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African swine fever is a widespread and highly contagious disease in the porcine
population, which is caused by African swine fever virus (ASFV). The PCR and ELISA
detection methods are the main conventional diagnostic methods for ASFV antigen/
antibody detection in the field. However, these methods have limitations of expensive
equipment, trained technicians, and time-consuming results. Thus, a rapid, inexpensive,
accurate and on-site detection method is urgently needed. Here we describe a double-
antigen-sandwich lateral-flow assay based on gold nanoparticle-conjugated ASFV major
capsid protein p72, which can detect ASFV antibody in serum samples with high sensitivity
and specificity in 10min and the results can be determined by naked eyes. A lateral flow
assay was established by using yeast-expressed and acid-treated ASFV p72 conjugated
with gold nanoparticles, which are synthesized by seeding method. A high coincidence
(97.8%) of the assay was determined using clinical serum compared to a commercial
ELISA kit. In addition, our lateral flow strip can detect as far as 1:10,000 diluted clinically
positive serum for demonstration of high sensitivity. In summary, the assay developed here
was shown to be rapid, inexpensive, accurate and highly selective. It represents a reliable
method for on-site ASFV antibody detection and may help to control the ASFV pandemic.

Keywords: African swine fever virus, gold nanoparticle, lateral flow assay, p72, acid treatment

INTRODUCTION

Beginning in the summer of 2018, African swine fever virus (ASFV) emerged worldwide and has not
been properly controlled thus far (Zhou et al., 2018). It is a highly contagious and lethal hemorrhagic
disease in domestic pigs that has spread through many Caucasus countries, the Russian Federation,
and Eastern Europe over the past decade (Anderson et al., 1998; J. et al., 1969; Sánchez-Cordón et al.,
2018; Thomson et al., 1980).

ASFV is the only member of the Asfarviridae family. Prior studies showed that the ASFV virion
has a complex structure with multiple membrane and protein layers (Revilla et al., 2018; Wang et al.,
2019), including a genome-containing nucleoid, a core shell, an inner lipid envelope, an icosahedral
protein capsid and an external envelope. The first four layers consist of more than 50 proteins (Alejo
et al., 2018; Salas and Andrés, 2013), and an external envelope is gained as ASFV buds pass through
the plasma membrane (Andrés et al., 2001).
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Currently, antigen detection of ASFV includes molecular
diagnostic methods (e.g., PCR CRISPR-based detection) and
immunoassays. On-site antibody detection has the advantage of
being able to detect subclinical infections with high sensitivity, and
such strategies represent an important complement to antigen
detection. For in-field ASFV antibody detection, enzyme-linked
immunosorbent assay (ELISA) is a recommended analysis method
by the World Organization for Animal Health (OIE). However,
ELISA requires complex laboratory operations and particular
equipment. Hence, a rapid and easily performed method is
required to facilitate the on-site diagnosis of ASFV.

The lateral flow assay is an ideal technique for one-step ASFV
antibody detection due to its great convenience. When
developing a lateral flow assay, two important factors that
determine the assay’s sensitivity and accuracy must be
considered: label material selection and antigen quality.

The gold nanoparticle (AuNPs) is a widely used low-cost label
material that enables visual detection in lateral flow assays.
However, the use of colloidal gold is largely limited by its low
sensitivity. Several novel fluorescence materials with improved
sensitivity and accuracy have been introduced for antigen
labeling. However, the results of these fluorescence lateral flow
assays cannot be read by the naked eye and require specific
devices to interpret the results. Here, we optimized the method of

preparing AuNPs and produced ultrauniform AuNPs with a
diameter of 40 nm. These AuNPs increased the sensitivity and
enabled the visual detection of ASFV antibodies.

The major capsid protein p72, one of the most conserved
antigens according to genomic and proteomic analyses (Zhu and
Meng, 2020), forms homotrimers and assembles the icosahedral
shell of ASFV (Liu et al., 2019;Wang et al., 2019). As p72 accounts
for 33% of the total mass of the virus particle (Carrascosa et al.,
1984; García-Escudero et al., 1998), it represents a promising
capture antigen for the development of an antibody detection
method. Liu, Q., et al.(Liu et al., 2019) successfully produced full-
length, correctly folded p72. These results pave the way for using
full-length p72 in serological diagnostics. In order to increase the
sensitivity, double antigen sandwhich lateral flow assay is
required with the advantage of antibody detection regardless
of isotypes. However, the physical size of p72 trimer is about
8.5 nm in diameter. It may produce steric hindrance for the
antibody to bind two identical particles (Figure 1C). The capsid
of ASFV, which is assembled with the majority of p72, undergoes
a decoating process in low pH during endocytosis (Cuesta-Geijo
et al., 2012; Hernáez et al., 2016; Sanchez et al., 2017). It suggests a
conformational change of p72 trimer in low pH.

