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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2)
One-tube is a highly contagious disease. To tame the continuously raging outbreak of COVID-19, developing a cheap, rapid
]S“:;SP'C"V'Z and sensitive testing assay is absolutely imperative. Herein, we developed a one-tube colorimetric RT-LAMP

assay for the visual detection of SARS-CoV-2 RNA. The assay integrates Si-OH magnetic beads (MBs)-based
fast RNA extraction and rapid isothermal amplification in a single tube, thus bypassing the RNA elution step and
directly amplifying on-beads RNA molecules with the visualized results. This one-tube assay has a limit of
detection (LOD) as low as 200 copies/mL for sample input volumes of up to 600 pL, and can be performed in less
than 1 h from sample collection to result readout. This assay demonstrated a 100% concordance with the gold
standard test RT-qPCR test by using 29 clinical specimens and showed high specificity. This one-tube colori-
metric RT-LAMP assay can serve as an alternative platform for a rapid and sensitive diagnostic test for COVID-19
and is particularly suitable for use at community clinics or township hospitals.

Point-of-care test
Visual readout

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly spread
worldwide, bringing serious consequences for human life and the global
economy (Wu, 2020; Hogan, 2020). Fortunately, the development and
deployment of COVID-19 vaccines is the best hope for ending the
pandemic (Koff, 2020; Poland, 2020). However, curbing the spread of
infection is paramount at present. Testing is a key starting point to
contain COVID-19 transmission, and accurate SARS-CoV-2 detection is
an essential prerequisite for treatment, isolation of infected individuals,
and contact tracing (Panpradist, 2021; Rivett, 2020; Guglielmi, 2020;
Mina, 2020). The real-time quantitative polymerase chain reaction
(RT-qPCR) method is considered the gold standard for the sensitive and
specific detection of SARS-CoV-2 RNA (Vogels, 2020; Hu, 2020). How-
ever, performing an RT-qPCR assay typically requires a centralized
laboratory, expensive and specialized instrumentation, and is always
time-consuming. In the context, the urgency for the development of a
simpler, faster, cheaper and accurate SARS-CoV-2 detection assay
cannot be emphasized.

Nucleic acids, antigens and antibodies are the three key types of
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biomaterials used for coronavirus detection. Nucleic acid-based tests
detect viral genetic materials, whereas antigen-based tests detect the
viral proteins. On the other hand, serology-based tests detect antibodies
produced by immune system in response to the viruses. Both the anti-
gen- and antibody-based tests can be performed in minutes even by non-
experts; however, they invariably suffer from poor sensitivity (Keva-
diyal, 2021; Guglielmi, 2021; Crozier, 2021; Wise, 2020; BDJ Team,). In
addition, antibody-based tests are not effective in the earliest phase of
the infection, because the IgG and IgM antibodies are produced only
after two weeks of exposure to the virus (Li, 2020; Sette, 2021; Baron,
2020). Due to these reasons, both antigen- and antibody-based tests are
not the optimal approaches for SARS-CoV-2 detection.

Nucleic acid-based tests are playing a vital role in effectively con-
taining SARS-CoV-2 transmission; particularly the RT-qPCR assay. In the
context of the COVID-19 pandemic, to meet the ever-increasing testing
demands, reduce the load on RT-qPCR testing, and for development of
rapid nucleic acid detection platforms, nucleic acid-based isothermal
amplification methods have been extensively deployed (Broughton,
2020; Klein, 2020; Rabea, 2020; Ganguli, 2020; Huang, 2020). The two
fundamental isothermal amplification techniques are the recombinase
polymerase amplification (RPA) and loop-mediated isothermal
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amplification (LAMP). While the RPA reaction can be performed at
42 °C, but it requires the introduction of additional magnesium acetate
prior to amplification, which complicate the test protocol (Behrmann
et al., 2020). Nevertheless, the RT-LAMP assay is straightforward. The
typical requirements and procedure for such an assay are a solution
comprising mainly the Bst DNA polymerase, reverse transcriptase,
primer sets and reaction buffer. For example, Brian et al. developed a
rapid and inexpensive RT-LAMP assay for SARS-CoV-2 detection (Rabea,
2020). This assay has achieved an LOD of 1 copy/pL through glass
milk-based concentrating genomic RNA, and the results were available
in 30 min. Anurup demonstrated a portable and point of care (POC)
detection system for SARS-CoV-2, which has an LOD of 50 copies/pL and
a test time of 30 min (Ganguli, 2020). The LAMP technique coupled with
CRISPR Cas12 cleavage has also been utilized for SARS-CoV-2 diagnosis
and showed better performance (Broughton, 2020). A few LAMP-based
tests are available at present. Color SARS-CoV-2 RT-LAMP diagnostic
assay developed by Color Genomics was demonstrated to have an LOD of
0.75 copy/pL (Color Gnomics)(www.color.comwww.color.com). The
colorimetric readout and high-throughput detection capacity are the
highlights of this assay. However, it operates by a beads-based RNA
extraction and elution, which limits rapid testing. The Lucira COVID-19
all-in-one test kit is another RT-LAMP-based assay and an at-home
testing kit authorized for use in POC settings for individuals aged 14
and older (www.lucirahealth.com). While this kit exhibited higher
analytical sensitivity, validation with more clinical samples is necessary.

