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ARTICLE INFO ABSTRACT

Keywords: The current COVID-19 pandemic caused by SARS-CoV-2 is raging, seriously threatening people’s lives. The
SARS-CoV-2 establishment of rapid and accurate pathogen detection technology is not only critical in this epidemic, but also a
12"?“\1/.1)1\/[11)9 reminder that we must always be prepared for possible future outbreaks. Therefore, we developed a Palm Germ-

Radar (PaGeR) device for rapid and simple detection of COVID-19 from extracted patient sample RNA by RT-
LAMP. The whole procedure of rapid COVID-19 detection is based on 4 simple steps: inactivation, extraction,
amplification, and detection. SARS-CoV-2 down to 1 copy/pL could be detected selectively with naked-eye.
Three detection methods (colorimetric, fluorometric and lateral dipstick readout) could be performed in
PaGeR instrument. By employing the PaGeR, we successfully detected SARS-CoV-2 in clinical RNA samples
isolated from swab specimens. The results showed that 15 out of 17 COVID-19 patients were diagnosed as
positive while all 55 normal samples were diagnosed as negative. Therefore, the developed PaGeR instrument
can realize the detection of COVID-19 with easily visualized results, providing a promising instrument for rapid

Rapid detection
Palm germ-radar

detection in the community as well as at home.

1. Introduction

The Coronavirus Disease 2019 (COVID-19), caused by a new strain of
coronavirus called severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), is first identified in December 2019 in Wuhan, China (Wu
et al.,, 2020a; Wu et al., 2020b). Since then, COVID-19 is tipping the
world into a volatile and dangerous phase, and the coronavirus outbreak
is officially labeled a pandemic by the World Health Organization
(WHO) in March 2020 (Cucinotta and Vanelli, 2020). By the end of
2020, nearly 100 million people in over 220 countries had been infected
around the world, causing more than 2 million deaths (WHO, COVID-19
situation dashboard). Nowadays, COVID-19 is the greatest threat facing
the world since the Second Would War, rendering major impact on
global health, economy and life quality (Chakraborty and Maity, 2020;
Wang et al., 2020). Early diagnosis, treatment, and isolation of the

disease and virus carrier can effectively reduce virus transmission.
Therefore, a rapid, sensitive, responsive and reliable diagnostic strategy
will be necessary and essential for this moment.

Currently, the diagnosis of COVID-19 mainly contains three cate-
gories, which can be combined for diagnosis in some scenarios: 1)
Clinical manifestations such as fever and respiratory symptoms,
combining with chest computed tomography (CT) scans (Huang et al.,
2020a; Zhu et al., 2020a). Proper screening by the physicians and
healthcare is of great importance in controlling virus spread, however,
cross-infection is likely to occur in an outbreak area and the testing
capacity is limited by the CT equipment. 2) Serology detections include
colloidal gold immune-chromatography, ELISA, etc. (Zhang et al., 2020)
Although antibody diagnosis is rapid, simplified and no equipment
required, their potential utility in SARS-CoV-2 infection may be limited
by sensitivity, because it is not easy to detect in the early stage or
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incubation period of infection for not enough antibody in blood samples.
3) Nucleic acid amplification tests (NAATSs) (Carter et al., 2020; Esbin
et al., 2020). Because of its high sensitivity combined with the high
specificity of the fluorescent probe, the quantitative reverse transcrip-
tase PCR (qRT-PCR) method is considered as the “gold standard” for
COVID-19 diagnosis in clinical and large-scale screening (Udugama
et al., 2020). However, qRT-PCR requires expensive equipment,
well-trained technician as well as hours of work from collecting naso-
pharyngeal or oropharyngeal swab samples to reading out of the results,
which limits its broad application in the communities and homes under
COVID-19 global pandemic condition. Hence, there is an urgent need for
responsive and simple method with the help of easy to use equipment for
COVID-19 detection.

