (Moskovits, 1985;
Ambartsumyan et al., 2020). In this study, we isolated two novel DNA
aptamers against SARS-CoV-2 spike (S) protein through four rounds of
screening using particle display (Wang et al., 2014), a powerful
high-throughput aptamer screening approach. The S protein is located
on the SARS-CoV-2 surface and is the primary antigen employed in
COVID-19 diagnostic tests, allowing aptamer access to the virus surface
and rapid detection without virus lysis. Two aptamers were conjugated
on a silver nanoforest (SNF) substrate, which was fabricated with a
three-dimensional nanostructure in order to achieve effective enhance-
ment of Raman signals using an intrinsic property of the aptamer
(Fig. 1). Using this label-free aptasensor approach, we were able to
achieve ultra-sensitive detection of the recombinant trimeric S protein,
with a detection limit of 100 fg/mL (240 aM). We were able to further
validate this assay’s diagnosis performance with excellent accuracy in
clinical samples, for both the wild-type Wuhan strain as well as the
newer delta and omicron variants.

2. Materials and methods
2.1. Materials and reagents

Rhodamine 6G, tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), sorbitan monooleate (Span-80), polysorbate-80 (Tween-80),
Triton X-100, and mineral oil were purchased from Sigma-Aldrich (St
Louis, MO, USA). Carboxylic acid-functionalized MyOne magnetic par-
ticles (1 pm size) were purchased from Invitrogen. Dulbecco’s
phosphate-buffered saline (DPBS) was purchased from Biowest (Nuaillé,
France). Silver was purchased from iNexus Inc. (Seongnam, Korea).
GoTaq PCR master mix, GoTaq polymerase, and dNTPs were purchased
from Promega Corporation (Madison, WI, USA). Recombinant SARS-
CoV-2 spike (S) protein extracellular domain (ECD) (ref 40589-
VO8H4), subunit 1 (ref 40591-VO8H), subunit 2 (ref 40590-VO8H1),

C

Laser

SERS signal

Aptamer peaks

SARS-CoV-2 l
Positive l

Silver Nano-Forest SERS

SARS-CoV-2
Negative

Fig. 1. Design strategy for our label-free SERS-based aptasensor platform for SARS-CoV-2. (A) Targeted aptamer screening against spike (S) protein for detecting
SARS-CoV-2 from clinical samples. Side and top view of the trimeric S protein on the surface of SARS-CoV-2 (PDB: 6VXX). (B) The particle display aptamer discovery
process, in which solution-phase aptamer library molecules are converted to monoclonal aptamer particles, incubated with fluorescently-labeled S protein, and then
subjected to fluorescence-activated cell sorting (FACS) to enrich library molecules with strong affinity for this target. (C) The aptamer is then conjugated onto a silver
nanoforest (SNF) substrate for the detection of SARS-CoV-2. The intrinsic aptamer peaks shift in response to the conformational changes triggered by S protein

binding to the aptamer.
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and receptor binding domain (RBD) (ref 40592-VO8H) were purchased
from Sino Biological (Beijing, China).

2.2. Library and primer construction

The single-stranded DNA (ssDNA) library, modified aptamer, and
primers were synthesized by Integrated DNA Technologies (IDT; Cor-
alville, IA, USA). The 90-mer Shao library (Shao et al., 2011) comprised
52-nt randomized sequences flanked by 19-nt PCR primer sites:
5'-GAACATTGGCGTCCGTGAG-[N52]-CACTTCCTCAAACGCCCAA-3'.
The randomized sequences were synthesized with an equal probability
of A, T, G, or C. All sequences described in this work are listed in
Table S1.

