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ARTICLE INFO ABSTRACT

Keywords: Rapid and accurate detection of infectious virus particles, not just viral nucleic acid, is essential to
Receptor-based capture avoid unnecessary quarantine and effectively control the spread of viral diseases such as coronavirus
RT-LAMP disease 2019 (COVID-19), severe acute respiratory syndrome (SARS), and Middle East respiratory
SARS-CoV-2 syndrome (MERS). Real-time quantitative polymerase chain reaction (RT-qPCR) was the most widely
Infectious virus particle detection used detection technique during the COVID-19 outbreak. However, it cannot discriminate between
Transmission and surveillance intact infectious viruses and surface-distorted, non-infectious virus particles or naked viral RNA. In

this study, we present a strategy for the specific detection of infectious coronaviruses by combining
viral receptor capture and reverse transcription loop-mediated isothermal amplification (RT-LAMP).
We successfully applied this strategy to detect infectious virus particles of the SARS-CoV-2 surrogate
virus and the human coronavirus NL63 (HCoV-NL63). Virus particles were first captured on ELISA
plates coated with the recombinant human angiotensin-converting enzyme 2 (hACE2) receptor. Viral
RNA was then extracted from the particles and detected by RT-LAMP using virus-specific primers. In
our experimental setting, the proposed method had a minimum detection limit (LOD) of 90 PFU/mL,
sensitivity of 96.2%, and specificity of 100%. Our study provides a proof-of-concept that viral re-
ceptor capture combined with RT-LAMP can differentiate infectious coronaviruses from non-
infectious virions or naked viral RNA. This paves the way for this virus detection strategy to
become a mainstream tool for the management, prevention and control of epidemic coronavirus
diseases.

INTRODUCTION worldwide in 2020-2021, either directly from the virus or from secondary
complications associated with the pandemic (Chen Y. et al., 2020; GBD,

Since the COVID-19 outbreak in 2019, over 600 million people have 2021 Demographics Collaborators, 2024; Zhou et al., 2020). The causative
been diagnosed worldwide, with a profound impact on global health agent of COVID-19, severe acute respiratory syndrome coronavirus 2
systems and socioeconomic life (Msemburi et al., 2023). It is estimated (SARS-CoV-2), is a member of the Coronaviridae family, which includes
that COVID-19 was responsible for approximately 15.9 million deaths other important human pathogens such as Middle East respiratory
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syndrome coronavirus (MERS-CoV) and severe acute respiratory syn-
drome coronavirus (SARS-CoV). SARS-CoV-2 can spread quickly between
humans and animals by droplet, airborne, and contact transmission,
particularly in crowded and public spaces (Chen N. et al., 2020; Chia et al.,
2020). SARS-CoV-2 has a single-stranded RNA genome that is approxi-
mately 30 kilobases in length. It encodes 16 nonstructural proteins, 4
structural proteins, and up to 10 accessory proteins. Structural proteins
include the spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins. The spike (S) protein consists of two subunits, S1 and S2, which
are critical for the viral infection cycle (Hurlburt et al., 2022; Li et al.,
2003). As its name implies, the receptor-binding domain (RBD) of the S1
subunit binds to the angiotensin-converting enzyme 2 (ACE2) receptor on
the host cell surface, and the S2 subunit facilitates viral fusion with the host
cell membrane (Niu et al., 2021; Ou et al., 2021).

Rapid, reliable, and cost-effective detection of viral pathogens is
critical for epidemic surveillance. A number of molecular diagnostic
strategies have been developed for this purpose. These strategies can be
broadly classified into three categories: those that detect viral nucleic
acids, viral antigens, or antibodies to viral antigens (Peeling et al., 2022;
Wiersinga et al., 2020). The most commonly used diagnostic strategy for
SARS-CoV-2 is viral RNA detection, which is typically based on RT-qPCR
on nasopharyngeal or nasal specimens (Corman et al., 2020). An alter-
native strategy is the combination of isothermal nucleic acid amplifi-
cation with various colorimetric detection approaches, allowing
real-time viral RNA detection at the point of patient care (point-of--
care testing, POCT) outside of the diagnostic laboratory (Kang et al.,
2022; Yan et al.,, 2014). In addition to traditional nucleic acid
amplification-based approaches, a new generation of coronavirus RNA
detection methods is emerging. One example is the detection system
based on modified CRISPR/Cas9 technology, which allows rapid visual
detection of SARS-CoV-2 RNA (Zhu et al., 2023). Among traditional
testing approaches, the antigen test, which detects specific viral proteins
(typically N or S proteins in the case of coronaviruses), has the advan-
tage of simplicity and speed. Rapid antigen tests (RDTs) have been used
to detect multiple SARS-CoV-2 variants from upper respiratory tract
swabs (Goux et al., 2024) and nanoparticle-based biosensors to detect
the S protein of SARS-CoV-2 (Chen et al., 2021). However, antigen tests
tend to have lower sensitivity than nucleic acid-based tests. This can
lead to false negative results, especially early in the infection when viral
titers are low. The antibody test is an alternative to antigen testing that
detects specific antibodies in serum to assess a patient's immune and
vaccination status. Enzyme-linked immunosorbent assay (ELISA) and
lateral flow assay (LFA) have been successfully used to detect
SARS-CoV-2 IgM and IgG antibodies in COVID-19 patients (Whitman
et al., 2020). However, since most patients with COVID-19 begin to
produce IgM and IgG antibodies at least four days after symptom onset,
this method is not suitable for early diagnosis of SARS-CoV-2 infection.
In addition, the method is prone to false-positive results. Several new
detection technologies, such as biological sensor chips, have been
described in the literature but they have not yet found widespread
application (Alafeef et al., 2020). A major limitation of these methods is
that they cannot yet accurately assess the infectivity of the virus
(Furukawa et al., 2020; Gandhi et al., 2020). In addition, these methods
often involve complex workflows that require specialized equipment
and trained personnel, limiting their use in rapid screening and mass
testing scenarios.

