S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Talanta 242 (2022) 123297

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

Isothermal gene amplification coupled MALDI-TOF MS for o
SARS-CoV-2 detection

Guobin Han?, Qiuyuan Lin?, Jia Yi?, Qian Lyu"”, Qingwei Ma”, Liang Qiao ™"

@ Department of Chemistry, Shanghai Stomatological Hospital, Fudan University, Shanghai, 200000, China
b Bioyong Technologics, Inc., Beijing, 100176, China

ARTICLE INFO ABSTRACT

Keywords:

SARS-CoV-2

Rolling circle amplification
MALDI-TOF MS

Gene detection

Virus analysis

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been spreading worldwide for more than
a year and has undergone several mutations and evolutions. Due to the lack of effective therapeutics and long-
active vaccines, accurate and large-scale screening and early diagnosis of infected individuals are crucial to
control the pandemic. Nevertheless, the current widely used RT-qPCR-based methods suffer from complicated
temperature control, long processing time and the risk of false-negative results. Herein, we present a three-way
junction induced exponential rolling circle amplification (3WJ-eRCA) combined MALDI-TOF MS assay for SARS-
CoV-2 detection. The assay can detect simultaneously the target nucleocapsid (N) and open reading frame 1 ab
(orflab) genes of SARS-CoV-2 in a single test within 30 min, with an isothermal process (55 °C). High specificity
to discriminate SARS-CoV-2 from other coronaviruses, like SARS-CoV, MERS-CoV and bat SARS-like coronavirus
(bat-SL-CoVZC45), was observed. We have further used the method to detect pseudovirus of SARS-CoV-2 in
various matrices, e.g. water, saliva and urine. The results demonstrated a great potential of the method for large

scale screening of COVID-19, which is an important part of the pandemic control.

1. Introduction

Currently, the coronavirus disease 2019 (COVID-19) pandemic,
which has resulted in devastating social and economic repercussions,
still continues to spread throughout the world [1]. The disease is
induced by severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) [2], which is an enveloped positive-sense single-stranded RNA
(+ssRNA) virus, carrying one of the largest RNA genomes among all
RNA virus families, i.e. nearly 30 kilobases [3]. Because there is a lack of
effective therapeutics and long-active vaccines for COVID-19, the most
effective approach to control the pandemic is till to practice social
distancing and to screen symptomatic and asymptomatic infected in-
dividuals as fast as possible [4,5].

At present, the diagnosis of COVID-19 is mainly by serological test
and nucleic acid test in terms of different biosensors [6]. Serological test
is based on the detection of two specific antibodies, IgM and IgG, in
patients’ serum in response to the SARS-CoV-2 infection [7,8], which
has the advantages of point-of-care testing, simple operation and low
cost [9,10]. However, because of the delay in the generation of anti-
bodies after SARS-CoV-2 infection, serological test can hardly be used
for early diagnosis of COVID-19 [11,12]. The nucleic acid test directly

detecting SARS-CoV-2 viral RNA is regarded as a more suitable method
for early, rapid and sensitive diagnosis of SARS-CoV-2 infection [13].
The reverse transcription-real time quantitative polymerase chain re-
action (RT-qPCR) assay is globally utilized as the ‘golden standard’ for
SARS-CoV-2 RNA detection due to its high sensitivity and specificity
[13,14]. RT-qPCR assay performs reverse transcription reaction to
convert the viral RNA into complementary DNA (cDNA), exponentially
amplifies the cDNA, and finally detects the amplified DNA with fluo-
rescence probes, which requires sophisticated operation and long turn-
around time.

Since the outbreak of COVID-19, a series of novel methods based on
viral RNA tests have been developed to detect SARS-CoV-2, including
loop-mediated isothermal amplification (LAMP), reverse-transcription
recombinase-aided amplification (RT-RAA), clustered regularly inter-
spaced short palindromic repeats (CRISPR)-based diagnostics,
microarray-based methods, etc. [15-18]. All the strategies are per-
formed under constant temperature to achieve isothermal nucleic acid
amplification, which provides simplified operations and lower costs for
SARS-CoV-2 screening compared to RT-qPCR.