In this article, a rapid detection method for ASFV antibodies
was developed using a well-folded p72 trimer and acid-treated

FIGURE 1 | (A) Schematic of the proposed sandwich lateral flow strip for ASFV antibody detection. (B) Image of the lateral flow assay for positive and negative
samples (C) Schematic illustration of the distances between the two Fab domains within immunoglobulin and the diameter of the p72 trimer.
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p72 prepared by our group as the capture antigen and labeled
antigen, respectively. This AuNP-lateral flow assay further
combines the advantages of the immune lateral-flow system
with the unique properties of AuNPs. The whole test process
is completed in less than 15 min to obtain results and requires

only 10–20 μL serum. The sensitivity, specificity, and stability
were evaluated by testing clinically positive and negative serum
samples, and ELISA test results were used as the control. The
developed rapid detection method may have great potential for
addressing ASFV.

FIGURE 2 | Optimization of the AuNP label. The results for traditional AuNPs are shown in the left column, and the results for ultrauniform AuNPs are shown in the
right column. TEM images of AuNPs (A, B). Real detection figures of sensitivity analysis of ASFV antibody by lateral flow assay (C, D). The color intensity values of the test
line (T value) and control line (C value) of the lateral flow assay (E, F). The T/C value of lateral flow assay (G, H).
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MATERIALS AND METHODS

Reagents and Materials
Ultrauniform AuNPs 40 nm in diameter were fabricated by our
lab as previously described (Zhu et al., 2019). In short, primary
seed crystals with a size of 15 nm were prepared by the chemical
reduction method, and then ultrauniform AuNPs with a size of
40 nm were prepared by the seeding method.

AuNPs with a size of 40 nm were also prepared by traditional
methods. One hundred milliliters of 0.01% HAuCl4 solution was
heated to boiling. Then, 4 ml of 1% sodium citrate solution was
added while stirring. The solution turns blue quickly, and heating
is continued until the solution turns red.

Bull serum albumin (BSA) was purchased from Sigma-Aldrich
(St. Louis,MO, United States). Clinical specimens, including serum
from clinically confirmed ASFV-positive pigs and healthy pigs
(negative), were provided by Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences. Positive sera against
pathogenic porcine circovirus (PCV), classical swine fever virus
(CSFV), porcine reproductive and respiratory syndrome virus
(PRRSV) and pseudorabies virus (PrV) were provided by
Harbin Veterinary Research Institute, Chinese Academy of
Agricultural Sciences. Sample pads, conjugate pads,

nitrocellulose (NC) membranes, absorbent pads and plastic
shells were obtained from Shanghai Kinbio Tech. Co., Ltd.

Preparation of the Capture Antigen and
Labeled Antigen
Well-folded p72 trimers were prepared as the capture antigen. The
constructed expression cassette carrying the gene encoding p72 was
integrated into yeast competent cells. Transformants were selected on
plates containing SCDmedium. The new strain was grown in YPD at
30°C until the O.D. 600 reached 2.5 to 3.5. Chromatography binding
buffer (prepared according to IBA’s manual for Strep-Tactin XT, pH
8.5) was used to resuspend the precipitate after centrifugation, and the
product was homogenized. The supernatant of the centrifuged cell
lysate was loaded onto a Strep-Tactin XT gravity-flow column (IBA),
and affinity chromatography was performed as described in the
manufacturer’s manual. The collected eluents were analyzed with
SDS–PAGE, and the final pool was selected based on purity.

Deformed p72 was obtained by treatment with a low pH
solution. Both well-folded p72 trimers and acid-treated p72
were tested as capture antigen and labeled antigens. To prepare
acid-treated p72, p72 trimer samples were then prepared at pH 3
(150mMNaCl, 100 mM Bis-tris) and incubated for 2 min at 37°C.
Size exclusion chromatography (SEC) was employed to verify the
uniformity and polymerization state of the untreated and acid-
treated p72. The peak fractions were analyzed by 10% SDS–PAGE.

Preparation of AuNP-p72 Conjugates
Both untreated and acid-treated p72 were conjugated with
AuNPs to determine the optimum labeled antigen.

Gold conjugates were synthesized using AuNPs and untreated p72
or acid-treated p72. Briefly, 10ml of AuNP solution was prepared,
p72 protein was added, and the mixture was incubated with gentle
shaking at room temperature for 1 h. Then, 1% (w/v) BSA was added
to the mixture and shaken constantly for 1 h. After centrifugation of
the mixture two times at 10,000 rpm for 30min to remove the excess
BSA, the pellet was resuspended in 10mM PBS and stored at 4°C.

