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ABSTRACT: We developed a new surface-enhanced Raman
scattering (SERS)-based aptasensor platform capable of quantifying severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) lysates with a high sensitivity. In this study, a spike protein
deoxyribonucleic acid (DNA) aptamer was used as a receptor, and
a self-grown Au nanopopcorn surface was used as a SERS detection
substrate for the sensible detection of SARS-CoV-2. A quantitative
analysis of the SARS-CoV-2 lysate was performed by monitoring
the change in the SERS peak intensity caused by the new binding
between the aptamer DNA released from the Au nanopopcorn
surface and the spike protein in the SARS-CoV-2 virion. This
technique enables detecting SARS-CoV-2 with a limit of detection
(LoD) of less than 10 PFU/mL within 15 min. The results of this
study demonstrate the possibility of a clinical application that can dramatically improve the detection limit and accuracy of the
currently commercialized SARS-CoV-2 immunodiagnostic kit.
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In this study, we developed a new diagnostic assay platform
that can improve the detection sensitivity of SARS-CoV-2
through surface-enhanced Raman scattering (SERS) analysis.
For this purpose, we used a Au nanopopcorn substrate13−15
and a spike protein deoxyribonucleic acid (DNA) aptamer
receptor developed by Song’s group.16,17 The Kd value of the
DNA aptamer for the spike protein was estimated to be 5.8
nM. The spike protein expressed on the surface of SARS-CoV2 binds to the angiotensin-converting enzyme 2 (ACE2)
receptor on the surface of human cells and penetrates the
cell.18,19 A DNA aptamer with a comparable binding aﬃnity to
the spike protein was used as a binding receptor instead of
ACE2 in this study.20,21 When diagnosing coronavirus, a
nasopharyngeal smear is taken with a cotton swab and then
lysed to extract proteins in the virus. We chose a SARS-CoV-2
lysate, which is close to the actual clinical sample, as the target
to develop a new diagnostic method that can be used in the
real clinical ﬁeld. In contrast, SERS detection technology based
on the electromagnetic ﬁeld enhancement eﬀect at the hot
junctions of the Au nanopopcorn substrate enables the

he severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic has caused signiﬁcant social
and economic problems worldwide.1−3 Vaccines have been
developed and inoculated in various countries to prevent the
spread of SARS-CoV-2; however, a rapid and accurate
diagnosis of the virus is also crucial. Currently, reverse
transcription-polymerase chain reaction (RT-PCR), which
detects ribonucleic acid (RNA) inside a virus, is used as the
standard diagnostic method for SARS-CoV-2;4−7 however, the
total diagnostic time, including sample preparation, gene
ampliﬁcation, and detection, requires ∼3−4 h. Thus, it is
necessary to shorten the diagnostic time for rapid on-site
diagnosis. Various rapid kits for immunodiagnosis using
antigen−antibody reactions have also been developed and
commercialized to shorten the diagnosis time. However, they
have not been adopted as the standard diagnostic method
owing to their low limit of detection (LoD) and poor
accuracy.8−10 In particular, false negatives obtained by
commercialized immunodiagnostic kits are a severe problem
that can aggravate the spread of SARS-CoV-2.11,12 Therefore,
the development of a rapid and accurate immunodiagnostic
technology is essential to prevent the spread of large-scale
contagious infections. Innovative diagnostic technology for
detecting a small amount of the virus with a new receptor
having a strong binding power with SARS-CoV-2 is urgently
needed to solve the issues of the currently used immunodiagnostic antigen kits.
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Figure 1. Schematic illustration of the quantitative evaluation of SARS-CoV-2 using the SERS-based aptasensor. (a) After SARS-CoV-2 lysates
release the target spike proteins, they are recognized by the aptamer DNAs on the Au nanopopcorn surfaces. The spike protein-bound aptamers
move away from the Au nanopopcorn surfaces, leading to a decreased Raman peak intensity of Cy3 reporters. (b) Cy3-tagged aptamer DNAs are
hybridized with capture DNAs on the Au nanopopcorn substrate. The internal standard 4-MBAs are immobilized along with aptamer DNAs on the
Au nanopopcorn substrate. (c) Recognition of the spike protein of SARS-CoV-2 induces a conformational change of aptamer DNAs, enabling the
aptamer DNAs to bind with the receptor-binding domain (RBD) on the spike protein.
from Invitrogen Corporation (Carlsbad, CA). Ultrapure water (0.055
μs/cmc) was obtained from a laboratory water system (Göttingen,
Germany). Aptamer probes and capture DNA oligonucleotides were
purchased from Integrated DNA Technologies, Inc. (Coralville, IA)
having the sequences of 5″-Cy3/TTT TTT TTT TTT TTT CAG
CAC CGA CCT TGT GCT TTG GGA GTG CTG GTC CAA GGG
CGT TAAT GGA CA-3″ and 5′-AAA AAA AAA AAA AAA(CH2O)3(CH2)3-SH-3′, respectively. Inﬂuenza A virus lysates were
purchased from Microbix (Mississauga, Canada). Chung-Ang
University Hospital provided negative SARS-CoV-2 clinical specimen
samples. The research protocol for clinical samples was approved by
the Institutional Review Board (IRB) of the Chung-Ang University
Hospital. All chemicals used in this study were of analytical reagent
grade and were used without further puriﬁcation.
Instrumentation. The SERS spectra and Raman images were
acquired using an in Via Renishaw Raman microscope system
(Renishaw, New Mills, U.K.). A He−Ne laser operating at 632.8 nm
was used as the excitation source. The Rayleigh line was removed
from the Raman scattering using a holographic notch ﬁlter located
along the collection path. Raman spectral data were collected using a
charge-coupled device camera. The SERS mapping images were
obtained by laser point mapping using a 20× (NA 0.4) objective lens
with a diﬀraction limit of 0.9 μm. The baseline correction of Raman
spectra was performed using WiRE V 4.0 software (Renishaw, New
Mills, U.K.). The spectral analysis was performed using Origin Pro V8
software (OriginLab Corporation, Northants). A Cary 100
spectrometer (Varian, UT) was used to obtain the UV−visible
absorption spectra. The transmission electron microscopy (TEM)
images were obtained using a JEOL JEM 2100F instrument at an
accelerating voltage of 200 kV. ELISA data were obtained using a
microplate reader (Power Wave ×340, Bio-Tek, VT) equipped with a
96-well plate.

detection of a small number of samples compared to the
ﬂuorescence detection method commonly used in bioanalysis.22−24 To allow the highly sensitive detection of SARSCoV-2, the spike protein DNA aptamers, in which Raman
reporter molecules are bound to its terminal, are immobilized
by DNA hybridization on the Au nanopopcorn surface. When
a SARS-CoV-2 lysate is added to the substrate, the DNA
aptamer binds to the SARS-CoV-2 lysate. It separates from the
substrate because the binding between the spike proteins
released from the lysate and the aptamer is stronger than that
of the DNA hybridization. At this time, the number of viruses
can be quantiﬁed by monitoring the characteristic peak
intensity of the Raman reporter molecules.
The new SARS-CoV-2 diagnostic method provides
improved sensitivity and speciﬁcity compared with the existing
lateral ﬂow assay or enzyme-linked immunosorbent assay
(ELISA). In particular, the clinical applicability of the
proposed SERS aptasensor was veriﬁed using samples obtained
by spiking various concentrations of the SARS-CoV-2 lysate in
a transport medium solution containing nasopharyngeal swabs
from negative patients. We report the quantitative analysis
results obtained using the SERS aptasensor and its potential
feasibility for the rapid and sensitive diagnosis of SARS-CoV-2.

