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Abstract
The novel corona (SARS-CoV-2) virus causes a global pandemic, which motivates researchers to develop reliable and effective
methods for screening and detection of SARS-CoV-2. Though there are several methods available for the diagnosis of SARS-
CoV-2 such as RT-PCR and ELSIA, nevertheless, these methods are time-consuming and may not apply at the point of care. In
this study, we have developed a specific, sensitive, quantitative and fast detection method for SARS-CoV-2 by fluorescence
resonance energy transfer (FRET) assay. The total extracellular protease proteolytic activity from the virus has been used as the
biomarker. The specific peptide sequences from the library of 115 dipeptides were identified via changes in the fluorescence
signal. The fluorogenic dipeptide substrates have the fluorophore and a quencher at the N- and the C- terminals, respectively.
When the protease hydrolyzes the peptide bond between the two specific amino acids, it leads to a significant increase in the
fluorescence signals. The specific fluorogenic peptide (H-d) produces a high fluorescence signal. A calibration plot was obtained
from the changes in the fluorescence intensity against the different concentrations of the viral protease. The lowest limit of
detection of this method was 9.7 ± 3 pfu/mL. The cross-reactivity of the SARS-CoV-2-specific peptide was tested against the
MERS-CoV which does not affect the fluorescence signal. A significant change in the fluorescence signal with patient samples
indicates that this FRET-based assay might be applied for the diagnosis of SARS-CoV-2 patients.
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Introduction

The outbreak of coronavirus disease 2019 (COVID-19)
caused by the severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2/2019-nCoV) poses a serious threat to global
public health and local economies [1]. It causes hundreds of
thousands of serious illnesses and human life losses all over
the world. Human respiratory tract infections caused by
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coronaviruses such as HCoV-229E and HCoVOC43 are
known since the 1960s [2], and later SARS-CoV-1, HCoV-
NL63, HCoV-HKU1, and MERS-CoV have been discovered
[3]. Severe respiratory illness in humans due to COVID-19
was first reported in December 2019 in China. Since then,
81,187,266 confirmed cases of infection and 1,772,853 deaths
of 28 December 2020 [1, 4, 5]. People with chronic diseases
such as diabetes, renal failure, chronic lung disease, and im-
munocompromised patients are at high risk to die due to
COVID-19 [4]. The incubation period of COVID-19 varies
between 2 and 14 days and is susceptible to all age groups [5].
The virus can be transmitted from human to human and might
cause mild illnesses, severe pneumonia, severe respiratory
syndrome, and multi-organs failure [6]. Other reported symp-
toms are fever, anorexia, nausea, vomiting, abdominal pain,
diarrhea, and disseminated intercellular coagulation. The
WHO and Center for Disease Control (CDC) recommended
that COVID-19 cases must be confirmed by RT-PCR via
targeting three genes: RdRP gene, E gene, and N gene [7].
Different methods have been developed for the diagnosis and
detection of COVID-19 such as molecular-based assays, se-
rological based tests, point of care devices, radiology-based
tests, and viral cell culture-based methods [8]. The molecular
diagnostic assays rely on the identification and amplification
of the viral RNA by real-time reverse transcriptase-
polymerase chain reaction (rRT-PCR) [9] obtained from the
suspected individuals. TheWHO and CDC have established a
standard protocol with a set of primers that can bind to the
specific region of RNA and facilitate the amplification process
[10]. When SARS-CoV-2 infects human host cell, it produces
a specific antibody against SARS-CoV-2. Enzyme-linked
Immunosorbent Assay (ELISA) is used for the qualitative
and quantitative detection of SARS-CoV-2 antibody.
Chemiluminescent immunoassay (CLIA) is used for the quan-
titative measurement of SARS-CoV-2 antibodies such as IgG,
IgM, and IgA [11]. Western blots have been employed to
detect specific SARS-CoV-2 proteins, and Northern blot hy-
bridization has been applied for targeting specific SARS-
CoV-2 genes [12]. Nucleic acid amplification techniques such
as PCR [7, 13], nucleic acid sequence-based amplification
(NASBA) [14], next-generation sequencing (NGS) [15], and
Lawrence Livermore microbial detection array (LMDA) [16]
were developed and optimized for the identification of SARS-
CoV-2 genome from clinical samples. Although these
methods are sensitive, the mutation rate in SARS-CoV-2 ge-
nome is high, which may lead to false results. Alternatively,
detection of SARS-CoV-2 in short time with low cost has
been the focus of this study by the screening of protease using
the cleavage of a specific peptide bond from a substrate li-
brary. Recently, protease-based nanobiotechnology plays a
potential role in the clinical application in the detection and
identification of emerging viruses [17–19]. FRET peptides are
the potential candidate to follow the enzymatic activity in

