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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has led to a pandemic of acute respi-
COVID-19 ratory disease, namely coronavirus disease (COVID-19). This disease threatens human health and public safety.
SARS-CoV-2

Early diagnosis, isolation, and prevention are important to suppress the outbreak of COVID 19 given the lack of
specific antiviral drugs to treat this disease and the emergence of various variants of the virus that cause
breakthrough infections even after vaccine administration. Simple and prompt testing is paramount to pre-
venting further spread of the virus. However, current testing methods, namely RT-PCR, is time-consuming.
Binding of the SARS-CoV-2 spike (S) glycoprotein to human angiotensin-converting enzyme 2 (hACE2) recep-
tor plays a pivotal role in host cell entry. In the present study, we developed a hACE2 mimic peptide beacon
(COVID19-PEB) for simple detection of SARS-CoV-2 using a fluorescence resonance energy transfer system.
COVID19-PEB exhibits minimal fluorescence in its “closed’’ hairpin structure; however, in the presence of SARS-
CoV-2, the specific recognition of the S protein receptor-binding domain by COVID19-PEB causes the beacon to
assume an “open’’ structure that emits strong fluorescence. COVID19-PEB can detect SARS-CoV-2 within 3 h or
even 50 min and exhibits strong fluorescence even at low viral concentrations, with a detection limit of 4 x 10°
plaque-forming unit/test. Furthermore, in SARS-CoV-2-infected patient samples confirmed using polymerase
chain reaction, COVID19-PEB accurately detected the virus. COVID19-PEB could be developed as a rapid and
accurate diagnostic tool for COVID-19.

Spike protein RBD
hACE2 mimic peptide
FRET probe

1. Introduction member of a large family of coronaviruses; it is a highly transmissible
and pathogenic coronavirus that emerged in Wuhan City, Hubei Prov-
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a ince, China, in late 2019 and has led to a pandemic of acute respiratory

Abbreviations: SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; hACE2, Human angiotensin-converting enzyme 2; COVID19-PEB, hACE2 mimic
peptide beacon; FRET, Fluorescence resonance energy transfer; Oligo-BHQ2, Black hole quencher 2 (BHQ2)-modified oligonucleotide; Oligo-Cy3, Organic fluo-
rophore (Cy3)-modified oligonucleotide.
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disease, commonly known as coronavirus disease (COVID-19). This
virus has infected approximately 200 million people and caused 4
million deaths worldwide.[1-4] The common symptoms of COVID-19
include cold, fever, dry cough, tiredness, and headache. COVID-19
may cause respiratory disorders and severe pneumonia in severe cases,
particularly in older adults with underlying diseases.[5-9] No definitive
cure is yet available for this novel highly infectious virus.[10,11]
Currently, it is being managed with active immunization across the
countries using vaccines developed by AstraZeneca, Pfizer, and Mod-
erna, among others. Hence, preventive measures such as wearing masks
and maintaining social distance need to be strictly followed to curb the
spread of SARS-CoV-2. Moreover, infected patients need to be identified,
isolated, and treated separately. Selective and prompt testing is required
to prevent the further spread of the virus.[12-14].