Preparation of the Lateral Flow Test Strip
The test strip was composed of a sample pad, conjugate pad,
nitrocellulose (NC) membrane and absorbent pad. The
conjugation pad was prepared by dispensing a desired volume
of AuNP-labeled p72 antigen (AuNP-p72) onto the glass fiber pad
using an XYZ Platform Dispenser, followed by drying at 37 °C for
1 h and then storage at 4 °C. Both untreated and acid-treated p72
were sprayed on the test line of the NCmembrane to determine the
optimum labeled antigen, and a standard p72 antibodywas sprayed
on the control line. The sample pad, conjugate pad, NCmembrane
and absorbent pad were sequentially attached to a PVC backing
cardwith a 1–2 mmoverlap. The cardwas then cut into 4 mmwide
strips and assembled into a plastic shell for future use.

Sensitivity and Specificity of the Lateral
Flow Test Strip
The sensitivity of the assay signifies the lowest concentration of
analyte that can be detected by the developed assay. It is defined

FIGURE 3 | Preparation of the p72 antigen. Analysis of untreated and
acid-treated p72 by SEC (A). The band corresponding to p72 on the stained
SDS-PAGE gel (B) is indicated by an arrow.
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here in terms of different dilution rates (1:10, 1:100, 1:1,000, and
1:10,000).

In addition to sensitivity, specificity is another important
parameter for a new assay with potential applications. Positive
serum samples of PCV, CSFV, PRRSV and PrV were employed to
study the specificity of the established lateral flow test strip.

Validation and Analysis With ELISA Kits
To further validate the lateral flow test strip, eighty-nine clinical
serum samples were assessed by using both lateral flow assay and
ELISA. The ELISA test result was cross validated by commercial
ELISA kits manufactured by Harbin Weike Biotechnology Co.,
Ltd. and ID vet.

Animal Experiments
The seven-week-old SPF Large White pig used in this study was
supplied by the Laboratory Animal Center of Harbin Veterinary
Research Institute. The pig was confirmed to be free of PCV,
CSFV, PRRSV, and PrV. Then, the pig was intramuscularly
inoculated with a 103 TCID50 dose of ASFV attenuated strain

(HLJ/HRB1/20) in the biosafety level 3 (BSL3) animal facilities at
Harbin Veterinary Research Institute. Blood samples were
collected from the jugular vein or anterior vena for antibody
detection at the indicated time points, including 0, 3, 5, 7 and
9 days post-infection (DPI). Then separated serum was used to
test the ASFV antibody. The experiment was approved by the
Laboratory Animal Welfare Committee of Harbin Veterinary
Research Institute. All animal-related research procedures
complied with the Animal Welfare Act and the Guide for the
Care and Use of Laboratory Animals. The virus is prepared as
previously prepared (Zhao et al., 2019; Sun et al., 2021).

RESULTS

Development of Lateral Flow Test Strip
The lateral flow assay was established into a sandwich structure
based on the antibody-antigen reaction showing in Figure 1.

For detection, centrifuge the blood sample for at least 5 min at
4,000 rpm, thenmixing 10 µL of a serumwith 90 µL of PBSmakes

FIGURE 4 | Optimization of the labeled antigen and capture antigen. The results of using untreated p72 trimer as both labeled antigen and capture antigen are
shown in the left column (A, D, G); the results of using acid-treated p72 as labeled antigen, untreated p72 trimer as capture antigen are shown in themiddle column (B, E,
H); the results of using acid-treated p72 as both labeled antigen and capture antigen are shown in the right column (C, F, I). Real detection figures of sensitivity analysis of
ASFV antibody by lateral flow assay (A, B, C). The color intensity values of the test line (T value) and control line (C value) of the lateral flow assay (D, E, F). The T/C
value of lateral flow assay (G, H, I).
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a 1:10 dilution. The 100 μL of the mixture was added to the
sample port of the test strip, wait for 10 min for test result
interpretation. The liquid flowed toward the absorbent pad
under the hydrodynamic force and capillary power. Antibodies
in the serum were captured by the probe AuNP conjugate
complex. Then, the probe-antibody compound was transferred
to the NC membrane. The well-folded p72 trimer immobilized at
the test line (T) caught the target antibody against ASFV and
formed a characteristic red band due to the formation of the
probe-antibody-p72 trimer compound. In addition, once the

sample passed through the control line (C), the immobilized
standard p72 antibody directly caught the excess AuNP conjugate
probe; thus, a second red band appeared on the C line. In the
absence of the target antibody, the red band can only be observed
on the C line. Based on this response principle, the ASFV
antibody analysis can be simply performed by observing the
color change of the T line with the naked eye. If there was no
visible C line, whether a red T line appeared or not, the test result
was judged as invalid. Semi-quantitative analysis of antibodies
could be achieved by determining color intensity (measured in
gray value) of the T line and C line, and calculating T/C.