2.3. Forward primer (FP) conjugation to magnetic particles

Carboxylic acid-functionalized MyOne magnetic particles (1 pm size,
500 pL with 107/pL) were washed using 500 pL of 0.01 N sodium hy-
droxide (NaOH) and washed thrice with an equal volume of ultra-pure
water. After washing, the beads were re-suspended in a 150 pL reac-
tion mixture containing 30 nmol of 5'-C12-amino-modified FP, 250 mM
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 1 mM imid-
azole chloride, and 200 mM NacCl. The mixture was vortexed and soni-
cated, and then incubated for 16 h at 25°C with gentle rotation. After
complete covalent coupling, the remaining functional groups on the
particle surfaces were blocked with 20 mM amino-PEG-methyl. Finally,
the FP-coated beads were washed twice with quenching buffer (50 mM
Tris-HCl buffer, pH 8.0, with 0.05% Tween-20) and stored in 500 pL of
0.01% Tween-20 in 10 mM Tris-HCI buffer, pH 8.0. To characterize the
FP conjugation efficiency, the FP-coated beads were hybridized with 1
pM FAM-modified FP-complementary oligonucleotides in PBST (0.025%
Tween-20 in DPBS) buffer, followed by fluorescence analysis using flow
cytometry (Fig. S1).

2.4. Aptamer particle generation using emulsion PCR (ePCR)

The oil phase comprised 0.05% Triton X-100, 0.45% Tween-80, and
4.5% Span-80 in mineral oil. The aqueous phase comprised 1x PCR
master mix, 40 nM FP, 1 pM reverse primer (RP), 62.5 U/mL GoTaq
polymerase, 3.5 mM of each dNTP, 25 mM MgCl,, 3 pM library pool, and
3 x 10® FP-coated beads in a final volume of 1 mL. The emulsion was
generated using an Ultra-Turrax Device (IKA) with a DT-20 tube (IKA) at
500 rpm for 5 min. The ePCR was carried out as the following cycling
conditions: 95°C for 3 min, followed by 50 cycles of 95°C for 30 s, 58°C
for 30 s, and 72°C for 75 s. Then, the emulsion was broken, and the
aptamer particles were cleaned up. Based on the Poisson distribution, we
estimated that 20 + 15% of the synthesized aptamer particles should
include beads displaying the PCR product, favoring the generation of
monoclonal aptamer particles (Dressman et al., 2003; Diehl et al., 2006;
Wang et al., 2014). To characterize these particles, the synthesized
beads were hybridized with 1 M FAM-modified reverse primer in PBST
buffer, followed by fluorescence analysis using flow cytometry (Fig. S2).

2.5. Preparation of monoclonal aptamer particles

After cloning and sequencing, the monoclonal aptamer particles
displaying individual aptamer sequences were generated by particle
PCR. Each 100 pL particle PCR comprised 1 x PCR Master Mix, 25 mM
MgCl,, 1 pM FAM-modified RP, 10 nM aptamer template, and 3 x 107
FP-coated particles. PCR was carried out under the following conditions:
95°C for 3 min, followed by 25 cycles of 95°C for 30 s, 58°C for 30 s, and
72°C for 45 s. To avoid particle aggregation and increase particle PCR
efficiency, it was vortexed and sonicated the reaction every five cycles at
the 72°C elongation step. After PCR amplification, the fluorescence in-
tensities were measured using flow cytometry to confirm the particle
PCR efficiency.
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2.6. Binding assay and specificity test

The relative binding abilities of aptamer candidates in each
consensus sequence were confirmed through a bead-based fluorescence
binding assay (Ahmad et al., 2011). Each of the monoclonal aptamer
particle preparations was incubated with 100 nM biotinylated S protein
trimer, receptor-binding domain (RBD), subunit 1 (S1), subunit 2 (S2)
and BSA, respectively, for 1 h in PBSMCT (1 mM MgCl,, 1 mM CaCly,
0.025% Tween-20 in DPBS) binding buffer. After binding, the particles
were washed thrice, followed by labeling with 50 nM Alexa Fluor
647-conjugated streptavidin (Invitrogen, CA, USA) in a binding buffer
for 10 min. It is crucial to limit the labeling time to avoid non-specific
binding during fluorescence labeling. We then washed the beads
thrice with a binding buffer and measured the fluorescence using flow
cytometry.

