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Abstract 
To establish a rapid and specific antigen detection method for porcine circovirus type 2 (PCV2), monoclonal antibodies 
(mAbs) were produced against the PCV2 epidemic strains and a red latex microsphere immunochromatographic strip was 
established. A total of eight anti-PCV2b and four anti-PCV2d mAbs were produced, and seven mAbs were confirmed to react 
with PCV2a, PCV2b, and PCV2d strains using an immunoperoxidase monolayer assay. The results of micro-neutralization 
tests showed that the mAbs 2C8, 9H4, 10G7, 7B9, and 7C7 had good neutralizing activity, whereas the neutralizing activity 
of the mAbs 4B3, 4C9, 6H9, and 7E2 was lower than 50%. Three mAbs, 4B3, 7C7, and 9H4, and PCV2 pAb were selected 
for the establishment of a red latex microsphere immunochromatographic strip, and the combination of mAb 7C7 labeled 
with red latex microspheres and mAb 9H4 exhibited the greatest detection ability. The immunochromatographic strip had 
minimum detection limits of  102.5  TCID50/0.1 ml,  100.7  TCID50/0.1 ml, and  101.5  TCID50/0.1 ml for PCV2a/CL, PCV2b/MDJ, 
and PCV2d/LNHC, respectively. Furthermore, no cross-reactivity was found for African swine fever virus, classical swine 
fever virus, porcine respiratory and reproductive syndrome virus, porcine parvovirus, porcine pseudorabies virus, porcine 
circovirus type 1, transmissible gastroenteritis virus, porcine epidemic diarrhea virus, porcine rotavirus, or porcine deltac-
oronavirus using the immunochromatographic strip. Using PCR as a reference standard, the detection sensitivity, specificity, 
and overall coincidence rate of the immunochromatographic strip were 81.13%, 100%, and 90.00%. Additionally, the detec-
tion ability of the immunochromatographic strip was correlated with that of virus titration. The immunochromatographic 
strip was used to detect 183 clinical disease samples, and the average positive detection rate was 22.95%. In summary, this 
method has good sensitivity and specificity and is simple, convenient, and quick to operate. It has high application value for 
on-site diagnosis of PCV2 and virus quantification.

Key points
• A red latex microsphere immunochromatographic strip for PCV2 detection was developed.
• The method was not only simple to operate, but also takes less time.
• The method had good sensitivity and specificity.

Keywords Porcine circovirus type 2 · Monoclonal antibody · Red latex microspheres · Immunochromatographic strip

Introduction

Porcine circovirus type 2 (PCV2) belongs to the family 
Circoviridae (Allan et al. 1998; Finsterbusch and Mankertz 
2009) and is a single-stranded circular DNA virus with-
out an envelope (Crowther et al. 2003). It mainly contains 
five open reading frames: ORF1, ORF2, ORF3,ORF4, and 
ORF5 (Hamel et al. 1998; He et al. 2013; Liu et al. 2006, 
2005; Lv et al. 2015; Mankertz et al. 2004, 1998; Meehan 
et al. 1998). ORF1 and ORF2 have been the most compre-
hensively researched and their functions are most certain. 
ORF1 encodes Rep and Rep′ proteins, which are related to 
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replication of viral DNA (Cheung. 2003; Mankertz et al. 
2003). ORF2 encodes the only structural protein of the virus, 
Cap protein, 60 of which are assembled into the icosahedral 
virus particle (Hamel et al. 1998; Khayat et al. 2011; Saha 
et al. 2012).

PCV2 is approximately 17 nm in diameter and is one 
of the smallest mammalian pathogens (Allan et al. 1998). 
Although the virus is small in size and simple in structure, 
its pathogenicity is complicated. PCV2 infection can be 
subclinical or apparent. The former has no obvious clini-
cal symptoms and is mainly characterized by a decline in 
average daily weight gain. The latter includes post-weaning 
multi-systemic wasting syndrome (PMWS), respiratory sys-
tem disease syndrome, reproductive disorders, and intestinal 
diseases. These syndromes are collectively referred to as 
PCV2-related diseases (PCVADs) and have serious impacts 
and cause significant pressure on the pig industry (Opriess-
nig et al. 2008; Segalés 2012).

