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ABSTRACT: Existing tools to detect and visualize severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) suffer from low
selectivity, poor cell permeability, and high cytotoxicity. Here we report a novel self-immolative fluorescent probe (MP590) for the
highly selective and sensitive detection of the SARS-CoV-2 main protease (Mpro). This fluorescent probe was prepared by
connecting a Mpro-cleavable peptide (N-acetyl-Abu-Tle-Leu-Gln) with a fluorophore (i.e., resorufin) via a self-immolative aromatic
linker. Fluorescent titration results show that MP590 can detect Mpro with a limit of detection (LoD) of 35 nM and is selective over
interferents such as hemoglobin, bovine serum albumin (BSA), thrombin, amylase, SARS-CoV-2 papain-like protease (PLpro), and
trypsin. The cell imaging data indicate that this probe can report Mpro in HEK 293T cells transfected with a Mpro expression plasmid
as well as in TMPRSS2-VeroE6 cells infected with SARS-CoV-2. Our results suggest that MP590 can both measure and monitor
Mpro activity and quantitatively evaluate Mpro inhibition in infected cells, making it an important tool for diagnostic and therapeutic
research on SARS-CoV-2.

The coronavirus disease 2019 (COVID-19) pandemic1 is
caused by severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2), which is a single-stranded RNA coronavirus
that can cause severe respiratory disease.1 Symptoms of
COVID-19 include fever, chills, headache, sore throat, cough,
and fatigue, and this virus is much more infectious than other
common diseases.2 Numerous methods have been developed
to detect and monitor SARS-CoV-2;3−7 however, these
approaches can seldom be used to accurately visualize virus
activity in infected cells. One reliable way to visualize SARS-
CoV-2 in infected cells is to look into the roles of the critical
proteases in the viral lifecycle, for example, the SARS-CoV-2
papain-like protease (PLpro) and the main protease (Mpro or
3CLpro).8,9 Mpro is a key protease of SARS-CoV-2 that controls
viral reproduction10,11 by producing nonstructural pro-
teins.10,12,13 Unlike other proteases in SARS-CoV-2, Mpro is
so unique that nearly no human protease shares a similar
structure or function, which makes it an idea biomarker for
visualizing SARS-CoV-2 and its activity.8 The selective and
sensitive detection of Mpro in cells could help monitor and
stratify viral replication as well as develop highly effective drugs
for SARS-CoV-2 therapy.

Recently, many approaches have been developed for the
detection of Mpro,14−18 among which electrochemical sensors,
colorimetric sensors, and genetically encoded biosensors have
been the most popular. In 2022, the Liu group developed a
versatile electrochemical sensor that took advantage of the
peptide-triggered assembly of gold nanoparticles to introduce
an electrochemical signal for Mpro detection.14 Despite that fact
that the levels of detection (LoDs) of the electrochemical
sensors can be as low as 0.1 pM, these sensors rarely detect
Mpro in real cell samples due to their low electrochemical
stability in cells.14 Another useful approach for detecting Mpro

is the colorimetric sensor.14,17,19,20 One representative gold
nanoparticle-based colorimetric protease assay was reported by
Willis and coauthors to detect the exogenously expressed Mpro

in HEK 293T cells.19 Meanwhile, based on the versatility of
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nanomaterials,21−26 we developed sensitive colorimetric
sensors for the detection of Mpro.17,20,27 However, these
colorimetric sensors cannot be used to accurately visualize
Mpro activity in infected cells. As another approach, genetically
encoded biosensors have generated several excellent sensors
for Mpro.28,29 Although these genetically encoded biosensors
provide the selective and noninvasive detection of Mpro, they
can only be used in gene-edited cells.

Fluorescence as a nondestructive energy form can be used to
achieve the sensitive, measurable, and contrastive detection of
all kinds of biological molecules.30−34 Recently, many
fluorescent probes have been developed to detect the SARS-
CoV-2 Mpro (Table S1). One representative example is a
flipped split green fluorescent protein (FlipGFP) reporter,
which exhibited a 100-fold fluorescence enhancement upon the
introduction of transfected Mpro.35 However, this reporter has
to be used in plasmid-transfected cells, and it takes at least 24 h
to finish the incubation. A series of fluorogenic-based
substrates (HyCoSuL) were developed to detect Mpro in
2021.18 These substrates can be used to recognize Mpro in cells,
but they are limited to use with some specific dyes (e.g., 7-
amino-4-carbamoylmethylcoumarin) that can directly bind a

Mpro-cleavable peptide. There are two other popular
fluorescent probes for Mpro: a cyclodextrin-based protease-
activatable moiety36 and a Förster resonance energy transfer
(FRET) dual-color probe.16 Both these two probes are
versatile probes with excellent performances; however, their
preparations involve too many complicated synthesis steps (a
12-step synthesis for the cyclodextrin-based protease-activat-
able probe and a 6-step synthesis for the FRET design),
limiting their applications.