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) has been widely applied to the detection
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Table 1
Oligonucleotide sequences used in this work.
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Nucleic acid note

Sequence (from 5’ to 3')

N gene

N gene 3WJ-primer

N gene 3WJ-template

N gene RC-template
orflab gene

orflab gene 3WJ-primer
orflab gene 3WJ-template
orflab gene RC-template

CTGGCAATGGCGGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATTG
AAGCAGCAGCAAAGCAACTGATTATG
CAGACTCACACTGGTTGAGCTTTTGAAGAGCCATAATCGCAGCATCACCGCCATTGCCAGTTTTT-p
P-TGAAGAGCTCTCACCTTGAGCATACAGACTCACACTGGTTGAGCTACAGACTCACACTGGTTGAGC
GGGCTTTTGACATCTACAATGATAAAGTAGCTGGTTTTGCTAAATTCCTA
AGCAAAACCAGCTACTTATCAATACT
GCGACTCGTGGATGCACATATTTTGAAGAGCAGTATTGTCATTGTAGATGTCAAAAGCCCCCCCC-p
p-TGAAGAGCGCACCTACTAGTAGAAGCGACTCGTGGATGCACATAAAGCGACTCGTGGATGCACATA

of a number of biomolecules, and is well-known for its versatility,
rapidity, and ease of implementation. The technique has recently
brought revolutionary applications to the field of clinical diagnosis [19,
20]. For example, MALDI Biotyper (Bruker Daltonics) and VITEK MS
(Biomérieux, Marcy 1’Etoile) based on the principle of MALDI-TOF MS
are the most widely used bacterial identification systems in clinical
laboratories. They could achieve quick and reliable species identifica-
tion by comparing a profile spectrum acquired from a microorganism to
the corresponding profile signatures stored in a reference library [21].
On gene analysis, the MassARRAY (Agena Bioscience) platform based on
PCR and MALDI-TOF MS has been used in various genetics and epige-
netics research, and in clinical diagnosis of genetic disorders, including
the quantitative analysis of gene expression, analysis of gene copy
number variation (CNV), single nucleotide polymorphism (SNP) geno-
typing, DNA methylation identification, etc. [22-26].

Due to the superiority of high specificity and sensitivity of PCR and
high throughput, high accuracy and flexibility of MALDI-TOF MS, PCR-
MALDI-TOF MS has been developed as an alternative method for the
detection of SARS-CoV-2 [27,28]. The PCR-MALDI-TOF MS-based assay
exhibits higher specificity in the detection of SARS-CoV-2 than RT-qPCR
[28]. Moreover, MALDI-TOF MS possesses the advantage of label-free
and simultaneous detection of multi-mutations of SARS-CoV-2, which
is not available in RT-qPCR [29]. However, the PCR-MALDI-TOF
MS-based detection method needs bidirectional temperature control
for multiple denaturation, annealing and extension in the PCR step,
which makes the entire amplification detection time long [15,30].
Isothermal amplification of nucleic acids is a simple and efficient process
that rapidly accumulates nucleic acid products at a constant tempera-
ture, which simplifies the operation compared to PCR [31].

Herein, we report a three-way junction induced exponential rolling
circle amplification (3WJ-eRCA) combined MALDI-TOF MS for the
detection of SARS-CoV-2 RNA. The method has the advantage of
rapidity, high specificity and high throughput, and can simultaneously
detect multiple genes for SARS-CoV-2 identification. High specificity to
discriminate SARS-CoV-2 from other coronaviruses, like SARS-CoV,
MERS-CoV and bat SARS-like coronavirus (bat-SL-CoVZC45), was ach-
ieved. We have further used the method to detect pseudovirus of SARS-
CoV-2 from various matrices, e.g. water, saliva and urine. This method is
also promising to be applied to large-scale epidemiological studies of
different viruses as an effective supplement to the existing methods.

2. Experimental section
2.1. Reagents and materials

All HPLC-purified DNA oligonucleotides and pseudovirus of SARS-
CoV-2 were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China). The nicking endonucleases (Nt.BstNBI and Nt.BspQI) and the
Vent (exo-) DNA polymerase were obtained from New England Biolabs
(Beverly, MA). The dNTP mixture (ANTPs) and RNase-free water were
purchased from TaKaRa Biotechnology Co., Ltd. (Dalian, China). The
sequences of the oligonucleotides used in this work are listed in Table 1.
Adsorbent resins were obtained from Bioyong Technology Co., Ltd.
(Beijing, China).