Based on genetic evolution analysis of the entire PCV2 
gene or the ORF2 sequence, PCV2 is currently divided 
into six genotypes, PCV2a–PCV2f (Bao et al. 2018; Liu 
et al. 2018), of which PCV2a, PCV2b, and PCV2d are the 
main genotypes (Guo et al. 2010; Xiao et al. 2015). Prior 
to 2003, PCV2a was the main epidemic genotype, whereas 
the PCV2b strain became the main epidemic strain at the 
beginning of 2004 (Segalés et al. 2013). Since 2006, PCV2d 
strains have gradually spread and have become epidemic in 
many countries (Kwon et al. 2017; Lv et al. 2020; Ramos 
et al. 2017). This shows that there is a significant genotype 
change in PCV2. With the widespread use of PCV2 vac-
cines, the detection rate of PCV2 antigens in pigs has been 
significantly reduced. However, due to the complexity of 
the disease and the uneven quality of vaccines, a large num-
ber of PCV2 infections still occur and can even indirectly 
lead to the death of pigs (Opriessnig et al. 2013; Seo et al. 
2014). Given the extreme diversity of the current epidemic 
strains, it is particularly important to establish a detection 
method that can rapidly and accurately detect PCV2 of vari-
ous genotypes.

Conventional detection methods for PCV2 antigen gen-
erally include polymerase chain reaction (PCR), quantita-
tive PCR, virus isolation and identification, enzyme-linked 
immunosorbent assay (ELISA), chemiluminescent immuno-
assay (CLIA), and colloidal gold immunochromatographic 
assay (GICA). PCR-related detection methods have excellent 
detection sensitivity; however, such methods cannot distin-
guish between the genetic fragments of the virus and the 
infectious virus. The isolation and identification of PCV2 
is the gold standard for the diagnosis of PCVAD. How-
ever, professional technician in a well-equipped laboratory 
is required and the detection process is long. Therefore, 
they are not suitable for routine on-site detection at all pig 
farms (Yin et al. 2020; Yu et al. 2018). Although the ELISA 

method is easier than virus isolation, it also requires profes-
sional equipment. Using of CLIA has gradually increased in 
the veterinary field in recent years because of its high detec-
tion efficiency and good specificity (Wang et al. 2020), but 
this method also requires professional equipment and is not 
suitable for large-scale field surveys. Compared with PCR, 
virus isolation and identification, ELISA and CLIA, GICA 
does not require professional technicians or equipment, 
and the detection time is much shorter. Most importantly, 
the results can be obtained by simple sampling and visual 
measurements (Siu et al. 2016; Yang et al. 2020b). Colored 
latex microspheres are a novel technology that has developed 
rapidly in recent years. Colored microsphere immunolabe-
ling has many advantages, including visual results based on 
bright and rich colors, uniform particle size, good monodis-
persity, low prices, high reproducibility of test results, and 
convenient use. In particular, its sensitivity is higher than 
that of GICA. In addition, the color-rendering speed of this 
method is slightly faster. Because of these advantages, latex 
microsphere immune layer technology has been widely used 
in many applications, such as bacterial, viral, and parasite 
detection, in recent years (Deng et al. 2017; Kim et al. 2015). 
In the diagnosis of animal diseases, this method was used 
in the rapid diagnosis of foot-and-mouth disease (Reid et al. 
2001). In SARS-CoV-2 detection, Chinese State Food and 
Drug Administration of China approved the launch of the 
2019-nCoV antigen detection kit (latex method) on March 
12, 2022. However, the use of this method to detect PCV2 
has not been reported.