The development of isothermal amplification techniques has
extended the application of NAATs to detect pathogens with high
sensitivity, such as helicase-dependent amplification (HDA) (Barreda--
Garcia et al., 2018), strand displacement amplification (SDA) (Toley
etal., 2015), recombinase polymerase amplification (RPA) (Nassir et al.,
2020) and loop-mediated isothermal amplification (LAMP) (Augustine
et al., 2020), etc. In particular, LAMP is a promising method for NAATSs
which employs 3 pairs of primers to recognize target DNA with highly
improved sensitivity and specificity compared to conventional PCR.
Typically, more than 10°-fold amplification of the target region can be
achieved within 1 h by LAMP amplification and the optical reading of
LAMP detection results is relatively simple. In addition, LAMP Bst (Ba-
cillus stearothermophilus) DNA polymerase could tolerate the common
inhibitory compounds presenting in clinical samples which typically
inhibit PCR. Therefore, since its invention in 2000, a series of
LAMP-based protocol had been successfully developed for detecting
infectious diseases, such as avian influenza (Imai et al., 2007), Middle
East respiratory syndrome (MERS) (Shirato et al., 2014), human im-
munodeficiency virus (HIV) (Curtis et al., 2008) and African swine fever
(ASF) (Ye et al., 2019), etc. Some of them can achieve their applications
in point-of-care testing (POCT) detection (Nguyen et al., 2019; Yao et al.,
2020).

RT-LAMP has not escaped attention that it can be applied in SARS-
CoV-2 specific detection, since it allows RNA reverse transcription
(SARS-CoV-2 is a single-stranded RNA virus) and DNA amplification
within the same temperature (El-Tholoth et al., 2020; Jiang et al., 2020;
Lalli et al., 2020; Yan et al., 2020; Lai et al., 2021; Yu et al., 2020). For
instance, Park et al. developed a RT-LAMP method for SARS-CoV-2
detection in the early stage of the pandemic outbreak (Park et al.,
2020). Huang et al. employed RT-LAMP for SARS-CoV-2 detection with
a limit of 80 copies per mL sample (Huang et al., 2020b). Thi et al.
developed a colorimetric RT-LAMP and LAMP-sequencing for
SARS-CoV-2 detection with clinical samples (Dao Thi et al., 2020). Zhu
et al. have introduced RT-LAMP to nanoparticle-based lateral flow
biosensor for diagnosis of COVID-19 (Zhu et al., 2020b). Recently,
RT-LAMP coupled with clustered regularly interspaced palindromic re-
peats (CRISPR)/Cas technology has been applied to detect SARS-CoV-2
(Broughton et al., 2020; Joung et al., 2020; Wang et al., 2021). For
instance, Broughton et al. employed CRISPR-Casl2-based DETECTR
(DNA Endonuclease-Targeted CRISPR Trans Reporter) for SARS-CoV-2
detection (Broughton et al., 2020). Zhang et al. developed SHERLOCK
(specific high-sensitivity enzymatic reporter unlocking) method for
one-pot testing (Joung et al., 2020). However, most of the methods
described above utilized pH indicator or SYBR nucleic acid dyes,
resulting in unsatisfying distinguish capacity when the signal was weak.
More importantly, the current experimental procedures associating with
RT-LAMP cannot be performed using a small commercial instrument,
the corresponding virus detection cannot be conveniently performed at
home or in the community, which prominently affect the wide appli-
cation of LAMP method.

Here, we developed a Palm Germ-Radar (PaGeR) device for rapid
and simple detection of SARS-CoV-2 from extracted patient sample RNA
by RT-LAMP. The detections of SARS-CoV-2 have been demonstrated
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with high selectivity and sensitivity, and SARS-CoV-2 down to 1 copy/pL
could be detected after reaction optimization. Through this method, we
detected SARS-CoV-2 RNA in clinical RNA samples isolated from swab
specimens. The result demonstrated that PaGeR is consistent with the
normalization instrument. Among 17 patient samples, 15 samples tested
positive in both PaGeR and the real-time quantitative fluorescence
amplification instrument. In addition, the result of the pharyngeal swabs
taken from the volunteers showed that none of the 55 negative samples
were tested positive. The PaGeR device provides a rapid, affordable,
user-friendly and reliable diagnostic strategy for COVID-19 detection.
Therefore, the developed PaGeR instrument could realize the diagnosis
of COVID-19, providing a promising instrument for rapid detection in
the community as well as at home.