2.7. Measurement of binding affinity

To measure the binding affinities of the consensus sequences, an
individual monoclonal aptamer particle was generated by particle PCR
following the protocol above. The aptamer displayed particle was
incubated with various concentrations of biotinylated S protein (serially
diluted from 150 nM to 0.07 nM). All samples were washed thrice and
labeled with 50 nM Alexa Fluor 647-conjugated streptavidin under
equal conditions. The aptamer-target complex on the bead was washed
thrice with binding buffer, and the fluorescence intensities were
measured using flow cytometry. The dissociation constant was calcu-
lated using GraphPad software with one site-specific binding equation:

Y =Bmax x X/ (Kd +X)

2.8. Fabrication of the silver nanoforest (SNF) substrate

In previous work, our group established the fabrication of the SNF
substrate using the nano-sputtering method (Kim et al., 2021). SERSpace
substrates without surface modifications were provided by Kwang-Lim
Precise ~Manufacturing. Briefly, the system conducted for
nano-sputtering-based fabrication for nano-structure was applied to
fabricate the nano-porous silver structures, and the SNF substrates were
fabricated on six-inch silicon wafers. The basic conditions for fabrication
of silver nanoporous structured substrate were as follows. The aperture
diameter and length of the nano-sputtering system were 5 mm and 45
mm, respectively. The additional conditions were considered to fabri-
cate SNF substrate: 400 mTorr of sputtering pressure in clustering
chamber; 300 W of DC power for cluster source; and 20°C of tempera-
ture for cluster source. 85 and 15 sccm of the gas flow rates were used for
argon and helium, respectively. Additionally, the finished substrate on

six-inch wafer was cut to a size of 4 x 4 mm?>.

2.9. Surface modification of the SNF substrate

To activate the -SH groups at the 5 end of the aptamers, the
aptamers were treated with 100x TCEP for 4 h at 25°C. The remaining
reactant was removed by centrifugation using Centricon (Amicon,
Beverly, MA, USA) with a 1.5 mL microcentrifuge tube at 13,500 rpm for
30 min. DPBS buffer was added to the samples to adjust the pH to 7. 10
pL of the resulting aptamer solution (1 pM) was then dropped onto the
SNF substrate and dried at 25°C for 1 h. The SNF substrates treated with
aptamer solution were washed using DPBS for 4 h with gentle stirring
and dried at 25°C.

2.10. SERS signal measurements

A 785 nm excitation laser in an upright microscope (Olympus,
Japan) was used to acquire SERS signals from samples. It applied 80 mW
of laser power, with 1 s of integration time. The Raman signal of the
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aptamer was measured at a specific position before sample treatment,
and again at the same position after sample treatment, with locations
confirmed using a microscope. The sample volume used in this study
was fixed at 10 pL. The incubation time between aptasensor and samples
was also set for 5 min. All experiments with SERS signal measurements
were carried out under identical conditions.

2.11. Clinical samples and RT-qPCR

Nasopharyngeal swab samples from patients were collected in viral
transport media (VTM) on different dates. These samples were obtained
from the Sejong Institute of Health & Environment. SARS-CoV-2 was
determined by RT-qPCR using a Standard M nCoV Real-Time Detection
Kit according to the manufacturer’s protocol (SD Biosensor, Republic of
Korea). SARS-CoV-2 delta (B1.617.2) and omicron (B.1.1.529) variants
were detected using a PowerChek SARS-CoV-2 S-gene Mutation Detec-
tion Kit (Kogene Biotech, Republic of Korea). The Raman signals from
clinical samples were measured under the following conditions. The 10
pL of the sample was incubated with SpS1-C4 aptamer-conjugated silver
nanoforest for 5 min, the washing was conducted using DW, and the
average spectrum was obtained by measuring ten spectra per sample.
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3. Results and discussion