In this study, virus-like particles (VLPs) of the Cap pro-
tein from the PCV2b and PCV2d strains were expressed 
with a eukaryotic expression system and used as immuno-
gens to produce PCV2 broad-spectrum specific mAbs. A red 
latex microsphere immunochromatographic strip based on 
broad-spectrum PCV2 mAbs was established and applied 
to rapid detection of PCV2. This method provides technical 
support for the rapid detection of the virus and is of great 
significance for the prevention and control of PCVADs.

Materials and methods

Cells, viruses, and mice for the elaboration 
of monoclonal antibodies

SP2/0 cells (ATCC® CRL-1581™) and PK15 cells 
(ATCC® CCL-33™) free of PCV1 and PCV2 were grown 
in Dulbecco’s modified eagle medium (DMEM, Invitrogen, 
Carlsbad, CA, USA) containing 10% heat-inactivated fetal 
bovine serum (FBS, Gibco, Grand Island, NY, USA), 100 U/
mL penicillin, and 0.1 mg/mL streptomycin for mAb prepa-
ration and virus propagation. Different PCV2 strains and 
one PCV1/G strain were used in this study. Strain origins, 
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genotypes, and accession numbers are shown in Table 1. 
The experimental animals used for mAb preparation were 
6-week-old female BALB/c mice provided by the Weitong 
Lihua Laboratory Animal Technology Co., Ltd. (Beijing, 
China). MAb 5F2 (Huang et al. 2011), mAb 3A5 (Huang 
et al. 2019), and PCV2 polyclonal antibody (pAb) (Huang 
et al. 2019) were used as controls.

PCV2 challenged pigs

Six healthy 32-day-old pigs found to be negative for PCV2, 
African swine fever virus (ASFV), porcine reproductive 
and respiratory syndrome virus (PRRSV), and pseudorabies 
virus (PRV) by PCR detection were used for challenge tests. 
Pigs 91, 92, and 93 were designated as the mock-infected 
control group. Pigs 76, 78, and 79 were challenged intrana-
sally with PCV2b/MDJ cultures (1.0 ×  106.0  TCID50/ml) at a 
dose of 1 ml. Anal swabs were collected weekly.

Farm samples

One hundred samples, including 50 inguinal lymph nodes, 
lungs, and anal swab samples from PMWS-affected farms 
and 50 same kind samples from PCV2-negative pigs were 
collected for coincidence studies.

From 2018 to 2021, 183 lung or inguinal lymph node 
samples were collected from pigs with respiratory or wasting 
symptoms in 10 provinces of China.

Lung and inguinal lymph node samples were ground into 
a 0.1-g/ml emulsion in DMEM. Anal swabs were diluted 
with 500 μl of sample diluent and mixed well.

Production of mAbs

VLPs of the Cap protein of the PCV2b/MDJ and PCV2d/
SDRS strains were expressed, purified, and emulsified with 
ISA15VG adjuvant (Seppic, Fairfield, NJ, USA) as described 
previously (Bian et al. 2021). Three 6-week-old BALB/c 
mice were immunized three times with each protein. For 
the first immunization, each mouse was immunized with 

100 μg protein via multiple subcutaneous injections. A boost 
was administered 3 weeks later with the same immuniza-
tion route and dose as the first immunization. Two weeks 
after the second immunization, blood was collected from 
the mandibular vein and an immunoperoxidase monolayer 
assay (IPMA) was used to detect serum antibody titers as 
previously described (Huang et al. 2011). When the anti-
body titer was more than 3200, a third immunization was 
given via intraperitoneal injection with a 1-ml dose con-
taining 100-μg purified VLPs. Mice were euthanized 
3 days later, and spleen cells were fused with SP2/0 cells 
as previously described (Huang et al. 2011). IPMA plates 
prepared with PCV2b/MDJ were used to identify positive 
hybridomas derived from PCV2b/MDJ VLPs immunized 
mice as described previously (Liu et al. 2004). Similarly, 
PCV2d-derived hybridomas were selected with IPMA plates 
prepared with PCV2d/SDRS. Positive hybridomas were 
cloned three times using the limiting dilution method, and 
the obtained positive hybridoma cells were frozen.