2.2. SARS-CoV-2 gene isothermal amplification

The 3WJ-primer, 3WJ-template, and rolling circle probe were
designed according to the partial sequence of nucleocapsid (N) gene and
open reading frame 1 ab (orflab) gene of the SARS-CoV-2 (NCBI
Reference Sequence: NC_045512.2). The online UNAFold web server
(http://www.unafold.org/) was used to analyze the potential of oligo-
nucleotide dimers and hairpins.

The reaction mixtures were separately prepared as solution A and
solution B. Solution A was composed of 3WJ-template (10 nM), 3WJ-
primer (10 nM), rolling circle probe (100 nM), dNTPs (750 pM), 0.5
x NEBuffer (25 mM Tris-HCI, pH 7.9, 50 mM NacCl, 5 mM MgCly, 50 pg/
mL BSA) and different concentrations of target. The target was added to
solution A and denatured at 90 °C for 5 min, then cooled to room tem-
perature slowly to ensure the formation of the three-way junction
complex structure. Solution B was composed of 1 U of Vent (exo-) DNA
polymerase, 2 U of Nt.BstNBI, 2 U of Nt.BspQI, 1 x ThermoPol reaction
buffer (20 mM Tris-HCI, pH 8.8, 10 mM KCl, 10 mM (NH4)2SO4, 2 mM
MgS0Oy4, 0.1% Triton X-100), and RNase-free water. 4 pL solution B was
added to 6 pL solution A, and incubated at 55 °C to carry out the
isothermal amplification. Triplicate experiments were performed for
each condition to confirm the reproducibility of results.

2.3. RNA extraction from pseudovirus of SARS-CoV-2 and samples
spiked with pseudovirus

The pseudovirus of SARS-CoV-2 contained the partial sequence of
the orflab gene (13237-13737) and the full-length N gene of SARS-CoV-
2 (NCBI Reference Sequence: NC_045512.2). The pseudovirus of SARS-
CoV-2 (1 mL, 108 copies/mL) was added into pre-centrifuged water,
saliva, or urine (3 mL), respectively, to form the pseudovirus spiked
samples. The nucleic acids of the pseudovirus were extracted and puri-
fied using the EZ-10 Spin Column Viral Total RNA Extraction Kit (San-
gon Biotech (Shanghai) Co., Ltd.) by following the manufacturer’s
instructions, and finally collected in 30 pL of diethylpyrocarbonate
(DEPC)-treated water. The collected samples were measured by
SMA4000 UV-Vis Spectrophotometer (Meriton Ltd., Beijing, China) to
determine the concentration of extracted RNA, and used immediately or
stored at —80 °C for further usage. 1 pL of the extracted sample was
added into solution A to perform the isothermal amplification, using the
protocol as above mentioned.

2.4. Sample preparation and MALDI-TOF MS analysis

After the isothermal amplification, 10 pL of dispersed adsorbent resin
(500 mg/mL) was added to the reaction mixture and incubated for 10
min under vortexing to remove salts. Then 0.5 pL of the purified product
was deposited on a matrix pre-deposited microarray-chip plate (Bioyong
Technology Co., Ltd., Beijing, China), and dried under ambient condi-
tion for MS analysis. The MALDI-TOF MS analysis was performed on a
Clin-TOF II instrument (Bioyong Tech., China) under linear positive
mode with the optimal parameters: laser frequency, 40 Hz; acceleration
voltage, 20 kV; pulsed voltage, —2.1 kV; lens voltage, 6 kV; linear de-
tector voltage, 2.8 kV; enable blanking mass, 1000 m/z; 300 laser shots;
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Scheme 1. Schematic illustration of the three-way junction induced exponen-
tial rolling circle amplification (3WJ-eRCA) combined MALDI-TOF MS assay for
SARS-CoV-2.

mass range, m/z 2000-10,000. External calibration was performed using
5 oligonucleotides with molecular weights of 5437.6, 6094.0, 6670.4,
7352.8, and 8407.5 Da, and the mass accuracy was calibrated within
1000 ppm.

