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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Microfluidic chip and LAMP were
firstly integrated for high-throughput
and multitarget detection of PEDV,
PDCoV and SADS-CoV.

o The microfluidic-RT-LAMP chip sys-
tem established greatly facilitated the
rapid diagnosis of the PEDV, PDCoV
and SADS-CoV.

o The microfluidic chip device provides
excellent prospects in swine enteric
coronaviruses surveillance for remote
areas.
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Porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV), and swine acute diarrhea
syndrome-coronavirus (SADS-CoV) are three emerging and re-emerging coronaviruses (CoVs). Symp-
toms caused by these three viruses are extremely similar, including acute diarrhea, vomiting and even
death in piglets. To date, strict biosecurity is still the most effective disease prevention and control
measures, and the early detection of pathogens is the most important link. Here, we developed a
microfluidic-RT-LAMP chip detection system for the first time, which could detected PEDV, PDCoV and
SADS-CoV simultaneously, and had advantages of rapid, simple, sensitive, high-throughput, and accurate
at point-of-care settings. The lowest detection limits of the microfluidic-RT-LAMP chip method are 10!
copies/pL, 10? copies/uL and 10? copies/pL for PEDV, PDCoV and SADS-CoV, respectively. The whole
detection procedure can be finished rapidly in 40 min without any cross-reaction with other common
swine viruses. A total of 173 clinical swine fecal samples characterized with diarrheal symptoms were
used to evaluate the performance of the newly developed system, which presented good stabilities
(C.V.s<5%) and specificities (100%), and possessed sensitivities of 92.24%, 92.19% and 91.23% for PEDV,
PDCoV and SADS-CoV respectively. In summary, the established microfluidic-RT-LAMP chip detection
system could satisfy the demanding in field diagnoses, which was suitable for promotion in remote areas
due to its fast, portable and cost-effective characters.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Diarrhea disease is one of major threats that afflict the global
pork industry in recent years, which has caused an estimated loss of
multi-million dollar annually. Various pathogens that can cause
diarrhea in swine have been identified, and swine enteric corona-
viruses are the most destructive pathogens that are able to result
vomiting, dehydration and lethal watery diarrhea in piglets [1]. To
date, four swine enteric coronaviruses have been defined, including
three Alphacoronaviruses [transmissible gastroenteritis virus
(TGEV), porcine epidemic diarrhea virus (PEDV), swine acute diar-
rhea syndrome coronavirus (SADS-CoV)], and one porcine delta-
coronavirus [porcine deltacoronavirus (PDCoV)] [2]. TGEV has been
circulating in swine for decades since 1946 [3], whereas PEDV,
PDCoV and SADS-CoV are regarded as three emerging and re-
emerging coronaviruses [2]. PEDV was first discovered in England
in feeder and fattening swine in early 1970s [4], and subsequently
circulated in Asia, Europe and America [5]. In late 2010, a highly
virulent PEDV caused epidemic diarrhea in all age groups of swine
in China and US, with 80%—100% morbidity and 50%—90% mortality
in suckling piglets which made the pork industry suffer destructive
blow [6—8]. PDCoV is a relatively new coronavirus that was iden-
tified in 2009 in Hong Kong [9]. However, the first outbreak of
PDCoV in Ohio in 2014 addressed its clinical significance [10]. Until
now, the detection of PDCoV has been reported in Canada, South
Korea, China, Thailand, Laos [11—-15]. Among these viruses, SADS-
CoV is the most newly discovered coronavirus, which has been
first reported in 2017 in China and is considered to be an HKU2-
related coronavirus with a bat-origin [16—18]. The fatal diarrhea
caused by SADS-CoV has led to the death of 24,693 piglets in a short
time in South China. Plentiful epidemiological investigations have
shown that there is a co-infection between PEDV, PDCoV and SADS-
CoV in swine, and their clinical symptoms and pathological char-
acteristics are extremely similar [19,20], which makes it difficult to
distinguish these coronaviruses in clinical infections.