3.1. Particle display selection of novel DNA aptamers against SARS-CoV-
2 S protein

The S protein is located on the SARS-CoV-2 surface and facilitates
entry into host cells by interacting with human angiotensin-converting
enzyme 2 (ACE2), and this protein is the primary antigen employed in
COVID-19 diagnostics, as it is accessible on the virus surface and thus
allows rapid detection without virus lysis. As the target antigen for
aptamer screening in this study, we used the recombinant SARS-CoV-2 S
protein extracellular domain (ECD), which is optimized for pre-
formation of a homotrimer. Several proline mutations (F817P, A892P,
A899P, A942P, K986P, V987P) and alanine mutations (R683A and
R685A) were introduced to stabilize the pre-fusion state of the homo-
trimer and abolished the furin cleavage site, respectively (Hsieh et al.,
2020).

To effectively and economically discover high-affinity aptamers, we
employed the particle display (Wang et al., 2014) screening platform,
which quantitatively measures the binding ability of monoclonal
aptamer particles derived from every aptamer candidate in a random
pool and then individually sorts them using FACS in a high-throughput
manner. In this approach, the aptamer particles are synthesized using an
emulsion polymerase chain reaction (ePCR) (Shao et al., 2011). The
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Fig. 2. Round by round assessment of the particle display screening process. (A) FACS dot plots from all four rounds of screening at the stated concentrations ([T]) of
recombinant trimeric S protein. (B) Mean fluorescence intensity (MFI) within the sort gate at different target concentrations in each of the four rounds. (C) Additional
sorting experiments in the final round of screening with another sort gate at different target concentrations. Overall, 5% of the top binders at 2 nM, 0.15% of the top
binders at 2 nM, and 0.1% of the top binders at 0.5 nM of S protein were sorted using FACS.
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aptamer candidates displayed on the particles are then incubated with
fluorescently-labeled target, and the fluorescence intensity of each
particle is measured using FACS. These intensities enable quantitative
determination of aptamer affinity and the effective separation of weak
and strong binders. Finally, the sorted high-affinity aptamer particles are
directly amplified by PCR, and this enriched pool of aptamer candidates
is used in the next selection round. Prior to particle display screening, we
performed two rounds of conventional selection with a pool of 10'*
randomized library molecules using S protein-immobilized magnetic
beads, because the FACS instrument has a practical throughput limita-
tion of 4 x 107 particles per h. We then used this pre-selected pool for
particle display screening with an initial library of 108 aptamer particles.
Four rounds (R1-R4) of screening were performed by reducing the
target concentration in a stepwise manner from 10 nM to 2 nM (Fig. 2A).
We set the sort gate to collect 0.1-0.2% of the top binder population
with the strongest fluorescence signals in the FACS dot plot (Fig. 2A,
blue box). As a control, the fluorescence intensity of forward primer
(FP)-coated particles with no aptamer expressed was measured in order
to calibrate the “reference gate” for non-binders in the FACS screen
(Fig. 2A, black box). In R1, to avoid losing high-affinity aptamer can-
didates, we began selection with a low screening stringency by setting a
wide sort gate. The isolated aptamer candidates were then amplified by
PCR to synthesize the aptamer particles for the next round. In subse-
quent rounds, we further narrowed the sort gate thresholds to increase
the screening stringency. After R2, the population shift of the red fluo-
rescence signal was greatly increased, indicating that high-affinity
aptamer candidates were being enriched (Fig. 2B). By R4, there was
no further population shift in terms of fluorescence, and we therefore
determined that we had achieved peak enrichment and stopped
screening in order to perform sequencing analysis of the enriched pool.

