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ABSTRACT: Despite the importance of rapid and accurate detection of SARS-CoV-2 in controlling the COVID-19 pandemic,
current diagnostic methods are static and unable to distinguish between viable/nonviable virus or directly reflect viral replication
activity. Real-time imaging of protease activity specific to SARS-CoV-2 can overcome these issues but remains lacking. Herein, we
report a near-infrared fluorescence (NIRF) activatable molecular probe (SARS-CyCD) for detection of SARS-CoV-2 protease in
living mice. The probe comprises a hemicyanine fluorophore caged with a protease peptide substrate and a cyclodextrin unit, which
function as an NIRF signaling moiety and a renal-clearable enabler, respectively. The peptide substrate of SARS-CyCD can be
specifically cleaved by SARS-CoV-2 main protease (M), resulting in NIRF signal activation and liberation of the renal-clearable
fluorescent fragment (CyCD). Such a design not only allows sensitive detection of MP™ in the lungs of living mice after intratracheal
administration but also permits optical urinalysis of SARS-CoV-2 infection. Thus, this study presents an in vivo sensor that holds
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potential in preclinical high-throughput drug screening and clinical diagnostics for respiratory viral infections.

he emergence of SARS-CoV-2 has brought about a global

pandemic with huge societal and economic repercus-
sions." As the symptoms of coronavirus disease 2019 (COVID-
19) closely resemble the common flu and seasonal upper
respiratory tract infections, precise diagnostic tests are crucial
for rapid detection of SARS-CoV-2.” Real-time polymerase
chain reaction (RT-PCR) is the gold standard for identifying
active infections via detecting SARS-CoV-2 ribonucleic acids
with high sensitivity and selectivity.”’ Antigen-rapid tests
(ARTs) are developed as point-of-care tests to detect ongoing
COVID-19 infections; however, the high risks of false negative
results render them complementary to RT-PCR.*” Serological
tests are useful for staging past infections by quantifying host
IgM/IgG antibodies levels against viral proteins. However,
these diagnostic methods are static and unable to distinguish
between viable/nonviable virus or reflect viral replication
activity.” Thereby, multiple patient sample collections are
required to monitor the clinical phases of infection. Despite the
recent growing body of available and in-development
diagnostics,’ "' approaches for real-time, dynamic imaging of
SARS-CoV-2 remain inchoate.

Molecular optical probes that activate their signals in the
presence of biomarkers are powerful tools for real-time
noninvasive imaging of diseases in vivo."””'> Although
fluorescence molecular probes have been widely applied to
detect proteases for diagnosis of kidney/liver injury,'®”"®
cancer,”” *' inflammation,”* and neurodegenerative dis-
eases,”””* they have been less exploited for virus detection.”>°
A few examples include detection of dengue virus,”’ human
immunodeficiency virus (HIV),”® and SARS-CoV-2 virus.””*’
However, they are limited to in vitro studies because of the
shallow tissue-penetrating wavelengths of these probes.
Considering the potential advantages in direct monitoring of
viral replication activity, clinicopathologic staging of infection,
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and high-throughput inhibitor screening, fluorescence molec-
ular probes capable of real-time dynamic in vivo imaging of
SARS-CoV-2 are highly desired.”"**

Herein, we report the first protease-activatable near-infrared
fluorescence (NIRF) probe (termed SARS-CyCD) for in vivo
imaging and urinalysis of SARS-CoV-2. The main protease
(MP™), one of the key coronavirus proteases in viral
polypeptide processing,”> was chosen as the biomarker for
signal activation of SARS-CyCD.'® MP™ has also been
validated as an in vivo diagnostic marker for SARS-CoV-
2.2%% SARS-CyCD comprises a hemicyanine fluorophore
caged with the MP peptide substrate (N-Acetyl-Abu-Tle-Leu-
GIn(Trt)—OH) via a para-aminobenzylalcohol (PABA) self-
immolative linker (Scheme 1). The hemicyanine fluorophore
and cyclodextrin function as a NIRF signaling moiety and
renal-clearance enabler, respectively. After intratracheal (i.t.)
administration into the lungs of living mice, the peptide
substrate of SARS-CyCD is cleaved by SARS-CoV-2 MF™,
resulting in NIRF “Turn-ON” and the release of the
fluorescent fragment CyCD. Because of the high renal
clearance, CyCD can be excreted into urine for sensitive
urinalysis of SARS-CoV-2. Such a delivery strategy enables the
probe to avoid the first-pass metabolism with good
bioavailability in the lungs, the main route of viral entry
where viral load is high.”* Subsequent in vivo NIRF imaging of
the lungs and optical urinalysis can therefore permit non-
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invasive and real-time detection of SARS-CoV-2 (Scheme 1),
further highlighting its potential for clinical translation.

