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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has affected humans worldwide for over a year 
now. Although various tests have been developed for the detection of SARS-CoV-2, advanced sensing methods 
are required for the diagnosis, screening, and surveillance of coronavirus disease 2019 (COVID-19). Here, we 
report a surface-enhanced Raman scattering (SERS)-based immunoassay involving an antibody pair, SERS-active 
hollow Au nanoparticles (NPs), and magnetic beads for the detection of SARS-CoV-2. The selected antibody pair 
against the SARS-CoV-2 antigen, along with the magnetic beads, facilitates the accurate direct detection of the 
virus. The hollow Au NPs exhibit strong, reproducible SERS signals, allowing sensitive quantitative detection of 
SARS-CoV-2. This assay had detection limits of 2.56 fg/mL for the SARS-CoV-2 antigen and 3.4 plaque-forming 
units/mL for the SARS-CoV-2 lysates. Furthermore, it facilitated the identification of SARS-CoV-2 in human 
nasopharyngeal aspirates and diagnosis of COVID-19 within 30 min using a portable Raman device. Thus, this 
assay can be potentially used for the diagnosis and prevention of COVID-19.   

1. Introduction 

Coronavirus disease 2019 (COVID-19), caused by severe acute res
piratory syndrome coronavirus 2 (SARS-CoV-2), was first reported in 
December 2019, and it soon resulted in a pandemic in March 2020 (Lu 
et al., 2020). Currently, over 240 million infections and 4.8 million 
deaths due to COVID-19 have been reported worldwide (World Health 
Organization, 2021). Although several types of SARS-CoV-2 vaccines 
have been developed and administered, new SARS-CoV-2 infections are 
still detected worldwide (Richman, 2021). 

Soon after the emergence of SARS-CoV-2, the virus was genetically 

analyzed to facilitate the development of diagnostic methods for COVID- 
19 (Khan et al., 2020). Therefore, polymerase chain reaction 
(PCR)-based approaches have been widely used for the detection of viral 
RNA (Corman et al., 2020). In addition, several types of antigen tests, 
such as the sandwich-type immunofluorescence strip assay (Zhang et al., 
2020), colorimetric lateral flow assay (Grant et al., 2020), field-effect 
transistor sensors (Seo et al., 2020), microfluidic enzyme-linked 
immunosorbent assay (ELISA) (Lin et al., 2020), surface plasmon reso
nance sensors (Huang et al., 2021), and others (Cennamo et al., 2021; 
Eissa et al., 2021), have been developed for detection of SARS-CoV-2. 
However, there is still an increasing demand for public health tools for 
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diagnosis, screening, and surveillance (Mina and Andersen, 2021); thus, 
it is important to develop state-of-the-art methods for the detection of 
SARS-CoV-2. 

Surface-enhanced Raman scattering (SERS) is a powerful analytical 
technique that can generate molecular fingerprint spectra with single- 
molecule sensitivity that is insensitive to quenching (Kahraman et al., 
2017). SERS-based sensing methods have been limited because of the 
low reproducibility caused by the fluctuations in the SERS signals (Kang 
et al., 2010). However, recent advancements in SERS have led to the 
development of sophisticated sensing methods that facilitate precise 
analysis and generation of high-quality SERS-active nanostructures 
(Hwang et al., 2019; Shin et al., 2018). In particular for the combat with 
COVID-19, SERS technology has not only exhibited less time-cost ad
vantages than PCR for detection SARS-CoV-2 and antibodies, but also 
exhibited more advantages such as identifying infectiousness of 
SARS-CoV-2 (Peng et al., 2021a,b; Zhang et al., 2021; Wu et al., 2022; 
Yang et al., 2021; Yu et al., 2021; Srivastav et al., 2021; Sanchez et al., 
2021; Payne et al., 2021; Liu et al., 2021; Li et al., 2021; Huang et al., 
2021; Gao et al., 2021; Chen et al., 2021; Chen et al., 2021, 2021; Huang 
et al., 2021, 2021; Pramanik et al., 2021; Zavyalova et al., 2021). 

Here, we report a magnetically assisted SERS immunoassay for the 
detection of SARS-CoV-2. An antibody pair consisting of detection and 
reporter antibodies, with binding affinities (Kd) of 0.66 nM and 0.69 nM, 
respectively, to the SARS-CoV-2 antigen, was selected using a phage 
display library. For the SERS-based assay, the magnetic beads were 
modified with the detection antibody, and hollow Au nanoparticles 
(NPs) were synthesized and modified with the reporter antibody and 
Raman dye. In the presence of SARS-CoV-2, the hollow Au NPs undergo 
immunoreactions and associate with the magnetic beads, thus gener
ating strong SERS signals. This assay can detect the SARS-CoV-2 antigen 
even at concentrations as low as 2.56 fg/mL and the SARS-CoV-2 lysates 
at 3.4 plaque-forming unit (PFU)/mL. In addition, it can effectively 
detect SARS-CoV-2 in human nasopharyngeal aspirates and thus help in 
the diagnosis of COVID-19 patients. The present assay exhibits distinct 
merits compared with previous immunoassays. First, the newly discov
ered antibody pair facilitates the specific recognition of SARS-CoV-2. 
The antibody pair might be useful to the various immunological de
vices for COVID-19 diagnosis. Second, the adoption of SERS technique 
enables the sensitive and quantitative detection of the virus, being 
beneficial than the conventional lateral flow assays. Third, this SERS- 
based method will be helpful for the on-site detection of SARS-CoV-2 
using a portable Raman system. SERS-based assays for the direct 
detection of SARS-CoV-2 in clinical samples have not been developed so 
far. Considering the recent advancements in SERS, such assays would 
greatly help in the diagnosis of COVID-19 patients. 