Incomplete Freund’s adjuvant was injected intraperito-
neally into 6–7-week-old BALB/c mice at a dose of 0.5 ml/
mouse, and approximately 1 ×  106 hybridomas/mouse 
were intraperitoneally injected 1 week later. After 7 days, 
mouse ascites were collected and centrifuged at 3000 × g 
for 10 min. The supernatant was collected, aliquoted and 
stored at − 20 °C.

Identification of mAbs

Supernatants containing mAbs secreted by each positive 
hybridoma cell were collected, and their subclasses were 
determined using the SBA Clonotyping System-HRP anti-
body subclass detection kit (SouthernBiotech, Birmingham, 
AL, USA). PCV2a/CL, PCV2b/MDJ, and PCV2d/SDRS were 
used to prepare IPMA plates for antibody titration as described 
previously (Liu et al. 2004). MAb ascites were diluted two-
fold from 1:1000 to 1:512,000, and then their IPMA antibody 
titers were tested as described previously (Huang et al. 2011) 
The results were observed under an optical microscope (Nikon 
Eclipse, TE2000-S, Tokyo, Japan) to determine the IPMA 

Table 1  Origins of the PCV2 
strains used in this study

Isolates name Isolate region Isolate time Genotype Genoome 
length (nt)

Accession numbers

LG Jilin 2008 PCV2a 1768 HM038034
CL Jilin 2007 PCV2a 1768 HM038033
MDJ Heilongjiang 2019 PCV2b 1767 OL452025
BY Heilongjiang 2020 PCV2b 1767 OL452026
LN590516 Liaoning 2016 PCV2b 1767 MK347352
HLJHH Heilongjiang 2019 PCV2d 1767 OL452028
SDRS Shandong 2019 PCV2d 1767 OL452024
LNHC Liaoning 2019 PCV2d 1767 OL452027
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antibody titer of ascites against the three PCV2 genotypes. 
The reciprocal of the highest dilution at which the IPMA was 
positive was defined as the IPMA titer of the antibody.

The reactivity of the mAbs to the PCV2 was determined 
using Western blot as previously described with minor 
modifications (Huang et al. 2011). PCV2b/MDJ and PCV2d/
SDRS cell cultures were used as detection antigens for the 
corresponding mAbs. The mAb 5F2 against PCV2-Cap 
(Huang et al. 2011) and the supernatant of SP2/0 cells were 
used as positive and negative controls, respectively. IRDye 
800CW Goat anti-mouse IgG (H + L) was used as a second-
ary antibody for Western blot analysis, and the experimental 
results were visualized using an Infrared Imaging System 
(Odyssey CLx Studio 3.1, Gene Company Limited, USA).

To test the neutralizing activity of the mAbs, a sensitive 
neutralization assay was performed as previously described 
(Huang et al. 2019). Briefly, 300 μl of  104.3  TCID50 PCV2b/
MDJ or PCV2d/SDRS was incubated for 1 h at 37 °C with 
an equal volume of undiluted hybridoma supernatant against 
PCV2b or PCV2d. After incubation, 400 μl of mixture was 
added evenly to four wells of a 96-well plate containing 50% 
confluent monolayers of PK15 cells and incubated at 37 °C 
for 1 h. After three washes with DMEM, 100 μl DMEM 
containing 2% FBS was added to each well. PK15 cells 
were fixed with cold methanol after incubation for 36 h at 
37 °C with 5%  CO2. IPMA was performed as described by 
Liu et al. (2004) with PCV2 pAb. The number of infected 
cells per well was determined by light microscopy (Nikon 
Eclipse), and the neutralizing activity of the antibody was 
calculated according to the following formula: neutralizing 
activity (%) = (number of positive cells in the negative con-
trol – number of positive cells in the antibody tested)/num-
ber of positive cells in the negative control × 100 (Huang 
et al. 2019). When the average neutralizing activity of the 
hybridoma supernatant was greater than 50%, the mAb was 
considered to have neutralizing activity. MAb 3A5 and mAb 
5F2 (Huang et al. 2011, 2019) were used as positive and 
negative controls, respectively. Neutralizing activity assays 
were performed in triplicate for each mAb.