SARS-CyCD was prepared as shown in Scheme S1. First,
SARS-CoV-2 peptide substrate (SARS(Trt), N-Acetyl-Abu-
Tle-Leu-GIn(Trt)—OH)*” was synthesized using standard
solid-phase peptide synthesis, followed by amide coupling
with PABA to yield SARS(Trt)-PABA. Next, SARS(Trt)-
PABA was brominated using PBr;, followed by nucleophilic
substitution with CyOH to obtain compound SARS(Trt)-Cy.
Removal of the trityl (Trt) protecting group with trifluoro-
acetic acid afforded SARS-Cy. Finally, copper(I)-catalyzed
alkyne—azide cycloaddition (CuAAC) reaction of SARS-Cy
with propynyl-HPBCD afforded SARS-CyCD.

The in vitro response of SARS-CyCD toward SARS-CoV-2
MP™ was studied. First, the optical properties were examined
with and without SARS-CoV-2 MP™. SARS-CyCD showed two
characteristic UV absorption peaks at 625 and 680 nm and was
initially nonfluorescent when caged with the peptide substrate
(Figure lab). After incubation with SARS-CoV-2 MP™, the
absorption peak at 625 nm disappeared, and a new peak
appeared at 690 nm (Figure la). In Figure 1b, fluorescence
measurements indicated a 50-fold fluorescence “Turn-ON”
enhancement at 710 nm, with the successful uncaging of
SARS-CyCD. High-performance liquid chromatography
(HPLC) analysis confirmed the release of CyCD (t; = 18
min) in the presence of SARS-CoV-2 MP (Figure 1c). The
enzymatic Michaelis—Menten constant (K,,) of SARS-CoV-2
MF® toward SARS-CyCD was calculated to be 11.5 uM
(Figure 1d). The catalytic rate constant (k) of SARS-CoV-2
MP™ toward SARS-CyCD was 0.014 s, whereas the catalytic
efficiency (k../K,,) of SARS-CoV-2 MP* toward SARS-CyCD
was determined to be 12.2 X 10° M™" s™!. More importantly,
the NIRF intensity of SARS-CyCD did not show any
significant increase when incubated with other enzymes,
suggesting its high specificity toward SARS-CoV-2 MP™
(Figure le)f).

Figure 1. In vitro characterization of SARS-CyCD. (a) UV/vis
absorption spectra and (b) fluorescence spectra of SARS-CyCD (10
uM) after incubation with/without SARS-CoV-2 MP® (250 nM) in
Tris buffer (20 mM, pH 7.4) at 37 °C. (c) HPLC spectra of SARS-
CyCD (10 uM) after incubation with/without SARS-CoV-2 MF®
(250 nM). (d) Nonlinear regression analysis of SARS-CyCD cleavage
rate, V (uM min"), as a function of substrate concentration. SARS-
CyCD (1, 5, 10, 20, 40, 80, 150 uM) was incubated with SARS-CoV-
2 MP™ (250 nM) at 37 °C for 30 min in Tris buffer (20 mM, pH 7.4),
followed by HPLC measurement. (e) NIRF enhancement and (f) the
corresponding images after SARS-CyCD (10 uM) was incubated with
different enzymes (250 nM) at 37 °C for 120 min. 1, blank; 2, HCV
NS4A/NS3-3 protease; 3, urokinase; 4, caspase-3; S, furin; 6, GGT;
7, SARS-CoV-1 MP; 8, SARS-CoV-2 MP™. Error bars: standard
deviation from three separate measurements.