The molecular test approach includes three main steps in the routine
protocol; specimen collection, nucleic acid purification and detection.
The latter two steps play an extremely important role in a highly sen-
sitive nucleic acid testing, and thus we explored the development of a
simple and rapid SARS-CoV-2 testing assay by integrating the RNA pu-
rification and detection in an all-in-one step approach. Herein, a one-
tube colorimetric RT-LAMP assay was developed via the integration of
Si-OH MBs-based fast RNA extraction and rapid isothermal amplifica-
tion in one single tube. MBs demonstrate a strong ability to bind RNA
molecules and are capable of realizing the automatic extraction of the
nucleic acid. Upon capture by MBs, the RNA together with the MBs were
directly used for the downstream RT-LAMP reaction, and thereby
avoiding RNA elution. This one tube assay not only simplifies the testing
pipeline, but can also concentrate RNA molecules, producing a rapid and
highly sensitive test. The assay demonstrated an LOD down to 200
copies/mL in less than 1 h, and showed a 100% concordance with the
gold standard RT-qPCR test by using 29 clinical specimens. This one-
tube colorimetric RT-LAMP assay is a promising platform to support
widespread testing for COVID-19 and is also an alternative for POC
testing.

2. Materials and methods
2.1. Chemicals and reagents

The oligonucleotide used in this work was synthesized by Rui Biotech
(Beijing, China). WarmStart® Colorimetric LAMP 2X Master Mix (DNA
& RNA) and WarmStart® LAMP Kit (DNA & RNA) were purchased from
New England Biolabs (New England, USA). QIAamp Viral RNA Mini Kit
was obtained from QIAGEN (Germany). One Step TB Green™ Prime-
Script™ RT-PCR Kit was bought from Takara (Dalian, China). Si-OH
MBs was produced by PuriMag Biotech (Xiamen, China). 2019-nCoV
RNA reference material was produced by National Institute of
Metrology (Beijing, China). Nuclease-free water was obtained from
Thermo Fisher Scientific (USA). Mineral oil was purchased from Sigma
-Aldrich (St. Louis, USA). EDTA Na,, TRIS and guanidine thiocyanate
(GuSCN) were purchased from Solarbio Life Sciences (Beijing, China).
Sodium hydroxide, sodium chloride, hydrochloric acid, and absolute
ethanol were obtained from Macklin Biochemical (Shanghai, China).
Phosphate buffered saline (PBS, pH7.4, without Calcium and Magne-
sium) was procured from BI biological industries (Beijing, China). The
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lysis buffer was prepared by mixing 2.5 mM EDTA, 20 mM Tris, 4 M
GuSCN, and 2 M NaCl in pH 6 aqueous solution. Ultrapure water (18.2
MQ cm) was produced by an ultrapure water system (Milli®-Q refer-
ence). GX/P2V betacoronavirus was isolated by using Vero E6 cells.

2.2. Viral RNA concentration utilizing Si—-OH magnetic beads

A facile and low-cost viral RNA concentration assay was developed,
for which the corresponding protocol is as follows. (1) Vortex to thor-
oughly mix Si-OH MBs and the lysis buffer in a 1.5-mL microtube
(Nonpyrogenic & DNase-/RNase-free); (2) Add certain volume of the
sample to the tube; (3) Vortex or invert to mix, and incubate at room
temperature for 5 min; (4) Place the tube on a magnetic rack, wait 15 s
until the solution is clear; (5) Transfer the MBs to the bottom of the tube
and remove the supernatant; (6) Add freshly-prepared 80% aq. ethanol,
keep for 15 s and remove the supernatant; (7) Air dry the MBs at room
temperature and ensure the removal of ethanol; (8) Cap and remove
from the magnetic rack for downstream processing.