3. Results and discussion

3.1. Design and demonstration of the 3WJ-eRCA combined MALDI-TOF
MS assay

The strategy for SARS-CoV-2 detection on the basis of 3WJ-eRCA
combined MALDI-TOF MS assay is shown in Scheme 1. The formation
of the three-way junction structure is the key step in the generation of
the amplification products for MALDI-TOF MS analysis. The 3WJ-tem-
plate is designed to contain a rolling circle primer (RC-primer)
sequence at 5-end and a complementary sequence to the target
sequence of SARS-CoV-2 at 3’-end, which are separated by the recog-
nition site of the nicking endonuclease Nt.BspQI and a complementary
sequence of part of the 3WJ-primer. There is a 7-base-long sequence at
the 3’-end of the 3WJ-primer, which can hybridize with the 3WJ-tem-
plate. The 5-end of 3WJ-primer can target the SARS-CoV-2 RNA. In
the absence of the target RNA of the SARS-CoV-2, due to the inadequate
complementarity of the 3WJ-primer and the 3WJ-template, the junction
structure cannot form stably. When the target RNA from SARS-CoV-2
exists, the 3WJ-primer and 3WJ-template can hybridize stably to form
the three-way junction structure. Therefore, a large number of RC-
primers as the trigger strands are generated after the repeated cycles
of extension and cleavage of the 3WJ-primer by Vent (exo-) DNA poly-
merase and Nt.BspQI nicking endonuclease. In the next rolling circle
amplification reaction, the rolling circle template (RC-template) is
composed of a hybridization sequence to RC-primers and nicking site for
Nt.BstNBI and Nt.BspQI nicking endonuclease. Once the RC-primer is
generated and forms a complex with the RC-template, a cascade reaction
of linear rolling circle amplification in the presence of Vent (exo-) po-
lymerase can be initiated, synthesizing a long repeat complementary
sequence of the RC-template. This amplified repeat sequence is then cut
by Nt.BstNBI and Nt.BspQI nicking endonucleases, and multiple short
new DNA products are produced, which serve as new triggers to further
initiate new extension circles. Consequently, large numbers of products
are obtained through the exponential amplification reaction for MALDI-
TOF MS detection, achieving a highly sensitive assay for SARS-CoV-2.

To demonstrate the feasibility of the method, partial sequences of the
orflab gene (from 13538 to 13587) and N gene (from 28905 to 28954)
of SARS-CoV-2 were selected as target genes, because the RARp region of
orflab gene can differentiate SARS-CoV-2 from the SARS-CoV, and the N
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Fig. 1. 3WJ-eRCA combined MALDI-TOF MS assay for target N gene detection.
(A) Component deletion experiments to confirm the formation of the three-way
junction complex. (B) The target N gene detection. The concentration of target
N gene was 10 nM. The detailed sequences and corresponding molecular weight
values of the peaks are listed in Table S1.

gene is conserved among all beta coronaviruses [2,32]. As shown in
Fig. 1A, in the presence of the target N gene, the expected peak signal of
MALDI-TOF MS for N gene RC-primer can be observed. As a comparison,
the peak signal was disappeared when any of the three-way junction
structure components was absent. The whole experiment of the
3WJ-eRCA was performed in the absence or presence of the target N
gene to further investigate the feasibility of the MALDI-TOF MS assay. It
can be seen from Fig. 1B that there was no MS signal when the target N
gene was absent. In the presence of the target N gene, the peaks from
extended oligonucleotides were detected. After sequence alignment, the
peak at ~ m/z 7 k (labeled as [M+H]™) is the final amplification
product. A number of peaks between m/z 2000 and m/z 6000 are the
incomplete extended sequences. The detailed sequences and corre-
sponding molecular weight values of the peaks are listed in Table S1.
Similar results were observed with the orflab target gene, as shown in
Fig. S1 and Table S2. It was observed that the signal intensity of the
complete extension products was not the highest among all extension
products, and was gradually weakened with the decrease of target gene
concentration, and eventually disappeared. Nevertheless, both the final
amplification products and the incomplete extended sequences are
specific to the presence of target genes. Therefore, any of the peaks could
be used for SARS-CoV-2 detection.