2. Materials and methods

Chemicals and reagents. Diethyl pyrocarbonate (DEPC)-treated
water and DNAaway were obtained from Thermo Fisher (MA, USA).
Betaine was obtained from Sigma-Aldrich (MO, USA). 10x isothermal
amplification buffer, MgSO4, WarmStart Bst 2.0 DNA polymerase, and
WarmStart RTx reverse transcriptase were obtained from New England
BioLabs (MA, USA). 20x EvaGreen® dye was obtained from Biotium
(CA, USA). The viral transport medium (VITM) was obtained from
Qingdao Hope Bio-Technology (Qingdao, China). Primers were syn-
thesized by Sangon Biotech (Table S1) (Shanghai, China). All chemicals
used were of analytical grade unless specified otherwise. Viral genomic
RNA was extracted by MiniBSET viral RNA extraction Kit, which was
obtained from Takara Bio (Beijing, China). Disposable nucleic acid
detection strip and the matching buffer were obtained from Yousida Bio
(Hangzhou, China).

Nucleic acid preparation. The pUC57 plasmid containing SARS-
CoV-2 (Genbank accession: NC_045512.2) open reading frame
(ORF1ab; 13201-13766) or nucleoprotein gene (N gene; 28267-29527)
sequence was synthesized by Sangon Biotech. The standard plasmid was
diluted from 10° copies/pL to 0.1 copy/pL with 10-fold serial dilution
for sensitivity assays. The COVID-19 in vitro transcribed RNA reference
material was obtained from the National Institute of Metrology (Beijing,
China). The COVID-19 RNA was diluted in DEPC-treated water to
working concentrations. Influenza A virus (HIN1) RNA, influenza B
virus RNA, human coronavirus OC43 (hCoV-OC43) cDNA, and MERS-
CoV cDNA, which were donated by the Qingdao International Travel
Healthcare Center, were employed for specificity assays.

Real-time LAMP and RT-LAMP assay for SARS-CoV-2. In order to
setup the mixture in room temperature, WarmStart enzyme (RTx and Bst
2.0) was employed in the reaction. The WarmStart enzyme contained a
reversibly-bound aptamer, which inhibits polymerase activity at room
temperature. The LAMP reaction was carried out in a total 20 pL reaction
mixture containing 2 pL 10x isothermal amplification buffer, 6 mM
MgSOy, 1.4 mM dNTP, 1 M betaine, 2 pL 10x Primer mixture (Table S2),
and 8 U of WarmStart Bst 2.0 DNA polymerase. For RT-LAMP, 6 U of
WarmStart RTx reverse transcriptase was added into the mixture. When
using quantitative fluorescence amplification, 0.5 pL 20x EvaGreen®
dye was added. Fluorescence signal measurement was performed by
Real-Time PCR System (Roche LightCycler480 II for proof-of-concept
and ABI QuantStudio 5 for human clinical samples) at 30 s intervals
under 65°C. Afterward, additional heat inactivation at 80°C for 5 min if
needed. The LAMP products were subsequently identified by 2% gel
electrophoresis to confirm the amplification result.

RNA extraction from human clinical samples. Samples of naso-
pharyngeal swab were collected and transferred into a tube containing
VTM, then transported in sterile containers to the diagnostic laboratory
within a few hours. Sample RNA was inactivated and then extracted by
the Takara MiniBSET viral RNA extraction Kit in a biosafety level 2 (BSL-
2) cabinet and stored at —80°C for future use (above steps were
completed with the assistance of staffs from the Customs). Negative
nasopharyngeal swabs were obtained from healthy donors in the Single-
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Cell Center laboratory with the approval of Qingdao Institute of Bio-
energy and Bioprocess Technology, Chinese Academy of Sciences
(QIBEBT, CAS) Institutional Review Board. Healthy donors have signed
written informed consents. Clinical swab samples from COVID-19 pa-
tients were collected in Qingdao International Travel Healthcare Center
after virus inactivation.

Assembly of PaGeR platform. As shown in Fig. 1A, the PaGeR
platform for COVID-19 detection is composed of three parts: the heating
part, programed control part, and detection part. (1) The heating part
contained two similar modules, one for virus inactivation and the other
for LAMP reaction. It contained a metal heat-conductive base plate with
an integrated heating rod to form a heating cavity and a DS18B20 digital
thermal sensor for feedback of cavity temperature. (2) The programed
control part was programed in STC 89C52RC (HongJing Tech, Jiangsu,
China) Micro-Controller-Unit using C™*, which contained control of
power management, heating elements, light source switch, as well as
monitor for temperature and steps. (3) The detection part supported
direct results readout with naked eyes. For fluorescence detection, a 375
nm LED array was lay under the readout window, the result could be
directly visualized after LAMP reaction. For lateral flow dipstick
detection, the RT-LAMP products in matching buffer were added to the
strip. A single control band indicated a negative result, whereas two
bands contained test line band and control line band indicated a positive
result.

