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A B S T R A C T   

We developed a dual-mode surface-enhanced Raman scattering (SERS)-based aptasensor that can accurately 
diagnose and distinguish severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influenza A/H1N1 
at the same time. Herein, DNA aptamers that selectively bind to SARS-CoV-2 and influenza A/H1N1 were 
immobilized together on Au nanopopcorn substrate. Raman reporters (Cy3 and RRX), attached to the terminal of 
DNA aptamers, could generate strong SERS signals in the nanogap of the Au nanopopcorn substrate. Addition
ally, the internal standard Raman reporter (4-MBA) was immobilized on the Au nanopopcorn substrate along 
with aptamer DNAs to reduce errors caused by changes in the measurement environment. When SARS-CoV-2 or 
influenza A virus approaches the Au nanopopcorn substrate, the corresponding DNA aptamer selectively de
taches from the substrate due to the significant binding affinity between the corresponding DNA aptamer and the 
virus. As a result, the related SERS intensity decreases with increasing target virus concentration. Thus, it is 
possible to determine whether a suspected patient is infected with SARS-CoV-2 or influenza A using this SERS- 
based DNA aptasensor. Furthermore, this sensor enables a quantitative evaluation of the target virus concen
tration with high sensitivity without being affected by cross-reactivity. Therefore, this SERS-based diagnostic 
platform is considered a conceptually new diagnostic tool that rapidly discriminates against these two respiratory 
diseases to prevent their spread.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
and influenza virus have many clinical similarities [1–3]. Both viruses 
are transmitted through the respiratory tract and show mild symptoms 
in the initial infection state but lead to death when the virus reaches a 
severe condition. In addition, they are primarily airborne and have 
similar symptoms such as fever, cough, fatigue, and muscle pain [4–6]. 
Therefore, if the SARS-CoV-2 pandemic situation is prolonged and 
favorable conditions for influenza virus are created due to the seasonal 
characteristics, we cannot exclude the possibility for the simultaneous 
outbreaks of SARS-CoV-2 and influenza virus. Pharmaceutical com
panies such as Pfizer and Moderna, which have successfully developed 
an RNA vaccine against SARS-CoV-2 [7–9], have also started developing 
a vaccine that can act simultaneously against these two respiratory 

infectious diseases. However, it is urgent to develop a diagnostic tech
nology rapidly discriminating these two respiratory diseases to prevent 
their spread. In preparation for such a situation, dual 
reverse-transcription polymerase chain reaction (RT-PCR) reagents to 
simultaneously diagnose SARS-CoV-2 and influenza virus from clinical 
nasopharyngeal samples were already commercialized [10,11]. 
Furthermore, dual-mode rapid immunodiagnostic kits for SARS-CoV-2 
and influenza virus using antibody-antigen interactions were also 
developed [12,13]. Scheme 1a shows the symptoms that appear when 
infected with SARS-CoV-2 or influenza A and the RT-PCR and Rapid 
antigen kit that can diagnose them. 

As reported so far, RT-PCR shows high sensitivity and specificity, but 
it takes a long time for diagnosis since it needs a viral RNA extraction 
and 20–40 PCR amplification steps. Therefore, the research into short
ening the diagnosis time using isothermal PCR or gene scissors is 
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actively underway in RT-PCR diagnosis [14–16]. In the case of an 
immunoassay-based rapid kit, the diagnostic accuracy of the initial or 
asymptomatic infection patient is very low due to the limit of its 
detection sensitivity. As a result, the false-negative diagnosis of infected 
patients is recognized as the most severe problem [17,18]. To resolve 
this problem, many researchers have made efforts to improve the 
detection sensitivity of a rapid kit through optical measurements such as 
fluorescence and chemiluminescence [19–23]. Our research group has 
been trying to improve its diagnostic sensitivity and accuracy by using a 
surface-enhanced Raman scattering (SERS)-based detection different 
from the fluorescence or chemiluminescence detections used in con
ventional molecular diagnostics or immunoassays [24–28]. The SERS 
detection is a method of measuring the high-sensitivity Raman scat
tering signals of incident light amplified by the localized surface plas
mon effects of molecules present in the nanogaps of the Au 
nanocomposite [29–32]. We recently reported a novel SERS-based DNA 
aptasensor platform that can detect SARS-CoV-2 [33] or influenza virus 
[34] with high sensitivity. Herein, Au nanopopcorn substrates were used 
as a susceptible and reproducible SERS platform for the virus assays. 
Additionally, specific DNA aptamers [34–39] that selectively bind to the 
virus target protein biomarkers were used as the receptors (Scheme 1b). 