SARS-CoV-2 enters the host cell by interacting with the cell-surface
receptor ACE2 through the S protein on the viral envelope (Hoffmann
et al., 2020). Following virus internalization and uncoating,
positive-sense single-stranded viral RNA acts as a template for the de
novo synthesis of viral proteins and genome. These components then
assemble into progeny virions that are released by exocytosis, starting a
new round of infection (V'kovski et al., 2021). Thus, a virus particle is
infectious only if it has an intact envelope structure with functional S
protein (Cuevas-Ferrando et al., 2022; Hong et al., 2021; Tian et al.,
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2018). To determine whether a virus is truly infectious, one should
confirm not only the presence of the virus particle itself but also its
integrity and functional competence, particularly its ability to bind to
host receptors. In addition, infectious viruses must be differentiated
from naked viral RNA, empty virions lacking the viral genome, subviral
particles, and viral RNA-protein condensates (Lu et al., 2021; Mattei
et al., 2016; Wang et al., 2016). The ability to rapidly and accurately
detect infectious viruses is critical for epidemic prevention and control
(Rothe et al., 2020). Traditional cell culture-based methods, such as
tissue culture infectious dose 50 (TCIDsg) or plaque assays, can accu-
rately determine viral infectivity but are complex, time-consuming, and
require specialized equipment. For highly pathogenic viruses, they must
be performed in a Biosafety Level 3 (BSL-3) laboratory, making them
impractical for rapid screening and mass application. Several methods
have been developed to overcome these limitations. For example,
viability PCR uses photo-activated dyes or platinum compounds to
inhibit the amplification of free nucleic acid fragments, thereby
detecting intact SARS-CoV-2 virus particles (Puente et al., 2020; Hong
et al.,, 2021; Cuevas-Ferrando et al., 2022; Veugen et al.,, 2024).
Surface-enhanced Raman scattering (SERS) uses the characteristic
Raman signals produced by intact SARS-CoV-2 particles to identify those
particles that are truly infectious (Peng et al., 2022; Sitjar et al., 2023).
Other studies have used magnetic beads coupled with spike protein
antibodies to selectively detect intact SARS-CoV-2 particles (Wu et al.,
2022) or nanoparticles to adsorb SARS-CoV-2 in water for detection
(Zhu et al., 2024). Although these emerging methods can improve the
accuracy of detecting infectious SARS-CoV-2 particles, they also have
drawbacks such as complex workflows, equipment dependence, long
processing times, and low throughput, all of which limit their practical
application in epidemic control.

In this study, we developed a rapid, reliable, and user-friendly
method to detect infectious SARS-CoV-2 virus particles by combining
highly specific ACE2 receptor capture with reverse transcription loop-
mediated isothermal amplification (RT-LAMP). The method demon-
strated a minimum detection limit (LOD) of 90 PFU/mL, sensitivity of
96.2%, specificity of 100%, and accuracy of 96.8% in our test setting.
Building on the lessons learned from the COVID-19 pandemic, we pro-
vide a novel solution for real-time detection of infectious SARS-CoV-2
virions at the point of patient care, which may be critical in the event
of a new coronavirus disease outbreak.

RESULTS
A surrogate virus mimicking SARS-CoV-2 cell attachment

Because SARS-CoV-2 must be handled in a biosafety level 3 (BSL-3)
laboratory, we decided to replace the highly pathogenic SARS-CoV-2
with a safe and effective alternative: the rVSV-eGFP-SARS-CoV-2 sur-
rogate virus. This recombinant pseudovirus has a vesicular stomatitis
virus (VSV) genomic backbone but uses the SARS-CoV-2 spike protein
for hACE2 receptor binding, mimicking the mechanism of SARS-CoV-2
cell entry (Li et al., 2021; Ding et al., 2022) (Fig. 1A). In addition, the
pseudovirus contains a green fluorescent protein (GFP) reporter gene to
track infected cells (Ding et al., 2022; Yahalom-Ronen et al., 2020). The
sequence of the spike protein in rVSV-eGFP-SARS-CoV-2 corresponds to
that of the humanized S protein of the SARS-CoV-2 Wuhan-Hu-1 strain
(GenBank: YP_009724390.1).

We evaluated the infectivity of rVSV-eGFP-SARS-CoV-2 by inocu-
lating Vero E6 cells with the pseudovirus and monitoring subsequent
infection. After 24 h, the inoculated Vero E6 cells exhibited intense
green fluorescence, indicating successful viral infection (Fig. 1B). This
result demonstrated that rVSV-eGFP-SARS-CoV-2 can efficiently attach
to and infect Vero E6 cells and that GFP expression can serve as a marker
of infection. Based on the above, we concluded that rVSV-eGFP-SARS-
CoV-2 effectively mimics SARS-CoV-2 attachment to Vero E6 cells and
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Fig. 1. The surrogate virus rVSV-eGFP-SARS-CoV-2 mimics SARS-CoV-2 cell attachment. A Schematic diagram comparing the structure of SARS-CoV-2 and rVSV-
eGFP-SARS-CoV-2. B rVSV-eGFP-SARS-CoV-2 attaches to and infects Vero E6 cells. Vero E6 cells were infected with rVSV-eGFP-SARS-CoV-2. The cell morphology
and GFP fluorescence were observed by bright field (BF) microscopy and fluorescence microscopy at 24 h post infection. Green fluorescence indicates successful
infection; no fluorescence was detected in the mock-infected cells. Scale bar, 200 pm. C rVSV-eGFP-SARS-CoV-2 is sufficiently infectious for further use in receptor
capture assays. Plaque assays were performed with culture supernatants from Vero E6 cells infected with rVSV-eGFP-SARS-CoV-2.

thus provides a suitable testbed for the development of SARS-CoV-2
detection methods.

To further assess the infectivity of the pseudovirus and quantify its
titer, we performed a plaque assay. Vero E6 cell monolayers were
inoculated with 10-fold serial dilutions of culture supernatants from
cells infected with rVSV-eGFP-SARS-CoV-2. After 72 h of incubation,
crystal violet staining revealed typical plaque formation (Fig. 1C). The
number of plaques showed a strong linear correlation with the pseu-
dovirus titer, which was calculated to be approximately 10® PFU/mL.
These results demonstrated that rVSV-eGFP-SARS-CoV-2 had sufficient
infectivity for further use in receptor capture assays.