Therefore, various new technologies have been introduced for easier
and quick identification of infected patients;[15-28] However, the
current gold standard for virus diagnostic testing is still molecular
diagnostic using quantitative real-time polymerase chain reaction (qRT-
PCR), as recommended by the World Health Organization (WHO) and
the American Center for Disease Control and Prevention (CDC). In the
gqRT-PCR method, a specific gene of SARS-CoV-2 is amplified from res-
piratory samples (e.g., nasal fluid, saliva, or sputum) of patients with
suspected infection. This method exhibits high sensitivity (low detection
limit) and specificity; however, it is time-consuming (several hours to
days, depending on specimen collection, transportation to the labora-
tory, and process optimization) and requires sophisticated laboratory
infrastructure and well-trained personnel. The complex nature of these
tests makes them unsuitable for rapid, large-scale diagnosis, further
limiting their availability and distribution.[29-31] To trace and curb the
rapid spread of infection, simple diagnostic technology is required that
performs mass field-testing of crude samples without additional
extraction.[32] Antigen-antibody reaction-based lateral flow tests, also
known as lateral flow immune-chromatographic assay or rapid tests, can
detect the presence of target antigens (protein, antibody) in clinical
samples without the need for specialized equipment; in particular, these
tests are economical and provide quick results within 15-30 min.
[33-39] SARS-CoV-2 antigen-detecting rapid diagnostic test kits were
approved by the WHO for emergency use on March 17, 2021.[40] This
assay can be divided into two methods: an antibody capable of directly
binding the antigen derived from the infecting virus particles or
detecting immunoglobulin (IgG, IgM, or a combination of both) gener-
ated upon immune response to infection in the body. In the latter
method, rapid testing is impossible because the infection can be detected
after forming the therapeutic antibody. Therefore, the former method of
detecting viral antigen using a specific antibody, is being explored as an
early detection method.[41-45] Currently, the rapid antigen diagnostic
test using lateral flow has a great advantages as a quick and simple
diagnostic method because it can visually confirm whether or not there
is an infection. However, there is concern that false-negative or false-
positive results have been reported, which may aggravate confusion in
response to infectious diseases. Therefore, many developers are con-
ducting research to improve it.

SARS-CoV-2 has a single positive-strand RNA genome (29.8 kb)
encoding four structural proteins: spike (S), envelope (E), matrix (M),
and nucleocapsid (N) present in the virus particle, in addition to many
nonstructural proteins.[46-48] In particular, the spike (S) protein
receptor-binding domain (RBD) of SARS-CoV-2 allows the virus to enter
the host cell by binding to the peptidase domain of human angiotensin-
converting enzyme 2 (hACE2), one of the transmembrane proteins on
the host cell surface.[49-61] In the present study, we designed and
developed a hACE2 mimic peptide beacon (COVID19-PEB) for simple
and rapid detection of SARS-CoV-2. First, the hACE2 mimic peptide
sequence capable of specifically binding to the S protein RBD on the
SARS-CoV-2 was identified.[62-69] After that, COVID 19-PEB was
synthesized by including this peptide in the central loop region;
furthermore, two oligonucleotides with complementary sequences
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binding a phosphor and quencher, respectively, were added in the stem
region. When SARS-CoV-2 is absent, COVID 19-PEB forms a hairpin
structure, and the fluorescence signal is suppressed by fluorescence
resonance energy transfer (FRET) effect (“OFF” state); however after
SARS-CoV-2 was allowed to bind with the COVID 19-PEB peptide, the S
protein RBD of SARS-CoV-2 bound firmly, leading to opening of the
hairpin structure of the probe (“OPEN” state), thereby recovering and
increasing the fluorescence signal within a short period. This system
makes it easy to identify whether or not SARS-CoV-2 infection is present
by simply mixing the sample with COVID 19-PEB and measuring the
fluorescence intensity. It is also a system with excellent detection
sensitivity and specificity.

2. Materials and methods
2.1. Materials

Oligomers were synthesized with a Cy3 donor-conjugated to its 9-ter-
minus (Cy3-TTTTGGGGG-SH) and a black hole quencher 2 (BHQ2)-
coupled oligomers to its 9-terminus as an acceptor (BHQ2-AAAACCCCC-
Azide), which were obtained from Bioneer Inc. (Daejeon, Korea). Pep-
tide substrate was conjugated from PEPTRON (Daejeon, Korea). Sodium
ascorbate, copper (ID sulfate (CuS0y), and Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) were obtained from
Sigma-Aldrich Company (USA). Tris-HCl (pH 6.8) and Tris-EDTA (TE)
buffer (pH 8.0) were purchased from Biosesang (Korea). All other
chemicals and reagents were of analytical grade. SARS-CoV-2 (2019-
nCoV) spike (S) protein RBD-His recombinant protein (Cat. no. 40592-
VO08B) was obtained from Sino Biological (China). Human nasal fluid
and human saliva fluid were purchased from Innovative.