Eight stable anti-PCV2b hybridomas, named 1G5, 2C8, 
4B3, 4C9, 6H9, 7E2, 9H4, and 10G7 and four stable anti-
PCV2d hybridomas, named 2G8, 7B9, 7C7, and 7D1, were 
obtained after screening and cloning. Their isotypes were 
identified and mAbs 4B3, 4C9, 6H9, 10G7, and 7B9 were 
IgG1, 1G5, 7E2, 7C7, and 7D1 were IgG2a, 9H4, and 2G8 
were IgG2b, 2C8, was IgG3, and the light chains of all 12 
mAbs were kappa type.

Establishment of a red microsphere 
immunochromatographic strip

Three mAbs (4B3, 7C7, and 9H4) with broad-spectrum 
reactivity and high antibody titers together with PCV2 pAb 

were selected and purified using protein G Sepharose™ 
CL-4B (GE Healthcare, Uppsala, Sweden) according to 
the manufacturer’s instructions. MAb 4B3 and 9H4 were 
derived from PCV2b/MDJ while mAb 7C7 was derived from 
PCV2d/SDRS. Purified mAb 4B3, 7C7, and 9H4 were cou-
pled respectively with red latex microspheres as described 
previously (Yu et al. 2011) and sprayed separately onto the 
glass fibers (Sigma-Aldrich, St. Louis, MO, USA) to create 
the binding pads. Purified mAbs 4B3, 7C7, 9H7, and PCV2 
pAb were diluted to a final concentration of 1 μg/ml and 
fixed to the nitrocellulose (NC) membrane (Sartorius, Got-
tingen, Germany) as a detection line. Goat anti-mouse IgG 
(H + L) (Sigma-Aldrich) was diluted to a final concentration 
of 1 μg/ml and fixed to the NC membrane (Sartorius, Gottin-
gen, Germany) as a quality control. Both detection and qual-
ity control lines were dried at 37 °C for 2 h. Binding pads 
coated with different labeled antibodies and NC reaction 
membranes coated with different antibodies were combined 
to make test strips. The positive and negative controls were 
diluted tenfold from 1:10 to 1:1000 with 0.05 M phosphate-
buffered saline (PBS, pH 7.4) containing 0.5% NP-40 and 
tested using the strips. The optimal antibody combination 
was chosen based on the highest titer of the positive control.

MAb 7C7 coupled with red latex microspheres was 
sprayed onto the glass fiber (Sigma-Aldrich) at 15 μl/cm 
to create the binding pad and dried at 37 °C for 2 h. Then, 
purified mAb 9H4 and goat anti-mouse IgG were separately 
sprayed onto the NC membrane detection and control lines. 
The two lines were separated by 1 cm and dried at 37 °C 
for 2 h. Finally, the sample pad, binding pad, NC film, and 
absorbent pad were assembled onto a PVC-bottom plate, 
cut into 2.5-cm strips using a strip cutter and covered with 
plastic to create a PCV2 red microsphere immunochroma-
tographic strip. To obtain the best test results, the optimal 
concentrations of coupled mAb 7C7, mAb 9H4, and goat 
anti-mouse IgG were investigated by varying concentrations 
for each antibody while maintaining concentrations for other 
antibodies constant.