Efficient capture of live SARS-CoV-2 surrogate virus by
recombinant human ACE2 receptor protein

As a first step toward the development of a receptor capture-based
SARS-CoV-2 detection assay, we purified recombinant hACE2 from
bacterial cells. For this purpose, we generated a recombinant construct,
pET-28a(+)-hACE2, expressing the primary functional domain of
hACE2 (the extracellular domain, aal8-740) (Fig. 2A). Double enzyme
digestion and DNA sequencing confirmed the presence of the inserted
sequence. We then optimized the protein expression conditions to obtain
sufficient amounts of recombinant hACE2 protein. As shown in Fig. 2B,
while there was no detectable target protein in the uninduced cell lysate
(lane 1), we observed significant hACE2 protein expression (the 92 kDa
band) upon IPTG induction (lane 2). Following cell lysis with a French
press, the protein of interest was found in the centrifugation pellet. The
supernatant lacked an obvious target protein band (lane 3), indicating
that the recombinant hACE2 protein had aggregated into inclusion
bodies (lane 4). The inclusion body problem was successfully solved by
dialysis, resulting in protein refolding and increased soluble protein
yield (lane 5). Subsequent purification by Ni-NTA affinity chromatog-
raphy improved the purity of the hACE2 protein to meet the re-
quirements of subsequent experiments (lane 6). Thus, we successfully
obtained soluble recombinant hACE2 protein through bacterial expres-
sion, dialysis-mediated refolding, and metal chelate affinity
chromatography.
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As a next step, we validated the results of hACE2 expression and
purification by Western blotting (Fig. 2C). We found that the recombi-
nant hACE2 protein could be specifically recognized by the anti-ACE2
antibody, confirming its identity. To assess whether the purified re-
combinant hACE2 was functionally competent, we examined whether it
could compete with endogenous hACE2 for binding to the spike protein
on the surface of rVSV-eGFP-SARS-CoV-2 virions. Vero E6 cells were
inoculated with a mixture of rVSV-eGFP-SARS-CoV-2 and recombinant
hACE2 at increasing concentrations. The efficiency of virus infection
was first estimated by observing green fluorescence under a fluorescence
microscope (Fig. 2D). The fluorescence intensity was then measured
using a microplate reader and analyzed after background subtraction
(Fig. 2E). The positive control (no hACE2 added) showed strong fluo-
rescence, confirming that the rVSV-eGFP-SARS-CoV-2 infection was
successful. As the concentration of recombinant hACE2 protein
increased, the fluorescence intensity gradually decreased, indicating an
inhibitory effect on infection. The lowest fluorescence intensity was
observed at the highest hACE2 concentration. There was a strong
negative correlation between the number of infected cells and the con-
centration of recombinant hACE2 protein. We concluded that recombi-
nant hACE2 effectively competed with the endogenous receptor, thereby
blocking rVSV-eGFP-SARS-CoV-2 cell attachment. Thus, the purified
recombinant hACE2 protein was functionally competent and capable of
neutralizing rVSV-eGFP-SARS-CoV-2 infection by mimicking the
endogenous receptor. Taken together, these results paved the way for
the use of recombinant hACE2 in SARS-CoV-2 detection assays based on
receptor capture.

Detection of infectious virus particles based on hACE2 receptor
capture

To assess the applicability of ACE2 receptor capture for the detection
of infectious viruses, we performed RT-qPCR on viral RNA extracted
from several viruses after their affinity capture on immobilized recom-
binant hACE2 protein. Two of these viruses, rVSV-eGFP-SARS-CoV-2
and HCoV-NL63, depend on the ACE2 receptor for cell attachment.
The remaining viruses lacked ACE2 binding and/or used an
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Fig. 2. Purification and functional validation of recombinant hACE2 protein. A Cloning strategy for hACE2 expression in E. coli. The indicated PCR product was cloned
into the pET-28a(+) bacterial expression vector, resulting in the recombinant plasmid pET-28a(+)-hACE2. B Bacterial expression and purification of recombinant hACE2
(expected molecular weight ~92 kDa). M: protein marker, 1: uninduced bacterial lysate, 2: bacterial lysate induced with 1 mM IPTG for 6 h, 3: soluble fraction after
sonication, 4: pellet after sonication, 5: refolded protein after dialysis, 6: Ni-NTA-purified recombinant hACE2. C Bacterially expressed hACE2 is specifically recognized
by the anti-ACE2 antibody. Western blot analysis of the same samples as in panel B. D Virus neutralization assay confirms that the recombinant hACE2 protein is
functionally competent. The recombinant protein competes with endogenous ACE2 receptors on the surface of Vero E6 cells for binding to the spike protein, thereby
inhibiting viral infection. rVSV-eGFP-SARS-CoV-2 was incubated with increasing amounts of recombinant hACE2 (1.25 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL) prior to
cell inoculation. No hACE2 was added in the positive control and no virus was added in the negative control. The intracellular GFP expression was assessed by fluo-
rescence microscopy at 48 h post infection. Scale bar, 500 pm. E Quantification of fluorescence intensity of infected cells using a microplate reader. As the amount of
recombinant hACE2 protein added to rVSV-eGFP-SARS-CoV-2 increased, the number of infected cells decreased accordingly. No hACE2 was added in the control.
Statistical analyses were performed using unpaired t-test. ***P < 0.001, ****P < 0.0001.

ACE2-independent entry mechanism. These included VSV, a SARS-CoV-
2 replicon lacking the ACE2-binding spike protein, HCoV-OC43, HCoV-
229E, mouse hepatitis virus (MHV)-A59, and porcine delta coronavirus
(PDCoV). For each virus, we designed primer pairs targeting the corre-
sponding nucleocapsid (N) genes (Supplementary Table S1). Fig. 3A
shows representative amplification curves from the RT-qPCR experi-
ments. The Ct values of rVSV-eGFP-SARS-CoV-2 and the positive control
were similar, indicating that the recombinant hACE2 receptor effec-
tively captured rVSV-eGFP-SARS-CoV-2. The Ct value of the inactivated
rVSV-eGFP-SARS-CoV-2 was significantly lower and similar to that of
the negative control, demonstrating that receptor capture can accurately
discriminate between infectious and non-infectious viruses. Ct values for
viruses defective in ACE2 binding or using an ACE2-independent entry
mechanism were also close to background, confirming the specificity of
the method. Notably, HCoV-NL63, which specifically binds to the ACE2
receptor, had a Ct value similar to that of rVSV-eGFP-SARS-CoV-2. This
suggests that the proposed method can effectively detect not only SARS-
CoV-2 or its surrogate but also other coronaviruses that use ACE2 as an
entry receptor.