In this work, we report a self-immolative fluorescent probe
(MP590) for the detection and imaging of the SARS-CoV-2
main protease Mpro. This fluorescent probe (MP590) (Figure
1) consists of three parts: a Mpro-cleavable peptide chain (N-
acetyl-Abu-Tle-Leu-Gln),18 a fluorophore (resorufin), and a
self-immolative aromatic linker named 4-aminobenzyl alcohol
(PABA). The probe itself was prepared by connecting the
resorufin group (fluorophore) with the peptide chain (N-
acetyl-Abu-Tle-Leu-Gln) via the 4-aminobenzyl alcohol linker,
which exhibited relatively weak fluorescence. The amide bond
between the peptide and the 4-aminobenzyl alcohol linker can
be cleaved in the presence of Mpro. Subsequently, a free amine
group will be released on the linker and will push the lone-pair

Figure 1. Detection mechanism of MP590. (a) The proposed cleavage mechanism of MP590 upon treatment with Mpro. (b) HPLC data of MP590
before (top) and after (bottom) incubation with Mpro (100 nM) in Tris buffer (20 mM Tris and 150 mM NaCl, pH 7.4) at 37 °C for 2.5 h. (c)
ESI-MS positive-mode data of pure MP590. (d) ESI-MS positive-mode data of the MP590 cleavage product at ∼16 min. (e) ESI-MS positive-mode
data of the MP590 cleavage product at ∼20.5 min.
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electrons toward the resorufin group; afterward, this resorufin
dye acts as a leaving group and disassembles. Thus, the
cleavage of the fluorescence reporter substrate by Mpro will
yield a fluorescence signal that can be used to detect and image
Mpro.

Probe MP590 was synthesized as shown in Scheme S1.36 To
confirm that MP590 could be cleaved by Mpro (Figure 1a), we
incubated MP590 (5 μM) in Tris buffer (20 mM Tris and 150
mM NaCl, pH 7.4) with Mpro (100 nM) at 37 °C for 2.5 h and
checked the final products and the pure probe (MP590) using
high-performance liquid chromatography (HPLC) and electro-
spray ionization mass spectrometry (ESI-MS). Results show
that pure MP590 was eluted from the HPLC column at about
37 min (Figure 1b); its mass was confirmed by ESI-MS (Figure
1c). The incubation product was purified using the same
HPLC protocol, and its HPLC data show no peak at 37 min
(Figure 1b). Instead, there are two main peaks at about 16 and
20.5 min, which were confirmed by ESI-MS to be compound 1
and resorufin (Figure 1d and e). These data validate that
MP590 can be cleaved by Mpro.

We evaluated the stability of this probe by preparing MP590
in different buffers using fluorescence (Figure S1). The results
show that this probe is stable in common buffers, including
Tris buffer, Dulbecco’s phosphate buffered saline (DPBS),
Dulbecco’s modified Eagle medium (DMEM), and real cell
culture medium. Next, we prepared MP590 in Tris buffer (20
mM Tris and 150 mM NaCl, pH 7.4) and incubated it with
Mpro. After the addition of Mpro (150 nM) to MP590 (50 μM),
an increase in fluorescence at 590 nm (Figure 2a) and an
enhancement in absorbance at 570 nm (Figure 2b) were
observed within 30 min. The isosbestic point at about 500 nm
in the UV−vis spectrum indicated that the introduction of
Mpro could result in the formation of new product in the probe
solution, which validated the proposed cleavage mechanism.

To confirm that the fluorescence signal enhancement came
from the Mpro cleavage reaction, we next designed an inhibition
assay for Mpro (Figure 2c). Specifically, MP590 (50 μM) was
incubated with both Mpro (150 nM) and a commercial Mpro

inhibitor GC376 (0−20 μM) and scanned after 30 min of
incubation at 37 °C. The data show that the fluorescence