The whole system work in concert to realize isothermal amplification
and result readout. The 3D-printed and metal structures were designed
in AutoCAD 2019 (Autodesk, CA, USA). A 3D-printed outer shell was
printed with photosensitive resin in Stereo Lithography. The detail of
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interior structure, such as virus inactivation, LAMP reaction chamber,
monitor and other structure, was shown in the supplementary Compo-
nent 1. Besides, we had also uploaded the files to GitHub (https://gith
ub.com/qgibebt-microfluidics/PaGeR) so that users could download.
The 12V DC power supply (Jing Sai Electronics, Guangzhou, China) was
mounted and distributed to the individual components with an AC
power jack locating at the rear of the platform, allowing the instrument
to be plugged into a standard 220V AC socket. The maximum power
consumption during operation did not exceed 30 W, thus battery power
or small solar system could be easily compatible with the generator.

Visual RT-LAMP detection by PaGeR. For PaGeR assays, the lab-
oratory safety should be at BSL-2 and personal protection at BSL-3. After
specimens were transported to the lab, the swab sample was inactivated
in the left heating cavity then transferred to the biosafety cabinet for
RNA extraction and reaction mixture preparation. A total of 10 pL re-
action mixture contained modified primers was incubated at the right
heating cavity at 65°C for 40 min. After completion of the RT-LAMP
step, the amplicon was added to the sample pad of lateral flow strip,
then the strip was added to the matching buffer tube which contained
100 pL matching buffer for lateral flow. The visualized result would be
displayed within 1-2 min a single band close to the absorption pad
(control line) indicated a negative result, whereas two bands containing
both control line and test line indicated a positive result.

Real-time qRT-PCR assay. The qRT-PCR assay was performed with
2x Luna® Universal One-Step RT-qPCR Kit (NEB) on an ABI QuantStudio
5 (Applied Biosystems) with standard protocol. Primers of N gene
sequence were provided by China CDC (Centers for Disease Control).
The program was set for 10 min at 55°C for the RT step, then thermal
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Fig. 1. A PaGeR device for COVID-19 detection by RT-LAMP. (A) Schematic illustration of the PaGeR device, which was composed of two similar heating parts for
virus inactivation and RT-LAMP reaction, one programmed control part (microcontroller unit), and one result readout part. (B) Principle of the RT-LAMP reaction
with loop primers. Specially designed nested primers combined with target regions formed hairpins to permit subsequent amplification. Forward Inner Primer (FIP)
consists of a F2 region at the 3’end and a Flc region at the 5’end. Backward Inner Primer (BIP) consists of a B2 region at the 3’end and a Blc region at the 5’end.
Forward Outer Primer (F3) region is complementary to the F3c region of the template sequence. Backward Outer Primer (B3) is complementary to the B3c region of
the template sequence. (C) Four types of result readout methods: real-time fluorescence readout, fluorometric readout, colorimetric readout, and lateral dipstick
readout. (D) The principle of visual lateral flow nucleic acid detection after RT-LAMP. Neg., negative; Pos., positive; Ctrl, control.
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cycling of PCR with 40 cycles was carried out for sample verification.

3. Results

Principle of PaGeR Platform for RT-LAMP detection. As shown in
Fig. 1A, the proposed COVID-19 detection platform utilized RT-LAMP
reaction to detect RNA of the SARS-CoV-2. The structure of the device
had two heating parts: one for virus inactivation, another for RT-LAMP
reaction. After the nasopharyngeal or oropharyngeal swabs were
transferred to the laboratory by VTM, a series of operations such as virus
inactivation, RT-LAMP reaction as well as result readout could be
completed on the PaGeR platform.

In the RT-LAMP reaction (Fig. 1B), 4 different primers (FIP, BIP, F3,
and B3) were employed to amplify 6 distinct regions on the target gene,
while an additional pair of loop primers (LF and LB) could further
accelerate the reaction. Afterward, the RT-LAMP result could be read out
by a variety of methods (Fig. 1C). i) Real-time readout. Amplification
can be recorded precisely by real-time quantitative analysis with the
presence of fluorescence nucleic acid dye such as EvaGreen. ii) Colori-
metric readout. Colorimetric pH indicators such as malachite green
(MG) are utilized for visual end-point assessment of LAMP products.
Nucleic acid amplification process required the attachment of ANTP to
the template, during which the protons (H) were released. As the LAMP
assay proceeds, the pH was dropped displaying a visible color change
from colorless to blue, which could be easily distinguished by the naked
eye (Nzelu et al., 2016). iii) Fluorometric readout. If the colorimetric
regent is replaced by fluorescence metal indicator (calcein) and the
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Mn?* was added into the reaction mixture, the reaction end-point could
be observed by UV light pen (365 nm). iv) Lateral dipstick readout. More
intuitively, the reaction result could be shown on lateral flow coupled
with nucleic acid biosensor.

