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g r a p h i c a l a b s t r a c t
� Hive-Chip firstly realized simulta-
neous detection of multiple genes of
ASFV, largely avoiding false-negative
results.

� Without nucleic acid extraction,
direct LAMP was firstly incorporated
into the Hive-Chip for visual
detection.

� Because very little operation and no
complicate instrument is required,
on-site detection is possible for this
platform.
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African swine fever is caused by African swine fever virus (ASFV), and has a mortality rate approaching
100%. It has already caused tremendous economy lost around the world. Without effective vaccine, rapid
and accurate on-site detection plays an indispensable role in controlling outbreaks. Herein, by combining
Hive-Chip and direct loop-mediated isothermal amplification (LAMP), we establish a multiplex and vi-
sual detection platform. LAMP primers targeting five ASFV genes (B646L, B962L, C717R, D1133L, and
G1340L) were designed and pre-fixed in Hive-Chip. On-chip LAMP showed the limits of detection (LOD)
of ASFV synthetic DNAs and mock samples are 30 and 50 copies per microliter, respectively, and there is
no cross-reaction among the target genes. The overall performance of our platform is comparable to that
of the commercial kits. From sample preparation to results readout, the entire process takes less than
70 min. Multiplex detection of real samples of ASFV and other swine viruses further demonstrates the
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Direct loop-mediated isothermal
amplification
high sensitivity and specificity of Hive-Chip. Overall, our platform provides a promising option for on-
site, fast and accurate detection of ASFV.

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

African swine fever (ASF), caused by African swine fever virus
(ASFV), is a highly contagious and lethal disease which manifests
the symptom of acute hemorrhagic fever in domestic pigs and wild
boars [1e3]. Since ASF was first reported in Kenya in 1921, it has
rapidly spread around many countries of Africa, Europe, America
and Asia [4e6]. In August 2018, the first ASF outbreak in China was
identified in Shenyang City, Liaoning Province and spread to many
provinces in a fast way [7]. By March 5, 2020, 165 outbreaks were
reported in 32 Provinces and about 1,193,000 pigs have been culled
to halt further expansion, posing a devastating impact on both local
and the global swine industry [8].

ASFV is an enveloped double-stranded DNAvirus transmitted by
soft ticks. ASFV has a giant genome of 170e194 kb and possesses a
multilayered structure and overall icosahedral morphology [9,10].
Because of complex genetic composition and high variabilities,
ASFV is currently classified into 24 genotypes and more subtypes
[11]. There is no effective treatment or vaccine available, thus early
and accurate diagnosis of ASFV is crucial for rapid control of out-
breaks. More recently, by comparing the genome of ASFV China/
2018/AnhuiXCGQ strain and related European genotype II strains,
Bao et al. found 54e107 variation sites contributing to the alteration
of amino acid residues in 10e38 genes, which put forward the high
requirements for accurate and mutation-tolerant detection [12].

The current methods for ASFV detection can be generally
divided into two types: 1) The immunology detection methods,
including haemadsorption test (HAD) [13], enzyme-linked immu-
nosorbent assay (ELISA) [14], fluorescence antibody test (FAT) [15],
and lateral flow assay (LFA) [16]. Although HAD is reliable and
effective, they often take several days to get the results and need
high-quality tissues for preparing cells. ELISA and FAT are rapid and
convenient methods for precisely recognizing viral antibodies, but
this serological diagnosis may not suitable for accurate early diag-
nosis when there is very low level of ASFV antibodies before
seroconversion [17]. 2) The molecular biology detection methods,
including many kinds of polymerase chain reaction (PCR) [18e20],
invader assay [21], loop-mediated isothermal amplification (LAMP)
[22,23], and recombinase polymerase amplification (RPA) [24]. As a
gold standard for ASFV detection in the laboratory, PCR requires
thermal cycling instruments and skilled operators, which is not
ideal for resource-limited situations. With no need for well-
equipped laboratory and professional operations, isothermal
amplification has emerged as a promising on-site detection
method. Recently, a variety of novel isothermal amplification assays
in combination with clustered regularly interspaced short palin-
dromic repeats (CRISPR) and lateral flow assay (LFA) have been
developed for ASFV diagnosis [25e28]. These methods achieved
higher sensitivity and specificity, and could be adaptable for point-
of-care testing (POCT). Nevertheless, the separation of amplifica-
tion and detection in open space makes it possible to generate
false-positive results due to aerosol contaminations. Without
amplification, a high-throughput detection system based on
CRISPR-Cas12a is also established for ASFV detection, but it is
inconvenient to transfer the Cas12a-cleaved product from a water
bath into a disposable cartridge for detection [29]. Last but not
least, all methods aforementioned are usually focused on detecting
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only one gene target at a time, such as B646L encoding viral protein
P72 (VP72) [24e29], 9 GL encoding sulfhydryl oxidase [20], P1192R
encoding topoisomerase II [22], or K78R encoding DNA binding
protein P10 [23], which may lead to false-negative results because
of possible mutations on the complex, highly variable genomes of
ASFV. For example, Gallardo et al. found the OIE (World Organiza-
tion for Animal Health)-recommended conventional PCR showed
reduced sensitivity when detecting field and experimental samples
because of the nucleotidemismatches between the primers and the
ASFV target gene [15]. To sum up, the need for rapid, sensitive,
integrated, and multiplex detection of ASFV without thermal cycler
has not yet been satisfied.