Figure 2. Fluorescence and UV−vis data of MP590. (a) Fluorescence spectra and (b) UV−vis absorbance spectra of MP590 (50 μM) incubated
with Mpro (150 nM) at 37 °C. (c) Fluorescence spectra of MP590 incubated with Mpro (150 nM) and the Mpro inhibitor (GC376) with a
concentration range from 0 to 20 μM at 37 °C. (d) Fluorescence kinetics of MP590 incubated with Mpro (150 nM) at 37 °C. (e) Selectivity tests of
MP590 with different analytes including hemoglobin (Hgb), bovine serum albumin (BSA), thrombin (Thr), amylase (Amy), papain-like protease
(PLpro), and trypsin (Try). (f) Fluorescent LoD experiments for MP590 at 30 min (the insert shows the linear fit of the MP590 concentration
versus the fluorescence intensity). All probes were dissolved in Tris buffer (20 mM Tris; 150 mM NaCl, pH 7.4; and 1% DMSO). All data were
based on triplicate titrations (excitation at 514 nm). The error bars represent the standard deviation.
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signal decreases as the concentration of the inhibitor increases,
confirming that Mpro cleaved the probe MP590 and activated
the fluorescence. The progress curve shows that it takes about
30 min for MP590 to be cleaved by Mpro (Figure 2d).

We also tested the probe with some common protein
interferents under the same conditions. Hemoglobin, BSA,
thrombin, amylase, PLpro, and trypsin generated negligible
changes in fluorescence when titrated with MP590 (Figure
S2). In contrast, Mpro (150 nM) could increase the
fluorescence of the probe sixfold (Figure 2e). The LoD of
MP590 for Mpro at 30 min is 35 nM (see the Supporting
Information for the full calculation) (Figures 2f and S3).37

We next evaluated the cytotoxicity and background
fluorescence of MP590 in cells. We first checked the
cytotoxicity of the probe design by incubating the HEK
293T cells with different concentrations of MP590 (1, 5, 10,
20, and 40 μM). The results show that the cell viability was
approximately 90% in the presence of up to 20 μM MP590
(Figure S9b). Meanwhile, we incubated the HEK 293T cells
with MP590 cleavage products, including peptide 1 and
resorufin, and found that both two products showed no
obvious toxicity to cells at concentrations below 20 μM (cell
viabilities were about 90%) (Figure S9b). We next evaluated
the background fluorescence of the probe by incubating HEK
293T cells with different concentrations of MP590 (1, 3, and 5
μM) and checking them using confocal laser scanning
microscopy (CLSM) (Figure S4). We selected 3 μM as the
probe incubation concentration because this concentration
offered good contrast, low background, and no toxicity.

To further evaluate the performance of MP590, we used
CLSM to measure the level of Mpro in plasmid-transfected
HEK 293T cells (Figure S5). We transfected HEK 293T cells
with plasmids expressing Mpro, a Mpro-cleavable self-assembling
FlipGFP, or a negative control influenza protease (PR8)

unable to cleave MP590 or FlipGFP, as reported by the
Heaton Group.35 FlipGFP is a Mpro reporter protein that is
prepared by connecting two independent GFPs (β10 and β11)
in parallel with a Mpro-cleavable linker. When Mpro cleaves the
linker of FlipGFP, the two GFP moieties are antiparallel (fit in
GFPs β1−9), which turns on the fluorescence signal of the
system (Figure S5e); otherwise, the signal is off.35 Thus,
FlipGFP confirms the successful transfection of Mpro plasmids
but has limited utility in endogenously expressed Mpro.

We first incubated HEK 293T cells with MP590 and
Hoechst 33258 (cell-permeable nucleic acid stain) and imaged
them using CLSM. MP590 (emission at 590 nm) alone
exhibited minimal background fluorescence after 30 min
(Figure S5a). HEK 293T cells were then transfected with
FlipGFP and incubated with MP590. Both the GFP and
MP590 channels showed weak fluorescence, since there was no
Mpro expressed in these cells (Figure S5b). We also incubated
HEK 293T cells expressing both PR8 (negative control
protein) and FlipGFP with MP590 for 30 min, resulting in
dim fluorescence signals in both the GFP and MP590 channels
(Figure S5c). As we expected, PR8 could not cleave MP590,
and FlipGFP was not activated. In contrast, after incubating
Mpro-expressing HEK 293T cells with MP590, there was a clear
increase in colocalized fluorescence in the GFP and MP590
channels, thus confirming that MP590 selectively stained Mpro-
expressing HEK 293T cells (Figure S 5d,f).