■

EXPERIMENTAL SECTION

Materials. Ethanol (99.5%), 6-mercapto-1-hexanol (MCH),
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 4-mercaptobenzoic acid (4-MBA), magnesium chloride, and saline sodium citrate
(SSC) buﬀer (pH 7.0) were purchased from Sigma-Aldrich (St. Louis,
MO). Phosphate-buﬀered saline (PBS) (10×, pH 7.4) was purchased
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Figure 2. The on−oﬀ mechanism for the quantitative evaluation of SARS-CoV-2. (a) Schematic illustration of the SERS-based aptasensor for the
on−oﬀ evaluation of the SAR-CoV-2 lysate. (b) Raman images measured with the Cy3 Raman intensity at 1470 cm−1 for diﬀerent conditions on
Au nanopopcorn substrates: aptasensor treated without target (left image) and aptasensor treated with the 103 PFU/mL sample (right image). The
scale bar on the right presents the color coding to depict the Raman peak intensity. (c) Average Raman spectra obtained from 36 pixels of the
corresponding Raman images of (b).
Fabrication of the Au Nanopopcorn Substrate. The
fabrication process of the Au nanopopcorn surface has been reported
elsewhere.13,14 This plasmonic substrate was cleaned with ethanol and
deionized water. To activate the thiol groups at the ends of DNA
sequences, DNAs were treated with TCEP at a pH of 4 for 1 h. PBS
buﬀer solution was added to adjust the pH value to 7. Subsequently,
the substrate was incubated for 2 h in the DNA capture solution and
immersed in 2 mM MCH containing a 0.1 mM 4-MBA solution at 25
°C for 2 h. It was washed with a buﬀer a couple of times. After the
immobilization of the DNAs on the surface, they were hybridized with
aptamer DNAs in 2× SSC buﬀer at room temperature for 2 h. Then,
they were rinsed with a buﬀer to eliminate nonhybridized DNA
aptamers and dried with nitrogen gas. Prior to the hybridization with
capture DNAs, the aptamer DNAs were heated to 90 °C for 10 min to
unfold their strain and then cooled to room temperature.
Preparation of SARS-CoV-2 Viral Lysates. The National
Culture Collection for Pathogens (NCCP), operated by the Korea
National Institute of Health, provided SARS-CoV-2 virus lysates
(BetaCoV/Korea/KCDC03/2020). SARS-CoV-2 was propagated in
Vero cells (ATCC No. CCL-81) in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) with 1% antibiotic−antimycotic and tosyl
phenylalanyl chloromethyl ketone (TPCK) trypsin (ﬁnal concentrations of 0.5 μg/mL) at 37 °C and under 5% CO2 for 72 h. The
propagated viruses were stored at −80 °C for future use. Infectious
virus titers were determined by a 50% tissue culture infective dose
(TCID50) in conﬂuent cells in 96-well microplates. All experiments
using SARS-CoV-2 were performed at the Korea Centers for Disease
Control and Prevention (KCDC)-approved Biosafety Level 3 (BL-3)
facility of the Korea Research Institute of Bioscience and
Biotechnology (KRIBB) in accordance with institutional biosafety
requirements. For the preparation of viral lysates, 90 μL of virus
samples was treated with 10 μL of tris(2-carboxyethyl)phosphine
(TCEP)/ethylenediaminetetraacetic acid (EDTA) (ﬁnal concentrations of 100 and 1 mM, respectively) and sequentially heated at 50 °C
for 5 min and 64 °C for 5 min.
SARS-CoV-2 Assays Using the SERS-Based Aptasensor. For
the SARS-CoV-2 assays, 5 μL of the lysate solution (0−1000 PFU/
mL) was dropped onto the aptamer-immobilized Au nanopopcorn
substrate, followed by incubation at room temperature for 15 min in a
humid chamber. The substrate was then instantly rinsed with a
washing buﬀer to remove the binding complexes between the