2.3. One-tube colorimetric RT-LAMP protocol

The MBs, which contain the captured viral RNA, was directly used
for performing the colorimetric RT-LAMP without RNA elution in the
same 1.5-mL tube. To 50 pL of the colorimetric RT-LAMP reaction mix,
25 pL 2 x WarmStart Colorimetric LAMP Master Mix, 5 pL 10 x primer
mix including 16 uM FIP and BIP, 4 pM LF and LB, and 2 pM F3 and B3, 2
pL 0.2% phenol red, and 18 pL Nuclease-free water was added. In brief, a
50 pL colorimetric RT-LAMP reaction mix was directly added to the 1.5-
mL tube, prepared according to the procedure in section 2.2. Next, an
equal volume of 50 pL mineral oil was added, and the reaction was
performed at 65 °C for 40 min in a heating block or water bath. Upon
reaction completion, the reaction tubes were removed from heating
block and cooled down to room temperature. The reaction tubes were
then placed on a white cardboard and the results could be read either by
the naked eyes or imaged using a smartphone with default setting. As
LAMP suffers from aerosol/cross-contamination. Never ever open LAMP
reaction tube unless it is absolutely necessary.

2.4. RT-qPCR reactions

RT-qPCR reactions were set up using the One Step TB Green™ Pri-
meScript™ RT-PCR Kit in a QuantStudio 1 thermal cycler. The RT-qPCR
reaction using a SYBR Green method was performed as follows: 42 °C for
5 min, 95 °C for 10 s followed by 40 cycles consisting of 95 °C for 5s,
60 °C for 34 s and the collection of fluorescence signal in the final step.
For the detection of the viral RNA extracted by MBs, RNA together with
MBs was mixed thoroughly with 50 pL reaction buffer containing 25 pL
2 x One Step TB Green RT-PCR buffer, 1 pL Takara Ex TagHS, 1 pL
PrimeScript RT enzyme mix, 1 pL. ROX Reference dye (50 x ), 1 pL
forward primer (10 pM), 1 pL reverse primer (10 pM), and 20 pL
nuclease-free water. Then, the reaction buffer together with the MBs
were transferred to 0.2-mL tubes to run the RT-qPCR reaction. For the
detection of the viral RNA extracted using the QIAamp Viral RNA Mini
Kit, 200 pL sample was input and eluted with 50 pL nuclease-free water,
followed by 5 pL of the eluent to perform the RT-qPCR reaction ac-
cording to the kit instruction.

2.5. Validation of the one-tube colorimetric RT-LAMP using COVID-19
specimen

Nine clinical specimens, which had been confirmed SARS-CoV-2
positive by RT-qPCR, were obtained from a Wuhan hospital in
February 2020 (Table S1). The SARS-CoV-2 RNA was extracted from
nasopharyngeal swabs using QIAamp Viral RNA Mini Kit and stored in a
1.5-mL RNAstable tube at —70 °C. The SARS-CoV-2 RNA samples were
first diluted 1000-fold using 1 x PBS. Then, 600 pL of the diluted sample
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was concentrated using Si-OH MBs, followed by the performance of the
one-tube colorimetric RT-LAMP reaction as described above. In addi-
tion, 20 oropharyngeal swab samples were acquired from healthy do-
nors in the Tong Lab, and 600 pL of an initial sample was pipetted to run
the one-tube assay. Negative control (NTC) was performed in every
experiment by using nuclease-free water instead of the SARS-CoV-2
clinical samples.

2.6. Ethics statement

This study was carried out with the intention of developing a fast
SARS-CoV-2 diagnostic assay for fighting COVID-19. Deidentified sur-
plus SARS-CoV-2 samples that had been collected for SARS-CoV-2
diagnostic testing were used to establish and validate our developed
protocol. Ethics approval was obtained from the Review Board of Beijing
University of Chemical Technology, and all participants gave informed
consent.