crude biological fluids and culture media. FRET-based assay
is rapid, extremely sensitive, and straightforward. The in-
creased fluorescence signal is directly proportional to the
quantity of the protease from SARS-CoV-2.

In this study, we used the proteases as diagnostic markers
for the detection of SARS-CoV-2. Several proteases are acting
as host receptors for the coronavirus entry including amino-
peptidase N and angiotensin-converting enzyme 2 (hACE2).
We developed a simple, low cost, and reliable assay for the
detection of the SARS-CoV-2 using the activity of the SARS-
CoV-2 secreted proteases. We used short peptide containing
the cleavage site of the SARS-CoV-2 protease and it was
labeled with a fluorophore and a quencher at both ends. The
peptide is cleaved in the presence of protease; therefore, the
fluorophore and the quencher are separated from each other
which leads to high fluorescence. The specific peptide se-
quence cleaves by the SARS-CoV-2 protease indicates the
presence of SARS-CoV-2.

Materials and methods

Materials

Vero E6 cells (ATCC® number 1568) were purchased from
the American Type Culture Collection (ATCC®). Dulbecco’s
Eagle medium (DMEM) and fetal bovine serum (FBS), strep-
tomycin and penicillin, HEPES, agarose, paraformaldehyde,
crystal violet, PBS, and DMSO were purchased from Sigma-
Aldrich (Gillingham, UK). Dipeptide library was purchased
from Pepmic Co Ltd. (Suzhou, China).

Experimental

Cell line and SARS-CoV-2 propagation

Vero E6 cells (ATCC® number 1568) were maintained and
grown in Dulbecco’s Eagle medium (DMEM) contained 10%
fetal bovine serum (FBS) as described before [20]. SARS-CoV-
2/human/SAU/85791C/2020 (Gene accession number
MT630432.1) was isolated from a human nasopharyngeal swab
confirmed positive by RT-PCR. IRP number H-02-K-076-
00520-298 was obtained from the Saudi Ministry of Health to
use patient samples. All experiments involved live SARS-CoV-
2 were performed following the international recommended
safety measures and precautions in Biosafety Level 3 Facility
at the Special Infectious Agent Unit, King Fahd Medical
Research Center, King Abdulaziz University, Saudi Arabia.

SARS-CoV-2 was propagated and titrated using Median
Tissue Culture Infectious Dose (TCID50). In brief, SARS-
CoV-2 was inoculated on 90–95% confluent Vero E6 cells
in a T175 tissue culture flask and incubated at 37 °C for 1 h
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in a humidified 5% CO2 incubator with shaking every 15 min.
Then, 25 mL of viral inoculation medium (DMEM supple-
mented with 10 mmol/L HEPES, 1% streptomycin and peni-
cillin, and 2% FBS) was used to replace the inoculum. The
cells were then incubated at 37 °C in a humidified 5% CO2

incubator for 72 h or until 90% of the cells illustrated CPE
(cytopathic effect). The supernatant was then harvested and
centrifuged at 500×g for 5 min at room temperature.
Ultimately, SARS-CoV-2 was aliquoted and stored at
− 80 °C, and the plaque assay was used to determine the virus
titer and TCID50. MERS-CoV was isolated from human na-
sopharyngeal swab confirmed positive by RT-PCR. The
MERS-CoV-positive sample was inoculated on the 95% con-
fluent Vero E6 cells, and finally, the virus was harvested as
described above in the propagation of SARS-CoV-2.