2.2. Preparation and characterization of COVID 19-PEB

Peptide beacon capable of detecting SARS-CoV-2 was synthesized
with a SARS-CoV-2 -targeting hACE2 mimic peptide (peptide) and two
oligomers: a donor-conjugated oligomer with Cy3 and an acceptor-
conjugated oligomer with BHQ2. COVID 19-PEB was created using the
following sequences: (4-pentynoyl)-I EEQA KTFL DKFN HEAE DLFY
QSSL  ASWK-(4-maleimidobutyryl), 5’-Azide-CCCCCAAAA-BHQ2-3’
(Oligo-BHQ2), and 5'-Cy3-TTTTGGGGG-SH-3' (Oligo-Cy3) (Fig. S1).
Peptide was dispersed in TE buffer (pH 8.0) at a concentration of 1 mM.
Oligo-BHQ2 and Oligo-Cy3 were suspended in TE buffer (pH 8.0) and
Tris-HCI (pH 6.8) at a concentration of 100 pM, respectively. After that,
100 pL of Oligo-BHQ2 was initially treated with 20 nmol CuSO4, 100
nmol THPTA, 1 pmol sodium ascorbate, and 10 pL peptide for 1 hat 4 °C
to combine the pentynoyl group of the peptide and the azide group of
Oligo-BHQ2 by click chemistry. The reacted peptide-BHQ2 was obtained
by purifying using a NAP-5 column. Subsequently, 100 pL of Oligo-Cy3
was added to the purified peptide-BHQ2, the maleimide group of the
peptide and the thiol group of Oligo-Cy3 were reacted, and the product
was purified using a column. The synthesized COVID 19-PEB was
annealed at 95 °C for 2 min and then slowly cooled to 25 °C to form the
hairpin structure. The fluorescence intensity of COVID 19-PEB was
measured using a Cytation™ 5 Cell Imaging Multi-Mode Reader (Bio-
Tek, USA) instrument at 530 nm (excitation) and 580 nm (emission) to
confirm the efficacy of fluorescence quenching.

2.3. Measurement of the binding affinity of COVID 19-PEB toward SARS-
CoV-2

We measured the binding affinity between COVID 19-PEB and SARS-
CoV-2 using a biolayer interferometry-based biosensor BLItz system
(FortéBio). First, the streptavidin biosensors (FortéBio) were immobi-
lized with biotinylated hACE2 mimic peptide (Biotin-I EEQA KTFL
DKFN HEAE DLFY QSSL ASWK; biotin-hACE2 mimic peptide) equili-
brated in phosphate-buffered saline (PBS) for 2 min to establish a stable
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Fig. 1. Schematic illustration of the simple detection method of SARS-CoV-2 using the hACE2 mimic peptide-based molecular beacon (COVID 19-PEB).