To quickly distinguish whether a suspected patient with similar 
symptoms is infected with SARS-CoV-2 or influenza virus, we developed 
a dual-mode virus assay platform that rapidly and accurately differen
tiates the virus type in this study. Herein, SARS-CoV-2 and influenza A 
aptamers were simultaneously immobilized on the same Au nano
popcorn substrate and then selectively reacted according to the kind of 
virus approaching the substrate (Scheme 1c). This simultaneous dual- 
mode DNA aptasensor provides an efficient diagnostic tool that can 
accurately determine which virus is infected and respond quickly when 
a patient has cold symptoms during the changing seasons. 

2. Experimental section 

2.1. Reagent and materials 

Ethanol (99.5%), tris(2-carboxyethyl) phosphine hydrochloride 
(TCEP), 6-mercapto-1-hexanol (MCH), 4-mercaptobenzoic acid (4- 
MBA), saline-sodium citrate (SSC) buffer (pH 7.0), and magnesium 
chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Phosphate-buffered saline (PBS) (10 ×, pH 7.4) was purchased from 
Invitrogen Corporation (Carlsbad, CA, USA). Ultrapure water (0.055 μs/ 
cmc) was obtained from a laboratory water system (Goettingen, Ger
many). Capture DNAs and aptamer probes oligonucleotides were pur
chased from Integrated DNA Technologies, Inc. (Coralville, IA, USA), 
having the sequences of 5′-SH-(CH2O)3(CH2)3-TGT CCA TTA ACG CCC- 
3′, and capture DNA 2: 5′-SH-(CH2O)3(CH2)3-TGC GCC GAG GTG ATG- 
3′. Aptamer probe 1: 5′-CAG CAC CGA CCT TGT GCT TTG GGA GTG CTG 
GTC CAA GGG CGT TAA TGG ACA- Cy3–3′ [33,35] and aptamer probe 
2: 5′-TAC TGC ACA CGA CAC CGA CTG TCA CCA TCA CCT CGG CGC 
A-RRX-3′ [39]. SARS-CoV-2 lysate was prepared at Korea Research 
Institute of Bioscience and Biotechnology (KRIBB), (Daejeon, South 
Korea). Influenza A/H1N1, influenza A/H3N2 and influenza B viruses 
were purchased from Microbix (Mississauga, Ontario, Canada). 
Chung-Ang University Hospital provided virus-free clinical nasopha
ryngeal samples. Various concentrations of virus samples were prepared 
by spiking SARS-CoV-2 lysate or influenza A/H1N1 lysate into transport 
media containing virus-free nasopharyngeal samples to detect each virus 
under conditions similar to actual clinical tests. 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. 

Scheme 1. (a) Symptoms that appear when infected with SARS-CoV-2 or influenza A, and RT-PCR and rapid antigen kit for their diagnosis. (b) Photograph and SEM 
image of Au nanopopcorn substrate. (c) Working principle of dual aptamer-immobilized Au nanopopcorn substrate for virus assays. 
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2.2. Instrumentation 

The Raman images and SERS spectra were acquired using an in Via 
Renishaw Raman microscope system (Renishaw, New Mills, UK). A 
He–Ne laser operated at 632.8 nm was used as the excitation source. The 
Raman spectral data were collected using a charge-coupled device 
(CCD) camera. The Raman mapping images were obtained by using a 
20 × (NA 0.4) objective lens with a diffraction limit of around 0.9 µm. 
The baseline correction of Raman spectra was performed using the WiRE 
V 4.0 software (Renishaw, New Mills, UK). The spectral analysis was 
performed using the Spectragryph software and Origin Pro V8 software 
(OriginLab Corporation, Northants, USA). 