3. Results and discussion
3.1. Construction of the one-tube colorimetric RT-LAMP assay

A fast and highly sensitive assay for viral RNA detection was devel-
oped by the integration of Si-OH MBs-based nucleic acid extraction and
loop-mediated isothermal amplification. As shown in Fig. 1, the lysis
buffer, Si-OH MBs and the sample were mixed in a 1.5-mL tube followed
by allowing the virion to lyse and release the viral RNA. The RNA
molecules would be captured by MBs in the salt buffer of high concen-
tration and lower pH, likely due to the formation of hydrogen bind or
electrostatic interaction between the negatively charged RNA phosphate
groups and the silicon hydroxyl (Si-OH) groups of the SiO5 coated on the
MBs. The MBs were then isolated from the lysis buffer using a magnet,
and then the resulting supernatant was removed. A freshly-prepared
80% aqueous ethanol solution was used to wash the MBs to remove
the residual guanidinium and some other inhibitors, followed by air
drying at room temperature. Subsequently, the RT-LAMP reaction
mixture was directly added to the tube. Notably, it is definitely unnec-
essary to elute RNA from MBs at the end of RNA extraction because an
elution will lead to a dilution and the loss of target RNA, especially for

o 00
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those samples with lower concentrations. Lastly, the RT-LAMP reaction
was set up at 65 °C for 40 min by placing the microtube in a thermotank
or water bath apparatus. Finally, the result was easy to read by the naked
eyes upon introducing phenol red as the indicator to sensitively flag the
pH change of the reaction buffer. In the initial stages of RT-LAMP re-
action, the reaction solution is weakly alkaline showed by a red color-
ation of the solution. Once the reaction starts in the presence of the
target genomic materials, thousands of millions of DNA molecules are
amplified, which result in sample becoming acidic and casing a color
change from red to yellow. Overall, a rapid and sensitive one-tube
colorimetric RT-LAMP assay was constructed for the viral RNA
detection.

3.2. Optimization of the one-tube colorimetric RT-LAMP assay

The one-tube colorimetric assay was optimized using a novel real
coronavirus GX/P2V instead of SARS-CoV-2, as they have a high degree
of similarity in their nucleotide sequence (Lam, 2020). Firstly, the effect
of the size of the MBs on the nucleic acid extraction efficiency was
explored. As shown in Fig. 2A, 200-nm MBs exhibited the best perfor-
mance with the lowest Ct value, and the performance of 20-nm MBs was
the lowest, likely due to the lower amount of SiO, coated on magnetic
beads, and then which reduced their capacity to capture RNA. For
1000-nm MBs, the lower performance could be attributed to their large
particle size with relatively smaller specific surface area, indicating a
decreased capacity for RNA binding. To ensure complete lysis of the
viral particles and the release of genomic materials, sufficient incubation
time is necessary. The amount of captured RNA increased by 13% with
the increase in the incubation time from 3 to 5 min. However, when
incubation time was greater than 7 min, the amount of captured RNA
did not increased further and decreased slightly (Fig. 2B). Accordingly,
the optimal incubation time required for the MBs to capture free viral
RNA from the lysis buffer was determined to be 5 min. Other crucial
parameters related to MB-based viral RNA extraction were also inves-
tigated in detail in our previous work.

Considering that the MBs carrying viral RNA are directly used for
downstream amplification, we explored the sensitivity improvement by
increasing the volume of initial sample. As depicted in Fig. 2C, the
amount of RNA captured by the MBs increased with increased sample

0° ¥
O
Mix Lyse Capture Wash & Dry Red Yellow

Fast extraction of viral RNA (10 min)

Coronavirus and its fragments Magnetic beads RNA DNA

Colorimetric RT-LAMP (40 min)

™
P

Thermotank

Fig. 1. Schematic of the one-tube colorimetric RT-LAMP assay for the visual detection of viral RNA. This assay is developed via the integration of Si—-OH MB-based
fast viral RNA extraction and rapid isothermal amplification in a single tube in less than 1 h.