baseline; thereafter, they were immersed into 4 uL of 1 uM in S protein of
SARS-CoV-2 and bovine serum albumin (BSA) as a control for 300 s to
obtain association curves, respectively. Later, their binding affinities
were calculated by fitting the curves using BLItz software. The bio-
tinylated peptide was bound to the protein and then analyzed via
western blotting to additionally confirm the binding of the peptide to the
S protein of SARS-CoV-2. S protein and BSA was incubated with biotin-
ACE2 mimic peptide for different durations (0.5, 1, 2, 4 h). After that, 10
pL of TE buffer and 10 pL of NuPAGE™ LDS Sample Buffer (4X) was
added to 20 pL of the sample. A 20-pL aliquot of each sample was
electrophoresed in 0.75 mm-thick sodium dodecyl sulfa-
te—polyacrylamide gel electrophoresis (SDS-PAGE) gels containing 10%
acrylamide. Gels were run at 80-150 V for 120 min. After electropho-
resis, these gels were blotted to the polyvinylidene fluoride membranes
using a wet-type blotting system, Criterion Blotter with Plate Electrodes
(Bio-Rad). The transfer buffer formulation used was as follows: 25 mM
Tris-HCl at pH 8.3, 192 mM glycine, 0.05% SDS, 20% methanol. In
general, the blotting step is followed by the blocking step in the western
blotting procedure. The blotted membrane was briefly washed in TTBS
(TBS [50 mM Tris-HCl at pH 7.4, 150 mM NacCl] containing 0.1% Tween
20) and soaked with blocking buffer (1% skim milk and 0.1% BSA in
TTBS) for 5 min. After a 3-min washing step with TPBS (PBS [10 mM
NayHPO4, 1.8 mM KH5PO4, 137 mM NaCl, 2.7 mM KCl at pH 7.4]
containing 0.1% Tween 20), the membrane was incubated in 0.2% GA or
0.4% PFA in TPBS for 15 min. After that, the aldehyde-treated mem-
brane was briefly washed thrice with TPBS and was then incubated in
the blocking buffer for 30 min and probed with the anti-biotin horse-
radish peroxidase (HRP) for 90 min at 4 °C, followed by measurement of
the chemiluminescence. The blotted membrane was briefly washed in
TTBS (TBS [50 mM Tris-HCl at pH 7.4, 150 mM NaCl] containing 0.1%
Tween 20) and soaked with blocking buffer (1% skim milk and 0.1%
BSA in TTBS) for 5 min. After a 3-min washing step with TPBS (PBS [10
mM Na2HPO4, 1.8 mM KH5POy4, 137 mM NaCl, 2.7 mM KCl at pH 7.4]
containing 0.1% Tween 20), the membrane was incubated in 0.2% GA or
0.4% PFA in TPBS for 15 min. The aldehyde-treated membrane was
briefly washed thrice with TPBS. After that, the membrane was incu-
bated in the blocking buffer for 30 min and probed with the anti-biotin
horseradish peroxidase (HRP) for 90 min at 4 °C, followed by mea-
surement of the chemiluminescence.

2.4. Viruses

SARS-CoV-2 was provided by the Korea National Institute of Health

and cultured in a BL-3 laboratory of the Korea Research Institute of
Bioscience and Biotechnology (KRIBB). Human coronavirus OC43
(HCoV-0C43) was obtained from Korea Centers for Disease Control and
Prevention (KCDC); both influenza viruses, influenza A (pHIN1) virus
(Human/Canada/2009) and influenza B viruses (Victoria Brisbane/20/
2009), were provided by the BioNano Health Guard Research Center (H-
GUARD), and these were used as controls. All virus titers were deter-
mined by 50% tissue culture infective dose (TCIDs() in confluent cells in
96-well microplates. The theoretical relationship between TCIDso and
PFU is approximately 0.7 PFU = 1 TCIDs( based on the Poisson distri-
bution, which describes the random events (virus particles) that occur at
a known average rate (virus titer) in a fixed space (the amount of virus
medium in a well). The virus measurement unit was changed from
TCIDsg to PFU and was expressed in the graph.

2.5. SARS-CoV-2 detection using COVID19-PEB

COVID19-PEB was tested against various viruses (SAR-CoV-2, HCoV-
0C43, Influenza A, and Influenza B viruses) to confirm the specific
detection for SARS-CoV-2. Each virus was added to every well in the 96-
well black plate and treated with COVID 19-PEB (10 nmol in 100 pL).
The fluorescence of the plate was then measured with a microplate
reader at various time intervals at room temperature (25 °C), using
wavelengths of 530 nm (excitation) and 580 nm (emission). Further-
more, whether COVID 19-PEB can detect target viruses present in body
fluids (e.g., saliva and nasal fluid) without nonspecific reactions was
confirmed using SARS-CoV-2 in 10% human nasal fluid and saliva. The
detection method was performed as previously described.