2.3. Fabrication and characterization of SERS-based DNA aptasensors 

The fabrication procedure of the Au nanopopcorn surface has been 
previously reported [33,34]. Before the functionalization, this plas
monic substrate was cleaned with ethanol and deionized water. Before 
the hybridization, equal molar concentrations of the capture DNA 1 and 
the aptamer probe 1 were mixed and heated to 90 ◦C for 10 min to 
unfold their strain and then cooled to room temperature. The identical 
process was performed for the capture DNA 2 and the aptamer probe 2. 
Then the DNAs were treated with TCEP to activate the thiol groups at the 
end of capture DNA sequences at pH 4 for 1 h. PBS buffer solution was 
added to adjust the concentration of the mixing two aptamer probes to 
be 2 μM. Subsequently, the plasmonic substrate was incubated for 2 h in 
the mixing aptamers DNA solution and then immersed in 2 mM MCH 
containing a 0.1 mM 4-MBA solution at room temperature for 2 h. After 
the functionalization on the surface of the Au nanopopcorn, the apta
sensors were dried with nitrogen gas. The Raman image of the fabricated 
SERS-based aptasensor (5 mm × 5 mm size) was measured using a 
mapping tool with a 20 × objective lens. A computer-controlled mi
croscope stage was used to acquire 36 Raman spectra with a step size of 
20 µm (total size 120 µm ×120 µm). All spectra were measured with an 
exposure time of 5 s. Raman mapping images for five random areas on 
the same Au substrate were measured to investigate spot-to-spot fluc
tuations of Raman signal intensity. In addition, Raman mapping images 
for 6 different substrates were also measured to investigate the 
substrate-to-substrate fluctuations due to the change of the substrate. 

2.4. Single viral assays for SARS-CoV-2 and influenza virus A and cross- 
reactivity tests 

For the single viral assays, 5 μL of sample solution (SARS-CoV-2, 
0–5000 PFU/mL) or (H1N1, 0–2016 HAU/mL) was dropped onto the 
single aptamer-immobilized Au nanopopcorn substrate, followed by 
incubation for 15 min in a humid chamber at room temperature. Then 
the aptasensors were instantly rinsed with a washing buffer to remove 
non-specific binding species between the specific aptamers and target 
proteins. After being dried with nitrogen gas, the aptasensors were 
measured using the Raman mapping technique. For the cross-reactivity 
tests, 5 μL of sample solution containing (SARS-CoV-2, 0.32–200 PFU/ 
mL) or (H1N1, 0.13–80.6 HAU/mL) was dropped onto the duplex SERS- 
based aptasensor, followed by incubation for 15 min in a humid cham
ber at room temperature. After the aptasensors were instantly rinsed 
with a washing buffer, they were dried with nitrogen gas. Then corre
sponding Raman mapping images were measured and analyzed. 

2.5. Simultaneous dual-mode assays of SARS-CoV-2 and influenza virus 
A and selectivity tests 

For the dual assays, 5 sample solutions containing (SARS-CoV-2, 
0–200 PFU/mL) and (H1N1, 0–80.6 HAU/mL) were mixed with 
different molar ratios, and then 5 μL of sample solution was dropped 
onto the duplex SERS-based aptasensor, followed by incubation for 
15 min in a humid chamber at room temperature. The Raman mapping 

images were measured after the aptasensors were instantly rinsed with a 
washing buffer and dried with nitrogen gas. Meanwhile, 6 mixture 
sample solutions were prepared and then measured with the same 
method. For the specificity tests, 5 samples: blank, SARS-CoV-2 (200 
PFU/mL), influenza A/H3N2 (1000 HAU/mL), influenza A /H1N1 (80 
HAU/mL), and influenza B (500 HAU/mL) were prepared, and then their 
Raman mapping images were measured and analyzed. 