2. Materials and methods 

2.1. Materials 

Gold (III) chloride trihydrate (HAuCl4⋅3H2O), cobalt (II) chloride 
hexahydrate (CoCl2⋅6H2O), sodium borohydride (NaBH4), trisodium 
citrate dihydrate (HOC(COONa)(CH2COONa)2⋅3H2O), tosyl phenyl
alanyl chloromethyl ketone (TPCK) trypsin, bovine serum albumin 
(BSA), 2-(N-morpholino) ethane sulfonic acid (MES), 1-ethyl-3-(3-dime
thylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 
ethanol, tetrahydrofuran (THF), and isopropyl β-D-1-thiogalactopyr
anoside were purchased from Sigma-Aldrich (MO, USA). Phosphate 
buffered saline (PBS) (10X, pH 7.4) and carboxylic acid-activated 
magnetic beads (Dynabeads MyOne) were purchased from Invitrogen 
(OR, USA). Dulbecco’s modified Eagle medium (DMEM) and antibiotic- 
antimycotic were purchased from Thermo Fisher Scientific (MA, USA). 
Malachite green isothiocyanate (MGITC) was purchased from Setareh 
Biotech (OR, USA). Tris(2-carboxyethyl) phosphine (TCEP) was pur
chased from LPS Solution (Korea). Ethylenediaminetetraacetic acid 
(EDTA) solution was purchased from Dyne Bio (Korea). SARS-CoV-2 

antigen (nucleocapsid protein), SARS-CoV-2 S-protein, influenza M1, 
neuraminidase (N), hemagglutinin (HA) proteins, respiratory syncytial 
virus fusion (F) protein, human CoV 229E, influenza A/CA/07/2009 
(pH1N1), influenza A/Brisbane/10/2007 (H3N2), influenza A/aquatic 
bird/Korea/w351/2008 (H5N2), and influenza B/Victoria/Brisbane/ 
60/2008 (IBV) were provided by the BioNano Health Guard Research 
Center (H-GUARD) of Korea. SARS-CoV-2 (BetaCoV/Korea/KCDC03/ 
2020) was obtained from the National Culture Collection for Pathogens, 
which is operated by the Korea National Institute of Health. 

2.2. Screening of antibodies 

The screening of the antibody pair was carried out using a large Fab 
phage display library (5 × 1011) in KRIBB (Guk et al., 2020). Briefly, 
96-well microplates were coated with 100 ng of SARS-CoV-2 antigen, 
incubated at 37 ◦C for 1 h, washed with PBS, and then blocked with 4% 
skim milk in PBS at 37 ◦C for 1 h. The antibody library phages were 
further incubated with the antigen-coated plates at 37 ◦C for 1 h. The 
unbound phage was washed with 0.05% Tween 20 in PBS (PBST), and 
the bound phages were eluted with 0.1 M glycine-HCl (pH 2.2) and 
neutralized with 2 M Tris base. The TG1 cells were first infected with the 
eluted phages and then superinfected with helper phages (VCSM13). 
The resulting phages were subjected to additional rounds of panning. 
Individual TG1 colonies were randomly isolated from the output of the 
third round of panning and cultured in Superbroth medium containing 
100 μg/mL ampicillin until an optical density of 0.5 at 600 nm was 
obtained. Isopropyl β-D-1-thiogalactopyranoside (final concentration =
1 mM) was then added to the culture and incubated overnight at 30 ◦C to 
induce Fab expression. The clone-cultured supernatants were used for 
ELISA to screen for the antigen-specific antibodies. Goat F(ab’)2 
anti-human IgG (Fab’)2-HRP antibody (1:1000, Abcam, UK) was used 
for the colorimetric detection of the bound clones using a 3,3′5,5′-tet
ramethylbenzimidine (TMB) substrate (BD Bioscience, NJ, USA). 

2.3. ELISA 

Various concentrations (10− 13–10− 5 M) of the SARS-CoV-2 antigen 
were combined with an antibody (2 μg/mL) in PBS containing 0.1% BSA 
and pre-incubated at 37 ◦C for 2 h. The antigen-antibody mixtures were 
transferred to separate wells of a 96-well microplate coated with 100 ng 
of antigen, and the bound antibody was then detected via indirect ELISA. 
The Kd of antibody to antigen was calculated using a Klotz plot. 

For sandwich ELISA, the microplates coated with 100 ng of the 
detection antibody in PBS were incubated with 100 ng of the SARS-CoV- 
2 antigen and 100 ng of the respective proteins at 37 ◦C for 2 h. Next, the 
plates were washed with PBST, and 100 ng of the reporter antibody was 
added and incubated at 37 ◦C for 1 h. For the colorimetric detection of 
the bound reporter antibody, a goat anti-human IgG-HRP antibody 
(1:3000, Pierce, MA, USA) and a TMB substrate (BD Bioscience) were 
used. 

2.4. Dot-blot test 

Each virus (2 × 102 TCID50/dot) was blotted onto the nitrocellulose 
(NC) membrane and air-dried. The membrane was then incubated with 
the detection or reporter antibodies (1 μg/mL) in BSA/PBST for 2 h at 
37 ◦C. The bound antibody was detected using a goat anti-human IgG- 
HRP antibody (1:3000, Pierce) and enhanced chemiluminescent reagent 
(Thermo Fisher Scientific) using a ChemiDoc MD gel documentation 
system (Bio-Rad, CA, USA). 