We initially tried to isolate the top binders from R4 based on binding
to 2 nM S protein, but this yielded an excessively large population with
strong red fluorescence. Unlike in other rounds, there were two large
populations represented within the reference gate in the R4 pool, one of
which appeared to be budding off from the other (Fig. 2A). To investi-
gate whether the best aptamer sequence belonged to a large population
with moderate fluorescence intensities in this ‘budding’ population or
the sort-gated population with the highest fluorescence intensities, we
sorted out the different populations at different concentrations (Fig. 2C).
The sort gates were set separately into groups of 0.15% top binders and
5% top binders, respectively, of round 4 sorting at 2 nM concentration.
In addition, a separate sorting experiment was performed that collected
0.1% of top binders of the same round 4 pool at 0.5 nM as the optimal
concentration of S protein based on the result of the extra binding assay.

3.2. Selection of a high-affinity S protein-binding DNA aptamer

We then performed bacterial cloning and Sanger sequencing of R4
sorted DNA aptamer candidates. Our sequencing analysis revealed four
different consensus sequences. Two of these, SpS1-C1 and C2, were
respectively observed among the 0.15% and 5% top binders from the 2

Table 1
Consensus sequences from the R4 aptamer pool.
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nM S protein sorting condition, whereas the other two groups (SpS1-C3
and -C4) were only observed in the top binders from the 0.5 nM S protein
extra sorting experiment (Table 1). These aptamer candidates were
individually synthesized as monoclonal aptamer particles via PCR
amplification on forward primer-coated magnetic beads. Next, a binding
assay was performed with each monoclonal aptamer particle to find the
best S protein aptamer candidate via FACS analysis. The results showed
that SpS1-C1 and SpS1-C4 clearly exhibited the greatest target affinity
(Fig. 3A). And then, the specificity test was conducted on the receptor-
binding domain (RBD), subunit 1 (S1), and subunit 2 (S2) domain of
the S protein to confirm the aptamer binding sites, with BSA as a control.
These results indicate that both aptamers specifically bind to S1 domain
of the S protein (Fig. 3B). Finally, the binding affinity of the two
aptamers was determined using fluorescently-labeled S protein trimers
through a bead-based fluorescence binding assay (Ahmad et al., 2011).
The binding data were evaluated using GraphPad software with a 1:1
binding model to determine the dissociation constant (Kd) values
(Fig. 3C and D). The two aptamers exhibited excellent affinity, with Kd
values of 1.47 + 0.30 nM and 1.81 + 0.39 nM for SpS1-C1 and -C4,
respectively.

3.3. A label-free SERS-based DNA aptasensor for ultra-sensitive detection
of S protein

We then designed a label-free, SERS-based aptasensor using these
newly generated DNA aptamers. To achieve effective enhancement of
Raman signals, we fabricated a three-dimensional nanostructured silver
nanoforest (SNF) substrate (Kim et al., 2021) using the nano-sputtering
method (Fig. 4A), followed by conjugation of the two spike-binding
aptamers onto the surface of the SNF substrate. Further, it is widely
accepted that silver nanoparticles exhibit higher SERS enhancement
than gold nanoparticles (Zhao et al., 2008). We also were able to observe
the intrinsic signal of DNA aptamer on the SNF substrate. This intrinsic
signal-based aptasensor enables detection without the need for incor-
poration of any Raman labels.

First, the morphology of the SNF substrate was verified via scanning
electron microscopic (SEM) analysis (Fig. 4B). This revealed a silver
nanoporous structure with a thickness of approximately 1.2 pm; for
reference, the original silver nanoparticles were approximately 75 nm in
diameter. This three-dimensional nanostructure should be capable of
effectively amplifying Raman signals. To verify the suitability of the SNF
substrate, the SERS signals were measured, which were produced by
droplets of a solution containing various concentrations of rhodamine
6G (R6G) solution, a well-known Raman tag (Fig. 4C). We confirmed the
presence of the R6G-specific peak at 1,511 cm ™}, which is the product of
aromatic C—C stretching vibrations (Pang et al., 2014). We subsequently
plotted the Raman intensity at 1,511 cm ™ relative to the concentration
of R6G, and confirmed that as the R6G concentration decreased, the
magnitude of this peak also decreased (Fig. 4D). Based on this analysis,
we determined a detection limit of 2 x 1072 mol. In order to confirm
the usability of the SNF substrate as a SERS substrate, the reproducibility