aptamers and SARS-CoV-2 lysates. Raman images were measured
using a mapping tool with a 20× objective lens. A computercontrolled stage was used to acquire 36 Raman spectra with a step size
of 20 μm. All spectra were measured with an exposure time of 5 s.
Competitive Assay Between ACE2 and the Spike Protein
DNA Aptamer. One hundred microliter of the spike protein solution
(4 μg/mL) was distributed into the wells of a 96-well plate at 4 °C
overnight. After incubation, the samples were washed three times with
a washing buﬀer to remove the nonbinding proteins. Two hundred
microliter of the bovine serum albumin (BSA) (5%) solution was
dispensed into each well, and the plate was incubated for 60 min at
room temperature to block the remaining space in each well. After
incubation, the cells were washed three times with a washing buﬀer.
The biotinylated spike protein DNA aptamer solution was diluted to a
ﬁnal concentration of 0.1 μM and then denatured at 90 °C for 10 min.
One hundred microliter of the biotinylated aptamer solution was
distributed into each well, and the plate was incubated for 2 h at room
temperature. After incubation, the cells were washed three times with
a washing buﬀer. One hundred microliter of streptavidin−horseradish
peroxidase (SA−HRP) was added into each well and incubated at
room temperature for 30 min to detect the biotinylated aptamer. After
washing the plate three times, the TMB solution was added, and the
solution was incubated for 10 min at 25 °C. The reaction was stopped
by adding 0.5 N sulfuric acid, and the absorbance at 450 nm was
measured for each well.

■

RESULTS AND DISCUSSION
Figure 1 presents a schematic illustration of the quantitative
analysis method of SARS-CoV-2 using the SERS aptasensor.
As shown in Figure 1a, the SARS-CoV-2 lysate was prepared
by the lysis of SARS-CoV-2 virions in the TCEP/EDTA
solution, and the assay was performed with the spike protein
released from the SARS-CoV-2 lysate as a target. First, the
spike protein aptamer DNA, labeled with the Cy3 Raman
reporter at the end, was hybridized with the capture DNA
bound on the Au nanopopcorn surface. As the DNA aptamer
molecule recognizes the spike protein in the SARS-CoV-2
lysate, its conformational structure changes to attach to the
protein. As a result, the Cy3 at the terminal of the aptamer
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Figure 3. Improvement of detection reproducibility using the internal standard molecule (4-MBA). (a) Raman image measured with the Cy3
Raman peak intensity at 1470 cm−1. (b) Raman spectra obtained from all 36 point pixels in (a). (c) Histograms for the Raman peak intensity values
of the Raman reporter Cy3 (I1470) and the internal standard 4-MBA (I1075) collected from six diﬀerent Au nanopopcorn substrates. The RSDs for
six diﬀerent substrates were RSD1470 = 9.1% and RSD1075 = 10%, respectively. (d) Corresponding histograms for the normalized Raman peak
intensity ratios (I1470/I1075) for six substrates. The use of internal standards improved the RSD to 2.3%.

DNA moves away from the Au nanopopcorn surface, reducing
the Raman peak intensity of Cy3. As the amount of the spike
protein in the SARS-CoV-2 lysate increased, more aptamer
molecules were separated from the surface of the Au
nanopopcorn substrate. Consequently, the characteristic
Raman peak intensity of the Cy3 molecule decreases, as
shown in Figure 1a, and its monitoring enables the quantitative
analysis of the spike protein in SARS-CoV-2. Figure 1b
presents 15 A−T hybridization spacers to immobilize the spike
protein aptamer DNAs on the Au nanopopcorn surface.
Herein, 4-MBA molecules were used as internal standards to
improve the reproducibility of the assay results. Figure S1a
shows the average SERS spectra of 4-MBA, Cy3, and their 1:1
molar mixtures for 36 spots on the nanopopcorn substrate. As
shown in this ﬁgure, these two Raman reporters appear in
independent regions due to relatively little overlap with other
Raman peaks. The SERS peak of Cy3 appears at 1470 cm−1
and that of MBA seems at 1075 cm−1. The SEM image of the
nanopopcorn substrate used in this study is demonstrated in
Figure S1b. A molecular dynamics simulation was performed
to better understand the binding site between the aptamer
DNA molecule and the spike protein; the results are shown in
Figure 1c. The aptamer DNA is separated from the substrate
and then bound to the spike protein because the binding
aﬃnity between the aptamer DNA and the spike protein is
signiﬁcantly greater than the adenine (A)−thymine (T) DNA
hybridization energy.
Prior to performing the SARS-CoV-2 assay using the SERSbased aptasensor, the binding capability of the aptamer to the
SARS-CoV-2 spike protein was tested. Figure S2a shows a
schematic illustration of the assay between the SARS-CoV-2