Optimization of Lateral Flow Test Strip
To improve the performance of the lateral flow assay, factors
including the AuNP radius and the state of p72 in the AuNP
conjugate complex were explored.

To improve the sensitivity of AuNPs, we fabricated
ultrauniform AuNPs (40 nm) and carried out a comparison
study between the ultrauniform AuNPs and AuNPs fabricated
by the traditional method. The prepared AuNPs were
characterized by TEM before conjugation. As a result, we
observed that traditional AuNPs present an uneven shape and
aggregated particles (Figure 2A), while ultrauniform AuNPs
present an average diameter of 40 nm, are all spherical in
shape and possess a uniform size distribution (Figure 2B).
The prepared AuNPs were then applied for lateral flow assay
development. For the positive sample, the T line remained visible
to the 1:10,000 diluted sample when using ultrauniformAuNPs as
labels (Figure 2D, F, H). Meanwhile, the limit of detection for the
traditional AuNPs was 1:1,000 (Figures 2C, E, G). The results
indicated that ultrauniform AuNPs are more suitable than
traditional AuNPs as a label.

To determine the optimum state of p72 when preparing the
labeled antigen, both untreated and acid-treated p72 were
conjugated with AuNPs. Both untreated and acid-treated p72
were subsequently purified by size exclusion chromatography
(SEC). The results showed that after the acid treatment, the
eluting peak of p72 shifted backward (Figure 3A). The peaks
of untreated and treated p72 corresponded to ∼210 and 100 kDa,
respectively, indicating that the p72 trimers may have undergone
deformation after acid treatment. The peak fractions were
gathered and analyzed by SDS–PAGE (Figure 3B). After
conjugation with AuNPs, the conjugation complex solution
was stable and aggregation was not observed. By adopting a
series concentration of positive serum, the sensitivity of strips
using untreated p72 or acid-treated p72 as labeled antigen was
determined by the naked eye. For strips using acid-treated p72 as
the labeled antigen, the color of the T line remained even when
the positive sample was diluted 1:10,000 (Figures 4B,E,H).
However, the same line disappeared at a dilution of 1:5,000 in
the assay using the well-folded p72 trimer as the labeled antigen
(Figures 4A,D,G). This may be due to the steric hindrance
provided by the p72 trimer when an antibody-p72 trimer
complex formed, which would hinder the interaction of
another p72 trimer with the complex (Figure 1C). Previous
research has revealed that the Fab-Fab distances within IgG,
IgM and IgA are 6–10 nm, 2–8 nm and 6–10 nm, respectively

FIGURE 5 | Specificity of the lateral flow strip for the detection of ASFV
antibodies. Real detection figures of sensitivity analysis of ASFV antibody by
lateral flow assay (A). The color intensity values of the test line (T value) and
control line (C value) of the lateral flow assay (B). The T/C value of the
lateral flow assay (C).
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(Loset et al., 2004; Samsudin et al., 2020; Su et al., 2018; Werner
et al., 1972; Zhang et al., 2020; Zhang et al., 2015), while the
particle size of the p72 trimer is 8.5 nm × 8.5 nm (Liu et al., 2019).
Thus, by treating p72 with acid, the size of the antigen decreased,
which facilitated its interaction with the antibody-p72 trimer
complex. We also examine the quality of test strip when using
acid-treated p72 as both capture antigen and labeled antigen.
Unfortunately, the test line almost disappeared at a dilution of 1:
1,000 in the assay (Figures 4C,F,I).

Sensitivity of the Lateral Flow Test Strip
The sensitivity of the optimized test strip maintains the same
performance as the test strip prepared by the new method in
the optimization experiment. The positive serum sample was
selected based on the cross validation result by commercial
ELISA kits (Harbin Weike Biotechnology Co. Ltd., China and
ID vet, France). Positive serum samples were diluted to
different concentrations and added to the strip. After
diluting the positive serum sample to four dilution factors
(1:10, 1:100, 1:1,000 and 1:10,000) with distilled water, six
lateral flow strips were tested (with one undiluted sample and
one negative control strip). The limit of detection was
determined by the visibility of test lines on the strips.
When the diluted positive serum sample was tested, the
color intensity of the T line slowly diminished as the
antibody level decreased (Figure 4B, from left to right).
When the dilution ratio reached 1:10,000, the red T line
could still be observed by the naked eye. Hence, a dilution
of 1:10,000 was chosen as the limit of detection for the lateral
flow strip.