Plaque assay

Plaque assay was conducted as described previously [21].
In brief, DMEM medium was used to grow 1 × 105/mL
Vero E6 cells. Every well of six-well tissue culture plates
were seeded with 2 mL Vero E6 cells and incubated at
37 °C overnight. Serial dilution for each sample (starting
from 10−1) was performed in the inoculated DMEM, and
200 μL of each dilution were transferred to the Vero E6
cell monolayers and incubated at 37 °C for 1 h with shak-
ing every 15 min. Overlay DMEM with 0.8% agarose was
then added to replace the inoculum and incubated at 37 °C
for 3–4 days. Subsequently, the overlay was removed, and
4% paraformaldehyde was used for 15 min to fix the cells.
Crystal violet was used to stain the cells, and plaques were
counted to determine SARS-CoV-2 titer as plaque-forming
units (pfu/mL). TCID50 for SARS-CoV-2 was calculated
as 3.16 × 105.

Peptide library design

The peptide library consisted of 115 substrates with two ami-
no acids of the same type or different types including D-amino
acids. The library substrates were FRET-based fluorogenic
peptides, each peptide had two amino acids of two L-amino
acids, or C-terminal L-amino acid and N-terminal D-amino
acid, or two D-amino acids. The upper-case letters represent
L-amino acids, and the lower-case letter represents D-amino
acids. The FITC (fluorescein isothiocyanate) and the dabcyl,
[4-((4-(dimethylamino)phenyl)azo)benzoic acid] are the most
efficient FRET pairs; therefore, they were introduced at both
ends of all the substrates. 6-aminohexanoic acid, Ahx linker
was introduced between the FITC fluorophore and the N-
terminal amino acids. Lysine was introduced between the C-
terminal amino acids and the dabcyl quencher molecule. The
combination of different dipeptide substrates has been validat-
ed [22, 23].

Identification of SARS-CoV-2-specific substrate by
FRET assay

SARS-CoV-2-specific peptide was identified from the library
of 115 FRET substrates by high-throughput screening. All the
fluorogenic peptides with FITC and the dabcyl were added to
the wells of 96 well fluorescence microtiter plate. The proteo-
lytic activity of the COVID-19 protease on the individual
substrates was monitored from the changes in the fluorescence
of the FITC at its emission maxima. 0.5 μL of each peptide
from 800 μM solution, and 50 μl PBS were mixed with 50 μl
of SARS-CoV-2 total protease (the supernatant of the over-
night culture media). Culture media was used as a negative
control. The changes in the fluorescence intensity of FITC
was monitored every 2 min for 2.5 h at 37 °C. The samples
were excited at 485 nm and the emission was recorded at
535 nm. The relative fluorescence unit (RFU) change in each
sample with time was calculated by subtracting the sample
fluorescence values from the negative control values. The
protease activity on the substrate reflects the changes in the
RFU per minute (RFU/min). The specific peptide with the
highest RFU/m was the most specific to SARS-CoV-2. L-
Histidine-D-aspartic acid FITC-Ahx-H-d-K(Dabcyl) was
found to be the most active peptide in the presence of
SARS-CoV-2 protease. FITC-Ahx-H-d-K(Dabcyl) dipeptide
was used for further studies.

Real-time fluorescence measurement from the SARS-
CoV-2-specific FRET substrate

The proteolytic activity of SARS-CoV-2 protease on the fluo-
rescence of the FITC-Ahx-H-d-K(Dabcyl) fluorogenic pep-
tides has been studied. A constant amount (4 μM) of the H-
d peptide in PBS buffer was added to nine different wells of
the microtiter plate. Live SARS-CoV-2 viral solution contain-
ing 108 pfu/mL to 101 pfu/mL was added to each well con-
taining the specific peptide. The changes in the fluorescence
were monitored at 535 nm with the excitation at 495 nm. The
fluorescence of FITC in each well was recorded every 2 min
for 3 h. The well with the only dipeptide without the live virus
was considered as a negative control. The fluorescence values
were obtained by subtracting negative control values from the
sample values. The raw plot of fluorescence signal change
against time for individual samples is presented in Fig. 1a.
The percentage change was calculated by (F-F0/F0)×100.
Figure 1b represents the exponential fluorescence signal
growth of FITC-Ahx-H-d-K(Dabcyl) peptide in the presence
of 108 pfu/mL at different time intervals.