Evaluation of the red microsphere 
immunochromatographic strip

Three PCV2 strains, PCV2a/CL  (104.5  TCID50/0.1 ml), 
PCV2b/MDJ  (104.7  TCID50/0.1 ml), and PCV2d/LNHC 
 (105.5  TCID50/0.1 ml), were selected to test the sensitiv-
ity of the red latex microsphere immunochromatographic 
strip. Three viruses were serially diluted tenfold from 1:10 
to 1:100,000 and the immunochromatographic strips were 
used to detect diluted samples in triplicate. The highest 
positive dilution was used to calculate the minimum virus 
detection amount (virus titer/highest positive dilution) in 
 TCID50/0.1 ml.
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To assess the detection range and cross-reactivity of 
the red latex microsphere immunochromatographic strip, 
eight different PCV2 strains, including PCV2a, PCV2b, 
and PCV2d; PCV1/G; porcine parvovirus type 1 (PPV1); 
PRV Bartha-K61 strain; PRRSV HN112 strain; classical 
swine fever virus (CSFV) C strain; ASFV, transmissible 
gastroenteritis virus (TGEV); porcine epidemic diarrhea 
virus (PEDV) porcine rotavirus (PRoV) (G5); and porcine 
deltacoronavirus (PDCoV) were tested in triplicate using 
the immunochromatographic strip.

To evaluate the sensitivity and specificity of the red 
latex microsphere immunochromatographic strip, the PCR 
method for detecting the PCV2 genome was used as the 
detection standard. The sample processing method was 
as follows: 100 samples from PMWS-affected farms and 
PCV2 negative pigs were diluted three-fold, then tested 
using the immunochromatographic strip. For PCR detec-
tion, DNA was extracted from the emulsions of the above 
samples using a blood/cell/tissue genomic DNA extraction 
kit (Tiangen, Beijing, China) and amplified with PCV2-
primer-CR (5′-GGA AGC TTC AGT AAT TTA TTT CAT 
ATG GAA -3′) and PCR-primer-CR (5′-GGA AGC TTT 
TTT ATC ACT TCG TAA TGGTT-3′) using a Premix Taq kit 
(TaKaRa, Kyoto, Japan). PCR products were analyzed by 
agarose gel electrophoresis. The sensitivity and specificity 
of the immunochromatographic strip were calculated using 
the following formulae: sensitivity = true positives × 100/
(true positives + false negatives) and specificity = true 
negatives × 100/(true negatives + false positives). By 
comparing results obtained by the two methods, kappa 
coefficient value was used to evaluate the effectiveness 
of the test strip (kappa coefficient is calculated by SPSS 
software). For the interpretation of agreement of the kappa 
statistic, a value of 0.2 to 0.4 is considered fair, 0.4 to 0.6 
is moderate, 0.6 to 0.8 is good, and 0.8 to 0.9 is very good 
(Altman 1990).

To further evaluate the detection ability of the immuno-
chromatographic strip, 10 positive and 10 negative samples 
were selected for PCV2 titration. Twenty samples were cen-
trifuged at 2000 rpm for 10 min and sterilized with 0.22-
μm filters. Filtered samples were serially diluted tenfold 
with DMEM, and undiluted,  10−1,  10−2,  10−3,  10−4, and 
 10−5 samples were added to four wells containing a 50% 
monolayer of PK15 cells at 100 μl/well. At the same time, 
four normal cell controls were set up. The PK15 cells were 
incubated at 37 °C with 5%  CO2 for 1 h. Samples were then 
replaced with DMEM containing 2% FBS and incubated for 
72 h. IPMA was performed as described by Liu et al. (2004) 
with mouse serum against PCV2-Cap and HRP-labeled rab-
bit anti-mouse IgG (H + L) (Sigma-Aldrich) as the primary 
and secondary antibodies, respectively. Virus titrations of 
samples were calculated according to the Reed-Muench 
method.