3. Results and discussion 

Fig. 1 shows the operating principle of the SERS aptasensor, which 
can quickly classify and quantitatively analyze SARS-CoV-2 virus and 
influenza A/H1N1 virus. As shown in Fig. 1a, spike protein DNA 
aptamer was immobilized on Au nanopopcorn substrate through the 
hybridization with capture DNA 1 for SARS-CoV-2 detection. At the 
same time, hemagglutinin DNA aptamer was simultaneously immobi
lized on the same Au nanopopcorn substrate through the hybridization 
with capture DNA 2 to detect influenza A/H1N1 virus (Fig. S1). Strong 
SERS signals for both double-strand DNA aptamers were observed 
because the Cy3 reporter bound to the spike protein DNA aptamer and 
the RRX reporter attached to the hemagglutinin DNA aptamer is located 
very close to the Au nanopopcorn substrate. As shown in Fig. 1b, when 
SARS-CoV-2 lysates are approaching the Au nanopopcorn substrate, the 
DNA aptamer corresponding to SARS-CoV-2 binds to the spike protein of 
SARS-CoV-2 lysate. As a result, the DNA aptamer including Cy3 moves 
away from the Au nano popcorn surface, and the Raman peak intensity 
decreases. When influenza virus A/H1N1 approaches Au nanopopcorn 
surface, the Raman peak intensity for the DNA aptamer, including RRX, 
drops by the identical mechanism. Therefore, it is possible to quantify 
the amounts of SARS-CoV-2 and influenza A/H1N1 simultaneously by 
monitoring the decrease in characteristic Raman peak intensities 
(1470 cm− 1 for Cy3 and 1650 cm− 1 for RRX) of both Raman reporter 
molecules. To correct the variations of Cy3 or RRX SERS signals under 
different measurement conditions, another Raman reporter 4-MBAs 
were labeled on the surface of Au nanopopcorn for the use of an inter
nal standard. As shown in Fig. 1b and c, the characteristic Raman peak 
intensity of MBA at 1075 cm− 1 has a constant peak intensity regardless 
of the presence of viruses. As the concentration of SARS-CoV-2 increases, 
the number of DNA aptamers that escape from the Au nanopopcorn 
substrate increases, so the characteristic Raman peak intensity of Cy3 at 
1470 cm− 1 decreases. As the concentration of influenza A/H1N1 in
creases, the peak intensity of RRX at 1650 cm− 1 decreases by the same 
principle. Therefore, it is possible to quantify SARS-CoV-2 and influenza 
A/H1N1 concentrations by monitoring changes in Raman peak intensity 
of Cy3 and RRX. 

Fig. 2a shows the molecular structures of three Raman reporters, 4- 
MBA (internal standard), Cy3 (SARS-CoV-2), and RRX (influenza A/ 
H1N1), used in this work. Among the Raman reporter molecules used 
here, 4-MBA has a much smaller Raman cross-section than Cy3 or RRX, 
so the enhancement factor is small when the same concentration of 
molecules is used for measurement. Therefore, we used a much higher 
molar concentration of 4-MBA than that of Cy3 or RRX for SERS mea
surements. Fig. 2b shows the SERS spectra for the 100:2:2 molar con
centration ratio of 4-MBA, Cy3, and RRX attached to the Au 
nanopopcorn substrate. At this time, it is possible to quantitatively 
analyze SASR-CoV-2 and influenza A/H1N1 by monitoring the Raman 
peak intensity change for each Raman reporter molecule at 1075 cm− 1 

(4-MBA), 1470 cm− 1 (Cy3), and 1650 cm− 1 (RRX). 
Fig. 3a shows the photograph of an Au nanopopcorn substrate and 

Raman mapping method used in this study. A 5 × 5 mm2 Au nano
popcorn substrate was used as the substrate for a dual-mode SERS-based 
aptasensor. A 120 × 120 µm2 area was randomly selected on the sub
strate, and its Raman mapping image was measured at 20 µm intervals 
(Fig. 3a). The upper figure of Fig. 3b is a Raman mapping image for 
Raman peak intensity at 1075 cm− 1 of 4-MBA used as an internal 
standard. The figure on the right is a color decoding bar representing 
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Raman peak intensity distributions. The middle and lower figures are 
Raman mapping images showing the peak intensity changes for Cy3 and 
RRX. Both images show more uniform intensity distributions when the 

corresponding intensities are corrected with the Raman mapping in
tensity value of the internal standard 4-MBA (I1470/I1075 and I1650/ 
I1075). It shows that the reproducibility of each Raman reporter molecule 

Fig. 1. Schematic illustration for the quantitative evaluation of influenza A/H1N1 and SARS-CoV-2 using the dual-mode SERS aptasensor. (a) Two Raman reporters- 
labeled DNA aptamers 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. Recognition of target protein induces the aptamer’s conformational change, leading to decreased corresponding Raman signal 
intensities for (b) SARS-CoV-2, 0 PFU/mL (black) to 1000 PFU/mL (red) and (c) Influenza A/H1N1, 0 HAU/mL (black) to 403 HAU/mL(red). 