We then focused on the ability of the proposed method to discrimi-
nate between infectious and inactivated viruses. We used RT-qPCR to
systematically compare the efficacy of ACE2 receptor capture in
detecting infectious versus inactivated rVSV-eGFP-SARS-CoV-2. The RT-
qPCR analysis revealed that the Ct values in the infectious virus group
were consistently and significantly lower than those in the inactivated
virus group (Fig. 3B). These results show that the immobilized hACE2
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protein could specifically capture the infectious but not the inactivated
virus, probably due to its structural defects and impaired activity of the
spike protein. Based on the above, we concluded that the proposed
method effectively discriminates between infectious and inactivated
viruses.

To test whether rVSV-eGFP-SARS-CoV-2 particles captured on the
immobilized hACE2 receptor were infectious, we inoculated them into
Vero E6 cells and monitored the progress of infection by fluorescence
microscopy. The inoculated cells produced strong green fluorescence,
confirming successful infection (Fig. 3C). In contrast, no green fluores-
cence was detected in cells inoculated with a control sample from the
receptor capture assay with inactivated virus. These results confirmed
that ACE2-captured virus particles were infectious in cultured cells.

Virus stability varies on different surfaces, and viruses gradually lose
their infectivity over time (Meister et al., 2022). Therefore, we tested
whether the proposed method could track these changes.
rVSV-eGFP-SARS-CoV-2 was inoculated onto a paper or glass surface,
and infectious virus particles were detected by ACE2 receptor capture at
different time points over a 96-h period. Fig. 3D shows that the Ct value
increased over time, indicating a gradual loss of viral infectivity. Results
became negative after 9 h on paper and 96 h on glass. ACE2 capture
assays with inactivated virus always gave negative results (Ct > 35),
whereas viral RNA collected from the object surface always tested pos-
itive (Ct < 35). Taken together, these results further support the speci-
ficity of the ACE2 capture assay for the detection of infectious virus
particles.
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Fig. 3. Detection and infectivity of virus particles captured on immobilized recombinant hACE2 receptor. A Representative RT-qPCR amplification curves for the
detection of different viruses after ACE2 receptor capture. Only the positive control from the SARS-CoV-2 PCR detection kit, as well as the HCoV-NL63 and rVSV-
eGFP-SARS-CoV-2 samples, exhibited clear amplification curves. All other samples were negative with a cycle threshold (Ct) of >35, which is commonly used for
SARS-CoV-2 detection by RT-qPCR. Note the overlap of several signals close to the baseline. B Receptor capture effectively discriminates between infectious rVSV-
eGFP-SARS-CoV-2 and inactivated, non-infectious virus. ACE2 receptor-based virion-capture assays were performed with either infectious or inactivated rVSV-
eGFP-SARS-CoV-2. The assay results were evaluated by RT-PCR. Statistical analyses were performed using unpaired t-test. ****P < 0.0001. C Validation of
viral infectivity in cultured Vero E6 cells. Vero E6 cells were inoculated with infectious rVSV-eGFP-SARS-CoV-2 and inactivated, non-infectious virus. The cell
morphology and GFP fluorescence were observed by bright field (BF) microscopy and fluorescence microscopy at 24 h post infection. Green fluorescence indicates
successful infection with ACE2-captured rVSV-eGFP-SARS-CoV-2. The absence of fluorescence indicates that the inactivated virus cannot be captured and is not
infectious. D Stability of rVSV-eGFP-SARS-CoV-2 on different surfaces. A total of 10,000 PFU of rVSV-eGFP-SARS-CoV-2 (untreated or inactivated) was inoculated
onto 2 x 2 cm? paper or glass surfaces and incubated at room temperature for the indicated times. After ACE2 receptor capture, samples were analyzed by RT-
qPCR. In the positive control (“no capture”), the receptor capture step was omitted.

observed a single band of the correct size (approximately 200 bp). In the
case of RT-LAMP, a characteristic ladder of bands indicated successful

Visual detection using RT-LAMP

Our next goal was to select a rapid, reliable, and cost-effective
strategy for detecting receptor-captured viruses that would be suitable
for POCT. We chose RT-LAMP over other approaches because it does not
require thermal cycling and has a colorimetric readout that allows for
immediate visual detection. Specific primer sets (Supplementary
Table S2) were designed to amplify viral RNA by RT-LAMP (Fig. 4A). To
validate our detection approach, we compared the results of viral RNA
amplification using RT-LAMP and conventional RT-PCR. Agarose gel
electrophoresis revealed that both RT-PCR (Fig. 4B, left panel) and RT-
LAMP (Fig. 4B, right panel) detected RNA from captured rVSV-eGFP-
SARS-CoV-2 particles. In the case of conventional RT-PCR, we
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amplification. No amplification products were detected in the control
(receptor capture assay with inactivated virus). As mentioned above,
RT-LAMP has an advantage over RT-PCR due to its rapid colorimetric
readout. Indeed, Fig. 4C shows that successful RT-LAMP of viral RNA
resulted in a decrease in the pH of the reaction mixture, which was
visible as a color change of an indicator dye from pink to yellow.