spike protein and the DNA aptamer. Figure S2b displays the
corresponding calibration curve of the aptamer in the 0−1.0
μM range. When DNA aptamers are bound to spike proteins,
the absorbance increases along with the aptamer concentration. According to this assay result, the DNA aptamer
apparently has a binding aﬃnity of comparable intensity to the
ACE2 receptor with respect to the spike protein. Figure 2a
shows a schematic illustration of the SERS-based aptasensor
for the “on−oﬀ” test for detecting the SARS-CoV-2 lysate.
Figure 2b (left) presents a Raman mapping image (6 × 6 = 36
mapping spots) of Cy3-tagged aptamer DNAs hybridized with
probe DNAs on a Au nanopopcorn surface. The Raman
mapping image was obtained by color decoding Raman peak
intensity variation at 1470 cm−1 of the Raman reporter Cy3.
The mapping image shows a strong SERS signal owing to the
localized surface plasmon eﬀect because the Cy3 Raman
reporter molecule is signiﬁcantly close to the substrate surface.
With the addition of the 103 PFU/mL SARS-CoV-2 lysate,
aptamer DNAs moved away from the substrate surface by
binding to the spike protein in the SARS-CoV-2 lysate, and the
corresponding Raman peak intensity decreased along with the
amount of SARS-CoV-2 (Figure 2b, right). Figure 2c presents
the average Raman spectra for 36 spots in each Raman
mapping image in Figure 2b. The concentration of SARS-CoV2 can be determined by monitoring the change in the Raman
peak intensity at 1470 cm−1.
One of the most critical issues in the quantitative analysis
using SERS technology is securing the reproducibility of the
substrate. To conﬁrm the reproducibility of the Au nanopopcorn substrate used in this study, a 10−3 M Cy3-tagged
DNA aptamer, hybridized with the capture DNA, was
2381
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Figure 4. (a) Evaluation of Raman peak intensity variations with increasing SARS-CoV-2 concentration in PBS buﬀer. (a) Average Raman spectra
of 36 Raman mapping points for SARS-CoV-2. The concentrations ranged from 0 to 1000 PFU/mL. (b) Variation of the average Raman peak
intensity at 1470 cm−1 as a function of the SARS-CoV-2 lysate concentration in PBS buﬀer. Correlation coeﬃcient, R2 = 0.997. The LoD of the
SARS-CoV-2 lysate was estimated to be 3.75 PFU/mL. The upper line indicates the variation of the Raman peak intensity of the internal standard
(4-MBA) at 1075 cm−1 on the Au nanopopcorn substrates. (c) Average Raman spectra of the SARS-CoV-2 lysate for the Raman reporter Cy3
(I1470) and the internal standard 4-MBA (I1075) collected from six diﬀerent Au nanopopcorn substrates. (d) Variation of normalized Raman peak
intensity ratios of (I1470/I1075) as a function of the SARS-CoV-2 lysate concentration. Correlation coeﬃcient, R2 = 0.991. The LoD of SARS-CoV-2
lysate was estimated to be 0.53 PFU/mL.