Previously, we have successfully established a capillary array-
based LAMP for multiplex visual detection of nucleic acids
(CALM) platform for genetically modified organisms (GMOs)
monitoring [30]. To incorporate the sample preparation, we sub-
sequently developed a pipette-actuated capillary array comb
(PAAC) system with integrated DNA extraction, isothermal ampli-
fication, and smartphone detection [31]. Although the integrated
detection was accomplished, the fabrication of the chip with
embedded glass filter paper is complicated. In comparison, a direct
amplification test without DNA extraction is a real need in nucleic
acid testing (NAT), such as direct PCR [32], direct LAMP [33], and
direct RPA [34], which saves a lot of time and labor. Meanwhile,
PAAC system was designed to identify different pathogens, usually
with one target gene for each pathogen, which may not suitable to
accurately detect variable targets, such as the viral nucleic acid.

Herein, we provide a multiplex and visual detection platform
based on capillary array and direct LAMP for rapid and accurate
detection of ASFV. Given the complex and variable properties of
ASFV genomes, we choose five conserved genes (B646L, B962L,
C717R, D1133L, and G1340L) as the target for detection, avoiding
the false-negative results in virtue of the mutations of a certain
gene. The profile of capillary array looks like a hive, so we named it
“Hive-Chip”. Different sets of LAMP primers are pre-fixed in each
capillary. Without nucleic acid extraction, NaOH-treated swine
blood sample is mixed with LAMP reagents directly. Due to the
outer surface of the Hive-Chip is hydrophobic and the inner surface
of the capillary is hydrophilic, LAMP mixtures can be simulta-
neously loaded and dispersed into each capillary by capillary forces.
Then the Hive-Chip is incubated at 63 �C for 1 h with sealed optical
film and the fluorescence signals are visually detected with 365 nm
UV-light. To our knowledge, there is no multiplex detection plat-
form employing multiple targets presently available for ASFV
detection. Hive chip-based multiplex detection platform greatly
enhances detection accuracy and shows superior characteristics,
such as high sensitivity, compatibility with isothermal amplifica-
tion, on-site detection capability, thus possesses the potential to
become a major platform for animal or zoonotic epidemics
monitoring.
2. Materials and methods

2.1. Chemicals and materials

Unless otherwise stated, all the chemicals were purchased from
Sigma-Aldrich (MO, USA). Capillaries were purchased from Zhong



Y.-S. Zhu, N. Shao, J.-W. Chen et al. Analytica Chimica Acta 1140 (2020) 30e40
Cheng Quartz Glass (Beijing, China). Polydimethylsiloxane (PDMS)
precursor was purchased from Dow Corning (MI, USA). Ultra-Ever
Dry paint was purchased from UltraTech (FL, USA). Bst DNA poly-
merase large fragment was purchased from New England BioLabs
(MA, USA). Chitosan, dNTP mixture, and agarose B were purchased
from Sangon Biotech (Shanghai, China). QuikChange Site-Directed
Mutagenesis Kit was purchased from Agilent Technologies (CA,
USA). PCR Kit and LAMP Kit for Rapid Detection of African Swine
Fever Virus were purchased from Yoyoung Biotech (Guangzhou,
China). The genomic DNA samples of ASFV are provided by National
African Swine Fever Regional Laboratory, South China Agricultural
University (Guangzhou, China). The genomic DNA samples of other
swine viruses, including dsDNA virus PRV (pseudorabies virus),
ssDNA virus PCV2 (porcine circovirus type 2) and PPV (porcine
parvovirus), are obtained from Huazhong Agricultural University
(Wuhan, China).