Y. He et al.

2.0
184 A ]

- 314
1.6 ]
1.4 20

124 277
— >
1.04 3

0.8+

0.6

0.4+ :
T 20 nm 200 nm 1000 nm
0.2+
- Size of MBs (nm)

0.0 »eosesss

-0.24
0 3 6

ARN

s a4

T T T T T T T T T T

9 12 15 18 21 24 27 30 33 36 39
Cycle

1C HH 100 pL [0 400 pL

37
] BN 200 b [ 600 pL

36—

38

35+

34—

Ct value

10* copies/mL 103copiesImL 10° copies/mL

=
o

<

Biosensors and Bioelectronics 187 (2021) 113330

32
4B
30+
28+ W{.——-—-——“"‘{
] -4
3
S 26
o -
24
224
20 4+—r—T—T—TT—T—T"T"
0 2 4 6 8 10 12 14 16 18
Incubation time (min)
1D
1.5x107 -
4 7.5 pg/pL
1.2x107] © 12.5 pamL
] 17.5 pg/pl
9x10° 22.5 pg/pL
6x105. -@ 22.5 ng/pL-NTC
4 & P
3x106

0

0 3 6 9

12 15 18 21 24 27 30 33 36 39
Time (min)

Fig. 2. Optimization and characterization of MBs-based nucleic acid extraction and RT-LAMP reaction tolerance to MBs. (A) Effect of MBs size on RNA extraction
efficiency, (B) Effect of incubation time on RNA extraction efficiency, (C) Characterization of the extraction yield of MBs using various concentrations of GX/P2V
virus particles under different sample volumes, (D) Assessment of RT-LAMP reaction tolerance to MBs by using GX/P2V RNA, the inset picture is corresponding
colorimetric RT-LAMP result, P represents positive control using plasmid DNA as template.

input. For 10* copies/mL of GX/P2V virions, the amount of captured
RNA increased about 4.35-fold after the total input sample volume was
increased by 5 times. For 10% and 102 copies/mL of GX/P2V virions,
when the total input sample volume increased by 5-fold, the amount of
captured RNA increased by 2.31-fold and 5.03-fold, respectively, which
revealed that an increase in sample volume increases the amount of
captured RNA. Furthermore, a comparison of RNA extraction yield from
the MB-based method and that with QIAamp Viral RNA Mini Kit using
RT-qPCR technique was carried out, and six ten-fold serial dilution GX/
P2V virions were used to study RNA extraction efficiency. The results
showed the priority of our MB-based method in comparison to QIAamp
Viral RNA Mini Kit (Fig. STA). More importantly, our method displayed
a strong ability to concentrate low concentration RNA samples (102
copies/mL) by increasing sample input, and showed an improvement of
one order of magnitude compared to the QIAamp Viral RNA Mini Kit. In
addition, spike recovery tests indicated greater than 94% recovery for
both DNA and RNA samples (Figs. S1B and S1C).

In comparison with the conventional RT-LAMP assay, as our method
involves the retention of MBs in the reaction solution, the additional
introduction of MBs may inhibit DNA amplification. Therefore, the
tolerance of the RT-LAMP reaction to MBs was studied. Varying amounts
of MBs were added to 50 pL RT-LAMP reaction mixture prior to running
the amplification, followed by the real-time monitoring of the reaction
process in a qPCR thermolcycler. Interestingly, we observed that the
MBs introduced in the RT-LAMP reaction system did not suppress DNA
replication, but showed a certain degree of enhancement. As shown in
Fig. 2D, the threshold time (Tt) of LMAP reaction with different con-
centrations of MBs (7.5-22.5 pg/pL) was approximately 14 min,
whereas that for positive control reaction without MBs was approxi-
mately 19 min, suggesting that a 5-min improvement was achieved.

Next, different concentrations of SARS-CoV-2 RNA or plasmid DNA were
employed to investigated the enhancement of the RT-LAMP reaction by
MBs. The results showed that MBs could indeed enhance nucleic acid
amplification in LAMP reaction for both low-concentration and high-
concentration samples (Figs. S1D and E). The enhancement of LAMP
reaction by MBs can be attributed to: possible electrostatic interaction
between the Si-OH MBs and LAMP components (Kambli, 2016); heat
conduction by Si—-OH MBs (Li, 2005); and the single-strand DNA binding
protein-like property of Si-OH MBs (Li, 2016). To further enhance the
visual readout, a 50 pL. LAMP mixture was modified by adding 2 pL of
0.2% phenol red. As seen in Fig. S2, the color change was more distin-
guishable in the solution with modified reaction.