Fig. 2. (a) Molecular structures of three Raman reporters. (b) Average SERS spectra of 0.1 mM 4-MBA, 2 μM Cy3, 2 μM RRX and their 1:1:1 molar mixtures on Au 
nanopopcorn substrate. Characteristic Raman peaks of Cy3 at 1470 cm− 1) and RRX at 1650 cm− 1 were used for the quantitative evaluation of SARS-CoV-2 and 
influenza A/H1N1, respectively. The Raman peak of 4-MBA at 1075 cm− 1 was used as an internal standard. 
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is improved when each Raman intensity is corrected using the peak of 
the internal standard 4-MBA. When we used the internal standard, the 
relative standard deviations (RSDs) were improved from 8.0% to 5.2% 
for SARS-CoV-2 and 9.1% to 5.0% for Influenza A, respectively. 

Herein, it needs to evaluate the substrate-to-substrate reproducibility 
since many pieces of Au nanopopcorn substrates are used in actual virus 
assays. Fig. S2a and b show photographs of six different substrate pieces 
and the average Raman spectra for 36 point pixels of each substrate, 
respectively. Fig. S2c shows histograms of the RSDs for their normalized 
Raman peak intensity ratios. This figure shows that the substrate-to- 
substrate reproducibility is excellent since RSDs for Cy3 and RRX are 
1.7% and 2.1%, respectively. In addition, we also evaluated spot-to-spot 
reproducibility for the same substrate. As shown in Fig. S3a, five areas 
were selected on the same substrate, and their corresponding Raman 
spectra were measured for six random points chosen for each location 
(Fig. S3b). According to our experimental data, the spot-to-spot repro
ducibility is also nice because the RSDs for the five testing areas were 
estimated to be 9.7% (I1470) and 11.9% (I1650), respectively. 

Fig. 4a shows the process of assaying SARS-CoV-2 lysate after 
immobilizing 4-MBA and spike protein DNA aptamers on the Au nano
popcorn substrate. Fig. 4b displays the corresponding Raman spectral 
changes in the concentration range 0–5000 PFU/mL of SARS-CoV-2 
lysate. This figure also shows that the characteristic Raman peak at 
1075 cm− 1 of the internal standard 4-MBA shows a constant intensity. 
On the other hand, the Raman peak intensity of the Cy3 Raman reporter 
at 1470 cm− 1, attached to the DNA aptamer terminal, decreases 
concomitantly as the concentration increases. This is because the spike 
protein of SARS-CoV-2 lysate induces the DNA aptamer to detach from 
the substrate and reduces its Raman intensity. Fig. 4c shows the cali
bration curve for the I1470/I1075 ratio for the increase of SARS-CoV-2 
concentration. The Raman peak intensity ratio for each concentration 

was determined from the average value of Raman peak intensities for 36 
mapping area pixels, which showed a good correlation of R2 = 0.9938 
and LOD= 0.78 PFU/mL for SARS-CoV-2 in Fig. 4c. Fig. 4d, e and f also 
show the process of assaying influenza A/H1N1 after immobilizing DNA 
aptamers for hemagglutinin, the change in Raman spectra in the 0–2016 
HAU/mL concentration range, and corresponding calibration curve, 
respectively. At this time, the LOD and R2 were estimated to be 0.62 
HAU/mL and 0.9939, respectively. 

Fig. 5 shows the results of evaluating the cross-reactivity between 
SARS-CoV-2 and influenza A/H1N1 using a dual-mode SERS-based 
aptasensor. The internal standard Raman reporter 4-MBA was immobi
lized on the Au nanopopcorn substrate. Then two different DNA 
aptamers binding to spike protein and hemagglutinin were immobilized 
on the substrate with the same molar concentrations. The bindings be
tween DNA aptamers and target proteins were induced by adding 
various concentrations of SARS-CoV-2 or influenza A/H1N1 lysate to the 
substrate. When the SARS-CoV-2 lysate was added to Au nanopopcorn 
substrate (Fig. 5a), only the spike protein DNA aptamer selectively binds 
to SARS-CoV-2, and the characteristic Raman peak intensity of Cy3 at 
1470 cm− 1 decreases (Fig. 5b). On the other hand, the characteristic 
Raman peak intensity at 1650 cm− 1 of RRX attached to the hemagglu
tinin DNA aptamer is maintained at a constant intensity regardless of the 
concentration of SARS-CoV-2 (Fig. 5c). Conversely, as shown in Fig. 5d, 
when influenza A/H1N1 lysate was added to Au nanopopcorn substrate, 
only hemagglutinin DNA aptamers selectively combined with influenza 
A/H1N1 and the characteristic Raman peak intensity of RRX at 
1650 cm− 1 decreases (Fig. 5e). In this case, the Raman peak intensity at 
1470 cm− 1 is kept constant (Fig. 5 f). From these experimental results, 
we can conclude that the spike protein- and hemagglutinin-compatible 
DNA aptamers, fixed together on the Au nanopopcorn substrate, have 
low cross- reactivity against SARS-CoV-2 and influenza A/H1N1 without 