2.2. Preparation of primers and DNA templates

According to the multiple sequence alignment of ASFV China/
2018/AnhuiXCGQ (GenBank: MK128995.1) with other genotype II
ASFV strains available in NCBI database, we chose five target genes
(B646L, B962L, C717R, D1133L and G1340L) based on the function
type, conservation, and the length of sequences (data is partially
shown in Fig. S1 and Table S1). Meanwhile, we aligned two pairs of
OIE (World Organization for Animal Health)-recommended PCR
primers (i.e., OIE-F/OIE-R and PPA-1/PPA-2) with the target
sequence (data is shown in Fig. S2). To screen more effective
primers, we used PrimerExplorer V5 (http://primerexplorer.jp/e/)
to design four primer sets for each target gene. All primers were
synthesized by Sangon Biotech (Shanghai, China). All gene frag-
ments were synthesized and constructed into pMV vector by Qin-
glan Biotech (Wuxi, China). The plasmid of mutated B646L gene
was constructed using the QuikChange Site-Directed Mutagenesis
Kit (primers are listed in Table S4).

2.3. Hive-Chip fabrication

The procedure for fabricating the Hive-Chip mainly consists of
three parts: the cleaning of capillaries, the assembly of Hive-Chip,
and the super-hydrophobic modification. Firstly, Quartz capil-
laries with 1.0 mm outer diameter and 0.7 mm inner diameter were
cut into 4 mm sections (with a volume of ~1.6 mL) by a diamond
wire cutting machine. Then the short capillaries were thoroughly
cleaned with piranha solution (H2SO4/H2O2 ¼ 3:1, v/v) for at least
0.5 h, washed by pure water and ethanol, and dried in an oven.
Secondly, seven preprocessed capillaries were inserted into a PDMS
support to 3.5mmdeep as demonstrated in Fig.1, which carried ten
arrayed through-holes and was modified by Ultra-Ever Dry Top
Coat. According to a previous study [30], the PDMS support was
made by a tubular mold with 10 patterned columns of 1.0 mm
diameter inside and cut to 4 mm in length. Thirdly, the super-
hydrophobic modification was the key step for simultaneously
sample loading. To be specific, 15 mL Ultra-Ever Dry Top Coat was
loaded carefully on the top surface of the PDMS support and the
outer surfaces of the exposed part of capillaries. After that, the
modified Hive-Chip was air-dried for use.

2.4. In-tube and on-chip LAMP reaction

All the LAMP primer sets for ASFV detection are listed in
Tables S2 and S3. To facilitate the preparation of the reactions, we
prepared a 10 � primer mixture containing 16 mM each of inner
primer (FIP and BIP), 8 mM each of the loop primer (LF and LB), and
4 mM each of the outer primer (F3 and B3).
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In-tube LAMP was carried out in a 25 mL reaction mixture con-
taining 1 � ThermoPol Buffer (containing 2.0 mM MgSO4), totally
8.0 mM MgSO4, 1.4 mM dNTPs, 0.8 M betaine, 25 mM of calcein,
0.5 mM of MnCl2, 0.32 U mL�1 Bst DNA polymerase, 1 � primer
mixture, and the DNA template. The reaction was performed at
63 �C for less than 60min in an incubator or thermocycler. After the
reaction was completed, the LAMP products were detected in a gel
imaging system under the illumination of 365 nm UV-light. To
further confirm the results, the LAMP products were also electro-
phoresed on a 2% agarose gel to generate the predicted fragments.

On-chip LAMP adopted the same reaction system as the protocol
described above, except that Bst DNA polymerase was
1.5 � (namely 0.48 U mL�1) and no primers were added, because
1.6 mL of the primer set dissolved in 0.05% chitosan was already
individually pre-fixed in the corresponding capillary. One blank
capillary with no primers were employed as the negative control
(NC). To simultaneously introduce the LAMP mixture into all seven
capillaries, an adapter for sample loading was produced as our
previously reported [30] (Fig. 1). The adapter had a funnel-shaped
inlet connected with a shallow inverted dish, which could cover
the exposed parts of all capillaries in the Hive-Chip. When the
standard 100 mL pipet tip was inserted into the inlet, the LAMP
mixture was gently injected and dispersed into all capillaries by
capillary forces. Then the adapter was removed with the locked tip
and the plate well was absolutely sealed by an optical film. Finally,
the Hive-Chip was incubated at 63 �C for less than 60 min in an
incubator and visually detected by a hand-held UV-light device.

2.5. Direct LAMP without nucleic acid extraction

Swine blood samples were collected in anticoagulant (EDTA-
coated) tubes, followed by mixing of the samples with 100 mM
NaOH in a ratio of 1:2, with a final volume of 30 mL, and incubation
at room temperature for 3 min [33]. After that, 1 mL of the mixture
was pipetted into LAMP reaction mixtures of 25 mL for subsequent
amplification.