Recently, various isothermal nucleic acid amplification methods
have been developed to optimize conventional polymerase chain
reaction (PCR) systems [21]. Representative techniques include
loop-mediated isothermal amplification (LAMP) [22], recombinase
polymerase amplification (RPA) [23], strand displacement ampli-
fication (SDA) [24], cross-priming amplification (CPA) [25] and so
on. Among those, LAMP is an outstanding method which has been
proved to be a reliable, simple, specific and rapid detection method
for point-of-care (POC) diagnosis [26] and widely applied for
detecting and identifying pathogens [27—30].

Up to now, the predominant control measures of swine diarrhea
disease are the rapid and accurate diagnoses of pathogens at the
early stage to prevent further circulations in swine. Currently, the
most commonly detection methods for swine enteric coronaviruses
such as ELISA (enzyme-linked immunosorbent assay), PCR and IHC
(immunohistochemistry), all depend on laboratory diagnosis and
possessed the advantages of high sensitivity and accuracy, and have
been widely used [31—34]. However, most of these diagnostic as-
says are complex, time-consuming, and require a large of reagents
and well-equipped laboratories, which limit their application in
remote areas. Therefore, it is urgent to develop portable POC de-
vices with characters of simple, timely, multi-target and strong
pertinence, so as to detect pathogens early, prevent the spread of
infectious disease and reduce mortality. Amongst the various
biosensor-based methods that have been reported, centrifugal
microfluidic lab-on-a-chip (LOC) is the most recent innovation tool
in microfluidic field, which can make analytical assays perform in a
multiple, high throughput and integrated format with high

efficiency and speed [35,36]. Centrifugal microfluidic devices
actually have the CD-like chip combining microfluidic unit opera-
tions, such as liquid mixing, metering, aliquot, switching, valving
and storage, which are controlled by the centrifugal speed of the
chip [37,38].

In the present study, we integrated the real-time reverse tran-
scription loop-mediated isothermal amplification (RT-LAMP) into
the CD-like microfluidic chip for rapid and convenient multiplex
detection of PEDV, PDCoV and SADS-CoV. Our results showed that
the developed microfluidic-RT-LAMP chip system was accurate,
sensitive, specific and reproducible for point-of-care diagnosis,
which was advantaged for the early diagnosis of diarrhea in swine
farms, especially in remote areas, and adopting effective measures
to control the spread of the diseases.

2. Experimental
2.1. Clinical samples, nucleic acid extraction and qRT-PCR assays

Clinical diarrheal samples including feces and intestinal con-
tents were collected from swine in southern China in accordance
with the recommendations of National Standards for Laboratory
Animals of the People’s Republic of China (GB149258-2010). Sam-
ples were preserved at —80 °C from the time of original receipt until
use.

Samples were homogenized in phosphate buffered saline (PBS)
(20% w/v), frozen and thawed three times, then centrifuged for
10 min at 10,000 g. Viral nucleic acid was extracted following the
manufacturer’s recommendations of Magnetic Viral DNA/RNA Kit
(iGeneTech, Ningbo, China). The viral nucleic acid was stored
at —80 °C until PCR was performed. The qRT-RCR detection of PEDV,
PDCoV and SADS-CoV was carried out with ChamQ Universal SYBR
qPCR Master Mix (Vazyme, China) according to the previously
described methods [35,36].

2.2. Chips and microfluidic device

The microfluidic chip made of PMMA that was used in this study
was a CD-shape with a diameter of 80 mm and a thickness of
2.5 mm, which was fabricated by the micro-injection molding
technology. To form an integrated microfluidic chip, a kind of
pressure-sensitive film was applied to seal the micro-channel of
chip via suitable pressure. The microfluidic chip comprised four
independent units, each of which was consisted of a sample well, a
vent and eight micro reaction wells (Fig. 1A). The ball valve played a
significant role throughout the process ensuring that the reaction
mixture diffused into the adjacent pipe and the reaction wells were
filled with liquid. The volume of each micro reaction well was 5 pL.
The supporting microfluidic detection equipment (dimensions:
length, width, and height are 280 x 200 x 135 mm) was actually a
device (Product Model: AJYGene TM MA2000) that was equipped
with the functions of constant temperature control, high-speed
centrifugation and fluorescence reading and analysis, and was
provided by iGeneTech (Ningbo, China). Once microfluidic detec-
tion equipment starts running, the sample would be uniformly
distributed in each reaction chambers at two step centrifugal forces
(1600 RPM/min, 30 s and 4600 RPM/min, 10 s). While the reaction
was performed at the given temperature, the microfluidic device
gathered fluorescence signals of each micro chambered every
minute and displayed in real time on the electronic screen.
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Fig. 1. Schematic of the microfluidic-RT-LAMP chip detection platform for the emerging and re-emerging swine enteric coronaviruses. A. The structure of the CD-like
microfluidic chip. 1: Sample well; 2: liquid storage chamber; 3: the second arc passage; 4: reservoirs; 5: ball valve; 6: reaction chamber; 7: waste liquid tank; 8: the first arc
passage; 9: vent hole; B. Detailed view of the chip with its sample adding area, channels, and reaction area; C. A complete set of procedures of microfluidic-RT-LAMP chip detection