We then tested whether the proposed method was indeed specific for
the detection of the SARS-CoV-2 pseudovirus rVSV-eGFP-SARS-CoV-2.
We performed the same ACE2 receptor capture assay with RT-LAMP
for several viruses, including rVSV-eGFP-SARS-CoV-2, HCoV-NL63,
HCoV-0C43, HCoV-229E, MHV-A59, PDCoV, and VSV (Fig. 4D). Only



Z. Yang et al.

A
.2
NS
Y
No al
Y
Release l
RNA
B
200bp P>

LAMP

=

SR LR Y

Virologica Sinica 40 (2025) 613-623

FIP

F2c

F Loop

Fic B Loop
F2
R R ‘0\
54\@ @6*\ go‘\\
PO N
\,\{\e \@° $e,%
‘ B . = .‘ .,l
- - -
0‘\\@\ « \@’ \6\\’ \\&’ \ \@’ <&
R T S -
& & $ N N N N N
W Ng ot ot ot ot ot ot
— — — — — —_ e — =
B B 1
L AR EE RS
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Positive samples appear yellow, while negative samples remain pink. D The specificity of ACE2 receptor capture assay with RT-LAMP. Different viruses, including
rVSV-eGFP-SARS-CoV-2, HCoV-NL63, HCoV-OC43, HCoV-229E, murine hepatitis virus strain A59 (MHV-A59), porcine deltacoronavirus (PDCoV), and vesicular
stomatitis virus (VSV) (9 x 10° PFU), were tested with the same measurement. The sample with no added virus was used as a negative control. Note that ACE2
receptor capture followed by RT-LAMP detects rVSV-eGFP-SARS-CoV-2 but not other viruses. E Determination of the detection limit (LOD) for the ACE2 receptor

capture/RT-LAMP assay.

the sample containing rVSV-eGFP-SARS-CoV-2, which requires ACE2 for
cell entry, tested positive (yellow). All other virus samples tested
negative (pink), demonstrating the specificity of the proposed method.
To evaluate the sensitivity of the method, we performed receptor cap-
ture assays with RT-LAMP for six serial 10-fold dilutions of rVSV-eGFP-
SARS-CoV-2, ranging from 9 x 10% PFU/mL to 9 x 10! PFU/mL
(Fig. 4E). At low viral titers, it took approximately 30 min for the color of
the reaction mixture to change from pink to yellow. However, when the
viral titer exceeded 10* PFU/mL, the color change occurred much faster
(within 15-20 min). As shown in Fig. 4E, the established method had a
detection limit (LOD) of 90 PFU/mL. Negative virus-free controls and
inactivated virus samples processed with receptor capture with did not
change color and remained pink.

Validation of the proposed method for detecting infectious virus
particles

To test the influence of sample matrix on receptor capture and
amplification, we spiked saliva samples and environmental surface
swabs with 5000 PFU of rVSV-eGFP-SARS-CoV-2. Then, we performed
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receptor capture experiments followed by virus detection using either
LAMP or RT-qPCR. We observed no effect of the sample matrix on virus
detection by either method. Both methods successfully detected infec-
tious virus particles in the samples (Fig. 5A and B). These results are
consistent with the previously published data showing that affinity
capture-based methods can accurately and reliably detect SARS-CoV-2
in clinical samples (Dignan et al., 2021; Rabe et al., 2025).

To further evaluate the performance of the proposed detection
method, serial dilutions of rVSV-eGFP-SARS-CoV-2 were employed. A
total of 32 samples were prepared and divided into seven groups.
The first group contained control samples (0 PFU), while the remaining
six groups contained samples with increasing pseudovirus titers
(90 PFU/mL, 9 x 10% PFU/mL, 9 x 10° PFU/mL, 9 x 10" PFU/mL, 9 x
10° PFU/mL, and 9 x 10° PFU/mL; Fig. 5C). Virion detection was per-
formed using hACE2 receptor capture combined with RT-LAMP, and the
colorimetric assay results were visually observed with the naked eye:
negative (—) samples remained pink, while positive (+) samples turned
yellow. As shown in Fig. 5D, the assay results correlated well with viral
titers. Samples with high viral titers (9 x 10* PFU/mL and above)
exhibited a consistent, bright yellow color. In the medium titer group
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GFP:Positive ~ GFP:Negative Ratio
REC-RT-LAMP: Positive 26 0 96.2% (sensitivity)
REC-RT-LAMP: Negative 1 5 100% (specificity)
Total 27 5 96.8% (accuracy)

Fig. 5. Validation of a diagnostic test prototype based on coronavirus capture and RT-LAMP. A The sample matrix does not affect the results of ACE2 receptor capture
assays followed by virus detection by RT-qPCR. Saliva samples and environmental surface swabs spiked with infectious rVSV-eGFP-SARS-CoV-2 were analyzed
alongside the infectious virus alone. Statistical analyses were performed using unpaired t-test. ns: P > 0.05. B Similar results were obtained with ACE2 receptor
capture combined with LAMP. Colorimetric analysis showed no difference in the detection of the infectious virus alone or the infectious virus mixed with saliva or
surface swabs. C Results of the ACE2 receptor capture/RT-LAMP assay with simulated clinical samples containing increasing amounts of rVSV-eGFP-SARS-CoV-2.
D Schematic representation of the assay results in panel C, with pink indicating negative (—) and yellow indicating positive (+) results. There was one false nega-
tive result (tube 8). E Diagnostic performance of the proposed test (sensitivity, specificity, and accuracy). REC-RT-LAMP: receptor capture RT-LAMP.

(9 x 102, 9 x 10° PFU/mL), all samples tested positive but the color was
darker. Finally, in the low titer group (90 PFU/mL), 4 out of 5 samples
showed a faint color change but one sample showed no positive signal.
This false-negative result was most likely caused by insufficient virus
particle capture efficiency and/or sensitivity of RT-LAMP to detect low-
copy RNA (approaching the detection limit). Statistical analysis of 32
simulated samples showed that the detection system had an overall
accuracy of 96.8%, a sensitivity of 96.2% (26 of 27 positive samples
were correctly detected), and a specificity approaching 100% (all five
negative samples were correctly detected) (Fig. 5E). Overall, ACE2 re-
ceptor capture combined with RT-LAMP demonstrated high accuracy
and reliability, making it a viable option for detecting infectious virus
particles in clinical and community samples.