2.6. Data analysis

Once the LAMP reactions finished, the fluorescent images of the
Hive-Chip were captured by a digital camera or a smartphone. For
quantitative analysis, the fluorescent intensity data was extracted
by GenePix Pro 6.1 software (Molecular Devices, CA, USA). Signal
intensity was set as mean of foreground subtracted by mean of
background for each capillary. Signal-to-noise ratio (SNR) was
defined as the ratio of signal intensity of the target to signal in-
tensity of the negative control, and the cut-off was set as SNR>1.5.
Triplicate tests were performed for samples to verify the repro-
ducibility of the Hive-Chip.

3. Results

3.1. The schematic and workflow for detection of ASFV by combing
the Hive-Chip and direct LAMP

To optimize the detection procedure, a direct LAMP method
without nucleic acid extraction was adopted [33]. As depicted in
Fig. 1, minimal operation and only 3 steps are required. In the first
step, swine blood samples were collected in anticoagulant tubes,
followed by mixing of the samples with 100 mM NaOH in a ratio of
1:2, and incubated at room temperature. The mixtures were directly
used as the template for subsequent amplification. In the second
step, the LAMP reaction mixtures containing the pre-processed
samples were injected into an inlet of the adapter that connects to
the Hive-Chip. The mixtures could be uniformly dispersed into all

http://primerexplorer.jp/e/


Fig. 1. Schematic illustration of the multiplex detection of ASFV based on Hive-Chip. To detect ASFV in less than 70 min, the blood sample DNA was released in 5 min, followed
by 5 min for sample loading and 40e60 min for the LAMP reaction and fluorescent readout. Excited by a hand-held UV-light device, the bright green fluorescence in Hive-Chip
indicates the positive LAMP amplification. The symbol “X” indicates no capillaries; NC indicates negative control; PC indicates positive control.
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capillaries by capillary forces. The adapter was then removed with
the locked pipet tip and the plate was fully sealed by an optical film,
providing a closed space for amplification and avoiding the aerosol
contamination. In the third step, the LAMP reactionswere performed
at 63 �C for less than 60min in an incubator. The fluorescence signals
of the amplifications were excited by a hand-held UV-light device
and imaged by a digital camera or a smartphone for analysis.
Importantly, the entire process from sample collection to the readout
of the results takes less than 70 min.
3.2. Validity and specificity tests of in-tube LAMP

The genome comparison of a dominant strain of genotype II
ASFV (China/2018/AnhuiXCGQ) with other strains of genotype II
(i.e., POL/2015/Podlaskie, Estonia 2014, Russia/Odintsovo_02/14/
Boar and Georgia 2007/1) revealed 118 ORFs were identical among
all 5 genotype II ASFV strains [12]. The conserved ORFs included 16
structural proteins and proteins involved in morphogenesis; 25
proteins involved in nucleotide metabolism, transcription, repli-
cation and DNA repair; 3 proteins acting other enzymatic activities;
4 proteins involved in host cell interactions; 23 members of the
multigene family (MGF); and 47 proteins of unknown function.

To design the optimal primer sets for LAMPwith high specificity,
high sensitivity, and robust for a wide range of detections, we set
several principles for target genes selection: (1) Since it is known
that most of the variations among ASFV genomes results from gain
and loss of the MGF members [35], MGFs were excluded; (2) The
target genes were selected from different functional groups as
diversified as possible; (3) The length of the target geneswas bigger
than 500 bp, the purpose is to ensure multiple sequence alignment
to obtained conserved sequences in all known strains listed in
GenBank database. Next, we performed a multiple sequence
alignment analysis of all eligible genes and eventually chose five
conserved genes for LAMP primers design, including B646L, B962L,
C717R, D1133L and G1340L (data is partially shown in Fig. S1 and
Table S1). Although viral protein P72 (VP72) encoded by B646L is
the most frequently used gene target for ASFV detection [24e29],
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many mutations are still found in different strains. Besides, we also
aligned two pairs of OIE (World Organization for Animal Health)-
recommended PCR primers (i.e., OIE-F/OIE-R and PPA-1/PPA-2)
with the target sequence in B646L and found many nucleotide
mismatches (Fig. S2), which was consistent with the findings from
other studies [15,36]. To avoid the possible false positive detection
because of gene mutations in a single gene, it is necessary to
perform multi-targets detection. To assure the success of obtaining
optimal primer set, we designed four primer sets for each gene
(Tables S2 and S3). Evaluation of the primers were divided into two
aspects: validity tests and specificity tests. Two detection methods
were used to analyze the LAMP products: visual detection with
fluorescent reagent and gel electrophoresis.