2.5. Synthesis of hollow Au NPs 

Deionized water (100 mL) was placed in a three-neck round- 
bottomed flask with 1 mL of 0.1 M sodium citrate solution (0.1 M). The 
solution was deoxygenated with N2 gas for 50 min. Next, 140 μL of 
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NaBH4 (1.0 M) and 100 μL of CoCl2 solution (0.4 M) were added to the 
solution and reacted for 45 min under N2 gas flow. A total of 500 μL of 
HAuCl4 solution (0.1 M) was added to the solution through 10 separate 
additions of 50 μL aliquots at intervals of 80 s after the reaction was 
complete. Furthermore, the resultant solution was exposed to ambient 
conditions after reaction for 40 min. Lastly, the synthesized hollow Au 
NPs were centrifuged at 1100 × g for 20 min at 25 ◦C and resuspended in 
PBS before further use. 

2.6. Detection of SARS-CoV-2 

To prepare the detection antibody-conjugated magnetic beads, 1 mg 
of magnetic beads was washed twice with MES buffer (25 mM, pH 6). 
Next, 50 μL of EDC solution (50 mg/mL) and 50 μL of NHS solution (50 
mg/mL) were sequentially added to the magnetic beads and reacted 
with slow tilt rotation for 30 min. EDC/NHS coupling has been widely 
used for antibody conjugation (Guk et al., 2020). After the reaction, the 
beads were separated using a magnet and washed twice with 25 mM 
MES buffer. Next, 10 μg of the detection antibody was added to the 
beads suspended in 100 μL of MES buffer (25 mM), and the resultant 
solution was incubated for 4 h at 25 ◦C. After incubation, the excess 
antibody was eliminated by washing thrice with PBS buffer. The 
unreacted surfaces of the beads were blocked by incubating with BSA 
solution (1%) for 1 h and washing with PBS. Lastly, the detection 
antibody-conjugated magnetic beads were resuspended in PBS buffer 
(final concentration = 10 mg/mL). 

Furthermore, to prepare the reporter antibody-conjugated hollow Au 
NPs with MGITC, 3 mL of the synthesized hollow Au NP solution was 
centrifuged at 2500 × g for 20 min and resuspended in 10 mL PBS buffer 
(10 mM). Then, 8 μL of MGITC solution (100 mM in ethanol) was added 
to the hollow Au NP solution and incubated for 45 min with gentle 
shaking. The MGITC-modified Au NPs were centrifuged at 13,000 × g for 
10 min and resuspended in 1 mL of PBS buffer (10 mM). During the 
MGITC coating reaction, 5 μL of HS-(CH–2)10-NHS solution (100 μM in 
THF) was mixed with 100 μL of the reporter antibody solution (10 μg/ 
mL in PBS) and incubated for 45 min at 25 ◦C with orbital shaking. Then, 
50 μL of the resultant antibody solution was added to the MGITC- 
modified hollow Au NP solution and further incubated for 1 h at 
25 ◦C. After incubation, the reporter antibody-conjugated hollow Au 
NPs with MGITC were centrifuged at 13,000 × g for 10 min and resus
pended in 500 μL of PBS (10 mM). Both MGITC and reporter antibody 
were conjugated to hollow Au NPs through Au–S bonding. 

For the detection of the SARS-CoV-2 antigen, 100 μL of sample so
lution, 50 μL of detection antibody-conjugated magnetic bead solution, 
and 50 μL of reporter antibody-conjugated hollow Au NP solution were 
mixed in a reaction tube and incubated for 2 h at 25 ◦C. The beads were 
then separated using an external magnet for 30 s and washed with PBS 
buffer. The SERS signals from the magnetically collected beads were 
measured for 30 s. 

For the preparation of the SARS-CoV-2 culture, the procured virus 
was propagated in Vero cells (ATCC No. CCL-81) in DMEM containing 
1% antibiotic-antimycotic and TPCK trypsin without fetal bovine serum 
at 37 ◦C under 5% CO2 for 72 h. Infectious virus titers were determined 
by 50% tissue culture infective dose (TCID50) in the confluent cells 
cultured in 96-well microplates. All experiments using SARS-CoV-2 were 
performed at a Korea Centers for Disease Control and Prevention 
(KCDC)-approved BL-3 facility of KRIBB in accordance with institutional 
biosafety guidelines. Influenza virus titers were determined using a one- 
step real-time PCR kit (Promega, WI, USA) in accordance with the 
manufacturer’s instructions. 

For the detection of SARS-CoV-2, 90 μL of the viral sample was 
treated with 10 μL of TCEP/EDTA (final concentrations of 100 and 1 
mM, respectively) and heated at 50 ◦C for 5 min and 64 ◦C for 5 min. 
This step was performed for the lysis of SARS-CoV-2. Next, 100 μL of 
sample solution, 50 μL of detection antibody-conjugated magnetic bead 
solution, and 50 μL of reporter antibody-conjugated hollow Au NP 

solution were mixed in a reaction tube and incubated for 2 h at 25 ◦C. 
The beads were then separated using an external magnet for 30 s and 
washed with PBS buffer. The SERS signals from the magnetically 
collected beads were measured for 30 s. 