Aptamer ID Sequence (5'-3') Length Sorting Condition
SpS1-Cl GAACATTGGCGTCCGTGAG- 90mer 0.15%@2 nM
TGAGACCATAGTCCAGCGAACTAAACCTACCCTAAAGGGCAAGGAAGACGGG
-CACTTCCTCAAACGCCCAA
SpS1-C2 GAACATTGGCGTCCGTGAG- 90mer 5.0%@2 nM
CTGCAATATCTTCTTCAATGCCCTGCTGCCACCACTGGCTTCACTTGCGTGT
-CACTTCCTCAAACGCCCAA
SpS1-C3 GAACATTGGCGTCCGTGAG- 90mer 0.1%@0.5 nM
AGATTATAATCCATCTGACGAGTTGTTTTACCGATATTTATCAGTTTTTGTT-
CACTTCCTCAAACGCCCAA
SpS1-C4 GAACATTGGCGTCCGTGAG- 89mer 0.1%@0.5 nM

CAGCTCGTGGTTGTTTGCTTGTATACTTTTGTGGTTTATCTTGTTTCTGAT

-CACTTCCTCAAACGCCCAA
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Fig. 3. Characterization of the isolated S protein-binding aptamers. (A) Candidate aptamers from each of the four consensus sequence families were chosen for
further analysis. ‘FP bead’ indicates the forward primer-coated bead used as a negative control. (B) Specificity measurements were also conducted against the trimeric
S protein, subunit 1, subunit 2, the receptor-binding domain (RBD), and bovine serum albumin (BSA). (C, D) Dissociation constant (Kd) measurements of the best
aptamers using a bead-based fluorescence assay. Kd was calculated from the fluorescence intensity of binding in a 1:1 binding model using GraphPad software.

and anti-interference capability of the SNF substrate were confirmed
(Fig. S4 and Fig. S5). The reproducibility of SNF substrate was analyzed
through Raman signal measurement of R6G with a concentration of 1
mM for 20 different SNF substrates, and the error range was about
6.67%. In addition, the anti-interference capability of the SNF substrate
was confirmed using a mixture of R6G and Nile blue A, and it was
confirmed that the characteristic peak (599 cm_l) of Nile Blue A was
well measured in this mixture. Furthermore, Fourier transform infra-red
(FTIR) analysis was also conducted (Fig. S6). It was observed that no
peak occurred on the bare SNF substrate. In comparison, the
aptamer-conjugated SNF showed that two peaks of 1,429 em ™! and 2,
962 cm ™! caused by O-H bending of carboxyl acid and C-H stretching of
alkanes, respectively. In addition, X-ray diffraction (XRD) patterns were
also analyzed for bare SNF substrate and aptamer conjugated SNF sub-
strate (Fig. S7). XRD peaks at 20 of 38.18°, 44.25°, 64.72°, and 77.40°
could be attributed to the (111), (200), (220), and (311) crystallo-
graphic planes of the face-centered cubic silver crystals, respectively.
Therefore, the XRD pattern clearly demonstrated that Ag-based nano-
structures were formed in this research. The main crystalline phase was
silver, and there were no obvious other phases, such as impurities, found
in the XRD patterns. Finally, the long-term stability of aptasensor over 5

days was also confirmed (Fig. S8). The intensities at 1,587 cm ! were

barely changed. From these results, we were able to successfully form a
nanoscale gap, and using this, we manufactured an SNF substrate, which
was confirmed to be available as a SERS substrate. The nanoscale gap
used here formed a strong hot spot by forming a three-dimensional
nanoporous structure, which is thought to have amplified the Raman
signal of the sample.