Fig. 3. Data collections using the Raman mapping technique. (a) Photograph of an Au nanopopcorn substrate and Raman mapping method. Raman mapping images 
were obtained with an excitation laser wavelength of 632.8 nm, scanned over a 120 µm (x-axis) and 120 µm (y-axis) range using a computer-controlled microscopic 
stage. (1 pixel=20 µm×20 µm). (b) Raman mapping image measured with the Raman peak intensity at 1075 cm− 1 (4-MBA, pink), 1470 cm− 1 (Cy3, blue), and 
1650 cm− 1 (RRX, red). Images on the right are the Raman mapping images for normalized Raman peaks intensity ratios (I1470/I1075, blue and I1650/I1075, red). The 
scale bars show color decoding bars representing Raman peak intensity distributions. 
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Fig. 4. Evaluation of Raman peak intensity variations with increasing concentration of the target viruses using single DNA aptamer-immobilized SERS sensors. The 
internal standard Raman reporter 4-MBA was immobilized on the Au nanopopcorn substrate. (a) Addition of SARS-CoV-2 lysate to a spike protein aptamer- 
immobilized Au popcorn substrate. (b) Average Raman spectra in the presence of various SARS-CoV-2 concentrations (0− 5000 PFU/mL) and (c) the correspond
ing calibration curve to show a variation of the normalized Raman peak intensity ratio of I1470 /I1075 as a function of the SARS-CoV-2 lysate concentration. 
LOD= 0.78 PFU/mL and R2 = 0.9938. (d) Addition of influenza A/H1N1 lysate to a hemagglutinin DNA aptamer-immobilized Au popcorn substrate. (e) Average 
Raman spectra in the presence of various influenza A/H1N1 concentrations (0− 2016 HAU/mL) and (f) the corresponding calibration curve to show a variation of the 
normalized Raman peak intensity ratio I1650 /I1075 as a function of the influenza A/H1N1 lysate concentration. LOD= 0.68 HAU/mL and R2 = 0.9939. 

Fig. 5. Evaluation of the cross-reactivity between SARS-CoV-2 and influenza A/H1N1 using a dual-mode SERS-based aptasensor. The internal standard Raman 
reporter 4-MBA was immobilized on the Au nanopopcorn substrate. (a) Addition of SARS-CoV-2 lysate to a dual aptamer-immobilized Au popcorn substrate. (b) 
Average Raman spectra in the presence of various SARS-CoV-2 lysate (0.32− 200 PFU/mL) concentrations and (c) the variations of the I1470/I1075 and I1650 /I1075. (d) 
Addition of influenza A/H1N1 lysate to a dual aptamer-immobilized Au popcorn substrate. (e) Average Raman spectra in the presence of various influenza/H1N1 
lysate (0.13− 80.6 HAU/mL) concentrations and (f) the variations of the I1470/I1075 and I1650 /I1075. 
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any interference. Therefore, it is possible to quickly and accurately 
distinguish SARS-CoV-2 and influenza A/H1N1 using this dual-mode 
DNA aptasensor platform. 