3.3. Sensitivity of the one-tube colorimetric RT-LAMP assay

The sensitivity of the method to the real coronavirus GX/P2V and
SARS-CoV-2 RNA was explored next. GX/P2V RNA was extracted from
200 pL of the cell supernatant using an equal volume of lysis buffer and
15 pL of 25 mg/mL MBs, and then the obtained RNA/MBs composite was
directly used as the template to amplify the target DNA. Test results of
both 2 x 10% and 2 x 10° copies/mL samples were positive (Fig. 3A).
However, only half of the tested 2 x 102 copies/mL sample indicated a
positive result. Samples with 2 x 10! and 2 x 10° copies/mL, and NTC
gave negative results. Accordingly, the sensitivity of the one-tube
colorimetric RT-LAMP assay was about 2 x 10° copies/mL for GX/
P2V for a 200 pL sample input. To further improve the sensitivity, an
enrichment protocol, by increasing sampling volume, was implemented.
Upon increasing sample input by 2-3 times while holding the amount of
MBs in constant, we observed half of the tests for a 200-uL input, a
quarter of the tests with a 400-pL input, and three-fourths of the 600-pL
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Fig. 3. Sensitivity of the one-tube colorimetric RT-LAMP assay for GX/P2V virions and SARS-CoV-2 RNA. (A) Sensitivity test using GX/P2V virus particles. (B)
Reproducibility test using 200 copies/mL GX/P2V virus particles with various input volumes and a constant amount of MBs. (C) Reproducibility test using 200
copies/mL GX/P2V virus particles with various input volumes and the proportional increase of MBs amounts. (D and E) Sensitivity test for SARS-CoV-2 using RdRp
primer sets with 600-pL input volume. (F) Reproducibility test using 600 pL of the 200 copies/mL SARS-CoV-2 RNA solution. In above tests, negative control (NTC)

was performed using 1 x PBS instead of samples.

input tests gave a false negative result (Fig. 3B). These results suggested
that the insufficient concentration of MBs prevented the capture of the
RNA molecules completely. Therefore, the amount of MBs was increased
in proportion to the total sample input volume. The results shown in
Fig. 3C indicated that three-fourths of the tests for both 200- and 400-uL
inputs showed a false negative, whereas for the sample input of 600-pL,
a 100% positive was observed from the four replicates, indicating a
stable LOD of 200 copies/mL for the initial sample. By comparison with
the conventional RT-LAMP and RT-qPCR assays, the LOD of the devel-
oped assay showed an improvement of two and one order of magnitude,
respectively (Table S3).

Furthermore, SARS-CoV-2 RNA reference material was spiked into
the viral transport medium solution and mixed with an equal volume of
lysis buffer containing 1.125 mg of MBs before performing the one-tube
assay. As showed in Fig. 3D, E, and F, the LOD for the one-tube assay
using RARp primer sets was 200 copies/mL, which was comparable to
that of the RT-qPCR and revealed an improvement of two orders of
magnitude compared with the conventional RT-LAMP assay (Fig. S3 and
Table S4). Moreover, two plasmid vectors comprising NSP2 and RdRp
regions of SARS-CoV-2, respectively, were used as templates to further
characterize the one-tube assay. The results showed the assay was
robustly stable with an LOD of 10? copies/mL, which is two orders of
magnitude higher than that of the conventional RT-LAMP and the same
as that of the RT-qPCR (Figs. S4 and S5; Tables S5 and S6). It is known
that SARS-CoV-2 viral load is widely distributed, ranging from 103-10'°
copies/mL, and the median viral load in nasopharyngeal swab is around
10° copies/mL (Feng, 2020; Pan, 2020). Accordingly, the readout level
for SARS-CoV-2 RNA using the one-tube assay is consistent with the viral

load in COVID-19-infected patients, thus supporting the use of this assay
for SARS-CoV-2 testing.