2.6. Measurement of SARS-CoV-2 detection ability of COVID 19-PEB in
patient samples

We used 60 clinical samples (nasal fluids) from SARS-CoV-2 infected
patients (30 positive samples and 30 negative samples) provided by the
Severance Hospital, Seoul, Korea (IRB approval number: 4-2020-0465)
to verify the availability in the real field. After treating each clinical
sample with COVID 19-PEB (10 nmol in 100 pL) in a 96-well plate, each
fluorescence was measured after 1, 2, and 4 h at a room temperature
(25 °Q), respectively, and further compared and expressed as a heat map
image to distinguish the positive and negative samples.
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Fig. 2. Overall structure of the hACE2 and SARS-CoV-
2 S protein complex. a) Binding model of the hACE2
and SARS-CoV-2 S protein. The superimposition of
protein structures generated the model structure, that
is, SARS-CoV-2 S protein (PDB ID, 6vsd), SARS-CoV-2
S protein RBD bound with hACE2 (PDB ID, 6m0j), and
hACE2 interacting with the amino acid transporter
B°AT1 (PDB ID, 6 ml8). hACE2 (green), B°AT1
(gray), and S protein (magenta) are shown in surface
representation. b) Binding interface of SARS-CoV-2 S
protein RBD and hACE2. hACE2 (green) and S protein
RBD (magenta) are shown in the cartoon diagram.
Residues involved in the interaction between the two
proteins are highlighted as sticks (PDB ID, 6 m18). c)
The hACE2 a1 helix (residues 21-48; green) is critical
for the interaction with S protein RBD. d) Binding
affinities of the hACE2 mimic peptide for SARS-CoV-2
S protein RBD (blue) and bovine serum albumin
(yellow). e) Western blot showing the binding of
biotin-hACE2 mimic peptide with SARS-CoV-2 S pro-
tein RBD and bovine serum albumin.

8 software. Statistical significance was set at p < 0.05; *<0.05,

**<0.005 and ***<0.0005.

Data were analyzed statistically and p-value was obtained by per-
forming two-way ANOVA followed by turkey test using GraphPad Prism

-
'

Fluorescence intensity (a.u)

o
=

Fluorescence intensity (a.u)

b) ¢)
50000 25000 12000
5 Mean lifetime (ns)
g 10000
40000 : 20000 = Before : 2.230 £ 0.019
g = 8000 After : 2.104 + 0.033
30000 = 15000 g
¥ 2 6000
: z
20000 2 10000 2 4000
5 ]
o} =
10000 £ 5000 = 2000
=
< 0
0+ T v v v T 0 T T - -
0 2 4 6 8 10 0 1 2 4 6 8 10 0 2 4 6 8 10
Concentration of Oligo-BHQ2 (nmol) Concentration of Oligo-BHQ2 (nmol) Time (ns)
€)
50000 100
—
40000 ” 80
— 1 °
<
30000 Z 60 -
&=
=
20000 740 4
&
10000 20 A
0 0 -
Before After; 200 100 75 50 25 10 200 100 75 S0 25 10
Annealing pmol pmol

Fig. 3. Fluorescence intensity of COVID19-PEB molecules prepared by conjugating a fixed concentration of Oligo-Cy3 with increasing concentrations of Oligo-BHQ2
(0,1, 2, 4, 6,8, and 10 nmol): a) COVID19-PEB fluorescence before annealing (violet) and after annealing (blue) and b) changes in fluorescence intensity (AF = Fpefore
annealing — Fage, annealing). c) Fluorescence decay curves COVID19-PEB before annealing (violet) and after annealing (blue), Fluorescence detection of S protein
RBD using COVID19-PEB: d) fluorescence intensity *<0.05, **<0.005 (n = 3), and e) relative fluorescence intensity (Fyr, the fluorescence intensity in the absence of
target protein; NT, nontreatment).
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rescence detection intensity of d) influenza A, e) influenza B and f) Coronavirus OC43 viruses based on concentration using COVID19-PEB (n = 3).

3. Result and discussion

We have developed a hACE2 mimic peptide beacon (COVID 19-PEB),
a smart probe capable of simple and specific detection of SARS-CoV-2
(Fig. 1).

