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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 104
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 10® 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 107'2 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-C1 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 ™) 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 cm™! 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 L. (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 em L.

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~ . 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 em™!) (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

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 S2).

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

Biosensors and Bioelectronics 228 (2023) 115202

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. 5E. 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

o

O

_ 1.6, _ 1.8, _ 1.6
5§12 1.2 § 1.2
N~ |y N~
B 0.8 B 0.8 B 0.8
‘&'c 0.4 ‘«i 0.41 ‘&; 0.41
= 0.0, (RJELTTTRRTITI BPL TPRR MRl Y01 Y/ EL N FRTPOY PRPPROOY
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
E N/C Wild-type Delta Omicron
1.6 -
®
1.2 -
A3 = 0.
g '6..0?:“..
5 0.8 -
= | Threshold . COVID-19 Negative 1
= R erhusniminiein R PO PO L N S DU oo i ol
=0.4 - COVID-19 Positive |}
- °
@ ..
’ ;’”ﬁ@ € b O —=23
N/C Wild-type Delta Omicron
1.0 — 1.0 - 1.0 —
0.8 0.8- 0.8-
z z z
S 0.6- P S 0.6 R S 0.6- L’
= i k= ‘. = 2
@ . 7 g 7} .
$ 0.4- . g 0.4 . $ 0.4- o
» .~ AUC =0.9975 n ,»~ AUC =1 » -~ AUC =1
0.2- o P value < 0.0001 0.2- P P value < 0.0001 0.2 /,' P value < 0.0001
0.0 I’ I | 1 1 1 0.0 - I I 1 1 1 0.0 - 1 1 1 1 1

00 02 04 06 038
1 - Specificity

1.0

00 02 04 06 038
1 - Specificity

1.0

00 02 04 06 038
1 - Specificity

1.0

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
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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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