For validity tests (Fig. 2A), all four primer sets were effective in
amplification of the target gene including B646L, B962L, D1133L
and G1340L. Both fluorescence detection and gel electrophoresis
showed the positive reaction. But only one primer set could suc-
cessfully amplify the target gene C717R, in return, this prove the
necessity of designing multiple sets of primers for a given target.
Overall, we obtained at least one set of effective LAMP primers for
each of the five ASFV target genes.

To access the specificity, every primer set was used to amplify all
the five genes (Fig. 2B and Table S2). The results clearly showed that
only when a given set of primers and the corresponding template
were added, expected signals were then observed for both fluo-
rescent visual detection and gel electrophoresis, indicating that in-
tube LAMP was able to accurately and specifically identify the
corresponding ASFV targets.
3.3. Specificity and sensitivity tests of on-chip LAMP

To verify the specificity on chip, LAMP mixtures containing one
of the five synthetic DNAs were evenly distributed into capillaries
of the Hive-Chip. Further, we set an unrelated LAMP primer set,
which is specific for sad1 gene [30], as the positive control in each
capillary array to demonstrate the validity of LAMP reaction. All the
results were as expected (Fig. 3A). For each synthetic DNA, only the
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capillary containing the corresponding pre-fixed primers showed
positive signals and the rest were negative. For example, for B646L
gene, apart from positive control (PC), the bright green signal was
obtained only in capillary “1” pre-fixed with the matched primers.
Similarly, the other four genes also showed specific amplification
results, which were consistent with in-tube LAMP reactions and
demonstrated high specificity.

To evaluate the sensitivity, five DNA templates were mixed in
one-pot and loaded at the same time, resulting in positive signals
from all the capillaries with ASFV primers in the Hive-Chip. As
shown in Fig. 3B, serially diluted DNA mixtures including 880, 88,
and 30 copies per microliter were successfully detected. And a
sensitivity of lower than 15 copies per microliter was only achieved
Fig. 2. A set of highly-specific LAMP primers were screened. (A) Validity tests of primers. Lef
showed the positive reaction; right panel: gel electrophoresis analysis of the products recov
gene; N: no template DNA, ddH2O only; P: with template DNA. (B) Specificity tests among fi

B646L, B962L, C717R, D1133L and G1340L, respectively. N: no template DNA, ddH2O only; P
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for the target genes C717R and D1133L, so the limit of detection
(LOD) for the current Hive-Chip was around 30 copies per micro-
liter, i.e., 48 copies per reaction. According to the OIE (World Or-
ganization for Animal Health) Manual of Standards for Diagnostic
Test and Vaccine [37] and the validation of actual samples [36,38],
the sensitivity of OIE-recommended PCR is about 600 copies per
reaction. In addition, 30 copies per microliter of DNA could be easily
obtained from acute infection of ASFV [39]. These facts demon-
strating that the sensitivity of Hive-Chip is suitable for ASFV
detection in real world. By optimizing the reaction conditions and
LAMP primers, we believe that higher sensitivity could be achieved
for Hive-Chip.
t panel: the calcein fluorescence images captured in a gel imaging system, bright white
ered from the corresponding tubes of the left panel; 1e4: different primer sets of each
ve primer sets for each target gene in tube. P1, P2, P3, P4 and P5 indicates the template
: with template DNA.
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3.4. Testing of mock samples

Sample treatment is one of the key steps in nucleic acid testing
(NAT) systems. Although nucleic acid extraction can provide high-
quality and relatively pure templates for the down-stream anal-
ysis, it also complicates the procedure and enhances the risk of
nucleic acid loss and cross-contamination, which is not suitable for
point-of-care tests (POCTs). To simplify nucleic acid extraction, Liu
et al. [33] developed an accurate, rapid and easy-to-use SNP
detection method based on LAMP that do not require DNA
extraction from whole blood, dried blood spot, buccal swab and
saliva, this method is known as direct-LAMP. According to their
results, NaOH treatment could effectively lead to cell lysis, followed
by release of DNA for use in LAMP amplification. Meanwhile,
various DNA polymerase inhibitors in whole blood, such as he-
moglobin, IgG and proteases can be inactivated by the treatment
with NaOH solution.