If LB primer is labeled with biotin at the 5’ end, while LF primer is
modified with 6-FAM (6- Carboxyfluorescein) at the 5" end, the LAMP
product could form a double-labeled detectable product with biotin and
6-FAM. As the product running to the detection region, a product labeled
with 6-FAM could be captured by the anti-6-FAM antibody located on
the test line, while excess anti-biotin-Au-NP conjugates will running
continuously and be captured by the secondary antibody located on the
control line. In the no template control (NTC), there was no conjugate
that was captured on the test line, only a red band on the control line
(Fig. 1D). In this work, three ways of result read out were employed in
the PaGeR instrument, only the real-time fluorescence detection was not
included.

Primer design and sensitivity of LAMP detection. The LAMP
primers were designed with PrimerExplorer V5 (http://primerexplorer.
jp/lampv5e/index.html) on the basis of the SARS-CoV-2 ORF1ab region
from 13363 to 13558 and N gene region from 28279 to 28480 (Fig. 2A).
Loop primers were designed after four basic primers (B3, F3, BIP, and
FIP) were selected. The primer sequences were shown in Table S1. We
first investigated the feasibility of designed primers using recombinant
plasmid which contained this two region sequence. In the verification
stage, the reaction was conducted for 60 min at 65°C followed by
enzyme inactivation at 80°C for 2 min. As shown in Fig. 2B and C, the
fluorescence intensity of SARS-CoV-2 (ORFlab and N gene) was
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Fig. 2. The sensitivity of LAMP detection. (A) The detection region for primers design in SARS-CoV-2 RT-LAMP reaction. (B) The feasibility of LAMP primer for
SARS-CoV-2 ORF1lab fragment. (C) The feasibility of LAMP primer for SARS-CoV-2 N gene fragment. (D) Real-time fluorescence intensity of ORF1lab sensitivity test
with 10-fold serial diluted plasmid. (E) Real-time fluorescence intensity of N gene sensitivity test with 10-fold serial diluted plasmid.
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increased rapidly within 15 min and remained at this intensity over
time, while no significant signal increased in the NTC tube. The result
illustrated that primers designed in this study were suitable for SARS-
CoV-2 detection.

Afterward, the sensitivity of LAMP assay was explored by testing a
serial 10-fold dilution DNA plasmid (from 10° copies/pL to 0.1 copy/
pL). With the optimization of the experimental condition such as reac-
tion temperature, Mg?" and betaine concentration, we could detect
ORF1lab sequence down to 5 copies/pL while N gene sequence down to 1
copy/pL. As shown in Fig. 2D and E, fluorescence intensity of ORFlab
had been significantly increased with a concentration range from 10°
copies/pL to 5 copies/pL in less than 40 min. However, the concentra-
tion of 1 copy/pL had no significant signal increase compared with the
NTC tube. Similarly, fluorescence intensity of N gene showed an
apparent increase from 10° copies/pL to 1 copy/pL, while the concen-
tration of 0.1 copy/pL had no significant signal increase compared with
the NTC tube. After testing these two primer sets, we found that the
sensitivity of N gene was better than ORFlab, as N gene could be
detected down to 1 copy/pL. In addition, the calibration curve could be
generated by correlating the threshold time (the time required to reach
saturation) with the logarithm of the DNA copy number. As shown in
Fig. S1, the linear regression plot was conducted. As reaction time was
set as 40 min, the detection threshold could reach 0.11 copies/pL for N
gene and 2.0 copies/pL for ORFlab from the calibration curve. The
detection ability of target sequence was also affected by target GC per-
centage and melting temperature of primers. Target N gene sequence
with GC percentage around 50-60% (normal sequence) was more suit-
able for LAMP reaction than the target sequence with GC percentage
around 35-45% (AT rich sequence) in the ORF1lab region. Therefore, we
choose the N gene as the subsequent LAMP reaction target.