We next studied the capacity of MP590 to visualize Mpro and
Mpro inhibition in TMPRSS2-expressing VeroE6 (TMPRSS2-
VeroE6) cells infected with authentic SARS-CoV-2 (Figure 3).
TMPRSS2-VeroE6 cells incubated with up to 10 μM MP590
for 30 min showed minimal background fluorescence (Figures
3a and S6). Next, we infected TMPRSS2-VeroE6 cells with
SARS-CoV-2 (USA-WA1/2020, BEI NR-52281) at a multi-
plicity of infection (MOI) of 0.5 for 24 h, treated the infected

Figure 3. Visualization of Mpro and Mpro inhibition activity by MP590 in SARS-CoV-2-infected TMPRSS2-VeroE6 cells. The TMPRSS2-VeroE6
cells were treated as follows: (a) TMPRSS2-VeroE6 cells with no infection treatment, (b) TMPRSS2-VeroE6 cells were infected with SARS-CoV-2,
(c) SARS-CoV-2-infected TMPRSS2-VeroE6 cells were treated with 10 μM of a commercial Mpro inhibitor (GC376), and (d) SARS-CoV-2-
infected TMPRSS2-VeroE6 cells were treated with 20 μM GC376. Panel a shows that uninfected TMPRSS2-VeroE6 cells present very dim
fluorescent signals. Panel b shows that infected TMPRSS2-VeroE6 cells exhibit an obvious increase in fluorescence in both the Mpro antibody
(alexa) and MP590 channels. Panel c shows the clear decrease of fluorescence emissions in both the Mpro antibody (alexa) and MP590 channels
after the infected TMPRSS2-VeroE6 cells were incubated with 10 μM GC376. Panel d shows further fluorescence signal decreases in both the Mpro

antibody (alexa) and MP590 channels after the GC376 concentration was increased from 10 to 20 μM. (e) Mean fluorescence intensity and
standard deviation (error bars) of CLSM images (12 fields of view) from panels a−d. All cell lines were treated with MP590 (3 μM) and SARS-
CoV-2 Mpro primary and secondary (alexa) antibodies.
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cells with MP590 for 30 min, fixed the treated cells with 4%
formaldehyde, and stained the fixed cells with Hoechst 33258
and a Mpro antibody (anti-SARS-CoV-2 Mpro primary antibody
and AlexaFluor 488-labeled secondary antibody). The CLSM
data show that MP590 and Mpro antibody stains colocalize in
SARS-CoV-2-infected TMPRSS2-VeroE6 cells (Figures 3b, S7,
and S9a). This indicates that MP590 identifies SARS-CoV-2-
infected TMPRSS2-VeroE6 cells. We next infected TMPRSS2-
VeroE6 cells with SARS-CoV-2 for 18 h and then treated them
with both MP590 and the commercial Mpro protease inhibitor
(GC376) for 30 min. Cells were formaldehyde-fixed and
stained with Mpro antibodies and Hoechst 33258. Treatment
with GC376 decreased the fluorescence intensity in the
MP590 channel without altering Mpro staining in SARS-CoV-
2-infected cells (Figures 3c, d, and e and S8). These results
collectively demonstrate that the probe can be used to monitor
the enzymatic activity of Mpro in infected cells, which opens up
new avenues to explore the diagnosis and treatment of
COVID-19.

In conclusion, we reported a self-immolative fluorescent
probe (MP590) for the selective detection of SARS-CoV-2
Mpro. Fluorescent data show that Mpro can be used to cleave
MP590 and turn on the fluorescent signal of the system. This
detection mechanism was confirmed by HPLC and mass
spectroscopy. Meanwhile, MP590 shows very high selectivity
compared to other common protein interferents such as
hemoglobin, BSA, thrombin, amylase, PLpro, and trypsin. The
cell imaging data indicate that the fluorescent probe MP590
can visualize SARS-CoV-2 Mpro in both plasmid-transfected
HEK 293T cells and SARS-CoV-2-infected TMPRSS2-VeroE6
cells. In the plasmid-transfected HEK 293T cells, we
successfully verified the imaging of Mpro with MP590 using
the Mpro reporter protein FlipGFP and the control protein
PR8. In the SARS-CoV-2-infected TMPRSS2-VeroE6 cells, we
demonstrated that activated MP590 could be used to detect
Mpro in infected cells, which was validated by the reduction in
the fluorescence signal in the presence of GC376. The results
indicate that MP590 can report the strength of SARS-CoV-2
Mpro inhibition in infected cells when treated with different
concentrations of GC376. We envision that MP590 could
provide a very useful and effective tool to visualize Mpro activity
as well as Mpro inhibition in SARS-CoV-2-infected cells.
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Nanoengineering at University of California San Diego), and
Prof. Nicholas S. Heaton (Department of Molecular Genetics
and Microbiology at Duke University School of Medicine) for
providing HEK 293T cells and plasmids. We obtained the
following reagent through BEI Resources, NIAID, NIH: SARS-
related coronavirus 2, isolate USA-WA1/2020, NR-52281 (the
Centers for Disease Control and Prevention is the location to
deposit the reagent).
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