To further verify the applicability of Hive-Chip, the best way is to
test deactivated real sample in blood collected from ASFV infected
pigs. However, due to safety issue and highly restricted regulation
of the government, it is very difficult to collect real samples. Thus,
we decided to mimic the real sample. We prepared a set of mock
samples by spike all the five synthetic DNA templates into EDTA-
blood collected from a healthy pig. The DNA templates were set
as 3000, 300, 100, 50, 30 and 0 copies per microliter. Because ASFV
is a virus with dsDNA genome, and the viral particle is very easily to
be disrupted [25,26], we believe these mock samples are very close
Fig. 3. Specificity and sensitivity tests of LAMP reactions performed in Hive-Chip. (A) The spe
was also included as a positive control in each test. 1e5: capillaries pre-fixed with LAMP
capillary pre-fixed with LAMP primer set of Sad1; NC: negative control capillary with no
dilutions. The template of Sad1 gene was also added. The fluorescent photographs of the
amplification.
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to the real sample. By applying the mock samples, we conducted
the entire analytical process from sample treatment to fluorescent
readout in the Hive-Chip following the protocol shown in Fig. 1. As
what we expected, five genes were successfully detected from this
blood sample at the low limit of detection (LOD) of 50 copies per
microliter (Fig. 4A), which were comparable with the results ac-
quired from the pure plasmid samples. The quantitative analysis of
the signal intensity obtained from the corresponding Hive-Chip
(e.g., 3000 copies and 30 copies per microliter) further confirmed
the reliability of results. It may due to the complex background of
swine blood that a sensitivity of lower than 30 copies per microliter
was only achieved for the target gene B962L, C717R and D1133L. But
from the perspective of detection, as long as the sensitivity of one
gene reaches the LOD, ASFwill not bemissed. Furthermore, to avoid
that the complex background of swine blood would generate false-
positive, we set the healthy blood sample with no target genes
(namely 0 copies per microliter) as a control. According to the re-
sults, no capillaries showed bright green fluorescence apart from
positive control, which proved the capability of performing analysis
of more complicated samples of ASFV. To clearly display the linear
detection ranges and detection limits of different genes, we also
drew sensitivity plot for each gene (Fig. 4B). Although the signal
advancement of the Hive-Chip line charts exhibited positive
correlated with the concentration of the targets, they did not show
good linear relationship, this could be explained by the fact that
LAMP is intrinsically not a linear amplification method. The fluo-
rescence of C717R gene at 30 copies per microliter was a little bit
cificity tests with five synthetic DNAs (plasmids) separately. The template of Sad1 gene
primer set of B646L, B962L, C717R, D1133L, G1340L, respectively; PC: positive control
primer set. (B) The sensitivity tests with five synthetic DNAs (plasmids) of different
Hive-Chip after LAMP were shown. The bright green color indicated positive LAMP
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higher than that at 50 copies per microliter, which might result
from the fluctuation of low copies templates in complex back-
ground (Fig. 4B).

Although the relatively conserved sequence (e.g., B646L) of ASFV
has been chosen for detection, we can still find that the mutable
Fig. 4. Multiplex detection of ASFV with mock swine blood sample. (A) Healthy swine blood
was included as a positive control in each test. Quantitative analysis of the signal intens
microliter) confirmed the successful detection.1e5: capillaries pre-fixed with LAMP primer
pre-fixed with LAMP primer set of Sad1; NC: negative control capillary with no primer se
different genes by quantitative analysis. The fluorescence of each gene at different concen
replicates, two-tailed Student’s t-test; **P < 0.01, ***P < 0.001, and ****P < 0.0001; error b
mutant plasmid of B646L gene and four wild plasmids of B962L, C717R, D1133L and G1340L g
(namely C355A, C360T, C365G, C373A and A379G) of B646L plasmid came from four exis
Quantitative analysis of the signal intensity confirmed the successful detection.
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viral genomes bring many mismatches between the primers and
the target sequence (Figs. S1 and S2). In view of the mismatches
discovered in two pairs of OIE-recommended PCR primers, Luo
et al. also tried to develop an updated PCR assay for detection of
ASFV. However, they still target one gene and would face the same
spiked with five ASFV plasmids of different concentrations. The template of Sad1 gene
ity obtained from the corresponding Hive-Chip (e.g., 3000 copies and 30 copies per
set of B646L, B962L, C717R, D1133L, G1340L, respectively; PC: positive control capillary
t. (B) The sensitivity plot covering the linear detection ranges and detection limits of
tration obtained from the corresponding Hive-Chip in panel (A). n ¼ three technical
ars represent the SD of three measurements. (C) Healthy swine blood spiked with one
ene. The template of Sad1 gene was included as a positive control. Five point mutations
ting ASFV strains (GenBank: EF121429.1, MH025920.1, KM111295.1 and MH025919.1).
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dilemma. Herein, to further demonstrate the necessity of multi-
targets detection, we introduced five existing point mutations
(namely C355A, C360T, C365G, C373A and A379G) into the loca-
tions of the LAMP primers target sequences of B646L according to
the results of multiple sequence alignment of different ASFV
strains. Then we conducted the Hive-Chip reaction. As shown in
Fig. 4C, while “1” capillary lost the positive signal, other capillaries
(namely “2e6” capillary) still showed the bright green fluores-
cence, which guaranteed the accuracy of ASFV detection.