3.1. Design of a peptide mimicking hACE2 and confirmation of
interaction between the designed peptide and SARS-CoV-2 S protein

The S protein of SARS-CoV-2 is crucial in recognizing hACE2 for cell
entry (Fig. 2a).[47] To develop a diagnostic tool for SARS-CoV-2, we
analyzed the binding between the S protein RBD and hACE2 ectodomain
(Fig. 2a and b; Fig. 52). Seventeen residues of RBD tightly interacted
with the 19 residues of hACE2 via one salt bridge, 11 hydrogen bonds,
and 107 hydrophobic links (Fig. 2b; Fig. S2). The structural analysis
clearly revealed that the hACE2 a1 helix is a key component to interact
with RBD (Fig. 2b; Fig. §2).[64,70] Thus, we selected the ol helix
(residues 21-48) to devise a SARS-CoV-2-specific sensing COVID 19-PEB
(Fig. 2¢). Moreover, a binding test was performed using BLItz to confirm
whether the hACE2 mimic peptide (peptide) sequence obtained via the
aforementioned structural analysis has a specific affinity for the S pro-
tein of SARS-CoV-2. The binding affinity of this peptide was significantly
higher in the S protein RBD (with a dissociation constant (Kd) of 6.2 nM)
than in the control (BSA) (Fig. 2d). The binding was further validated by
immunoassay using anti-biotin-horseradish peroxidase (HRP) as the
second antibody after combining biotinylated peptide with S protein
RBD (37 kDa). BSA (67 kDa) was used as a control that did not reveal any
binding (Fig. 2e and Fig. S3).

3.2. Confirmation of COVID19-PEB manufacturing and interaction with
SARS-CoV-2 S protein

COVID 19-PEB that could specifically detect SARS-CoV-2 based on

FRET was prepared using this hACE2 mimic peptide by verifying its
specific recognition to the S protein of SARS-CoV-2; herein, hACE2
mimic peptide was chemically conjugated with two oligonucleotides, a
black hole quencher 2 (BHQ2)-modified oligonucleotide (Oligo-BHQ2)
and an organic fluorophore (Cy3)-modified oligonucleotide (Oligo-Cy3)
(Fig. S1). The special advantage of the hairpin structured peptide beacon
is that it applies to most peptides interacting with the target proteins,
and it is a platform that can apply almost unlimited amounts of inter-
esting phosphors. In particular, COVID 19-PEB comprises two oligonu-
cleotides composed of complementary sequences, designed to form a
stable hairpin structure after annealing, thereby resulting in a remark-
ably close distance between the fluorophore donor (Cy3, maximum
emission at 530 nm) and the fluorophore acceptor (BHQ2, absorption at
560 nm). This result indicates that stronger quenching of the fluores-
cence occurred after annealing (close form) than before (open form)
annealing due to the FRET effect in which the excitation energy of Oligo-
Cy3 fluorescence was absorbed by the quencher (BHQ2) of Oligo-BHQ2.
The quenching efficiency of COVID 19-PEB was determined by binding
it to a fixed concentration (10 nmol) of Oligo-Cy3, increasing the con-
centration of Oligo-BHQ2, changing the fluorescence intensity before
and after annealing. The fluorescence intensity before annealing did not
differ significantly because the amount of Oligo-Cy3 was constant even
though the amount of Oligo-BHQ2 increased; however, the fluorescence
intensity decreased as the amount of Oligo-BHQ2 increased after
annealing (Fig. 3a). The quenching ability was the highest when the
amount of Oligo-BHQ2 was 10 nmol (Fig. 3b), and this was selected as
the optimal condition for the experiment. Additionally, by measuring
the decay in fluorescence lifetime of COVID 19-PEB, it was confirmed
that the decrease (quenching) in fluorescence intensity was due to the
FRET effect. When the amounts of Oligo-Cy3 and Oligo-BHQ2 were
fixed at 10 nmol, the fluorescence lifetime before and after annealing
COVID 19-PEB were measured as 2.23 + 0.02 ns and 2.10 + 0.03 ns,
respectively (Fig. 3c). This result indicated that COVID 19-PEB revealed
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Fig. 5. Fluorescence detection of decreasing concentrations of SARS-CoV-2 in 10% saliva using fixed concentration of COVID19-PEB: a) total fluorescence intensity
*<0.05, **<0.005 ***<0.0005 (n = 3) and b) specific fluorescence; same values are shown for SARS-CoV-2 in 10% nasal secretions: ¢) and d). (FNT: fluorescence

intensity in the absence of SARS-CoV-2 (nontreatment, NT)).