DISCUSSION

This study describes a novel method based on ACE2 receptor capture
and RT-LAMP for the detection of infectious coronaviruses that use
ACE2 as an entry receptor. Unlike traditional RT-qPCR-based methods
that detect both enveloped and naked viral RNA, the proposed method is
selective for intact infectious virions capable of cell attachment. The
method has demonstrated high sensitivity (96.2%) and specificity
(approaching 100%) for the detection of infectious viruses. In addition,
the use of rapid amplification and colorimetric detection allows visual
assessment of results in much less time than traditional cell culture-
based virus detection methods.
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Conventional nucleic acid detection methods such as RT-qPCR, while
highly sensitive and specific, can only detect the presence of viral RNA
without confirming its origin. Positive RT-qPCR results can be obtained
not only from intact infectious virions, but also from non-infectious
particles defective in cell attachment or naked RNA fragments, making
it difficult to assess the true risk of infection. As a result, differentiating
infectious from non-infectious viruses remains a significant challenge in
virus detection. In this study, we developed a method for the selective
detection of infectious coronavirus particles capable of cell attachment
and entry. The method is based on the selective retention of virus par-
ticles on the immobilized ACE2 receptor protein, simulating virus
attachment to the host cell surface, a critical step in the SARS-CoV-2
infection cycle. Another key feature of the proposed method is the use
of RT-LAMP, which enables rapid reverse transcription and amplifica-
tion under isothermal conditions. RT-LAMP does not require expensive
equipment, and the colorimetric results can be interpreted visually with
the naked eye, making the proposed method suitable for resource-
limited testing scenarios.

Despite the above advantages, the proposed method has several
limitations. For samples with high viral titers, the colorimetric reaction
was fast and the signal was easily detectable. At such high viral titers, a
diagnostic test based on the proposed method will have sufficient
sensitivity and specificity, and the results will be easy to interpret.
However, for samples with low viral titers, the sensitivity of the diag-
nostic test may be insufficient. At these low viral titers, a number of
problems may occur, including partial target loss during sample
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recovery, decreased capture efficiency, and reduced amplification effi-
ciency (Cuevas-Ferrando et al., 2022). All of these factors can produce
false negatives or weak positives. This phenomenon is well documented
in environmental monitoring and contaminant detection. Environ-
mental samples may contain so little virus that pre-enrichment is
required. Certain contaminants may also be present that interfere with
the amplification process or alter the pH, reducing capture efficiency
(Plante et al., 2024; Tian et al., 2010; Zhu et al., 2024). Therefore, the
proposed method will require further optimization to improve its ability
to process samples with low viral titers. This can be achieved by
improving receptor capture, amplification efficiency, and monitoring
techniques, as well as by introducing additional purification and/or
sample pretreatment steps. Another limitation of the proposed method
in real-world applications is the high sensitivity of RT-LAMP, which
makes it susceptible to carryover contamination. Aerosol spread within
the laboratory can lead to accumulative contamination and false posi-
tive results (Huang et al., 2020). In addition, relying solely on visual
inspection to interpret colorimetric results can lead to misinterpretation.
Standardizing the colorimetric assay using automated readers is a viable
option, but it would require additional equipment and introduce more
steps (Davidson et al., 2021). Finally, it should be noted that due to
resource constraints, the proposed method has not yet been validated
with live SARS-CoV-2 and clinical samples from COVID-19 patients (e.
g., nasopharyngeal swabs). Although experimental results with the
SARS-CoV-2 surrogate virus and HCoV-NL63 have demonstrated the
method's efficacy and application potential, the complexity of
real-world samples (e.g., viral mutations, various types of inhibitors and
interfering factors) may place higher demands on the method's
performance.

Although the proposed method requires further optimization, it has
the potential for a wide range of practical applications, particularly in
public health and safety. The speed, efficiency, and convenience of the
method already qualify it for POCT, making it a valuable tool for
epidemic prevention and control. Furthermore, the method allows the
use of different primer sets to detect different viral genotypes (e.g.,
SARS-CoV-2 variants) or viruses that share the same receptor (e.g.,
HCoV-NL63 and SARS-CoV). Finally, by replacing the ACE2 receptor
with receptors specific for other coronaviruses, the method can be used
to detect a variety of other important human pathogens, such as MERS-
CoV (Selvaraj et al., 2019).

CONCLUSIONS

In the present study, we developed a method for selective detection
of infectious coronavirus particles based on ACE2 receptor capture
combined with RT-LAMP. The method can discriminate among infec-
tious virions, surface-distorted and non-infectious virions, and naked
viral RNA based on affinity for the ACE2 entry receptor. Colorimetric
detection enables direct visual interpretation of test results, achieving
100% specificity, 96.2% sensitivity, and 96.8% accuracy in our experi-
mental conditions. The proposed method has several advantages over
other existing methods, such as RT-PCR and antibody-based methods, in
terms of speed, ease of use, and equipment dependence. Most impor-
tantly, the method is suitable for detecting infectious coronaviruses at
the point of patient care, which may be urgently needed in the event of a
new coronavirus disease outbreak.

MATERIALS AND METHODS
Cells and viruses

The HEK-293T (ATCC: CRL-11268), Vero E6 (ATCC: CRL-1586),
LLC-PK1 (ATCC: CL-101), and HRT-18 (ATCC: CCL-244) cells were
originally obtained from the American Type Culture Collection (ATCC)
and maintained in our laboratory. The 17Cl-1 (RRID: CVCL_VT75) and
Huh7 (RRID: CVCL_0336) cell lines were kindly provided by
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Dr. Yuzheng Zhou (Shenzhen Third People's Hospital, the Second
Affiliated Hospital, School of Medicine, Southern University of Science
and Technology) and Prof. Jincun Zhao (Guangzhou National Labo-
ratory), respectively. The cells were cultured in Dulbecco's modified
eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS, #10099141C, Gibco), penicillin (100 U/mL), and streptomycin
(0.1 mg/mL) at 37 °C in a humidified atmosphere of 5% CO2. Human
coronavirus NL63 (HCoV-NL63, RefSeq:NC_005831), human corona-
virus OC43 (HCoV-OC43, RefSeq:NC_006213), human coronavirus
229E (HCoV-229E, RefSeq:NC_002645), murine hepatitis virus strain
A59 (MHV-A59, RefSeq:NC_048217), porcine deltacoronavirus
(PDCoV, GenBank:MW685623), and rVSV-eGFP-SARS-CoV-2 (Li et al.,
2021; Ding et al., 2022) recombinant pseudovirus (provided by Pro-
fessor Aihua Zheng from the Institute of Zoology, Chinese Academy of
Sciences) were propagated in susceptible cell lines in virus culture
medium (DMEM with 2% FBS) and the supernatants were stored at
—80 °C for later use. Their infectivity was determined by conventional
titration and/or fluorescence intensity measurement. The replicon was
reported in our previous work (Jin et al., 2021). All experiments
involving viruses were performed in a biosafety level 2 (BSL-2) labo-
ratory, following the appropriate biosafety protocols.