To further prove that the detection performance of Hive-Chip
was comparable with commercial kits, PCR kit and LAMP kit
(Yoyoung Biotech) approved by China Animal Disease Control
Center for ASFV detection were also tested using mock samples of
serial dilutions. As shown in Fig. S3, the limit of detection (LOD) of
both PCR kit and LAMP kit was about 100 copies per reaction. By
contrast, the sensitivity of Hive-Chip was 50 copies per microliter,
i.e., 80 copies per reaction, which was comparable with that of
these commercial kits. In addition, the sensitivity of our platform
meets the international standard, i.e., the recommended OIE
Manual of Standards for Diagnostic Test and Vaccine, i.e., approxi-
mately 600 copies per reaction [36e38]. As previously reported,
Zhao et al. [39] adopted qPCR to quantify VP72 gene copies of the
blood samples from three infectious pigs. After 3 days infection, the
VP72 gene copies can reach more than 107 copies per milliliter (i.e.
104 copies per microliter), which is far above the limit of detection
of Hive-Chip. This also confirmed the practicability of our platform.
Actually, we can also increase the input of blood in the LAMP
mixtures to improve the sensitivity of detection when it is neces-
sary. Moreover, both OIE PCR and commercial kits (Yoyoung
Biotech) can only detect one gene (B646L) at a time and require
heavy instrumentation for fluorescence detection. While the LAMP
kit needs an extra incubation at 80 �C for 3 min for sample prep-
aration to release the nucleic acids. In the contrast, our platform is
capable of monitoring multiple targets in a single test. The results
could be directly visualized, and no sophisticated sample prepa-
ration is needed.

3.5. Multiplex detection of clinical samples with Hive-Chip

To further demonstrate the capability of Hive-Chip for ASFV
detection, we collected three ASFV genomic DNA samples in com-
plex mixtures. As shown in Fig. 5A, all of them were successfully
detected by Hive-Chip. Moreover, nine genomic DNA samples of
other major swine viruses, including pseudorabies virus (PRV),
porcine circovirus type 2 (PCV2), and porcine parvovirus (PPV),
were also obtained for specificity testing. As shown in Fig. 5B and
S4, the assays exhibited no cross-reaction with ASFV. These re-
sults indicate the high specificity of Hive-Chip.

To clearly demonstrate the advantages of our platform, we
prepared Table S5 to compare Hive-Chip with other four repre-
sentative methods for ASFV detection, as well as two commercial
kits. Without nucleic acid extraction and heavy instrumentation,
Hive-Chip can simultaneously detect five genes related to ASFV in a
one-pot reaction, which can largely guarantee the accuracy and
avoid the aerosol contamination. The total testing time is less than
70 min and the limit of detection (LOD) is 80 copies per reaction.
Moreover, compared with our previous work (Table S6), i.e., CALM
platform [30] and PAAC system [31], the most important feature of
current study is that we target multiple genes for a single pathogen
(especially variable virus). To our knowledge, this concept has not
been attempted for LAMP and other isothermal NAT technologies.
Meanwhile, direct-LAMP was adopted to simplify the blood sample
pre-treatment and facilitate the on-site detection of ASFV. Overall,
we provided a total solution based on Hive-Chip for various targets
and samples detection.
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4. Discussion

Multiplex nucleic acid detection of variable ASFV is critical for
accurate and early diagnosis of ASF. However, current methods only
target one gene of ASFV, which easily brings missed inspection
because of the highly mutable genomes of this virus. Herein, we
established a multiplex and visual detection platform based on
Hive-Chip and direct LAMP for rapid and accurate detection of
ASFV. This platform assured detection accuracy through moni-
toring several gene fragments in a single test.