platform.

2.3. Primer design

The reference complete genomic sequences of PEDV, PDCoV and
SADS-CoV were retrieved from Genbank with accession numbers of
KT323979.1, KY078891, MG557844, respectively. Based on the
highly conserved PEDV M, PDCoV N and SADS-CoV M gene nucleic
acid fragments, the alternative primers were designed by Primer-
Explorer V5 online software ((https://primerexplorer.jp/lampv5/
index.html) and synthesized by BGI (Shenzhen, China).

2.4. Primer screen and integrated microfluidic-RT-LAMP system

First of all, the primers corresponding to different viruses were
pre-immobilized in eight reaction chambers by heating drying. Six
micro chambers were employed for detections of three viruses with
one repetition, and the remaining two were used for negative
controls (Fig. 1B). The related primer mixture was pre-loaded into
the reaction holes. Secondly, the real-time RT-LAMP reaction so-
lution was prepared in a volume of 10.2 pL comprising 50 M SYBR
Green (Invitrogen,USA), 800 U/uL of Bst DNA polymerase (New
England BioLabs, USA), 5000 U/mL of AMV transcripitase (New
England BioLabs, USA) and 40 U/uL RNase inhibitor (Vazyme,
China). The premixed reaction solution containing 14.8 pL of
nucleic acid was injected into sample wells of the microfluidic chip

directly by pipette, and then sample wells and vent wells were
sealed by the film. The preprocessed microfluidic chip was then
placed in the provided microfluidic device to react at 63.5 °C for
60 min. To ensure the accuracy of the three LAMP systems, the
amplification products were further determined by standard
agarose gel electrophoresis.

Generally, the amplification result was regarded as positive only
when experiments with one repetition shows a positive signal and
the negative controls show negative signals in 60 min. A complete
set of procedures was showed in Fig. 1C.

2.5. System evaluation and validation

2.5.1. Specificity

To investigate the specificity, 11 other swine viruses including
porcine parvovirus (PPV), Japanese encephalitis virus (JEV), porcine
circovirus type 2 (PCV2), classical swine fever virus (CSFV), porcine
reproductive and respiratory syndrome virus (PRRSV), pseudo
rabies virus (PRV), swine influenza virus (SIV), foot and mouth
disease virus (FMDV), seneca valley virus (SVA), rotavirus (RV) and
transmissible gastroenteritis virus (TGEV) were employed for
testing. RNase Free ddH,0 was also contained in the run as negative
control.
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2.5.2. Sensitivity

To examine the detection limit of three RT-LAMP systems,
in vitro-transcribed RNA standards of PEDV, PDCoV and SADS-CoV
were diluted serially ten-fold with RNase free ddH,0 (10%-10°
copies/uL) as templates and performed in three different times. The
in vitro-transcribed RNA standards were prepared according to the
previously reported method [37].

2.5.3. Stability and repeatability analysis

In order to confirm the stability and repeatability of three
developed LAMP systems, ten-fold serial standards dilutions with
high (10° copies/uL), medium (10* copies/uL) and low (detection
limits of three coronavirus tested by microfluidic-RT-LAMP chip
system) concentrations were used to evaluate coefficients of vari-
ation (C.V.) of the microfluidic-RT-LAMP chip. The assay for time to
threshold values (Tt), defined as the reaction time required for a
particular sample reach sufficiently positive signals above the
baseline during the real-time amplification, were both included in
repeated eight times. The threshold for choosing the Tt was based
on the fluorescence value of the negative controls of each test.
Three clinical samples were also conducted to determine the sta-
bility and reproducibility of the developed microfluidic-RT-LAMP
chip system.