Besides, we also examined the sensitivity of RT-LAMP (N gene) by
using the COVID-19 in vitro transcribed RNA reference material
(Fig. S2), showing a similar result consistent with the above LAMP re-
action. Thus, the above results validated that primers used in this study
were able to detect SARS-CoV-2 with high sensitivity.

The specificity of COVID-19 RT-LAMP assay. Herein, the speci-
ficity of the assay was evaluated with SARS-CoV-2 and other four
different viruses (Influenza A virus, influenza B virus RNA, hCoV-0OC43,
and MERS-CoV). The concentration of DNA/RNA for the specificity tests
was 10* copies/pL for each virus. As shown in Fig. 3A, only the red line
with SARS-CoV-2 sample showed obvious change in fluorescence in-
tensity. However, the other four different virus samples were as
smoothing as the NTC. Afterward, LAMP products were subjected to 2%
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agarose gel electrophoresis for further proof of specificity (Fig. 3B). A
typical ladder pattern was observed on the gel electrophoresis demon-
strated that only SARS-CoV-2 could induce the RT-LAMP reaction. The
high specificity of the developed method fully benefited the inherent
LAMP reaction mechanism, since amplification could only occur when
all primers were simultaneously bound to the target sequence.

Three methods for RT-LAMP result readout by PaGeR platform.
As described before, the detection of LAMP reaction could be performed
by four main methods. Three detection methods (colorimetric readout,
fluorometric readout and lateral dipstick readout) could be performed in
PaGeR instrument (Fig. 4, highlight with green dashed line), except for
the real-time quantitative detection. As a pH-sensitive indicator, MG had
been successfully employed in visual end-point detection of LAMP
product. As shown in Fig. 4A, the color of MG-LAMP could be changed to
light blue by naked eye when LAMP reaction was proceeded while the
color could not be changed showing a colorless result when there was no
reaction (Fig. 4A). Another detection method was calcein-based fluo-
rometric detection, which could be achieved by UV light (365 nm)
embedded in PaGeR instrument. Calcein was quenched by Mn?* at the
beginning of the reaction. However, the Mn?* were gradually consumed
by generating MnyP,07, making the fluorescence of calcein increase
when the reaction proceeds. As shown in Fig. 4B, the left tube was a
positive result which showed a strong fluorescence signal while the right
tube was a negative result which showed a colorless signal (within the
yellow dashed line).

The dispersion graphs of MG colorimetric detection and calcein-
based fluorometric detection were shown in Fig. 4D and E. For the MG
detection, we obtain the individual value of R (red), G (green), and B
(blue) of the color. Since the G and B values for MG were almost the
same between tubes, only R value was counted to reflect the intensity of
MG results. Also, the fluorescence signal intensity of fluorometric
readout was obtained by grayscale graph. When the concentration of
virus exceeded 5 copies/pL, the intensity was significantly increased
compared to the NTC group (p < 0.01). However, there was no obvious
change of the signal between the 1 copy/pL group and the NTC group by
both detection methods. The colorimetric method detection objects are
based on H'-induced pH change. When the sample concentration was
low, the LAMP reaction does not reach the threshold for pH change,
resulting in a failure to distinguish from a negative sample within a
reaction time. In addition, in clinical application, many factors might
interfere pH change. The colorimetric and fluorometric ways were
judged depending on naked eyes, which were potentially subjective. For
example, the sensitivity test of these two methods were highlighted with
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red dotted line in Fig. 4. With naked-eye we could detect virus sequence
down to 5 copies/pL. Nevertheless, some of the 1 copy/pL sample
showed a significant color change, while some of them could only show
a relatively light color change within the predetermined time (40 min),
which meant that there was little difference in color between samples
and NTC. This feature makes the subjective judgment inconspicuous at
low nucleic acid concentrations, which means the lateral dipstick
detection method could provide a more objective result. As shown in
Fig. 4C, the lateral dipstick could detect virus sequence down to 1 copy/
pL. Visualization detection was achieved by employing an anti-6-FAM
antibody to capture 6-FAM labeled nucleic acid product (test line),
whereas excess anti-biotin-Au-NP conjugates would generate a signal
when captured by the secondary antibody located on the control line
(control line). Therefore, with the most intuitive result presentation, the
lateral flow strip was finally employed in the following PaGeR platform
test.