Detection limit and specificity

The limit of detection (LOD) of a developed assay deter-
mines the successful development of a sensor platform.
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The sensitivity of the SARS-COV-2 protease-specific sub-
strate: FITC-Ahx-H-d-K(Dabcyl) was determined from the
calibration plot, obtained from the fluorescence of the sub-
strate with different concentrations of the SARS-CoV-2
live virus in the dynamic range of 101–108 pfu/mL. Each
sample with variable concentrations of the protease and
their respective fluorescence intensities are represented as
the linear plot in Fig. 4. The specificity of the peptide
substrate against the other closely associated virus such
as MERS-CoV has been tested under the same conditions.
No significant change in the fluorescence intensity is ob-
served with MER-CoV protease (Fig. 5). Changes in the
fluorescence signal have been observed in the presence of
SARS-CoV-2-positive patient sample, and the correspond-
ing pfu/mL was calculated from the standard calibration
plot.

Real-time RT-PCR for SARS-CoV-2 patient samples

PowerChek™ 2019-nCoV Real-time PCR Kit (Cat No.
R6900TD–100 Samples) was used to perform the RT-PCR test
for nasopharyngeal swabs collected from SARS-CoV-2-
infected patients. The kit was purchased from Kogenebiotech
Co., Ltd. Republic of Korea, and it was approved by the FDA.
The kit was utilized according to the manufacturer’s instruc-
tions, and it targets the RdRp gene for 2019-nCoV in nasopha-
ryngeal swab and sputum. In brief, ExiPrep™ 96 Lite was used
with ExiPrep™ 96 Viral DNA/RNA Kit (BioNEER Corp) to
extract SARS-CoV-2 RNA. PowerChek™ provides a one-step
real-time RT-PCR premix with specific primers and probes.
PCR mixture was prepared by adding 11 μL of RT-PCR
Premix, 4 μL of each primer/probe mix, and 5 μL of RNA
sample to reach a total reaction volume of 20 μL. The real-
time RT-PCR reaction was conducted by programing the
LightCycler® 480 Instrument II using the following temperature
profile: 50 °C for 30 min (1 cycle), 95 °C for 10 min (1 cycle),
95 °C for 15 s (40 cycles), and 60 °C for 1 min (40 cycles). The
fluorescence curves were analyzed on FAM fluorescence detec-
tion channel for the RdRp gene-2019-nCoV and JOE (VIC or
HEX) for the internal control. The result was considered positive
if the corresponding fluorescence accumulation curve crosses
the threshold line. Negative, positive, and internal controls were
used, and their results must be passed for the run to be accepted.

Results and discussions

Enzymes can hydrolyze the peptide bond between the natu-
rally occurring amino acids. The composition of the amino
acid pair determines the specificity of the substrate for the
enzyme of interest. The favorable unique conformation of
amino acids and their chemical structure with their side chains
between the peptide links are the most important parameters
for the hydrolysis of the peptide bond by the enzymes. Under
pathological conditions, the proteolytic activity of the en-
zymes plays a major role in many pathological processes.
Therefore, the identification of these enzymes is important
for understanding the mechanism and retarding the patholog-
ical enzymatic process. Determination of the hydrolysis of the
specific peptide bond would lead to the development of ther-
apeutic inhibition of the process by throughput screening. The
proteolytic activity of the proteases in pathogens draws atten-
tion to develop sensitive and specific methods to detect path-
ogens. The fluorogenic (FRET) peptides have a fluorescent
donor group attached to one of the amino acids that transfer
the excited energy to the quencher acceptor group attached to
another amino acid in the substrate by FRET processes [24,
25] (Scheme 1). In general, the donor and the acceptor are in
very close proximity in the fluorogenic peptides and show low
fluorescence due to the internal quenching (Scheme 1, A).
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Fig. 1 a The changes in the fluorescence signal of 115 different
fluorogenic substrates presence of 108 pfu/mL at 37 °C. b The FRET
substrates with significant increase in the fluorescence signal upon incu-
bation with 108 pfu/mL of Covid-19 viral particles at 37 °C. The dotted
line represents the threshold fluorescence. The samples were excited at
485 nm and the fluorescence was observed at 535 nm
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However, the hydrolysis of the peptide bond between the do-
nor and the acceptor leads to the physical separation of the
FRET pairs; subsequently, the fluorescence increases
(Scheme 1, B). An increase in the fluorescence intensity can
bemonitored at the emission peak of the fluorophore, which is
proportional to the enzyme activity. The fluorescence intensi-
ty implies the quantity of the enzyme activity and hydrolysis
rate of the specific peptide bond by the protease.