2.7. Diagnosis of COVID-19 patients 

Nasopharyngeal aspirate samples from patients were collected using 
flocked nasopharyngeal swabs and placed in viral transport media 
(VTM, Copan Diagnostics Inc., CA, USA). All the patients were nega
tively diagnosed for COVID-19, and the patient samples were stored at 
− 70 ◦C until further use. The protocol for this retrospective study was 
reviewed and approved by the Institutional Review Board (IRB) of the 
Yonsei University Health Service Center, Severance Hospital, Seoul, 
Korea (IRB approval number: 4-2020-0465). For the detection of SARS- 
CoV-2 in the human nasopharyngeal aspirates, 45 μL of SARS-CoV-2- 
spiked nasopharyngeal aspirate sample was treated with 5 μL of 
TCEP/EDTA (final concentrations of 100 and 1 mM, respectively) and 
heated at 50 ◦C for 5 min followed by 64 ◦C for 5 min. Next, 50 μL of 
sample solution, 25 μL of detection antibody-conjugated magnetic bead 
solution, and 25 μL of reporter antibody-conjugated hollow Au NP so
lution were mixed in a reaction tube and incubated at 25 ◦C for 30 min. 
The beads were then separated using an external magnet for 30 s and 
washed with PBS buffer. Lastly, the SERS signals from the magnetically 
collected beads were measured for 30 s. 

Clinical samples from COVID-19 patients were collected and placed 
in VTM and stored at − 70 ◦C until use. The protocol for this retrospec
tive study was reviewed and approved by the IRB of Gyeongsang Na
tional University College of Medicine, Jinju, Korea (IRB approval 
number: 2020-10-002). For the diagnosis of COVID-19 patients, 40 μL of 
the clinical sample solution, 20 μL of detection antibody-conjugated 
magnetic bead solution, and 20 μL of reporter antibody-conjugated 
hollow Au NP solution were mixed in a reaction tube and incubated at 
25 ◦C for 25 min. The beads were then separated using an external 
magnet for 30 s and washed with PBS buffer. Lastly, the SERS signals 
from the magnetically collected beads were measured using a portable 
Raman device. 

PCR analysis of the clinical samples was performed using the refer
ence primers and probes targeting the envelope and RNA-dependent 
RNA polymerase (RdRp) genes according to World Health Organiza
tion guidelines (Álvarez-Díaz et al., 2020). Total viral RNA was purified 
using the QIAamp Viral RNA Mini Kit (Qiagen, Germany) according to 
the manufacturer’s instructions. The one-step real-time reverse 
transcription-quantitative PCR (RT-qPCR) reaction mixture consisted of 
5 μL of the RNA template, 10 μL 2× reaction buffer supplemented with 
the SensiFAST Probe No-ROX One-Step Mix (Bioline, TN, USA), 0.2 μL 
reverse transcriptase (Bioline), 0.4 μL RNase inhibitor (Bioline), 1 μL 
each of the forward and reverse primers (10 pmol), 1 μL of each probe (5 
μM), and RNase-free water to adjust the final volume to 20 μL. The 
cycling conditions used were as follows: initial at 45 ◦C for 15 min and 
95 ◦C for 10 min for the reverse transcription step, followed by 40 cycles 
at 95 ◦C for 5 s and 58 ◦C for 30 s. 

2.8. Instrumentation 

SERS measurements were carried out using a micro-Raman system 
based on an Olympus BX41 microscope (Nanobase, Korea). The excita
tion source was a He− Ne laser operating at λ = 633 nm, and the laser 
spot was focused on the sample through a 20× objective lens. The SERS 
signals were recorded using a thermodynamically cooled electron- 
multiplying charge-coupled device (Andor, UK) mounted on a spec
trometer with 1200 groove/mm grating. A portable Raman device was 
purchased from Metrohm (Switzerland). A diode laser operating at λ =
638 nm was used as the excitation source. The baseline correction of 
Raman spectra was performed using NanoSpectrum XperRF C series 
software (Nanobase, Korea). The spectral analysis was performed using 
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Origin Pro V8 software (OriginLab Corporation, MA, USA). Trans
mission electron microscopy (TEM) images were obtained using a Tec
nai G2 F30 S-Twin microscope (OR, USA) operated at 300 kV. 
Absorbance spectra were obtained using Cytation 5 (BioTek, VT, USA), 
and dynamic light scattering (DLS) data were acquired using a Nano- 
ZS90 (Malvern, UK). RT-qPCR assays were performed using the Light
Cycler 96 instrument and analysis software (Roche, Switzerland). 

3. Results 

3.1. Magnetically assisted SERS immunoassay for SARS-CoV-2 

Several SERS-based immunoassays have been developed for the 
diagnosis of various viral diseases such as flu (Sun et al., 2017), severe 
acute respiratory syndrome (SARS) (Guo et al., 2017), middle east res
piratory syndrome, hepatitis (Saviñon-Flores et al., 2021), and acquired 
immune deficiency syndrome (Kamińska et al., 2017; Yadav et al., 
2021), which have facilitated the sensitive and selective detection of the 
viruses. In this study, we developed a magnetically assisted SERS 
immunoassay for the detection of SARS-CoV-2 (Fig. 1). First, the 
detection antibody was conjugated with the carboxylic 
acid-functionalized magnetic beads through EDC/NHS coupling, and the 
reporter antibody and MGITC were conjugated with the hollow Au NPs 
through Au–S bonding. The detection antibody-conjugated magnetic 
beads, reporter antibody-conjugated hollow Au NPs with MGITC, and 
sample solution were mixed in a reaction tube for the assay. After in
cubation, the magnetic beads were concentrated using an external 
magnet, and SERS measurement was carried out. In the presence of 
SARS-CoV-2, the hollow Au NPs are assembled with the magnetic beads 
through immunoreactions between the antibody pairs and the viruses in 
the sample. Thus, strong SERS signals of MGITC can be observed in the 
presence of SARS-CoV-2 because the hollow Au NPs carry MGITC, a 
well-known Raman dye that generates a distinct spectrum (Eom et al., 
2019a,b). However, in the absence of the virus, the magnetic beads are 
collected by the magnet and lead to negligible signals. 