Specificity of the Lateral Flow Test Strip
Specificity is an important parameter for a new strip in preventing
false-positive results from cross-reaction. To determine the
specificity of the lateral flow strip toward the ASFV antibody,
clinical serum samples against ASFV, PCV, CSFV, PRRSV and
PrV were tested. As shown in Figure 5, only ASFV-positive
serum samples produced a legible red band on the T line, while
other samples showed no visible T lines. These results
demonstrated that there was no cross-reactivity between ASFV
and the other listed viruses.

Reproducibility of the Lateral Flow Test
Strip
To determine the reproducibility of the results of the lateral flow
test strip, five replicates were prepared and tested
(Supplementary Figure S1). The coefficient of variation (CV)
of T line color intensity and T/C value were found to be 1.7 and

2.2%, respectively. This result demonstrated that our developed
lateral flow strip possesses great reproducibility and potential for
use in commercial applications.

TABLE 1 | Results of the lateral flow assay and commercial ELISA.

Assay Detecting rate Coincidence rate Overall coincidence rate

Positive Negative Positive Negative

Lateral flow test strip 61.8% (55/89) 38.2% (34/89) 98% (54/55) 97% (33/34） 97.8% (87/89）
commercial ELISA kit 61.8% (55/89) 38.2% (34/89)

FIGURE 6 | Performance of lateral flow strip for the detection of ASFV
antibodies in early stage of exposure. Real detection figures of ASFV
antibodies by lateral flow assay. Blood samples were collected at the indicated
timepoints from pigs inoculated with 103 doses of ASFV (A). The color
intensity values of the test line (T value) and control line (C value) of the lateral
flow assay (B). The T/C value of the lateral flow assay (C).
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Detection of Clinical Samples by the Lateral
Flow Test Strip
The final purpose of the work was to establish a rapid and reliable
method in which the antibody against ASFV could be detected
directly by the naked eye. To evaluate the prepared strip’s
practicality, 89 clinical serum samples were collected and tested.
A standard commercial ELISA kit was utilized for comparison. The
experimental results showed that the response of the strips to
clinical serum samples were consistent with the cross validation
result by commercial ELISA kits (Table 1). These results
demonstrated that this strip assay has good reliability and can
be applied to the practical application of rapid and on-site
surveillance of ASFV infection.

Serum antibody responses to ASFV inoculation by the lateral
flow test strip.

The test strip was also evaluated to determine whether it is
suitable for the early stage post exposure. Blood samples collected
between 0 and 9 days post-infection (DPI) with ASFV were tested
for serum antibodies. The results showed that antibody responses
were observed at DPI≥7 (Figure 6). In addition, the antibody
responses at DPI seven were significantly greater than the
responses at DPI 9.

CONCLUSION

This study successfully established a lateral flow test strip to detect
ASFV antibodies in clinical serum samples. The testing results
can be obtained in less than 15 min without the use of any
additional devices. We also provided an antibody semi-
quantitative analysis method. Our results demonstrate that the
lateral flow strip has high specificity for ASFV antibodies and
good sensitivity for the detection of clinical serum samples diluted
by 1:10,000. The established strip showed high positive and
negative coincidence rates compared to the commercial ELISA
kits, which were 98 and 97%, respectively. The serum antibody
response evaluation to ASFV inoculation showed that the
established strip could be applied for early-stage serological
diagnostics. The lateral flow strip can also be widely employed
to help epidemiological investigations of ASFV.

Of note, the lateral flow strip surpassed commercial ELISA kits
in terms of cost effectiveness, stability, reaction time and ease of
use (Supplementary Table S1). To date, the lateral flow test strips
based on the dual quantum dot (QDM) microsphere, latex
microsphere, or fluorescent microsphere were also developed
for ASFV antibodies detection (Sastre et al., 2016; Li et al.,

2020; Li et al., 2022) (Supplementary Table S1). Compared
with these methods, the AuNP based test strip developed in
this study, has the advantages of no instrument requirement,
shorter time consumption, and lower cost. However, our lateral
flow strip is a qualitative and semi-quantitative method, cannot
accurately quantify the content of ASFV antibody similar to
QMD based test strip. Given high requirements in the
analytical field, it is necessary to optimize the accuracy of this
semi-quantitative method by studying the relationship between
antibody concentration and the T line color intensity.
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