Screening for SARS-CoV-2-specific peptide

SARS-CoV-2 protease proteolytic activity was tested against
115 different fluorogenic peptides to identify the specific sub-
strate from the fluorescence signal. We used dipeptide of L-
amino acids, D-amino acids, and the combination of both. L-
amino acids present in the major natural proteins. Some bac-
terial species produce D-isomers in milli-molar range in the
cell wall [26]. Therefore, it is assumed that the protease pro-
duced from bacteria may have the combination of both L and
D-amino acids [27], and it might digest D-amino acid sub-
strates [22]. Listeria monocytogenes protease specifically
cleaves the D-amino acid peptides faster than the L-amino
acids of the same peptide [28]. SARS-CoV-2 main protease
(Mpro) specific substrate and 3L protease ( 3Lpro) substrate
have been identified using FRET assay by high-throughput
screening assay [18, 19]. More number of amino acids in the
peptide substrate would lead to the complication in the iden-
tification of the specific peptide bond in the substrate. Hence,
we used dipeptide with a single peptide bond between the

amino acids which is the only peptide bond that undergoes
hydrolysis and induces the fluorescence signal [23]. SARS-
CoV and SARS-CoV-2 main protease-specific substrates
have been screened by a high-throughput screening method
using both natural and unnatural amino acids [19, 29, 30]. In
this screening process, the SARS-CoV-2 total protease was
incubated with the individual FRET substrate for 2 h at
37 °C. Change in the fluorescence intensity of each peptide
was compared to find the efficient hydrolysis of the peptide
bond by SARS-CoV-2 protease on the specific peptide sub-
strate. The fluorescence signal response generated by sub-
strate hydrolysis is illustrated in Fig. 1a. We selected ten sub-
strates that showed considerable fluorescence signal change in
the presence of SARS-CoV-2 protease (D-d, E-d, H-d, K-d,
R-d, F-F, P-P, F-R, and d-d). The relative fluorescence inten-
sity of the substrates is summarized in Table 1. The highest
fluorescence change was observed from FITC-Ahx-H-d-
K(Dabcyl dipeptide), and thus, we considered this the relative
scale of 100%. FITC-Ahx-F-R-K(Dabcyl) confirmed 82% in-
crease in the fluorescence intensity compared to H-d peptide
(Fig. 1b). Interestingly, most of the active peptide has a com-
bination of L- and D-amino acids. More specifically, the L-
amino acids at the N-terminal and D-amino acids in the C-
terminals with the exception of F-R and d-d. The two highly
sensitive peptides, FITC-Ahx-H-d-K(Dabcyl) and FITC-Ahx-
F-R-K(Dabcyl), have the L-amino acids with conjugated cy-
clic side chains, and both peptides comprise the positive
charge in one of the amino acids. The results indicated that
SARS-CoV-2-specific dipeptide substrate has either the

Scheme 1 Schemtaic for the FRET assay used for screening the peptides
library and the assay development. (A) Fluorescent molecule and quench-
er attached to the peptide seqeunce (low fluorescence signal); (B) protease

cleaves the peptide seqeunce and separate the fluorecent molecules from
the quencher, which results in increase in the fluorescence signal
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combination of both L- and D-amino acids or only L-amino
acids with cyclic side chain and/or positive charge in one of
the amino acids. More than 50% of the active peptides have at
least one dicarboxylic acid amino acids (aspartic acid or
glutamic acid) implies that the presence of dicarboxylic acid
amino acids might be one of the favorable factors for SARS-
CoV-2 protease proteolytic activity. SARS-CoV-2 protease
digests the FITC-Ahx-H-d-K(Dabcyl) efficiently and showed
maximum fluorescence intensity after 3 h of incubation at
37 °C. Interestingly, the fluorogenic dipeptide FITC-Ahx-D-
d-K(Dabcyl) and FITC-Ahx-d-d-K(Dabcyl) had the same ef-
fect on the cleavage of peptide bond independently of L- or D-
amino acids (Fig. 1b), which indicates the presence of specific
amino acid in the protease binding site and their orientations
were important for the peptide bond cleavage in the substrate.
The FITC-Ahx-R-h-K(Dabcyl) was very stable in the pres-
ence of SARS-CoV-2 protease incubated at 37 °C and con-
firmed insignificant increase in the fluorescence intensity after
3 h. Based upon the fluorescence results, we selected FITC-
Ahx-H-d-K(Dabcyl) for further studies, and we used FITC-
Ahx-R-h-K(Dabcyl) as a control.