3.2. Performance of the 3WJ-eRCA combined MALDI-TOF MS assay

To achieve the optimal performance of the assay, the experimental
conditions, including reaction temperature, the concentrations of
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Fig. 2. The MALDI-TOF MS spectra of background amplification of the 3WJ-
eRCA assay for the target N gene detection with varied reaction time. Red
dashed line: extension products. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The MALDI-TOF MS spectra of the 3WJ-eRCA assay triggered by
different amounts of the target N gene in 10 pL reaction mixture. Red dashed
line: extension products. [M+H]": molecular ion of the complete extension
product. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

polymerase, nicking endonuclease, 3WJ-primer, 3WJ-template and RC-
template, were optimized. Real-time fluorescence measurements were
performed on a LineGene 9640 real-time nucleic acids amplification
system (Hangzhou Bioer Technology Co., Ltd. Hangzhou, China) to
assess the optimal experimental conditions (data not shown). The final
optimal conditions are: 55 °C reaction temperature; 1 U Vent (exo-) DNA
polymerase; 4 U nicking endonuclease; 10 nM 3WJ-primer; 10 nM 3WJ-
template and 100 nM RC-template.

The isothermal amplification normally suffers from background
amplification. It was found that if the amplification reaction time was
long enough, even in the absence of the target gene, a series of strong MS
signals of the amplification products could still be detected. Therefore,
the investigation of non-specificity amplification reaction time is crucial
for the 3WJ-eRCA-MALDI-TOF MS assay. As shown in Fig. 2, when the
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Fig. 4. The specificity of the 3WJ-eRCA assay combined MALDI-TOF MS for
target N gene detection. Top panel: Comparison of target N gene sequences
between SARS-CoV-2 (accession NC_045512.2), SARS-CoV (accession
NC_004718.3), MERS (NC_019843.3), and bat-SL-CoVZC45 (accession
MG772933.1). The matched bases are replaced with “[] . Lower panel: MALDI-
TOF MS spectra of the 3WJ-eRCA assay triggered by 100 nM N gene fragments
from different coronavirus as shown in top panel. *: incomplete extension
products. [M+H]": molecular ion of the complete extension product.

amplification reaction time was longer than 11 min, the MS signal of
extended oligonucleotides was observed even without the target gene.
Hence, 11 min was selected as the optimal amplification time for the
target N gene detection. It was found that 11 min was also the optimal
amplification time for the target orflab gene detection (Fig. S2). Taken
into consideration of the sample preparation steps, the total assay time
was then less than 30 min for the analysis of extracted RNA samples.

Under the optimized experimental condition, the sensitivity of the
3WJ-eRCA-MALDI-TOF MS assay was evaluated using 10-fold serial
dilutions of the target N gene ranging from 1 pmol/10 pL to 10 amol/10
pL. As shown in Fig. 3, with the increase of the amount of the target N
gene, an increased MS signal was observed. The experimental results of
the target orflab gene sensitivity investigation are presented in Fig. S3.
The experimental results demonstrated that the method can detect both
the target N gene and the target orflab gene of SARS-CoV-2 at a con-
centration as low as 10 amol/10 pL (1 pM). Reproducibility of detecting
the target N gene and the orflab gene at 1 pM was shown in Fig. S4 and
S5. The day-to-day reproducibility of the analysis was also assessed with
a 3-day interval (Fig. S4 and S5). A number of extension products can be
repeatedly detected with 1 pM target gene in triplicate. All the results
demonstrated a good reproducibility of the developed assay.

Since SARS-CoV, MERS-CoV, bat-SL-CoVZC45 and SARS-CoV-2 have
a high similarity in genome [32], the specificity of the 3WJ-eRCA
combined MALDI-TOF MS assay was assessed by considering the four
coronaviruses. The target N gene of SARS-CoV-2 was aligned to the
genome of the other three coronaviruses, and the corresponding gene
sequences with highest similarity to the target N gene of SARS-CoV-2 are
shown in Fig. 4. Under the optimized experimental condition, only in the
presence of the target N gene of SARS-CoV-2, significant MS signal of
amplification products was observed. The specificity of the method
against the target orflab gene was assessed in a similar way. High
specificity against the target orflab gene of SARS-CoV-2 was also
observed (Fig. S6). Therefore, the developed assay can provide specific
SARS-CoV-2 detection.
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3.3. Detection of dual-gene and SARS-CoV-2 pseudovirus by the 3WJ-
eRCA combined MALDI-TOF MS assay