When the concentrations of SARS-CoV-2 and influenza A/H1N1 were 
relatively changed, corresponding variations in SERS signal intensity 
were also measured (Fig. 6a, b). In Fig. 6c, the relative changes in SERS 
signal intensity were plotted when the concentrations of SARS-CoV-2 
and influenza A/H1N1 lysates ranged in 0.32–200 PFU/mL and 
80.6–0.13 HAU/mL, respectively. When the concentration ratio of H1N1 
and SARS-CoV-2 was 0.13/200, the SERS peak intensity of H1N1 was 
relatively strong but when it was 3.2/8, they had almost the same in
tensity. However, when the ratio is 80.6/0.32, the SERS intensity of 
SARS-CoV-2 was relatively strong. SERS spectra were also measured 
with the increase of both concentrations of SARS-CoV-2 and influenza 
A/H1N1 equally in the ranges of 0.2–200 PFU/mL and 0–80.6 HAU/mL 
(Fig. 6d). As the concentration of each virus increased, the corre
sponding SERS intensity for both viruses concomitantly decreased in a 
similar pattern (Fig. 6e). Thus, the concentration of each virus can be 
accurately determined using those calibration curves. 

To test the specificity of the dual-mode SERS-based aptasensor, four 
different viruses, SARS-CoV-2 (200 PFU/mL), Influenza A/H3N2 (1000 
HAU/mL), Influenza A/ H1N1 (80 HAU/mL), and Influenza B (500 
HAU/mL), were added to the substrate and corresponding SERS spectra 
were measured. Fig. 7a shows the normalized Raman spectra showing 
only the characteristic Raman peaks of 4-MBA, Cy3, and RRX for each 
virus. The full Raman spectra for related viruses are shown in Fig. S4. 
Fig. 7b shows the changes in relative SERS peak intensities I1470/I1075 
and I1650/I1075 for each virus. Compared to the SERS intensity of the 
blank, the I1650/I1075 and I1470/I1075 show a considerable decrease only 
for influenza A/H1N1 and SARS-CoV-2. On the other hand, both peak 

intensity ratios show similar values for other viruses. Therefore, we can 
conclude that the spike protein and hemagglutinin DNA aptamers have 
good selectivity only for SARS-CoV-2 and influenza A/H1N1. 

4. Conclusion 

There is a possibility that SARS-CoV-2 and influenza A will coincide 
in autumn or winter. Since both respiratory infectious diseases have 
similar symptoms, it is critical to differentiate them through a prompt 
and accurate diagnosis. This study developed a conceptually new SERS- 
based aptasensor that can accurately distinguish them using Au nano
popcorn substrates co-immobilized with the spike protein and hemag
glutinin DNA aptamers. When SARS-CoV-2 approaches the substrate, 
only the corresponding spike protein DNA aptamer binds to the SARS- 
CoV-2 virus and moves away from the substrate, and the Raman peak 
intensity of Cy3 at 1470 cm− 1 decreases. When the influenza A/H1N1 
virus approaches the substrate, the hemagglutinin DNA aptamer that 
binds to the influenza/H1N1 virus moves away from the substrate. As a 
result, the characteristic Raman peak intensity of RRX at 1650 cm− 1 

decreases. The characteristic Raman peak intensity at 1075 cm− 1 of 4- 
MBA was used as an internal standard to reduce errors caused by 
changes in the measurement environment. It was possible to measure 
very minute changes in the concentrations of SARS-CoV-2 or influenza 
A/H1N1 without the influence of cross-reactivity using the SERS-based 
aptasensor developed in this study. Therefore, this SERS-based apta
sensor is expected to be used as a new diagnostic tool that can quickly 
and accurately determine which virus is infected when a patient shows a 
symptom of infection. 

Fig. 6. Simultaneous evaluations of SARS-CoV-2 and influenza A/H1N1 viruses using a dual-mode SERS-based aptasensor. (a) Addition of different concentration 
ratios of SARS-CoV-2 and influenza A/H1N1 lysates to a dual-mode Au nanopopcorn substrate. (b) Average Raman spectra for different concentration ratios of SARS- 
CoV-2 and influenza A/H1N1 when the concentration of SARS-CoV-2 lysate decreases but that of influenza A/H1N1 increases (200 PFU/mL/0.13 HAU/mL to 0.32 
PFU/mL/80.6 HAU/mL) and (c) the corresponding variations of the I1470/I1075 and I1650 /I1075 ratios. (d) Average Raman spectra for different concentration ratios of 
SARS-CoV-2 and influenza A/H1N1 when both concentrations increase (0 PFU/mL/0 HAU/mL to 200 PFU/mL/80.6 HAU/mL) and (e) the corresponding variations 
of the I1470/I1075 and I1650 /I1075 ratios. 
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