There are several advantages of our platform over the existing
methods. Firstly, the design of multi-targets detection in a single
reaction plays a vital part in accurately diagnosis of the mutable
viral nucleic acid. If we consider the singleplex detection as a
“Pistol” of shooting a target a time, Hive Chip-based multiplex
detection platform may similar to a “Shotgun”, which can shoot
many “Enemies” (genes of ASFV) a time. In this study, apart from
the B646L gene included in OIE-recommended PCR, the other four
conserved genes (B962L, C717R, D1133L and G1340L) are also
selected as the target for the first time for multiplex detection of
ASFV, which largely avoid the false-negative results arising from
the possible mutations of a certain gene. Based on this principle,
Hive-Chip can serve as a versatile platform for various virus
detection. For example, nucleic acid testing (NAT) of the recent
outbreak of severe acute respiratory syndrome (SARS)-CoV-2
mainly covers Orf1ab gene, N gene, E gene and human RNase P gene
as a control, which requires multiplex detection [40e42]. In this
case, Hive-Chip can integrate multiple genes at a time to realize
simultaneous detection and subsequently save a lot of time for
epidemic control. Moreover, to our knowledge, it has not been re-
ported that there is a significant difference in the expression level
of these five genes in different strains of ASFV. Currently, ASFV is
usually genotyped using a combination of partial sequencing of the
B646L gene and analysis of the central variable region (CVR) of the
B602L gene [11]. Meanwhile, other genes like p30, p54, and CP204L
gene are also served as a supplementary classification standard
[43]. But it is hard to use the difference or ratio of these genes to
identify the genotype of samples from different regions. Secondly,
multiplex NATs are usually disturbed by cross reaction between
different primer sets. Hive-Chip can provide physical isolation of
primers by different capillaries, and the hydrophobic modification
can avoid the cross contamination of capillaries in sample loading.
Meanwhile, the closed space for amplification and visual detection
theoretically can prevent 100% aerosol contaminations. Thirdly,
nucleic acid extraction is the key step in NATs and it often needs
complex operation. Integrated with direct LAMP, the entire process
of Hive-Chip from blood sample treatment to detection can be
finished within 70 min independent of nucleic acid extraction and
sophisticated instruments, which is suitable for on-site detection of
ASFV. Besides, other direct amplification methods including direct
RPA [34] could also be easily combined with our platform for
different types of samples.

Last but not least, Hive-Chip based platform has good flexibility
and compatibility. The current version of chip has ten channels for
detecting as many as eight targets other than positive and negative
control. As for ASFV detection, we only adopt five targets and leave
three channels unused. Furthermore, by increasing the size of Hive-
Chip, we can increase the channel number and locate more capil-
laries in a single Hive-Chip unit. Because the current format of Hive-
Chip is compatible with standard 96-well plate and it can be
assembled into a single well, we can easily perform high-
throughput sample loading by means of the multi-channel
pipette [30]. Based on this, Hive-Chip can be integrated with the
current automated liquid workstation (e.g., Beckman & Biomek
4000) for high-throughput sample loading. Furthermore, to realize



Fig. 5. Multiplex detection of real samples of ASFV and other swine viruses based on Hive-Chip platform. (A) Three genomic DNA samples of ASFV are detected by Hive-Chip. (B)
The specificity testing against other swine viruses, including PRV (pseudorabies virus), PCV2 (porcine circovirus type 2) and PPV (porcine parvovirus). The template of Sad1 was
included a positive control. n ¼ three technical replicates, two-tailed Student’s t-test; *P < 0.05, **P < 0.01, and ***P < 0.001; error bars represent the SD of three measurements.
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massive detection, we can also employ multi-mode plate reader
system (e.g., Biotek & Cytation 5 Cell Imaging Multi-Mode Reader)
to acquire fluorescence images for subsequent signal analysis. We
believe that Hive-Chip-based platform is suitable for high-
throughput screening when combined with widely accessible in-
struments of 96-well plate operation.

Unfortunately, due to the lack of biosafety laboratory for
handling the infectious real samples, we didn’t have chance to test
swine blood sample obtained from pigs with diagnosed infection.
However, sensitive detection of mock blood sample spiked with
synthetic ASFV DNAs demonstrated the compatibility of our plat-
form with the multiplex amplifications and the analysis of actual
samples. Meanwhile, side-by-side comparison with two approved
commercial kits, our platform also showed similar detection per-
formance. Furthermore, multiplex detection of ASFV genomic DNA
samples also demonstrate the utility and capability of Hive-Chip.
The specificity testing of other swine viruses, including PRV,
PCV2, and PPV, showed no cross-reaction with ASFV detection. To
upgrade and optimize the Hivfige-Chip platform for ASFV
38
detection, we are developing a portable and high-throughput
detection device with integrated isothermal amplification and
real-time fluorescence detection.

In summary, we have developed a multiplex visual detection
method based on Hive-Chip and direct LAMP with a streamlined
operation procedure, which offers a feasible strategy and key re-
agents for rapid and accurate on-site detection of ASFV. Themethod
that we demonstrated is of high generality, it could be easily
adopted for fast development of assays/kits for animal diseases or
possible future outbreaks.
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