2.6. Microfluidic-RT-LAMP chip and qRT-PCR for the detection of
clinical samples

A total of 173 swine clinical fecal samples characterized with
diarrheal symptoms were collected and detected by the developed
microfluidic-RT-LAMP chip system. Samples being amplified in
60 min and showing the typical amplification curves were
considered to be positive. At the same time, the diagnostic accuracy
of the microfluidic-RT-LAMP chip system was compared with the
qRT-PCR assays, and was further evaluated by generating receiver
operating characteristic curves (ROCs, using MedCalc statistical
software, V19.1.4).

3. Results and discussion

3.1. Screening primers for three emerging and re-emerging swine
coronaviruses

Several sets of LAMP primers were designed and screened for
PEDV, PDCoV and SADS-CoV, and one for each pathogen was
selected respectively to conduct the following experiments. The
in vitro transcribed RNA of each coronavirus was used as template.

After the temperature reached to 63.5 °C for LAMP reaction, the
fluorescence signals were recorded for each hole every minute.
Obvious S-shaped amplification curves were observed on the
display if successful experiments were processed. As shown in
Fig. 2 (A-C), PEDV, PDCoV and SADS-CoV could be amplified by the
candidate primers, and the primer set 3 (PEDV), 3 (PDCoV) and 4
(SADS-CoV) were selected, respectively. The primer sequences used
in this study were listed in Table 1. To determine the accuracy of the
LAMP reaction, the target templates were successfully amplified
from the target-contained sample and presented ladder-like bands
with agarose gel electrophoresis (Fig. 2D).

3.2. Evaluation of the detection performance of the microfluidic-RT-
LAMP chip system

3.2.1. Specificity and sensitivity

To assess the specificity of the screened LAMP primers, 11
relevant swine viral nucleic acid including that of CSFV, PPV, JEV,
PCV2, PRRSV, PRV, SIV, FMDV, SVA, RV and TGEV were applied in

this study. As shown in Fig. 3 (A-C) only PEDV-, SADS-CoV- and
PDCoV-positive samples presented obvious amplification curves,
and 11 other pathogens and the control water displayed negative
reactions, which illustrated the high specificity of the established
microfluidic-RT-LAMP assay. Taken together, the fluorescence
curves during the amplification demonstrated that the system had
no cross reaction with other common swine viruses and possessed
a high degree of specificity.

After evaluating the specificity of the microfluidic-RT-LAMP chip
detection system, the serially diluted plasmids carrying the highly
conserved genes of PEDV, PDCoV and SADS-CoV respectively were
initially utilized to investigate the lowest detection limits of the
established microfluidic-RT-LAMP chip system for each virus.
Fig. 3D—F showed that the microfluidic-RT-LAMP chip system
enabled the detection of PEDV, PDCoV and SADS-CoV within
40 min and the detection limit for each of the three viruses were
maintained at 10! copies/uL, 10%> copies/pL and 10° copies/uL,
respectively. Those detection limits of this system were competitive
for the application to POC diagnostic device [39—41]. The sample-
to-answer time on-chip for diagnosis, including nucleic acid
extraction, adding reaction solution, sealing and reaction, was
approximately 1.5 h. On the other hand, the total volume of sample
and reaction buffer used for one on-chip detection hole was
roughly 25 pL. Undoubtedly, the new method developed here was a
cost-effective and time-saving way for PEDV, PDCoV, and SADS-CoV
diagnosis with POC platform when compared with existing
methods [39—41]. In addition, the semi-logarithmic regression
analysis was performed using the data from the sensitivity test
results of standard samples (Fig. 3G—I). There was a significant
linear relationship between the logarithm of the plasmid concen-
tration and the Tt value for PEDV, PDCoV and SADS-CoV with the R?
values of 0.965, 0.9827 and 0.9572, respectively, which indicated
the potential quantitative detection capability of this established
diagnosis platform. Effective development of diagnostic platform
such as microfluidic chip requires ultrahigh sensitivity and speci-
ficity to enable real-time analysis needed for clinical detection [42].
Based on above data, the established microfluidic-RT-LAMP chip
detection system is competitive and competent in POC diagnosis of
PEDV, PDCoV and SADS-CoV in remote areas, either for early clinical
diagnosis or surveillance and outbreak investigation.