We then conjugated SpS1-C1 and -C4 aptamers onto the surface of
the SNF substrate. These aptamers were modified with a thiol group at
the 5'-end to ensure consistent orientation after immobilization, which
could in turn enhance binding affinity (Abdelhamid et al., 2022). We
first recorded the intrinsic Raman signals of the conjugated aptamers on
the SNF surface (Fig. 4E-G). We observed a strong Raman signal in the 1,
400-1,600 cm ! spectral range, corresponding to the vibrations of ke-
tones and some guanine deformation (Gillibert et al., 2018). We also saw
several additional peaks, including a 768 cm ™! peak corresponding to
the C-C and C-N stretching of adenine and thymine (Barhoumi and
Halas, 2010) and a 1,317 cm ™! peak produced by the N-C of adenine
and guanine (Gao et al., 2017) (Fig. S9). Next, we added the recombi-
nant trimeric S protein to the aptamer-conjugated SNF substrate at
varying concentrations. The Raman signals of the two aptamers were
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Fig. 4. Design of the label-free SERS-based aptasensor. (A) Schematic illustration of SERS analysis using the SNF substrate. (B) Top and side view scanning electron
microscopy (SEM) images of the SNF substrate. (C) Raman spectra with varying concentrations of rhodamine 6G on the SNF substrate. (D) Concentration-dependent
Raman intensity of rhodamine 6G at 1,511 cm~!. (E-G) Raman shifts of intrinsic signals for (E) SpS1-C1 and (F) SpS1-C4 at varying concentrations of the re-

combinant trimeric S protein. (G) The data show the detection limit of SpS1-C1 and -C4 on the SNF substrate based on Raman signal intensity at 1,587 cm

considerably altered at the highest concentration of S protein (10
ng/mL), and as the protein concentration decreased, the Raman signal
changes also decreased. At low concentrations such as 1 or 10 pg/mL,
the Raman signal was virtually unchanged relative to before protein
administration. To further quantify this concentration-dependent
response, we focused specifically on the above-mentioned peaks in
Raman intensity at positions 768, 1,317, and 1,587 cm~ L. We chose the
Raman signal at 1,587 cm ™! with the most prominent signals and the
smallest experimental error compared to the other two positions (768
and 1,317 cm’l) (Fig. 4E-G and Fig. S9). We confirmed a detection limit
of 240 fM and 240 aM for aptamers SpS1-C1 and -C4, respectively, using
1,587 cm~! Raman signals (Fig. 4G). The reasons why the Raman signal
is decreasing are as follows. The 3’ part of the aptamer strand is close to
the SNF surface before the SARS-CoV-2 S protein binds. After binding, a
3D structure consisting of an aptamer-protein complex is formed, which
is expected to decrease the Raman signal as the 3’ part of the aptamer
moves away from the SNF surface. These results confirmed that the SNF

-1

substrate can be used as an effective SERS substrate and that this apta-
sensor is the most sensitive for the detection of the SARS-CoV-2 S protein
when we employ our best aptamer (Fig. 4G and Table 52).

3.4. Clinical validation of our SERS aptasensor for multiple SARS-CoV-2
variants

Since the initial discovery of SARS-CoV-2 in 2019, the ancestral
Wuhan wild-type strain has given rise to a host of variants with altered
transmissibility, pathogenicity, and potential for immune escape,
including the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Epsilon
(B.1.429), Delta (B.1.617.2), and Omicron (B.1.1.529) variants.
Although various commercial RATs have been developed for these,
several of these have proven incapable of detecting the now-widespread
Omicron variant, even days after the infection (Adamson et al., 2022).
This remains a serious problem for managing the spread of COVID-19,
and given that this virus still has abundant opportunities for the
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emergence of novel lineages, there is a clear need for diagnostic tools
capable of detecting a broad range of variants.