The pharmacokinetics of SARS-CyCD was investigated
along with its uncaged fragment (CyCD). After intratracheal
(it.) injection, SARS-CyCD or CyCD concentrations in
plasma were analyzed. At 110 min postinjection, CyCD
concentration in plasma reached 0% of the injected dose (ID),
with an elimination half-life (t,/,) of 37—39 min; SARS-CyCD
had a slower elimination (180 min) with a t,,, of
approximately 52—54 min (Figure 2a). The renal clearance
efficiencies (RCE) of both SARS-CyCD and CyCD were
determined by fluorescence quantification of CyCDs in the
urine collected from living mice as a function of time after i.t.
injection. Following 24 h postinjection, the RCE of SARS-
CyCD was determined to be 59 + 5.0% ID, lower than that of
CyCD (79 + 1.5% ID) (Figure 2b). This was attributed to the
higher hydrophilicity of CyCD with a lower Log D value
(Table S1) relative to SARS-CyCD because of the hydro-
phobic peptide moiety.

Next, the in vivo stability of SARS-CyCD was investigated
by NIRF imaging and fluorescence measurements of SARS-
CyCD recovered from urine. Compared to CyCD, negligible
fluorescence “Turn-ON” was observed for excreted SARS-
CyCD (Figure S2a). Furthermore, excreted SARS-CyCD
showed almost identical fluorescence as the reference in PBS
(Figure S2b). In Figure 2c, HPLC analysis of SARS-CyCD also
showed an almost identical profile with the reference

https://doi.org/10.1021/jacs.1c08017
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08017/suppl_file/ja1c08017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08017/suppl_file/ja1c08017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08017/suppl_file/ja1c08017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08017/suppl_file/ja1c08017_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08017?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

b <
a 80 <100
— SARS-CyCD < — SARS-CyCD
CyCD Qo CyCD
60 .5 80 Y _
k)
& S 60
n 40 3
N ] S 40
20 S 20
i . T
0 — - g o
0 100 200 300 400 0 5 10 15 20 25
Time (min) Time (h)
c Excreted SARS.CycD| 9 He
5.2% Li jmmm= mm Renal clearance at 24 h
Sp mm Residual SARS-CyCD
SARS-CyCD in PBS Inp
. Mu
=
CyCD in PBS Is_:
Ki (re——
Bl
16 18 20 22 24 0 20 40 60 80 100
Time (min) %ID

Figure 2. Renal clearance and in vivo stability studies of SARS-CyCD.
(a) Plasma concentration (% ID g™!) of SARS-CyCD determined by
fluorescence measurements after it. injection into living mice. (b)
Renal clearance efficiency (RCE) determined by fluorescence
measurements post it. injection of SARS-CyCD (2 umol kg™' body
weight) in living mice. (c) In vivo stability studies of SARS-CyCD via
HPLC analysis of excreted components in urine samples after it.
administration. (d) RCE of SARS-CyCD at 24 h after it.
administration. Heart (He), liver (Li), spleen (Sp), intestine (In),
muscle (Mu), lung (Lu), skin (Sk), kidney (Ki), and bladder (BI).

Error bars: standard deviation from three separate measurements.

compound in PBS. Together, these data confirmed that SARS-
CyCD underwent negligible in vivo metabolism in living mice.
After 24 h urinary recovery, residual SARS-CyCD in the body
was determined. The mice were dissected, followed by
homogenization of major organs in PBS. Extraction of SARS-
CyCD from each organ and subsequent analysis were
conducted. Residual SARS-CyCD mainly accumulated in the
lungs (ca. 16% ID), liver (ca. 14% ID), and kidneys (ca. 5%
ID). In the other organs, negligible amounts of SARS-CyCD
were found (Figure 2d).