To further assess the analytical performance of the 3WJ-eRCA
combined MALDI-TOF MS assay, the target N and orflab genes were
detected simultaneously by adding the 3WJ-primer, 3WJ-template, and
RC-template for both targets. The amplification reaction time and
sensitivity were investigated for the simultaneous dual-gene detection.
As shown in Fig. S7, compared to the single target gene detection, the
reaction time of dual-gene nonspecific amplification was slightly
delayed, and a weak background MS signal appeared at 13 min, indi-
cating that the amplification reaction of 3WJ-eRCA can be terminated at
12 min for the dual-gene detection. Under the optimal reaction time, the
method can simultaneously detect both target N and orflab gene of
SARS-CoV-2 with the concentration as low as 10 amol/10 pL (1 pM)
each, Fig. S8. Fig. 5A shows the MS signal of the 3WJ-eRCA assay for the
two target genes (10 nM each) simultaneously. The reproducibility of
the dual-gene detection was also investigated and shown in Fig. S9. A
number of extension products from the dual-gene amplification can be

repeatedly detected with 1 pM target gene in triplicate. These results
demonstrated that the 3WJ-eRCA combined MALDI-TOF MS assay can
realize dual-gene detection in a single test. Since mass spectrometry has
a high resolving power and a high capacity of signals, even more gene
fragments can be detected simultaneously when the corresponding 3WJ-
reactants are designed and employed.

To demonstrate the performance of the 3WJ-eRCA combined MALDI-
TOF MS assay in complex samples, the RNA extracted from pseudovirus
of SARS-CoV-2, as well as water, saliva and urine samples spiked with
pseudovirus of SARS-CoV-2 were analyzed. The concentration of the
extracted RNA was in the range of 2.0-4.8 ng/pL measured by spec-
trophotometer. Blank control was performed for each sample by using
the same matrix without the pseudovirus. As shown in Fig. 5B, the
MALDI-TOF MS signal of extended products from N gene (red arrow)
and orflab gene (green arrow) by 3WJ-eRCA could be obviously
detected from the pseudovirus and pseudovirus spiked sample, dis-
tinguishing clearly from the blank control. However, the complete
extension products were absent in all groups, maybe due to the low
concentration of extracted target gene from the complex samples. All
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these results demonstrated that the proposed method can be used to
detect SARS-CoV-2 in complex matrices, indicating the potential appli-
cation of the method in real case analysis.

Finally, the analytical performance of the method for COVID-19
detection was compared with other recently reported methods
(Table S3). To date, the MS-based assays for COVID-19 detection include
inductively coupled plasma mass spectrometry (ICP-MS)-based, MALDI-
MS-based and liquid chromatography mass spectrometry (LC-MS)-based
methods, targeting at the specific nucleic acids or proteins. The ICP-MS
based method employed additional nanoparticle probes to detect the
specific nucleic acids of SARS-CoV-2 [33,34]. LC-MS and high resolution
MALDI-MS were used to detect virus proteins directly [35,36].
MALDI-MS were also combined with PCR to detect virus nucleic acids
[27]. Compared to the MS-based assays, our method provides a com-
parable sensitivity while a simple and easy-to-operate experimental
procedure. Compared to non-MS-based assay, where electrochemical
signal, fluorescent signal, surface plasmon resonance signal, etc. were
employed to report the presence of virus nucleic acid [37-42], the
MS-based assays, including our method, normally suffer from lower
sensitivity. However, MS can directly detect the target molecules or the
amplification products of target molecules without any additional
labelling methods, i.e. in a label-free manner, largely avoiding the false
results arisen from background signal.

4. Conclusion

In summary, a three-way junction induced exponential rolling circle
amplification (3WJ-eRCA) combined MALDI-TOF MS detection assay
was established to detect the target N gene and orflab gene fragments of
SARS-CoV-2. The assay can be performed in an isothermal process
within 30 min, preventing the long turnaround time of temperature
cycling. With the advantages of high throughput and high accuracy of
MALDI-TOF MS analysis, it is possible to analyze multiple genes and
even detect SARS-CoV-2 mutation by the method, greatly improving
detection accuracy and efficiency. Meanwhile, the assay can discrimi-
nate SARS-CoV-2 from other closely related coronaviruses, e.g. SARS-
CoV, MERS-CoV, and bat-SL-CoVZC45, showing high specificity. The
successful identification of SARS-CoV-2 pseudovirus from complex
matrices indicates the potential of the method in real application. With
the principle of the 3WJ-eRCA and the MALDI-TOF MS, the method is
not limited to the detection of SARS-CoV-2, but also many other nucleic
acid-based biomarkers.
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