Figure 4a presents the change in the average Raman
spectrum with increasing virus concentration in the 0−1000
PFU/mL range of SARS-CoV-2 in PBS buﬀer. The Raman
spectrum for each concentration was obtained by averaging 36
pixel points in the Raman mapping image in Figure S4a. The
Raman peak intensity at 1470 cm−1 of the Cy3 Raman reporter
gradually decreased with increasing virus concentration. In
addition, the Raman peak intensity at 1075 cm−1 of 4-MBA
was used as the internal standard to correct errors that may
have occurred in the substrate environment or minute volume
changes during the measurement. Figure 4b shows the Raman
peak intensity variations at 1470 cm−1 (Cy3, red line) and at
1075 cm−1 (4-MBA, sky blue line). Raman mapping images
measured at 1075 cm−1, for various SARS-CoV-2 lysate
concentrations ranging from 0 to 1000 PFU/mL, are shown in
Figure S3b. As shown in this ﬁgure, the image remains evenly
distributed over the surface, but the average Raman peak
intensities show slight ﬂuctuations, as shown in Figure 4b.
Figure 4c shows the change in the relative Raman peak
intensity (I1470/I1075) according to the SARS-CoV-2 concentration. Here, the Raman peak intensity at 1470 cm−1 of Cy3
was corrected by the normalized Raman peak intensity at 1075
cm−1 of 4-MBA. The normalized Raman spectrum for each
concentration was obtained by averaging 36 pixel points in the
Raman mapping image in Figure S4b. Figure 4d shows a
normalized calibration curve representing the relative Raman
peak intensity variation for the change in the SARS-CoV-2
concentration. When calibrated using the internal standard, the
correlation coeﬃcient value was similar to that of the nonuse;

immobilized on six diﬀerent Au nanopopcorn substrates (120
μm × 120 μm), and then the Raman mapping image (6 × 6 =
36 mapping points) for each substrate was measured. Figure 3a
shows the corresponding Raman mapping image on the ﬁrst
substrate (#1). Figure S3a shows the Raman images obtained
from the Cy3 Raman peak intensity at 1470 cm−1 on other Au
nanopopcorn substrates from #2 to #6. Figure 3b displays the
corresponding average Raman spectra for the 36 mapping
spots of substrate #1. Figure 3c shows the distribution and
relative standard deviation (RSD) of the average values of 36
spots on six diﬀerent Au nanopopcorn substrates. The RSD
value is 9.1%, which indicates acceptable spot-to-spot
variations; however, the conﬁdence level is expected to
increase if the internal standard is considered for each
measurement. Therefore, 4-MBA was also immobilized with
the aptamer DNAs on the substrate and used as an internal
standard. The graph at the bottom of Figure 3c presents the
substrate-to-substrate change of the Raman peak intensity of 4MBA at 1075 cm−1 for six diﬀerent substrates. The error bars
represent the relative standard deviations for the spot-to-spot
variation on the same substrate. The RSD of 4-MBA was
estimated to be 10.0%. To improve the detection reproducibility, the Raman peak intensity value of the Raman reporter
Cy3 (I1470) was normalized to that of the internal standard 4MBA (I1075). Figure 3d demonstrates the corresponding
histograms for the normalized Raman peak intensity ratios
(I1470/I1075) for the six Au substrates, which improved the RSD
to 2.3%.
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Figure 5. Evaluation of Raman peak intensity variations with increasing SARS-CoV-2 concentration in real clinical negative respiratory specimens.
(a) Average Raman spectra of the SARS-CoV-2 lysate for the Raman reporter Cy3 (I1470) and the internal standard 4-MBA (I1075) collected from
six diﬀerent Au nanopopcorn substrates. (b) Variation of normalized Raman peak intensity ratios of (I1470/I1075) as a function of the SARS-CoV-2
lysate concentration. The SARS-CoV-2 lysate was spiked into negative respiratory specimens in the 0−1000 PFU/mL concentration range.
Correlation coeﬃcient, R2 = 0.999. The LoD of the SARS-CoV-2 lysate was estimated to be 3.67 PFU/mL. (c) Average Raman spectra for a blank,
inﬂuenza A/H1N1 (4500 PFU/mL), inﬂuenza A/H3N2 (15 000 PFU/mL), SARS-Cov-2 (200 PFU/mL), and their mixtures for the selectivity
test. (d) Corresponding histograms for the normalized Raman peak intensity ratios (I1470/I1075) collected from (c).