RT-LAMP assay for clinical samples by PaGeR platform. Based on
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the established method, collected samples could be transported to the
PaGeR instrument for the amplification reaction. The schematic diagram
of the detection process was shown in Fig. 5A. And the whole process of
detection by PaGeR from swab collection to results readout was shown
in Video S1. Firstly, the collected samples from nasopharyngeal and
oropharyngeal flocked swabs were inactivated by heating the sample at
95°C for 5 min in PaGeR built-in heating system. After treatment, swab
RNA extraction was done by RNA extraction kit. Once the virus RNA was
extracted, it was added to the reaction mixture contained modified
primers. By heating at 65°C for 40 min, one-step RT and LAMP reaction
could be completed. Finally, visualized results of lateral flow were read
simply by the naked eye. A single band of control line indicated a
negative result, whereas two bands indicated a positive result. Totally,
the whole process including swab sample collection (3-5 min), RNA
extraction (10-15 min), one-step RT-LAMP reaction (40 min) and lateral
dipstick readout (less than 5 min) could be completed around 1 h by
employing the PaGeR platform.
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Fig. 6. The results of 16 COVID-19 infected patient samples by PaGeR. (A) 14 of 16 samples directly showed two bands. Only patient E and patient N did not show
two bands. (B-E) The results of 16 COVID-19 infected patient samples by Real-Time PCR System. (B) The real-time fluorescence curves for SARS-CoV-2 positive
control, four patient samples, negative control (healthy sample) and NTC. (C-E) Other 12 patient samples real-time fluorescence curves. Only samples from patient E

and patient N show no significant increase of fluorescence intensity.
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To further investigate the diagnostic accuracy and reliability of
PaGeR for clinical samples, we first tested one patient sample and one
normal sample (healthy volunteer) by employing both PaGeR system
and Real-Time LAMP system (Real-Time PCR system with isothermal
program). As shown in Fig. 5B, detection strips reacting with patient
sample and positive plasmid captured the corresponding labeled probe
and appeared two bands containing test line and control line. While the
strips reacting with control and normal samples appeared only one band
on the Test line. Furthermore, by employing Real-Time PCR (LAMP)
system, the fluorescence intensity of the reaction mixture from patient
and positive plasmid was increased, while no significant signal increased
in reaction mixture from neither control nor normal sample (Fig. 5C).

Afterward, 70 respiratory swab samples from 16 patients and 54
healthy donors were then investigated by PaGeR. The negative samples
from healthy donors and clinical samples from COVID-19 patients were
diagnosed by RT-qPCR with the standard protocol prior to detection
using PaGeR. Among the 16 samples from patients, 14 of them directly
showed two bands, which contained a test line and a control line,
indicating that the test result was positive (Fig. 6A). Only patient E and
patient N did not show positive results, probably because the viral
concentration was too low to be detected with this method. While all the
54 uninfected samples were showed one band on the control line with a
negative result (data not shown). In addition, the fluorescence intensity
of 16 patients and 54 healthy donors (divide into 6 groups) were shown
in Fig. 6B-E and Fig. S3, which indicated that detection using PaGeR
achieved consistent results relative to that with Real-Time LAMP system.
Together with the two samples in the validation phase, the accuracy of
PaGeR could reach 97.2% with a total of 72 subjects enrolled in the
study (Fig. S4). The sensitivity of PaGeR platform was 88.2% (15/17)
and the specificity was 100% (55/55). The positive predictive value
(PPV) could reach 100% (15/15) while the negative predictive value
(PPV) was 96.5% (55/57), which verified the possibility of PaGeR
platform for COVID-19 detection in clinical samples.

4. Discussion

The COVID-19 pandemic is still ongoing. Early diagnosis, treatment,
and vaccine can effectively reduce virus transmission. RT-PCR is the
gold standard for SARS-CoV-2 determination with high sensitivity.
However, the qRT-PCR-based assays need expensive laboratory instru-
mentation, and the detection needs to be performed in public health
laboratories currently. The PaGeR device provides a rapid, affordable,
user-friendly and reliable diagnostic strategy for COVID-19 detection
from extracted patient sample RNA by RT-LAMP. Firstly, the PaGeR
device can be integrated into a 23 x 11 x 9 cm® suitcase, thus acting as a
potential mini-instrument for economical and operation simple POCT
detection outside the clinical laboratory. Secondly, the cost of PaGeR
device is less than $400, and a single RT-LAMP reaction only cost less
than $3. The cost of lateral dipstick employed in our assays is estimated
to be $2 per test. Thirdly, the developed PaGeR device allows detection
of SARS-CoV-2 with approximately 1 h. To sum up, our PaGeR is a
promising choice for rapid detection in the community as well as at
home.