Antibodies and reagents

The following antibodies and reagents were used: ACE2 monoclonal
antibody (#66699-1-IG, Proteintech), goat-Mouse IgG (H&L) (HRP
conjugate) (#511103, ZenBio), ExFect Transfection Reagent (#T101-
02, Vazyme), ECL chemiluminescent substrate (#180-5001, Tanon),
E.Z.N.A.® Viral RNA Kit (#R6874, OMEGA), SARS-CoV-2 nucleic acid
356 detection kit (#DA0992, Daan Company), WarmStart Colorimetric
LAMP 2x Master Mix (DNA & RNA) (#M1800, New England Biolabs), TB
Green® Premix Ex Taq™ II FAST qPCR (#CN830A, Takara), RT MAS-
TER MIX takara (#RR036A, Takara), tetramethylethylenediamine
(TEMED) (#T22500, Sigma), sodium dodecyl sulfate (SDS) (#BS088,
Biosharp), ammoniumpersulfate (APS) (#A3678, Sigma).

Plaque assay

Plaque assay was used to determine the infectious titer of the pseu-
dovirus as previously described (Yahalom-Ronen et al., 2020). Briefly,
Vero E6 cells were plated at a density of 1 x 10° cells per well in a 6-well
plate. When the cells reached 90%-100% confluence, 10-fold serial di-
lutions of the rVSV-eGFP-SARS-CoV-2 pseudovirus were prepared by
diluting virus stock with cell culture medium. After removing cell cul-
ture medium from the 6-well plates, 500 pL of the diluted virus solution
was added to each well to infect the Vero E6 cell monolayer. The plate
was gently agitated to ensure uniform virus distribution and then
incubated at 37 °C for 2 h to promote virus adsorption. Unbound virus
was removed, and the wells were washed with 1 mL sterile PBS. Overlay
medium (2 mL/well, DMEM with 0.8% methylcellulose and 2% FBS)
was added and the cells were incubated at 37 °C, 5% CO-, for 72 h to
allow plaque formation. Then, 1 mL of 0.5% crystal violet solution
containing 25 pL 40% polyformaldehyde, 5 pg crystal violet and 37.5 pL
ethanol was added to each well. The cells were fixed and stained for 4 h
at room temperature. The number of plaques was then counted and viral
titers were recorded as PFU/mL. For replicate experiments requiring
equal virus titers, the virus solutions were concentrated using the Uni-
versal Virus Concentration Kit (#C2901L, Beyotime).

Western blot analysis

Western blot analysis was performed as previously described (Lin
et al., 2022). Briefly, protein samples were mixed with 5x SDS-PAGE
protein sample loading buffer (#P0286, Beyotime, China) and heated
at 95 °C for 10 min. Denatured samples were loaded onto an SDS-PAGE
gel (5% stacking gel and a 10% resolving gel with a Tris-glycine buffer
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system). Electrophoresis was performed for 30 min at 90V, followed by
90 min at 120V. After electrophoresis, proteins were transferred to a
0.22 pm PVDF membrane (Millipore, USA) using a wet transfer system at
280 mA for 120 min. Following blocking for 1 h in PBST containing 5%
skimmed milk, the membrane was incubated overnight at 4 °C with
mouse anti-human ACE2 antibody (#ab108209, Abcam, UK). The
immunoblot was visualized using the ChemiDoc MP system (Bio-Rad).

Prokaryotic expression and purification of the SARS-CoV-2
receptor ACE2

Human ACE2 (GenBank: ON637243.1), the specific receptor for
SARS-CoV-2, is composed of 805 aa, including a signal peptide (1-17 aa),
an extracellular domain (18-740 aa), a transmembrane domain
(741-761 aa), and a cytoplasmic domain (762-805 aa). The extracellular
domain, which is the main functional region, was amplified with specific
primers (forward primer: 5-CTAGCTAGCCAGTCCACCATTGAGGAA-
CAGG-3, reverse primer: 5'-CCGCTCGAGACTTCAGTTCTAGGAATGA-
TATCAGACAC-3') from the pEF6-ACE2-MycHis plasmid template. The
amplified hACE2 DNA fragment was purified and double digested with
Xhol and Nhel restriction enzymes, and the product was subsequently
ligated into the pET-28a(+) vector, resulting in the recombinant plasmid
PET-28a(+)-hACE2. The DNA sequence of ACE2 was verified by
sequencing. The recombinant plasmid pET-28a(+)-hACE2 was trans-
formed into E. coli Rosetta (DE3) cells. Protein expression was performed
in 250 mL LB medium supplemented with 50 pg/mL kanamycin. When
the absorbance OD600 nm reached 0.6-0.8, 1 mM isopropyl p-b-1-thio-
galactopyranoside (IPTG) was added to induce target protein expression.
After 6 h of induction at 37 °C, cells were harvested and lysed using a
French press. The expressed protein was purified by affinity chromatog-
raphy on Ni-NTA agarose resin. The bound ACE2 was eluted with 1 x NTA
buffer containing 20 mM-250 mM imidazole in 8 M urea. The fractions
containing ACE2 were collected and dialyzed against a urea gradient (4, 2
and 0 M in NTA buffer) and finally PBS. The protein was further purified
by gel filtration using the AKTA Pure System (Cytiva, AKTA Pure), ster-
ilized by filtration, and stored in PBS at —80 °C.