Because of a lack of established mouse models for studying
SARS-CoV-2 lung infection, the potential of SARS-CyCD for
in vivo detection of SARS-CoV-2 was validated in an artificial
SARS-CoV-2 MP“-positive mice model established via it.
injection of commercially available recombinant SARS-CoV-2
MP™ as proof-of-concept (Figure 3a). After 0.5 h injection of
the protease, SARS-CyCD was administered via i.t. injection.
At different time points, whole-body longitudinal NIRF
imaging of the mice was conducted. Strong NIRF signals
were observed in the lungs (both dorsal and ventral views) of
SARS-CoV-2 MP®-positive mice (Figure 3b). As for the
control group without SARS-CoV-2 MF®, negligible NIRF
signals were observed. NIRF signals in the lungs of SARS-CoV-
2 MP™-positive mice further increased by up to S5.0-fold
(ventral) and 7.5-fold (dorsal) at 60 min post it. injection
(Figure 3c). However, the negative control group showed only
2.2-fold (ventral) and 3.5-fold (dorsal) increases in NIRF
fluorescence intensity (Figure S3a). Furthermore, ex vivo
fluorescence analysis of lungs collected from SARS-CoV-2
MP™-positive mice coinjected with saline or SARS-CyCD 24 h
post it. injection indicated S-fold enhancement (Figure S3b).
These results clearly indicated that cleavage of SARS-CyCD
occurred in SARS-CoV-2 MP-positive mice, giving rise to a
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Figure 3. (a) Timeline for it. injection of SARS-CoV-2 MP® and
SARS-CyCD, followed by NIRF imaging and optical urinalysis. (b)
NIRF images at 0, 20, 40, 60, 90, and 120 min after i.t. injection of
0.15 mg kg™' SARS-CoV-2 MP™ and 2 pmol kg™' SARS-CyCD into
living mice. Dynamic NIRF intensities of (c) lungs (ventral) and (d)
bladder as a function of time postinjection of SARS-CyCD in living
mice. (e) Fluorescence images and (f) enhancement of excreted
SARS-CyCD or CyCD in the urine of living mice collected at
different time points post it. injection. The values relative to the
control groups, where **p < 0.01 (n = 3).

gradual increase in NIRF “Turn-ON” signals from uncaged
CyCD.

At 60 min postinjection of SARS-CyCD, NIRF imaging
easily delineated the bladder because of fast and efficient renal
clearance of the cleaved product (CyCD) (Figure 3b). Note
that the bladders of the control mice had negligible NIRF
signals (Figure 3b). Furthermore, a 2.2-fold increase in NIRF
fluorescence intensity was observed in the bladders of SARS-
CoV-2 MF-positive mice compared to saline-treated control
(Figure 3d). Optical urinalysis was also carried out by
fluorescence measurement of SARS-CyCD in the urine of
mice at various time points after i.t. injection. The NIRF signal
for the urine of SARS-CoV-2 MP®-positive mice was higher
than that of mice in the control group at all time points. In
particular, a 3.0-fold maximum significant NIRF difference
relative to the control group was observed 3 h post i.t. injection
(Figure 3e,f). Thus, SARS-CyCD-based optical urinalysis was
validated as a potential method for specific detection of SARS-
CoV-2 infection.

In conclusion, we have developed a MP™-activatable NIRF
probe (SARS-CyCD) for in vivo detection of SARS-CoV-2.
Our in vitro results demonstrated that this probe is specifically
activated in the presence of SARS-CoV-2 MP™ for fluorescence
signal “Turn-ON”. Pharmacokinetics studies indicated that
SARS-CyCD has high renal-clearance efficiency and minimal
in vivo metabolism. Such hemicyanine-based probes have also
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been used in animal models and showed no cytotoxicity
(Figure $4)."**'” Upon it. administration, SARS-CyCD was
effectively cleaved by SARS-CoV-2 MP™ in the lungs of living
mice to liberate its fluorescent fragment (CyCD), followed by
excretion via kidneys. Thus, SARS-CyCD can detect SARS-
CoV-2 infection through optical urinalysis, showing its high
potential for clinical translation.

To the best of our knowledge, this work provides the first
example of a fluorescence probe capable of real-time,
noninvasive imaging and urinalysis of SARS-CoV-2 infection.
As it detects viral protease, this approach holds potential for
directly monitoring viral replication activity during infection,
unlike current in vitro diagnostic methods, which are static.
Although i.t. administration was applied in this study, SARS-
CyCD can be further developed into aerosols with the
assistance of ventilators, aerosolizers, or portable nebulizers,
allowing for convenient administration via inhalation. Thus, we
envision that SARS-CyCD may represent a new generation of
inhalation-based urine tests for COVID-19 detection.
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