3.2.2. Stability and reproducibility analysis

Stability is also an important indicator for a diagnostic method
[43]. For this part, the high, medium and low detectable concen-
tration standard samples were used to validate the reproducibility
and stability of the established microfluidic-RT-LAMP chip detec-
tion system. We calculated the C.V. through dividing the standard
deviation (SD) by the mean of different samples at the same con-
centration. The results of Fig. 4 A-C demonstrated the stability of
our method. For the microfluidic-RT-LAMP chip detection system,
the C.V. values of the standard samples of PEDV, PDCoV and SADS-
CoV ranged from 2.52% to 3.43%, 1.78%—2.29% and 2.59% to 3.75%
respectively with small SDs (Fig. 4G—I). All the above C.V. values
were less than 5%, indicating the good reproducibility of each
established microfluidic-RT-LAMP chip method. The results were
further confirmed by the clinical PEDV-, PDCoV- and SADS-CoV-
infected fecal samples (Fig. 4D—F), which showed ideal C.V.
values of 3.71%, 2.43% and 1.69% for each coronavirus (Fig. G—I). In
summary, the developed CD-like microfluidic-RT-LAMP chip sys-
tem for the point-of-care diagnosis of multiple genes of PEDV,
PDCoV and SADS-CoV is promising, and can be applied to the real-
time qualitatively monitoring of these three coronaviruses with
high specificity, sensitivity and rapidity.
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Fig. 2. Results of screening for primers. A-C. Primer screening of PEDV, PDCoV and SADS-CoV. D. Analysis of PEDV, PDCoV and SADS-CoV by RT-LAMP with agarose gel

electrophoresis.

Table 1
Primer sequences used in microfluidic-RT-LAMP chip system.

Primer set Primer ID Sequence (5'-3) Target Gene
PEDV set 3 F3 GCGCAGGACACATTCTTGG PEDV-M
B3 TTGGCGACTGTGACGAAAT
FIP CTGGGATGCAGACCTGTCGG-TCAATCCTGAAACAGACGCG
BIP TGGAGCACCAACTGGTGTAACG-GTACGCCAGTAGCAACCTT
LB GTGGTACATTGCTTGTAGAGGGC
PDCoV set 3 F3 ACCACTCGTGTTACTTGGGT PDCoV-N
B3 ACGCTCCTGAGGTCTTCC
FIP TTGTTGGGGTTGCGTTTGGC-TAAGGGTTCGGGAGCTGAC
BIP GCTGCTACCTCTCCGATTCCC-TCTAGCGTTGAAGGGGTCA
LB GAGATGGCCCAGCTCAAGGT
SADS-CoV set 4 F3 CATTTAACCCCGAAACAGAC SADS-CoV-M
B3 ATAGTCGTGCCAGGTTTG
FIP CTGTTGGTGCCACTGGCATA-GCCATTGCTGTCATTTCAG
BIP AAGTGGAACACTCTTTTTCGATGG-AGTCACAAATTGCGGTAAG
LF GGTATCGAGTAGGATCTACCAAAGA
LB GAATTGCTACTGGTGTGCAGCC

3.3. Performance of the microfluidic-RT-LAMP chip in clinical
samples

The specificity, sensitivity and reproducibility test results have
illustrated that the microfluidic-RT-LAMP chip detection system is
stable, rapid, convenient and portable. To further verify the actual
performance of the microfluidic-RT-LAMP chip detection system in
clinical samples, we collected 173 swine diarrhea samples, of which
80 PEDV positive samples, 59 PDCoV positive samples, 52 SADS-
CoV positive samples and 17 negative samples were detected by
the microfluidic-RT-LAMP chip system and referenced qRT-PCR
assays. There were 12 samples co-infected with two or three