Proteolytic activity of SRAS-CoV-2 protease on FITC-
Ahx-H-d-K(Dabcyl) substrate

The rate of cleavage for the H-D substrate in the presence of
variable concentrations of SARS-CoV-2 protease was moni-
tored when incubated with 101–108 pfu/mL of SARS-CoV-2
supernatant. The fluorescence intensity of the FRET substrate
increases rapidly in the presence of 108 pfu/mL of protease
(Fig. 2, black curve). The rate of hydrolysis of the FITC-Ahx-
H-d-K(Dabcyl) peptide reduces with a reduction in the prote-
ase concentrations as illustrated in Fig. 2 curves from top to
bottom. There was no significant change in the fluorescence
signal of the substrate with 101 pfu/mL of the protease. The
fluorescence value is close to the control sample after 3 h of
incubation at 37 °C (Fig. 2 dotted line). The fluorescence
signal of FITC-Ahx-H-d-K(Dabcyl) peptide substrate was

increasing linearly with time in the presence of 108 pfu/mL
of the protease, indicating that the rate of hydrolysis was very
fast in the initial stage of the reaction. The rate decreased over
the period of time, and the curve reached a plateau after 1.5 h.
When the protease and the FRET substrates mixed in the wells
at the early stage, more number of substrates were available
for the protease to digest the H-d peptide link in the FITC-
Ahx-H-d-K(Dabcyl) substrate. The protease to substrate ratio
decreased with time, and fewer substrate numbers were avail-
able for the hydrolysis, and thus, the increase in the fluores-
cence intensity was not linear anymore. The kinetics curves of
the FITC-Ahx-H-d-K(Dabcyl) with different concentrations
are illustrated in Fig. 2a. At the initial stage of the reaction, a
greater number of FITC-Ahx-H-d-K(Dabcyl) substrates were
available for the protease to cleave and the reaction was ex-
tremely fast. However, there was less relative fluorescence
units (rfu/min) after 30 min due to the limited number of

Table 1 Changes in the fluorescence signal of different substrates in the
presence of SARS-CoV-2 protease

FRET substrate Relative fluorescence

FITC-Ahx-H-d-K(Dabcyl) 100

FITC-Ahx-F-R-K(Dabcyl) 82

FITC-Ahx-R-d-K(Dabcyl) 67

FITC-Ahx-K-K-K(Dabcyl) 62

FITC-Ahx-E-d-K(Dabcyl) 58

FITC-Ahx-P-P-K(Dabcyl) 55

FITC-Ahx-K-d-K(Dabcyl) 47

FITC-Ahx-D-d-K(Dabcyl) 47

FITC-Ahx-d-d-K(Dabcyl) 47
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Fig. 2 (a) The real time fluorescence change in FITC-Ahx-H-d-
(Dabcyl)peptide in the presence of various concentrations of Covid-19
live virus in the dynamic range of 108–10 pfu/mL at 37 °C. (b) The
increase in the fluorescence signal of FITC-Ahx-H-d-(Dabcyl) incubation
with 108 pfu/mL of Covid-19 viral particles at 37 °C. The samples were
excited at 485 nm and the fluorescence was observed at 535 nm. The
standard errors were calculated from the three different measurements
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substrates available for the protease to interact with. The
changes in the protease amount after the reaction was insig-
nificant due to the high protease concentration in this reaction.
Therefore, the rate of the reaction was only dependent on the
concentration of the substrate.