Since there are some commercial colorimetric LAMP Kits (e.g., NEB
WarmStart™ Colorimetric LAMP 2 x Master Mix) applicable to SARS-
CoV-2 detection, colorimetric methods for RT-LAMP amplification
have been mostly reported in COVID-19 detection (El-Tholoth et al.,
2020; Lalli et al., 2020; Huang et al., 2020b; Park et al., 2020; Dao Thi
et al., 2020). The sensitivity of colorimetric detection varies from 0.08
copy/pL to 5 copies/pL (calculated into copies per pL) (Table S3). The
extreme sensitivity of detection also acts as a double-edged sword,
which can cause false positive results (e.g., 0.08 copies/pL) (Huang
et al., 2020b). In addition, the detection using colorimetric method are
based on H*-induced pH change, so the elution buffers for various RNA
extraction kits will affect the result. The fluorometric method detection
objects are not affected by pH, making the reaction conditions more
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tolerant for acids and bases. The sensitivity of detections can reach 0.5
copies/pL to 8 copies/pL (Table S3) (Jiang et al., 2020; Yan et al., 2020).
However, it requires a supplementary equipment to detect the fluores-
cence. RT-LAMP coupled with CRISPR/Cas technology can detect
SARS-CoV-2 with high specificity and the detection result can also be
performed by fluorometric and lateral dipstick methods (Broughton
et al., 2020; Joung et al., 2020; Wang et al., 2021). The sensitivity is
similar to the LAMP method, and in some cases better than the RT-LAMP
method (Table S3). However, the assays require a two-step thermostatic
amplification process, a 65°C LAMP reaction and a 37°C CRISPR
reaction.

The self-developed PaGeR device supports three methods (colori-
metric readout, fluorometric readout and lateral dipstick readout) for
rapid and simple detection of COVID-19 by RT-LAMP. Among them, the
lateral dipstick method has a higher sensitivity than other two methods
(Fig. 4). So the lateral dipstick method was employed in further detec-
tion using clinical samples. The accuracy of PaGeR could reach 97.2%
with 72 clinical samples (Fig. S4). Our PaGeR device can be reconfigured
within days to use. We have used a 4-step standard process method:
inactivation, extraction, amplification and detection. We fabricate the
device with two temperature units, one for virus inactivation and the
other for LAMP amplification. The virus inactivation step is set up to
protect the operator from infection by the virus within the sample, if
any. In the case of self-testing, no inactivation step is required. Further
work will focus on rapid one-step sample processing (e.g., direct addi-
tion to the RT-LAMP system after 5 min at 95°C), which will shorten the
steps of the assay. Also, the future development of microfluidic tech-
nology and lyophilized reagents can enable POCT detection outside of
the laboratory in a more friendly way to users.

5. Conclusion

In this work, we developed a PaGeR device for rapid and simple
detection of COVID-19 from extracted patient sample RNA by RT-LAMP.
The virus inactivation, the RT-LAMP reaction and the lateral dipstick
result readout were successfully performed on this device. We success-
fully detected SARS-CoV-2 down to 1 copy/pL after reaction optimiza-
tion. We further investigated the PaGeR platform to detect SARS-CoV-2
in clinical RNA samples isolated from swab specimens. The results
showed that 15 out of 17 COVID-19 patients were diagnosed as positive
while all 55 normal samples were diagnosed as negative.

Thus, this developed PaGeR device allowed detection of SARS-CoV-2
in a diagnostic test within approximately 1 h. It had several unique
advantages including one-step RT-LAMP reaction, user-friendly pro-
cedure and without any expensive instruments. These advantages of the
device provide great potential as a mini-instrument for economical and
operation simple POCT detection, especially in resource-limited envi-
ronments. Future work will be focused on increasing sensitivity and
simultaneous detection of multiplex target genes such as Membrane
protein (M gene), small envelope gene (E gene) or spike glycoprotein
gene (S gene). In addition, convenient operation process and simplified
PaGeR device would be considered to facilitate the use by non-
professional individuals. Therefore, our developed PaGeR device can
be employed to investigate the testing of nasal swabs for detection of
nucleic acid from SARS-CoV-2, which could be further used for in vitro
diagnosis of COVID-19 under clinical, environmental samples commu-
nity as well as at home.
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