coronaviruses. No negative sample detected by the qRT-PCR assays
was found to be positive by the developed microfluidic-RT-LAMP
chip system. The coincidence rates (the proportion of the number
of samples with the same test results in the total number of test
samples) of the detection results between the qRT-PCR and the
microfluidic-RT-LAMP chip system were 97.69%, 97.11% and 97.11%
for PEDV, PDCoV and SADS-CoV, respectively (Table 2). Sensitivities
of the microfluidic-RT-LAMP chip for each virus were 95.24%,
92.19% and 91.23%. Additionally, specificities of the microfluidic-RT-
LAMP chip for three viruses were all 100%. The results were
matched perfectly, which showed that our microfluidic-RT-LAMP
chip system was effective and reliable.
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Based on the above dates, ROCs were plotted to determine the
diagnostic accuracy of the microfluidic-RT-LAMP system and qRT-
PCR assays. The results revealed that the AUCgroc were 0.976,
0.961 and 0.956 (p < 0.0001) for PEDV, PDCoV and SADS-CoV,
respectively and the corresponding Youden index were 0.9524,
0.9219 and 0.9123, which indicated the detection system we
developed is an effective diagnostic tool to distinguish three kinds
of coronaviruses infected and uninfected samples, with the po-
tential to replace existing methods for POC diagnosis (Fig. 5A—C)
[39—41]. Simultaneously, ROC curves of the microfluidic-RT-LAMP
system and qRT-PCR assays were analyzed, and the results
further showed that there was no significant difference between
these two kinds of methods in detecting these three coronaviruses
(ZpEDV = 2.037, p < 0.0416; Zppcov = 2.311, p < 0.0209; Zsaps-
cov = 2.320, p < 0.0203) (Fig. 5A—C).

4. Conclusions

Taken together, this study successfully established a rapid,
simple and low-cost multiplex detection tool for PEDV, PDCoV, and
SADS-CoV, which integrated a microfluidic chip, real-time RT-LAMP
assay and a portable microfluidic chip fluorescence detector. The
entire procedure could be completed within 1.5 h at detection

limits of 1 x 10! copies/uL, 1 x 102 copies/uL and 1 x 10% copies/uL
for PEDV, PDCoV and SADS-CoV, respectively. Perfect sensitivity
and specificity for those three swine coronaviruses detection were
also found with 173 clinical samples. This microfluidic-RT-LAMP
chip system possesses the important features of a successful POC
diagnostic tool, in that it is extremely portable, cost-effective and
rapid. Meanwhile, it is high-throughput and easy-to-use in the
field, which has given the excellent prospects of this method in
swine enteric coronaviruses epidemic monitoring and control.
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Fig. 4. Evaluation of stability and reproducibility of the microfluidic-RT-LAMP chip detection system for three swine enteric coronaviruses. A-C. Stability test of PEDV, PDCoV
and SADS-CoV for 8 replicate experiments using high, medium and low (detection limits) concentration standards, respectively. D-F. Stability test of PEDV, PDCoV and SADS-CoV for
8 replicate experiments using a clinical virus-infected sample. G-1. The SD and C.V. of Tt values for each of 8 replicate experiments.

Table 2
Comparisons between the microfluidic-RT-LAMP chip system and the qRT-PCR assay for detection of three swine enteric coronaviruses. a. microfluidic-RT-LAMP chip
system positive samples. b. qRT-PCR positive samples. c. microfluidic-RT-LAMP chip system negative samples. d. qRT-PCR negative samples.

virus No.of samples Performance of the microfluidic- CR %
RT-LAMP chip
Chip+? qRT-PCR + ? Chip + qRT-PCR- Chip- qRT-PCR+ Chip-€ qRT-PCR-¢ Sensitivity % Specificity %
PEDV 80 0 4 89 95.24 100 97.69
PDCoV 59 0 5 109 92.19 100 97.11
SADS-CoV 52 0 5 116 91.23 100 97.11

CR: coincidence rate. CR = (True positive + True negative)/Total*100%.
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Fig. 5. Diagnostic performance of the microfluidic-RT-LAMP chip system for three swine enteric coronaviruses. A-C. Receiver operating curve (ROC) analysis of the
microfluidic-RT-LAMP chip detection system for the diagnosis of PEDV, PDCoV and SADS-CoV and comparison of the diagnosis accuracy between the microfluidic-RT-LAMP chip

detection system and qRT-PCR assays.
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