both decreasing and increasing trends in fluorescence intensity due to
the FRET effect. Thus, COVID19-PEB formed a stable hairpin structure
without the target S proteins of SARS-CoV-2, thereby suppressing the
fluorescence intensity (Fig. 3d). However, COVID 19-PEB treated with
SARS-CoV-2 or S protein RBD significantly increased the fluorescence
intensity time-dependently. After treatment of each sample (SARS-CoV-
2, S protein, or BSA as a control) with COVID 19-PEB (10 nmol), the
fluorescence intensity was measured every 10 min for 180 min (3 h) to
evaluate the optimal sensing time of the SARS-CoV-2 S protein with
COVID 19-PEB (Fig. S4). In the presence of the target S protein RBD or
SARS-CoV-2, the fluorescence intensity gradually increased for 50 min,
followed by a rapid increase afterward up to 3 h; moreover, the intensity
change could be measured even within 1 h (Fig. S4). The fluorescence
change was hardly observed in the BSA used as a control. Peptides
without oligonucleotides can directly interact with the S protein RBD,
which takes a relatively short time. (Fig. 3d) However, our probe is a
FRET-based detection system that shows an increase in fluorescence
intensity only after interacting with SARS-CoV-2. Therefore, the time
taken for signal development depends on whether or not the oligonu-
cleotide is bound to the peptide. Therefore, we tested various concen-
trations of the S protein using COVID 19-PEB. Their fluorescence
intensities were measured after sensing 100 uL of S proteins (200, 100,
75, 50, 25, and 10 pmol) using COVID 19-PEB. After that, the relative
fluorescence intensity was calculated based on the fluorescence intensity
in the absence of target protein (NT, nontreatment). It was observed that
the fluorescence intensity gradually increased with the increasing con-
centration of the S proteins (Fig. 3e). In particular, the detection limit
(LOD) of COVID 19-PEB was calculated to be 52.5 pmol.[71] Collec-
tively, these data suggest that the specific interaction of hACE2 residues
within COVID 19-PEB with the SARS-CoV-2 S protein RBD may disrupt
the hairpin structure. Subsequently, this event may trigger the formation

of the hACE2 a1 helix structure binding to S protein RBD, leading to the
quenched Cy3 opening for signal activation.

3.3. Confirmation of affinity between the synthesized COVID19-PEB and
SARS-CoV-2 virus

After confirming Cy3 opening following the specific interaction be-
tween the hACE2 residue in COVID 19-PEB and the SARS-CoV-2 S
protein RBD, we performed experiment to detect SARS-CoV-2 virus
(Fig. 4a). Importantly, it is necessary to confirm that COVID 19-PEB can
selectively detect only SARS-CoV-2 and no other viruses. We assessed
the selective response of COVID 19-PEB relative to influenza A and B
virus and a coronavirus that does not bind to ACE2. Since these viruses
present similar symptoms when infected, their accurate diagnosis is
necessary to treat appropriate antiviral agents. Fig. 4a illustrates the
mechanism of action of COVID 19-PEB while detecting SARS-CoV-2.
After culturing SARS-CoV-2, the change in fluorescence intensities was
measured before and after adding COVID 19-PEB prepared by annealing
(Fig. 4b and c). As previously described, after annealing, the fluores-
cence intensity of COVID 19-PEB was markedly suppressed (quenched)
by the FRET effect compared with that before annealing. Furthermore,
the fluorescence intensity of the annealed COVID 19-PEB without virus
(nontreatment) was named Fyr. After SARS-CoV-2 detection, the fluo-
rescence intensity (F) increased proportionally after SARS-CoV-2 addi-
tion (Fig. 4b). The relative fluorescence intensities, calculated by AF/
Fnr (%) (AF = F — Fyr), were significantly increased (250 x 10* PFU/
mL: 87.3 %, 100 x 10* PFU/mL: 53.3 %, 7.5 X 10* PFU/mL: 37.2 %, 5 x
10* PFU/mL: 31.1%, 4.5 x 10* PFU/mL: 17.2 % and 4 x 10* PFU/mL:
9.1%) (Fig. 4c). However, no change in fluorescence signal was observed
for control viruses (influenza A virus, influenza B virus, and HCoV-
0C43) (Fig. 4 d-f).
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Fig. 6. Confirmation of SARS-CoV-2 presence in clinical samples using COVID19-PEB a) Heat map and b) fluorescence distribution graph of fluorescence intensity
after detecting SARS-CoV-2 in clinical samples using COVID19-PEB. Clinical samples were collected from human body fluids infected with SARS-CoV-2. (Positive
samples: n = 30 and negative samples: n = 30). Detection time: 60 min (i and iv), 120 min (ii and v), and 240 min (iii and vi).