We, therefore, validated the utility of our aptasensor platform using
SpS1-C4 for testing actual clinical samples collected from patients with
COVID-19 (Fig. 5 and Figs. S10-S13). Considering the improved accu-
racy, SpS1-C4 was chosen to validate clinical samples because it is 1000-
fold more sensitive than the SpS1-C1 aptamer. We used 80 clinical
nasopharyngeal samples obtained from the Sejong Institute of Health &
Environment: 20 known negatives, and 20 samples each from known
positives with wild-type, Delta, and Omicron variants. The results were
verified by RT-qPCR (Table S3). In the negative samples, there was no
binding with the target, and thus only a negligible difference in Raman

W
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signals at 1,587 cm™ .. In contrast, we consistently observed a dramatic
decrease in Raman signals with all 60 COVID-19 positive samples
(Fig. 5A-D and Figs. S10-S13). Using these data, we conducted a
receiver operating characteristic (ROC) curve analysis to assess the
sensitivity and specificity of the platform. Based on ROC analysis, we
determined the decision threshold to be an intensity ratio of 0.5575
(Fig. 5E). The decision threshold was determined as the average be-
tween the sum of negative values and the sum of positive values of Wild-
type, Delta, and Omicron in Fig. S5E. Only one sample showed a false
negative (WT-15), and this was subsequently attributed to failed
conjugation of the aptamer onto the SNF substrate, based on the absence
of intrinsic Raman signals from the aptamer. The area under the curve
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Fig. 5. Clinical validation of our SERS-based aptasensor. (A-D) SARS-CoV-2 detection in 80 nasopharyngeal specimens representing (A) negative controls or patients
with (B) wild-type, (C) Delta, and (D) Omicron variants of SARS-CoV-2. (E) Sensitivity and specificity of detection of SARS-CoV-2 variants based on a threshold
(dashed lines) calculated from the receiver operating characteristic (ROC) curve. The box indicates the standard deviation, and the white circle indicates the mean
value. (F-H) ROC curves of diagnosis for (F) wild-type, (G) Delta, and (H) Omicron variants of SARS-CoV-2.
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(AUC) was determined to be 0.9975, 1, and 1 for the WT, Delta, and
Omicron variants, respectively, confirming the excellent accuracy for
broad detection of SARS-CoV-2 (Fig. 5F-H).

Even though our aptamers were derived from an S protein from an
early lineage of SARS-CoV-2 in 2020 (NCBI Reference Sequence:
YP_009724390.1) (Wu et al., 2020), SpS1-C4 showed robust binding to
the highly-mutated Delta and Omicron variants as well. Our aptamers
bind to S1, which in turn recognizes the host-cell ACE2 receptor, and the
results here indicate that this binding site may be especially well
conserved across SARS-CoV-2 variants. Further studies will be required
to clarify this, but our current results indicate that our platform could
prove broadly applicable for detecting future variants of concern as well.

4. Conclusions

Timely diagnosis of SARS-CoV-2 is crucial to prevent the spread of
the virus, particularly given the potential for emergence of new variants
of concern that may elude existing diagnostic assays. Here, we report a
label-free SERS-based aptasensor platform that combines a novel
aptamer and silver nanoforest substrate to achieve ultra-sensitive,
highly accurate detection of multiple SARS-CoV-2 variants. Using the
particle display technique, we successfully isolated two DNA aptamers
that exhibited a low nanomolar Kd for the viral S protein—to the best of
our knowledge, this represents the highest-affinity aptamer reported to
date for this target. We subsequently incorporated these aptamers into
our label-free SERS-based aptasensor platform, achieving an attomolar
detection limit for recombinant S protein. We then clinically validated
our aptasensor platform with 60 clinical samples with SARS-CoV-2
(wild-type, Delta, and Omicron) and 20 negative controls, achieving
excellent accuracy with high sensitivity and specificity for broad
detection of SARS-CoV-2. This aptasensor has the potential to detect
future variants of this virus, and the same design could be exploited to
achieve rapid and economical development of diagnostic tools for a
diverse range of other pathogens as well.
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