SARS-CoV-2 sensing using FRET substrate

The sensitive detection of SARS-CoV-2 was performed by
the hydrolysis of the specific peptide bond between H- and
d-amino acids in FITC-Ahx-H-d-K(Dabcyl) substrate by the
total protease. When the substrate was incubated with live
SARS-CoV-2 viral particles, the protease produced as a met-
abolic by-product hence, specifically digest the H-d bond rap-
idly and the FITC donor and the dabcyl acceptor were sepa-
rated from each other. Therefore, when FITC was excited at
485 nm, the emitted photons were not absorbed by the dabcyl
acceptor, because the donor and the acceptor were not in close
vicinity and there was no fluorescence quenching. All the
emitted photons were monitored as fluorescence emission.
The quantitative detection of SARS-CoV-2 was achieved by
incubating a constant amount of FRET fluorogenic peptide
with different concentrations of SARS-CoV-2 viral protease
ranging from 10 to 108 pfu/mL at 37 °C for 3 h. Then, the
fluorescence of FITC in all the samples is monitored, and the
relative change in the fluorescence is represented in Fig. 3.
The black and red bars represent the change in the fluores-
cence intensity after 180 min and 30 min, respectively. A
significant amount of the reaction was completed within
30 min. For example, in the presence of 108 pfu/mL of
SARS-CoV-2, more than 50% of the reaction was completed
within 30 min. Figure 4 illustrates the plot of the endpoint of

fluorescence values after 3 h against the respective concentra-
tions of the viral particle. Further, it shows the calibration
curve which was obtained by plotting the fluorescence signal
change against the logarithm of SARS-CoV-2 particle
(protease) concentration (pfu/mL). The minimum SARS-
CoV-2 sensing ability of FITC-Ahx-H-d-K(Dabcyl), (limit
of detection or LOD), was calculated according to the follow-
ing formula: 3SD/m, where (SD) is the standard deviation of
the fluorescence signal in the absence of SARS-CoV-2 parti-
cles and (m) is the slope of the straight line obtained from the
linear fitting. The calculated LOD of FITC-Ahx-H-d-
K(Dabcyl) substrate was found to be 9 ± 3 pfu/mL. Our
FRET-based results were compared with the RT-PCR meth-
od, which is the gold standard for SARS-CoV-2 diagnosis.
Table 2 represents the comparison of eight different patient
samples (high CT, medium CT, and near the cutoff CT). The
samples with rfu of 77 to 100 showed high CT values, rfu of
25 to 60 had medium CT values, and rfu of 25 and less had a

Table 2 Comparison of FRET assay with RT-PCR

Patient samples Fluorescence
(relative percentage)

RT-PCR (CT value)

Patient 1 71–100 High

Patient 2 High

Patient 3 High

Patient 4 31–70 Medium

Patient 5 Medium

Patient 6 Medium

Patient 7 <30 Weak(~Cut off)

Patient 8 Weak (~Cut off)
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samples were excited at 485 nm and the fluorescence was observed at
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weak CT values (within the cutoff values). The results con-
firmed that our FRET-based assay is comparable with the
standard methods such as RT-PCR. Corman et al. developed
RT-PCR method for the detection of SARS-CoV-2 and quan-
tified the limit of detection in the range of 2 to 12 copies per
reaction [7]. Van Kasteren et al. compared the commercially
available RT-PCR kits with their in-house developed method
for the detection of SARS-CoV-2. The detection limit of the
evaluated kits was in the range of 3 to 10 copies/mL; however,
their in-house PCR method has the LOD of 0.91 copies/mL
[30]. A field-effect transistor (FET)-based biosensor has been
developed for the sensitive detection of SARS-CoV-2 in clin-
ical sample. The sensing platform was fabricated by coating
graphene sheets of the FET with anti-SARS-CoV-2 spike pro-
tein antibody. The sensor was tested for antigen protein, cul-
tured virus, and specimen from the SARS-CoV-2-positive pa-
tients. The sensor was able to detect as low as 16 pfu/mL [31].
Two high-affinity aptamers against the receptor-binding do-
main (RBD) of SARS-CoV-2 spike glycoprotein have been
selected with the affinity of 5.8 nM and 19.9 nM, respectively.
The aptamer-based recognized receptor is an ideal tool for the
development of sensitive and selective aptasensor for the de-
tection of SARS-CoV-2 [32]. Various methods used for the
detection of SARS-CoV-2 are compared with our developed
assay and summarized in Table 3. The previously reported
RT-PCR method is more sensitive than other methods due
to amplification processes. However, the other methods are
comparable or less sensitive than the reported values by our
FRET assay. Although our developed assay is highly sensi-
tive, it has some limitations. The turbid sample leads to fluo-
rescence scattering; therefore, samples should be clear. The
presence of any molecule in the sample absorbs in the region
of the FITC emission which reduces the fluorescence intensity
due to the fluorescence quenching. The fluorogenic substrates
have to be protected from the light as it may undergo
photobleaching when exposing to light.