however, the RSD value decreased by ∼8.0%, indicating better
reproducibility. Furthermore, the LoD value became signiﬁcantly lower, dropping from 3.75 to 0.53 PFU/mL, indicating
that it is possible to detect very low concentrations of SARSCoV-2. Herein, the LoD was determined from the fourparameter equation in Figure S5.
To evaluate the clinical eﬀectiveness of this SERS-based
aptasensor, assays were also performed on a solution obtained
by spiking various concentrations of the SARS-CoV-2 lysate
into a transport medium solution, including nasopharyngeal
swabs from negative patients (clinical sample). The Cy3 SERS
peak intensity representing the change in the concentration of
the aptamer DNA was corrected by the normalized Raman
peak intensity of the internal standard 4-MBA, as shown for
the PBS buﬀer solution in Figure 4c. Figure 5a presents the
average Raman spectra for various concentrations of the SARSCoV-2 lysate spiked into a clinical sample. As with the PBS
solution, the normalized Raman spectrum for each concentration was obtained by averaging 36 pixel points shown in the
Raman mapping image in Figure S6. Figure 5b demonstrates
the corresponding calibration curve for the relative SERS peak
intensity that was corrected using the internal standard. The
quantitative analysis results (LoD and RSD) of SARS-CoV-2 in
Figure 5b are slightly higher (3.67 PFU/mL) than those
measured from the PBS buﬀer solution. Therefore, the SARSCoV-2 analysis using a SERS-based aptasensor is expected to
function suﬃciently in real clinical samples, although it was
diﬃcult to test real clinical samples of patients infected with

SARS-CoV-2 owing to safety issues. Finally, assays were
performed for SARS-CoV-2 (200 PFU/mL), inﬂuenza A/
H1N1 (4500 PFU/mL), inﬂuenza A/H3N2 (15 000 PFU/
mL), and their cocktail mixtures to evaluate the selectivity
performance of the SERS aptasensor; Figure 5c presents their
normalized Raman spectra, and Figure 5d displays a histogram
of the Raman peak intensity changes for four diﬀerent samples.
The Raman spectra for each sample were obtained by
averaging 36 pixel points in the Raman mapping image in
Figure S7. As shown in the ﬁgures, only SARS-CoV-2 and the
cocktail mixture containing it presented a signiﬁcant decrease
in the Raman peak intensity compared to the blank sample.
The assay results demonstrated that the SERS-based
aptasensor showed high selectivity for SARS-CoV-2.

■

CONCLUSIONS
To cope with the rapid spread of SARS-CoV-2, a conceptually
new diagnostic assay platform that can improve the sensitivity
of the currently commercialized LFA kit is required. In this
study, a SERS-based immunodiagnostic sensor using spike
protein aptamers was developed for the sensitive detection of
SARS-CoV-2. The highly sensitive detection of SARS-CoV-2
was achieved by monitoring the change in the SERS peak
intensity using a combination of the Au nanopopcorn
substrates, which are capable of implementing a high-density
hot spot, and the spike protein aptamer DNAs. In addition, the
detection reproducibility of SARS-CoV-2 was improved by
2383
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correcting the SERS peak intensity for the Cy3 Raman tag at
the terminal of the aptamer DNA using the 4-MBA molecule
as an internal standard. As a result, it was possible to detect
SARS-CoV-2 with an LoD of lower than 10 PFU/mL in 15
min, which presents a sensitivity of 2 orders of magnitude
better than that of a commercial immunoassay rapid kit (300−
500 PFU/mL). The sample obtained by spiking SARS-CoV-2
into a transport medium solution containing nasopharyngeal
swabs from negative patients also presented a similar LoD
value and suﬃcient quantitative properties, thus demonstrating
the potential for a rapid and accurate diagnosis of SARS-CoV2. To apply this SERS-based aptasensor to actual clinical
practice, the research to implement a Au nanopopcorn
substrate-based aptasensor with a portable Raman spectrophotometer is underway.
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