To test whether COVID 19-PEB is effective for testing real biofluids
(saliva or nasal fluid), we performed an experiment using the virus in
10% nasal fluid and 10% saliva, respectively, in the manner mentioned
above. FRET-based probes may cause a nonspecific reaction with a
viscous fluid such as biofluid, thereby resulting in an unwanted increase
in the fluorescence signal; however, COVID 19-PEB efficiently detected

SARS-CoV-2 in the biofluid, with high sensitivity (Fig. 5).

3.4. Testing of clinical samples from SARS-CoV-2 patients with a

detection system using COVID19-PEB

We tested the nasopharyngeal aspirate samples collected from 30
SARS-CoV-2 patients using COVID 19-PEB. Samples were collected from
January 29 to February 16, 2021, at the Yonsei University Health Cen-
ter, Severance Hospital, Korea, from patients diagnosed as positive for
SARS-CoV-2 via qRT-PCR (Table S1). Similar to the SARS-CoV-2 test
mentioned earlier, each patient sample (100 uL) without additional
pretreatment was mixed with COVID 19-PEB, followed by measuring the
fluorescence intensity every hour (60, 120, and 240 min). As a control
group, 30 samples confirmed as negative in the qRT-PCR test result were
also tested. This result is expressed as a heat map. The transition from

SARS-CoV-2 using COVID 19-PEB that directly detects SARS-CoV-2 by
producing intense fluorescence; thus, this approach provides an alter-
native to genetic techniques, such as qRT-PCR assays. Moreover, this
method detects low concentrations of SARS-CoV-2 within 3 h and is
comparatively faster than the qRT-PCR assay time. Thus, COVID 19-PEB
has great potential for use in multiple assays of SARS-CoV-2, where the
multiple fluorophores and hACE2 mimic peptide sequences allow
detection of interactions with specific S protein RBD. Recently, due to
genetic mutation, the SARS-CoV-2 variants with increased infectivity
(alpha, beta, gamma, and delta) have posed serious concerns. Most
SARS-CoV-2 mutant viruses have mutated S protein RBD, allowing them
to bind more aggressively to hACE2 in the host cells.[72-77] Thus,
whether diagnostic methods using bioreceptors (antibodies, peptides,
and aptamers) targeting the SARS-CoV-2 S protein RBD can detect these
variants remains unclear. Furthermore, this diagnostic method, based on
a hACE2-mimic peptide, exhibiting affinity for SARS-CoV-2, could
detect the binding affinity despite the presence of viral mutations.
Additionally, this peptide exhibits a strong binding affinity to the S
proteins of SARS-CoV-2 variants (alpha, beta, gamma, and delta)
(Fig. S5 and S6). Although COVID 19-PEB does not effectively discrim-
inate among the genetic mutations in SARS-CoV-2, it is useful for sen-
sitive and rapid detection of SARS-CoV-2 and its variants.

green to red indicates the increase in fluorescence intensity; dark red
indicates high fluorescence intensity, and dark green indicates low

fluorescence intensity (Fig. 6). Furthermore, SARS-CoV-2 positive pa-
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4. Conclusion

In summary, we developed a highly sensitive detection method for
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