3.4. Specificity and clinical validation of the one-tube colorimetric RT-
LAMP assay

Because three primer sets are used to specifically hybridize with the
eight different regions of the target molecule, the LAMP reaction has a
very high specificity (Tsugunori, 2000). SARS-CoV-2 shares a lower
nucleotide identity with SARS-CoV, MERS CoV, HCoV-229 E,
HCoV-0C43, HCoV-NL63 and HCoV-HKU1, and shares over 85.8%
nucleotide sequence with GX/P2V (Fig. S6; Table S7). Therefore,
GX/P2V was used to evaluate the specificity of one-tube assay. The
purified GX/P2V RNA was spiked in the clinical sample of a healthy
individual without COVID-19 infection, and was used as the template to
run the RT-LAMP reaction. Two primer sets, which target NSP2 and
RdRp regions of SARS-CoV-2, respectively, were designed to amplify the
target molecules for COVID-19 diagnosis. According to the Tt values of
fluorescence-based RT-LAMP amplification curves in Fig. 4A, we
observed that 1) Tt value (13 min) for NSP2 primers was 10 min earlier
than that (23 min) for the RdRp primers, indicating that NSP2 primer
sets performed better than the RdRp primer sets; 2) both GX/P2V and
NTC samples did not amplified using either NSP2 or RdRp primer sets,
suggesting that there was no cross-reactivity between those two primer
sets and GX/P2V or human genomic materials. In addition, we also
further verified no cross-reaction between SARS-CoV-2 and other human
coronaviruses (Fig. S7; Table S8). Moreover, we found that these two
primer sets could robustly identify multiple emerging SARS-CoV-2
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Fig. 4. Specificity and clinical validation of the one-tube colorimetric RT-LAMP assay using clinical SARS-CoV-2 samples. (A) Specificity test for SARS-CoV-2
detection using RdRp and NSP2 primer sets. GX/P2V RNA and one clinical SARS-CoV-2 RNA were used to test the cross-reactivity of LAMP assay. (B) Sample
pooling strategies with sample pool sizes of 2-4. (C) Detection of clinical SARS-CoV-2 RNA using one-tube colorimetric RT-LAMP assay. The inset table shows
corresponding Ct values (ORF1ab target gene) of the clinical specimens. (D) The Ct values of the clinical samples targeting three different regions of SARS-CoV-2. Ct
values were obtained using an authorized 2019-nCoV RT-PCR Detection Kit (20203400299) with a LOD of 300 copies/mL. A Ct value less than 41 indicates a positive
result with the sample denoted as LAMP positive. Ct value greater than 41 indicates a negative result with the samples denoted as LAMP negative.

variants, even for samples with lower concentrations of viral RNA
(Figs. S8 and S9). Thus, we concluded that these two primer sets, with a
very high specificity, were robust for our assay.

In response to the strong demand for higher throughput testing ap-
proaches, as well as the global shortage of nucleic acid extraction re-
agents causing significant delays in testing, 200 pL 10* copies/mL GX/
P2V RNA was mixed with an equal volume of the other 1-3 negative
samples for implementing pooling test. As shown in Fig. 4B, the Ct
values for samples with pool sizes from 1 to 4 were 32.72, 32.87, 32.57
and 32.51, respectively. This results revealed that the yield of the MBs
that captured RNA did not decrease, even if the test pool size contained
up to 4 specimens, indicating that our assay is suitable for pooling
strategies. Finally, we demonstrated the detection of the SARS-CoV-2
RNA from clinical specimens using the one-tube colorimetric RT-
LAMP assay. An input volume of 600 pL of the samples with two repli-
cates was used to characterize our developed assay. Nine samples,
confirmed SARS-CoV-2 positive, were all diagnosed with positive, and
20 confirmed SARS-CoV-2 negative samples were all diagnosed as
negative (Fig. 4C and S10). These results are in high accordance with the
RT-qPCR results, which indicated that the one-tube colorimetric RT-
LAMP assay is a highly sensitive and specific method for SARS-CoV-2
RNA diagnosis (Fig. 4D).

4. Conclusions

Herein, we have developed an all-in-one colorimetric RT-LAMP

assay for SARS-CoV-2 detection by integrating viral RNA purification,
amplification and detection in a single tube. Following purification, the
RNA/Si-OH MBs composite can be directly used as a template for
downstream colorimetric RT-LAMP detection. Si-OH MBs are not only
compatible with RT-LAMP reaction, but also enhance the reaction. The
developed one-tube assay demonstrates an LOD of 200 copies/mL of
SARS-CoV-2, requires less than 1 h for performing the test, and is suit-
able for pooling testing. In addition, the assay is robust and reliable for
clinical specimen diagnosis, at a level comparable to the current RT-
gPCR gold standard assay. The execution of this promising assay does
not require conventional laboratory infrastructure and specialized in-
struments, which supports its potential use in routine screening and POC
testing for COVID-19.
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