The current assay has the following properties beneficial for the 
accurate, rapid, and easy detection of SARS-CoV-2: (1) the developed 
antibody pair enables the specific recognition of SARS-CoV-2; (2) the 
hollow Au NPs provide several SERS hot spots, thus enhancing the 
sensitivity for detection of the virus; and (3) the magnetically assisted 
assay facilitates the efficient separation of SARS-CoV-2 from complex 

clinical samples and enables direct identification of the virus from the 
samples of COVID-19 patients. 

Antibodies, especially monoclonal antibodies, are commonly used 
biological receptors for the detection of biochemical molecules (Forthal, 
2014) due to their high affinity and consistency, low cross-reactivity, 
overall stability, and ease of mass production (Mahmuda et al., 2017). 
Therefore, it is crucial to develop antibodies against SARS-CoV-2 for the 
development of efficient COVID-19 immunoassays. We generated two 
monoclonal antibodies against the SARS-CoV-2 antigen using a large 
human fragment antigen-binding (Fab) phage display library. The 
antibody candidates were screened using a biopanning process, and two 
clones that strongly bind to the antigen were selected. Next, the anti
bodies were converted from the library-selected Fab forms to the full 
immunoglobulin G (IgG) forms. Fig. 2 a and b show the amino acid se
quences of the detection and reporter antibodies, respectively. The 
complementarity determining regions (CDRs) of the antibodies are 
marked in red. Using competitive ELISA, the Kd of the detection and 
reporter antibodies was found to be 0.66 nM and 0.69 nM, respectively 
(Fig. 2 c and d). The high binding affinities of the antibodies facilitate 
the sensitive detection of the SARS-CoV-2 antigen. In addition, we used 
sandwich ELISA for the antigen using the developed antibody pair 
(Fig. S1) and found that the developed antibody pair recognizes the 
antigen selectively and is thus suitable for the development of the 
magnetically assisted SERS immunoassay for SARS-CoV-2. 

The selected detection and reporter antibodies were further charac
terized using dot-blot tests by spotting SARS-CoV-2, human coronavirus 
(CoV) 229E, and influenza A virus (pH1N1) on a nitrocellulose mem
brane. As shown in Fig. 2e, the dark spots were observed only in the 
presence of SARS-CoV-2, thus verifying that the screened antibodies 
specifically recognize SARS-CoV-2. These data are particularly critical 
considering that lack of specificity due to false-positive outcomes from 
the antigens well-conserved among different CoV species is one of the 
major challenges in the currently used immunodiagnostic approaches. 

Furthermore, for the successful development of immunoassays, it is 
important to precisely combine high-performance bioreceptors with 
immune substrates and/or immunoprobes (Hwang et al., 2019). In this 
magnetically assisted SERS immunoassay, the detection 
antibody-conjugated magnetic beads were prepared easily in a routine 
manner and employed as immune substrates. Fig. 3a is the TEM image of 
the detection antibody-conjugated magnetic beads. Hollow Au NPs were 
synthesized by galvanic exchange of Co NPs for the preparation of the 
immunoprobes (Choi et al., 2020). The TEM image of the hollow Au NPs 
shows their uniform morphology (Fig. 3b), and the high magnification 
image (inset of Fig. 3b) clearly shows the hollow structure of the Au NPs. 
We measured the DLS of the hollow Au NPs and obtained an average 
diameter of 55.7 nm (blue bars in Fig. 3c), conforming with the TEM 
image. After synthesis, the reporter antibody and MGITC were conju
gated to the hollow Au NPs, and thus their diameter increased to 68.5 
nm (red bars in Fig. 3c). The estimated numbers of reporter antibody and 
MGITC are 10 and 4000 molecules/hollow Au NPs, respectively (Eom 
et al., 2019a,b). The UV/vis spectra further confirmed the successful 
modification of the antibodies using the hollow Au NPs. As shown in 
Fig. 3d, the peak of the reporter antibody-conjugated NPs was slightly 
more red-shifted than that of the bare NPs. Lastly, the SERS spectrum 
was measured using the reporter antibody-conjugated hollow Au NPs 
with MGITC (Fig. 3e). The main peaks of MGTIC are assigned as in-plane 
C–H bend and benzene v9 mode for 1170 cm− 1, N–C stretch and NR2 
bend for 1220 cm− 1, in-plane C–H and C–C–H for 1295 cm− 1, 
stretch/bend of in-plane ring for1590 cm− 1, and stretch of C–C and 
N-phenyl ring for 1620 cm− 1 (Schechinger et al., 2019). The SERS 
hotspots can be generated on the pinholes of the hollow Au NPs, and 
thus, individual NPs show strong electromagnetic field enhancement 
and SERS signals (Choi et al., 2020). This indicates that the prepared 
hollow Au NP probes can be excellent SERS-active immunoprobes for 
the detection of SARS-CoV-2. 