Cross-reactivity of FRET substrate

The selective hydrolysis of the H-D peptide bond by SARS-
CoV-2 was validated using the protease obtained from closely
associated viruses, such as MERS-CoV. The same concentra-
tion of MERS-CoV viral particles were incubated with FITC-
Ahx-H-d-K(Dabcyl), under the similar condition as SARS-
CoV-2 as mentioned in Section 2.5, and presented in Fig. 5.
There was no significant increase in the fluorescence intensity
(less than 20%) of FITC-Ahx-H-d-K(Dabcyl) in the presence
ofMERS-CoV virus. TheMERS-CoV protease did not cleave
the H-d peptide link in the FITC-Ahx-H-d-K(Dabcyl) sub-
strate. The change in the fluorescence intensity was close to
the FITC-Ahx-H-d-K(Dabcyl) peptide in the absence of
SARS-CoV-2 virus and control peptide, FITC-Ahx-R-h-
K(Dabcyl) which confirmed very minimum fluorescence

Table 3 Comparison of different methods used for the detection of SARS-CoV-2

Method Sample type LOD Reference

1 RT-PCR Viral -RNA 0.91 copies/mL [30]

2 RT-PCR RdRp gene 3.6 copies/reaction [7]

3 Field effect transistor S-protein antibody 16 copies/mL [31]

4 RT-LAMP mRNA 50 copies/μL [33]

5 RT-q(PCR-LAMP) mRNA 5 copies/reaction [34]

6 ITP-Crisper cDNA of mRNA 10 copies/μL [35]

7 Molecular POC mRNA 10 copies/μL [36]

8 Electrochemical Viral antigen 0.8 pg/mL [37]

9 Lateral flow immunoassay IgM/IgG 1 pg/mL [38]

10 Fluorescence Protease 0.9 copies/mL [This study]
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Fig. 5 Changes in the fluorescence of FITC-Ahx-H-d-(Dabcyl) peptide
substrate in the presence Covid-19 live virus, Mers-CoV (108 pfu/mL)
and PBS buffer after 3 hours of incubation at 37°C. The samples were
excited at 485 nm and the fluorescence was observed at 535 nm. The
standard errors were calculated from the three different measurements
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change in the presence of SARS-CoV-2. The results indicated
that the fluorogenic substrate, FITC-Ahx-H-d-K(Dabcyl), is
very specific to SARS-CoV-2. Further, it could specifically
digest H-D peptide bond in the mixture of other closely asso-
ciated viral particles. The specific substrate was validated by
incubating SARS-CoV-2-positive patient sample with FITC-
Ahx-H-d-K(Dabcyl), and it showed the value of 34,304 pfu/
mL from the standard calibration plot. The results suggest that
FITC-Ahx-H-d-K(Dabcyl) could be used for the diagnosis of
SARS-CoV-2-positive samples in bulk in a short time using
simple spectrofluorometric measurements.

Conclusions

We successfully developed a high-throughput peptide screen-
ing for the sensitive detection of SARS-CoV-2 as a diagnostic
marker. FRET assay has been carried out using fluorogenic
dipeptides (L, D, or both amino acids in the dipeptide) with a
fluorophore and a quencher at both ends. SARS-CoV-2
protease-specific dipeptide substrates were identified from
the quantity of fluorescence signal change. FITC-Ahx-H-
d-(Dabcyl) fluorogenic dipeptide is considered as the most
specific peptide substrate as it showed the highest fluores-
cence signal in the presence of SARS-CoV-2 protease. The
cross-reactivity of the substrate with other closely associated
viral proteases such as MERS-CoV has been confirmed from
insignificant fluorescence signal change. Clinical patient sam-
ples have been used for the validation of the FRET assay, and
the values were highly comparable to the standard RT-PCR
methods. Therefore, our FRET assay is straightforward, low
cost, and highly sensitive for the analysis of clinical patient
samples.
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