Pseudovirus-based neutralization assay

Pseudovirus-based neutralization assay (PBNA) was performed as
previously described (Ju et al., 2020). The steps were as follows: 10 pL of
pseudovirus solution containing 1 x 102 PFU was mixed with an equal
volume of serial dilutions of 0.2 mg/mL hACE2 protein stock and
incubated at 37 °C for 1 h. The mixtures were added to a 96-well plate
pre-seeded with Vero E6 cells and incubated for 48 h. A mixture con-
taining pseudovirus without hACE2 served as the positive control, while
uninfected cells served as the negative control. After incubation, intra-
cellular GFP expression was assessed by fluorescence microscopy.
Fluorescence intensity was measured with a fluorometer (SynergyH1,
BioTek). The neutralizing effect of the ACE2 protein was calculated by
comparing the fluorescence intensity between treatment groups,
allowing for the assessment of the effect of hACE2 in PBNA (Tan et al.,
2020).

Surface swabbing

Viral stock was serially diluted 10-fold in sterile PBS to prepare 1 mL
of each titer (ranging from 9 x 10! to 10° PFU/mL). Virus inactivation
was achieved by incubation at 95 °C for 5 min. Different surfaces (glass
and paper), each measuring 2 x 2 cm, were artificially contaminated
with 10 pL of virus solutions (1 x 10° PFU/mL). The surfaces were then
allowed to air-dry at room temperature for 30 min to simulate virus
exposure to environmental conditions. The swab sampling procedure
was performed as follows: First, the surface was swabbed unidirection-
ally five times with a PBS-moistened swab. The swab was then trans-
ferred to a microtube containing 300 pL PBS and vortexed to release the
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virus. The entire procedure was repeated three times. All steps were
performed in a contamination-free environment, and samples were
stored on ice for further analysis.

ACE2-based virus capture and infectivity assay

rVSV-eGFP-SARS-CoV-2 infectious virus particles were captured on
the immobilized hACE2 receptor. First, 100 pL of 2 pg/mL hACE2 protein
solution was added to ELISA plates (FEP101296, Biofil) and incubated at
4 °C for 6 h to allow the protein to bind to the plate surface. The protein
solution was removed from the plates and the wells were washed once
with PBST (PBS, pH 7.4, with 0.05% Tween-20). The wells were blocked
with 5% bovine serum albumin (BSA) in PBS for 2 h at room temperature.
The blocking solution was removed and the wells were washed three
times with PBST. The test sample (100 pL) — either an environmental
swab, a purified virus solution, or an infected cell culture medium — was
added to the wells and incubated for 30 min at room temperature to
ensure sufficient virus binding to the immobilized hACE2. The wells were
washed three times with PBST to remove contaminants and unbound
virus particles. The performance of the virus capture platform was vali-
dated using positive controls (pseudoviruses of known titer) and negative
controls (virus-free samples). Infectivity of captured viruses was vali-
dated in cultured cells by detecting GFP fluorescence.

Viral RNA extraction

Viral RNA extraction was performed according to the manufacturer's
instructions (E.Z.N.A.® Viral RNA Kit, #R6874, Omega Biotek). The
procedure consisted of four steps: sample lysis, RNA binding, washing,
and elution. First, samples were thoroughly mixed with QVL Lysis Buffer
and allowed to stand for 5 min to ensure complete lysis. After lysis,
anhydrous ethanol was added to assist RNA binding to the column. The
sample was loaded onto the column and centrifuged at 12,000 x g for 30
s. The column was washed once with VHB buffer and twice with RNA
Wash Buffer II to remove proteins and other contaminants. To elute
RNA, 20 pL RNase-free water was added directly to the center of the
column, incubated for 1 min, and centrifuged. The resulting RNA was
used immediately or stored at —80 °C for later use.

Reverse transcription quantitative PCR (RT-qPCR)

Viral RNA was quantified by RT-qPCR using primers targeting the
nucleocapsid (N) gene. Primers were designed using Primer Explorer and
Oligo 7 software. Primer sequences are listed in Supplementary Table S1.
The extracted RNA was reverse transcribed with Vazyme reverse tran-
scriptase (Nanjing, China) using a SimpliAmp™ thermal cycler (Thermo
Fisher Scientific). The mixture containing 5x RT Mix and RNA template
was incubated at 37 °C for 15 min and then at 85 °C for 5 s qPCR was
performed using Takara SYBR Green Master Mix. PCR reactions were
carried out in a Bio-Rad CFX384 thermocycler as follows: initial dena-
turation at 95 °C for 30 s followed by 40 cycles of DNA amplification,
each consisting of a 5-s segment at 95 °C and a 10-s segment at 60 °C.
Amplification curves were analyzed using CFX Manager software. Each
reaction set included positive, negative, and blank controls.

Reverse transcription loop-mediated isothermal amplification
(RT-LAMP)

RT-LAMP was used for rapid colorimetric detection of receptor-
captured virus particles. RT-LAMP primers were designed using
Primer Explorer software (version 5). The resulting primer set targeted
the N gene of vesicular stomatitis virus (VSV) (GenBank: NC_001560.1)
and consisted of six primers: two outer primers (F3 and B3), two loop
primers (LF and LB), and two inner primers (FIP and BIP). The primer
sequences are listed in Supplementary Table S2. Each well of an ELISA
plate contained 20 pL of the receptor-captured virus sample in
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RNase-free water. The plate was sealed to prevent evaporation and viral
RNA was released from the captured virions by thermal lysis. This was
achieved by heating the samples to 95 °C for 5 min followed by cooling
to room temperature. 1 pL of the resulting viral RNA template was mixed
with 12.5 pL of WarmStart colorimetric LAMP 2x Master Mix, 2.5 pL
primer mix, and 9 uL RNase-free water. The mixtures were transferred to
PCR tubes, sealed to prevent evaporation and incubated at 65 °C for 30
min. The color change from pink to yellow indicated successful ampli-
fication. The results were confirmed by visual observation or colori-
metric analysis (Li et al., 2022).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software.
The differences between the captured infectious and inactivated viruses
were analyzed using an unpaired t-test. Each assay included at least two
biological replicates and three technical replicates. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001; ns, P > 0.05.
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