Fig. 1. Schematic illustration of the magnetically assisted SERS immunoassay 
for SARS-CoV-2. Detection antibody-conjugated magnetic beads, reporter 
antibody-conjugated hollow Au NPs with MGITC, and sample solution are 
mixed in the reaction tube. After incubation, the magnetic beads are concen
trated using a magnet and SERS signals are measured. 
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3.2. Detection of SARS-CoV-2 

Next, we tried to detect the antigen of SARS-CoV-2, as shown in 
Fig. 4a. Briefly, the prepared magnetic beads and hollow Au NPs were 
mixed with a sample solution, incubated in a reaction tube, and sepa
rated using an external magnet. Fig. 4b is a TEM image of the hollow Au 
NP-assembled magnetic beads after the detection of the SARS-CoV-2 
antigen. The hollow Au NPs are attached to the magnetic beads 
through a sandwich formation of detection antibody-antigen-reporter 
antibody. The SERS spectra were then measured from the collected 
magnetic beads to precisely detect the antigen. Fig. 4c indicates the 
SERS spectra of MGITC obtained from the collected beads with the 
increasing concentration of the antigen. Negligible signals were 

observed in the blank sample, whereas with the increased protein con
centration, the SERS signals became increasingly distinct. For the 
quantitative analysis, the 1170 cm− 1 band intensity was plotted as a 
function of protein concentration (Fig. 4d). Data represent average ±
standard deviation from 10 measurements (Fig. S2). The band intensity 
increased linearly from 10 fg/mL to 100 pg/mL, and the fitted line y =
406x + 1352 has an R2 value of 0.98. The limit of detection (LOD) was 
2.56 fg/mL calculated based on LOD = 3sd/m, where sd is the standard 
deviation of 1170 cm− 1 SERS intensity for the blank samples, and m is 
the slope of the linearly fitted curve. In this assay, the antibody- 
conjugated magnetic beads act as immune substrates and the reporter 
antibody-conjugated hollow Au NPs with MGITC as immunoprobes. 
Since the SERS signals were contributed to the immunoprobes with 

Fig. 2. (a, b) Amino acid sequences of the (a) 
detection and (b) reporter antibodies. CDRs of the 
antibodies are marked in red. (c, d) Binding affinities 
of the (c) detection and (d) reporter antibodies to 
SARS-CoV-2 antigen measured by competitive ELISA. 
Insets represent the Klotz plots. Data represent the 
average ± standard deviation from 3 measurements. 
(e) Dot-blot images obtained after the interaction of 
the detection (left) and reporter (right) antibodies 
with the viruses (SARS-CoV-2, Human CoV 229E, and 
pH1N1). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 3. (a) TEM image of the detection antibody- 
conjugated magnetic beads. Scale bar denotes 500 
nm. (b) TEM image of the hollow Au NPs. Scale bar 
denotes 200 nm. Inset shows a magnified TEM image 
of the hollow Au NPs. Scale bar denotes 100 nm. (c) 
DLS distribution of the bare hollow Au NPs (blue 
bars) and reporter antibody-conjugated hollow Au 
NPs with MGITC (red bars). (d) UV–vis spectra of the 
bare hollow Au NPs (blue) and reporter antibody- 
conjugated hollow Au NPs with MGITC (red). (e) 
SERS spectrum of the reporter antibody-conjugated 
hollow Au NPs with MGITC. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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MGITC, the linear relationship between the signals and protein con
centration could be obtained. The high antigen affinity of the antibodies, 
strong SERS enhancement of the hollow Au NPs, and magnetic separa
tion synergistically contributed to the sensitivity of detection of the 
SARS-CoV-2 antigen. 

Thereafter, we tried to detect SARS-CoV-2 using the magnetically 
assisted SERS immunoassay. SARS-CoV-2 was provided by the Korea 
National Institute of Health. For the detection, the virus was carefully 
cultured in the biosafety level 3 laboratory of KRIBB and heated with a 
lysis buffer. The SARS-CoV-2 lysates were mixed with the detection 
antibody-conjugated magnetic beads and reporter antibody-conjugated 
hollow Au NPs with MGITC as shown in Fig. 5a. After incubation, the 
magnetic beads were collected using an external magnet, and the SERS 
spectra were measured. Fig. 5b shows the SERS spectra of MGITC 
measured from the collected samples. The SERS signals increased with 
the increasing concentration of SARS-CoV-2. The SERS signals obtained 
in the presence of only a few PFU/mL of SARS-CoV-2 were more 
distinguishable than those obtained with the blank sample. LOD was 
approximately 3.4 PFU/mL (Figs. S3 and S4). Moreover, a selectivity test 
was performed using the SARS-CoV-2 and influenza (pH1N1, H3N2, 
H5N2, and influenza B) viruses. The concentration of each virus was 102 

PFU/mL. Data represent average ± standard deviation from 10 

measurements. As shown in Fig. 5c, the intensity of the SERS signals 
significantly increased in the presence of SARS-CoV-2, however, weak 
signals were obtained in the presence of the influenza viruses. These 
data suggest that the developed SERS immunoassay can accurately 
detect the virus due to the high specificity of the selected antibody pair 
against SARS-CoV-2. 

3.3. Diagnosis of COVID-19 patients 

Nasopharyngeal swab samples have been primarily used for the 
diagnosis of COVID-19 because large numbers of respiratory epithelial 
cells, which are the initial sites for viral replication, can be aspirated 
from the nasopharyngeal tract (Gallo et al., 2021). Furthermore, the 
Centers for Disease Control and Prevention (CDC) recommended the use 
of nasopharyngeal swab samples for the initial diagnostic testing for 
SARS-CoV-2 infections (Centers for Disease Control and Prevention, 
2021). Therefore, we tried to detect SARS-CoV-2 in human nasopha
ryngeal aspirates. The human nasal fluid samples were provided by the 
Yonsei University Health Service Center, Severance Hospital of Korea, 
after approval of the IRB. These samples tested negative for SARS-CoV-2. 
We intentionally spiked SARS-CoV-2 in the human nasopharyngeal 
aspirate samples and carried out the magnetically assisted SERS 

Fig. 4. (a) Schematic illustration of the magnetically 
assisted SERS immunoassay for the SARS-CoV-2 an
tigen. (b) TEM image of hollow Au NP-assembled 
magnetic beads after detection of the SARS-CoV-2 
antigen. (c) SERS spectra of MGITC measured from 
the hollow Au NP-assembled magnetic beads after the 
detection of the SARS-CoV-2 antigen (0–1 ng/mL). (d) 
A plot of 1170 cm− 1 band intensity as a function of 
the SARS-CoV-2 antigen concentration. The blue line 
is linearly fitted. Data represent average ± standard 
deviation from 10 measurements. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 5. (a) Schematic illustration of the magnetically assisted SERS immunoassay for SARS-CoV-2. (b) SERS spectra of MGITC measured using hollow Au NP- 
assembled magnetic beads after detection of SARS-CoV-2 (0–1000 PFU/mL). (c) A plot of 1170 cm− 1 band intensity as a function of the virus. Data represent 
average ± standard deviation from 10 measurements. 
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immunoassay. Figs. 6b and S5 show the results of the detection of 
SARS-CoV-2 in the human nasal fluid samples using the developed SERS 
method. Similar to the SARS-CoV-2 detection result in buffer (Fig. 5b), 
the SERS signals increased with the increasing concentration of 
SARS-CoV-2 in the nasal samples. However, the signals obtained from 
the blank samples were stronger and fluctuated compared with those 
shown in Fig. 5b. This is attributable to the non-specifically bound 
hollow Au NPs due to the presence of various components in human 
nasopharyngeal aspirates. Nevertheless, these data suggest that the 
current approach may facilitate the direct detection of SARS-CoV-2 in 
human nasopharyngeal swab samples. According to the previous results, 
the cyclic threshold (Ct) values of COVID-19 patients are mainly 
distributed in the range of 18.12–32.23 (mean of 27.16) (Azzi et al., 
2020). Considering the relationship between Ct value and viral con
centration (PFU/mL), the COVID-19 positive samples may include about 
3000 PFU/mL of the virus (Chung et al., 2021). Because the present 
method can detect SARS-CoV-2 at lower concentrations than 3000 
PFU/mL, we think the method has the potential for the diagnosis of 
COVID-19 patients. 

Finally, we tried to diagnose COVID-19 patients using the magneti
cally assisted SERS immunoassay. Clinical samples from patients who 
tested positive for COVID-19 using PCR analysis were acquired from the 
Gyeongsang National University College of Medicine of Korea after IRB 
approval (Table S1). For the diagnosis, the clinical sample was incu
bated with the prepared magnetic beads and hollow Au NPs in a reaction 
tube for 25 min, and the resultant magnetic beads were collected using a 
magnet. In particular, we employed a portable Raman device to 
demonstrate the on-site diagnosis of COVID-19 patients (Fig. 7a). 
Therefore, the SERS signals of MGITC were observed from 15 clinical 
samples of COVID-19 patients (blue spectra in Fig. 7b). Furthermore, 
weak signals were observed from four negative control samples (black 
spectra in Fig. 7b). The plot of 1170 cm− 1 band intensity versus clinical 
sample shows the positively and negatively diagnosed results (Fig. 7c). 
Data represent average ± standard deviation from 3 measurements. 
These data suggest that the present method can be employed for the on- 
site diagnosis of COVID-19 patients, and this is the first SERS-based 

assay for the detection of SARS-CoV-2 in COVID-19 patients. The 
simplicity of the developed assay and the use of a portable Raman device 
enabled the successful diagnosis of the patients. Based on these data, we 
hope to widen the practical applications of SERS-based assays for the 
detection of infectious viruses. 

4. Discussion 

PCR-based techniques have high sensitivity and specificity and have 
thus been primarily used for the diagnosis of COVID-19 patients at 
various centralized laboratories (Huang et al., 2020; Vogels et al., 2020). 
Complementary point-of-care (POC) diagnostic tests, such as antigen 
tests, are cost-efficient and have thus been used to rapidly detect 
SARS-CoV-2 and prevent its transmission (Collier et al., 2020; Raziq 
et al., 2021). For the development of antigen tests, high-performance 

Fig. 6. (a) Schematic illustration of magnetically assisted SERS immunoassay 
for SARS-CoV-2-spiked human nasopharyngeal aspirate samples. (b) SERS 
spectra of MGITC measured from hollow Au NP-assembled magnetic beads after 
detection of SARS-CoV-2 (0–1000 PFU/mL) in human nasopharyngeal aspi
rate samples. 

Fig. 7. (a) Schematic illustration of the magnetically assisted SERS immuno
assay using a portable Raman device for clinical samples obtained from COVID- 
19 patients. (b) SERS spectra of MGITC measured from hollow Au NP- 
assembled magnetic beads after the diagnosis of COVID-19 patients. (c) A 
plot of 1170 cm− 1 band intensity as a function of clinical samples. Samples 
1–15 were obtained from patients positively diagnosed for COVID-19, whereas 
samples 16–19 were from the negatively diagnosed patients. Data represent 
average ± standard deviation from three measurements. 
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antibodies against the target antigens are critical. Thus, we developed 
two monoclonal antibodies having high affinity and specificity for the 
SARS-CoV-2 antigen. These antibodies are suitable for the detection of 
the virus using sandwich ELISA, enabling the successful identification of 
SARS-CoV-2 through a SERS-based assay. COVID-19 is predicted to 
become an endemic disease (Torjesen, 2021; Veldhoen and Simas, 
2021); therefore, the development of multiplex POC devices is crucial to 
distinguish different respiratory illnesses in the future (Veldhoen and 
Simas, 2021). Our group has been involved in successfully developing 
various types of antibodies for the detection of viruses to date (Kim et al., 
2021; Orooji et al., 2021). Thus, in the near future, we plan to combine 
such high-performance antibodies to develop a multiplex immunoassay 
for infectious viruses. 

The LOD of the current method is over 10 times lower than that of the 
commercially available SARS-CoV-2 antigen diagnostic kits (Table S2). 
Furthermore, the LOD is quite impressive compared with that of the 
previously reported state-of-the-art SARS-CoV-2 antigen detection 
methods (Table S3). This high sensitivity may be due to the synergistic 
combination of the high-performance antibody pair and high-quality 
SERS-active hollow Au NPs. In particular, hollow Au NPs show strong 
enhancement effects from individual particles because of their ability to 
localize the surface electromagnetic fields through the pinholes in the 
hollow particle structures. We compared SERS signals of hollow Au NP 
and commercially available Au NPs after the detection of SARS-CoV-2 
antigen, confirming the strong enhancement effect of hollow Au NPs 
(Fig. S6). 

There have been several recent advances in antigen tests, involving 
the application of various sensing approaches and high-quality nano
materials (Cennamo et al., 2021; Eissa et al., 2021; Grant et al., 2020; 
Huang et al., 2021; Lin et al., 2020; Seo et al., 2020). SERS is an effective 
technique for the sensitive detection of biomolecules, and various 
SERS-based immunoassays have thus been developed for the detection 
of infectious viruses (Saviñon-Flores et al., 2021). Following the emer
gence of the COVID-19 pandemic, several SERS-based methods for 
SARS-CoV-2 have been applied (Zhang et al., 2021; Wu et al., 2022; 
Yang et al., 2021; Yu et al., 2021; Srivastav et al., 2021; Sanchez et al., 
2021; Payne et al., 2021; Liu et al., 2021; Li et al., 2021; Huang et al., 
2021; Gao et al., 2021; Chen et al., 2021; Chen et al., 2021, 2021; Huang 
et al., 2021, 2021; Pramanik et al., 2021; Zavyalova et al., 2021). 
However, the current magnetically assisted SERS immunoassay is the 
only assay developed so far that facilitates the on-site diagnosis of the 
samples of COVID-19 patients. Using a portable Raman device, we can 
accurately distinguish the SARS-CoV-2 positive and negative clinical 
samples. Furthermore, these tests can be performed within 30 min, 
suggesting that the method can be applied for POC testing for COVID-19. 

Recently, several types of sensing approaches have been employed 
for the diagnosis, screening, and surveillance of SARS-CoV-2 (Cennamo 
et al., 2021; Chen et al., 2021; Corman et al., 2020; Eissa et al., 2021; 
Grant et al., 2020; Huang et al., 2020, 2021; Kevadiya et al., 2021; Lin 
et al., 2020; Liu et al., 2021; Mina and Andersen, 2021; Moon et al., 
2020; Peng et al., 2021a,b; Seo et al., 2020; Shi and Ren, 2021; Wang 
et al., 2020; Yang et al., 2021; Zhang et al., 2020, 2021). The current 
SERS immunoassay may be useful for entry screening to detect infected 
individuals before allowing access to facilities, such as schools, because 
COVID-19 leads to a substantially reduced mortality in children and 
young students (Kevadiya et al., 2021; Mina and Andersen, 2021). A 
previous study reported that, of the 72,500 samples collected from 
asymptomatic individuals, 1405 were found to be positive for 
SARS-CoV-2 at the University of Colorado, Boulder (Álvarez-Díaz et al., 
2020). This report restates the necessity of entry screening for 
SARS-CoV-2 to prevent the spread of the virus in schools. Recently, entry 
screening has been conducted at the Seoul National University of Korea 
before allowing students access to face-to-face lectures. Although 
wearing a mask and physical distancing should be practiced even after a 
negative screening test result, we anticipate that such efforts to develop 
advanced diagnostic methods for COVID-19 will enable a safer society in 

the near future. 
Despite all the advantages of the present method, there is room for 

improvement. Considering the daily tested numbers for COVID-19, an 
automated system for massive analysis of samples is required. Moreover, 
the synthesis of hollow Au NPs and antibodies on a large scale should be 
a precedence for practical application. Although we demonstrated the 
detection of SARS-CoV-2 using a portable Raman device, precise opti
mization and comparison with a gold standard assay should be per
formed. We are continuing to study SERS-based viral detection 
techniques for the diagnosis of emerging infectious diseases. 

5. Conclusions 

Herein, we reported a SERS-based immunoassay for SARS-CoV-2 
using a developed antibody pair, hollow Au NPs, and magnetic beads. 
The assay could detect the SARS-CoV-2 antigen at a low concentration of 
2.56 fg/mL and the viral lysates at 3.4 PFU/mL. Furthermore, it facili
tated the identification of SARS-CoV-2 in human nasopharyngeal aspi
rates. Most importantly, we successfully diagnosed COVID-19 patients 
within 30 min using a portable Raman system, demonstrating the po
tential of the current assay for the diagnosis and prevention of SARS- 
CoV-2. 
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