Three batches of immunochromatographic strips were 
prepared using the optimized conditions, and an equal num-
ber of immunochromatographic strips was randomly selected 
from each batch for sensitivity and specificity tests. PCV2d/
SDRS was diluted tenfold from 1:10 to 1:10,000 and tested 
with three batches of strips in triplicate. PCV1/G, PPV1, 
PRV, PRRSV, CSFV, ASFV, TGEV, PEDV, PRoV (G5), and 
PDCoV were tested with three batches of strips in triplicate. 
Results were used to evaluate the inter-batch and intra-batch 
repeatability of the immunochromatographic strips.

Statistical analysis

All data from the sensitive neutralization assay were repre-
sented as means with standard deviation (SD) of three inde-
pendent experiments and visualized in the GraphPad Prism 
5.0 software (GraphPad Software, CA, USA). Kappa coef-
ficient is calculated by IBM SPSS Statistics 26.0 software.

Results

Production of mAbs against PCV2b and PCV2d Cap 
proteins

PCV2a/LG, PCV2b/MDJ, and PCV2d/SDRS were used 
to test the antibody titers and cross-reactivity of the 12 
mAbs. The results are shown in Table  2. mAbs 2C8, 
4B3, 4C9, 6H9, 7C7, 9H4, and 10G7 were found to react 
with all three viruses, with the highest titers being 8000, 
128,000, 128,000, 64,000, 512,000, 64,000, and 64,000, 
respectively. The mAbs 1G5, 7B9, 7D1, and 7E2 had pos-
itive reactions with the PCV2b/MDJ and PCV2d/SDRS 

Table 2  Reaction characteristics and antibody titers of mAbs with 
different PCV2 strains by the IPMA

“-” indicates negative reaction

Hybridoma name Antibody titers

PCV2a/LG PCV2b/MDJ PCV2d/SDRS

1G5 - 128,000 32,000
2C8 4000 8000 4000
4B3 64,000 128,000 128,000
4C9 32,000 128,000 64,000
6H9 16,000 64,000 64,000
7E2 - 128,000 64,000
9H4 64,000 32,000 16,000
10G7 2000 64,000 32,000
2G8 - - 16,000
7B9 - 32,000 128,000
7C7 64,000 512,000 128,000
7D1 - 8000 128,000
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strains, with antibody titers reaching up to 128,000. The 
mAb 2G8 reacted only with the PCV2d strain, and the 
antibody titer was 16,000.

Western blot was used to assess the reaction char-
acteristics of the 12 mAbs with the Cap protein of the 
corresponding PCV2 strain. Specific bands at approxi-
mately 28 kDa were detected for mAbs 4B3, 4C9, 6H9, 
7E2, 10G7, 7B9, 7C7, and 7D1 and the positive control 
(Fig. 1a), but not for mAbs 1G5, 2C8, 9H4, or 2G8 or the 
negative control (Fig. 1a). We speculate that the mAbs 
1G5, 2C8, 9H4, and 2G8 may recognize the conformation 
epitopes of the PCV2 Cap protein.

Micro-neutralization tests were used to assess the abil-
ity of the 12 mAbs to neutralize PCV2b/MDJ or PCV2d/
SDRS. The neutralizing activities of mAbs 2C8, 9H4, 
10G7, 2G8, 7B9, 7C7, and 7D1 were found to be 80–100% 
(Fig. 1b), whereas the neutralizing activities of mAbs 1G5, 
4B3, 4C9, 6H9, and 7E2 were less than 50% (Fig. 1b). 
Neutralizing activities of positive control mAb 3A5 and 
negative control mAb 5F2 were 86.05% and 2.65%.

Establishment of the red microsphere 
immunochromatographic strip

To establish a red microsphere immunochromatographic 
strip, mAb 4B3, 7C7, 9H4, and PCV2 pAb were purified 
and assessed by SDS-PAGE (Fig. 2). The results showed 
55 kDa heavy chains and 20–25 kDa light chains among 
the purified mAbs or pAb (Fig. 2). There were few bands 
in other positions (Fig. 2), indicating that the purity of the 
purified antibodies was high and that they were suitable for 
establishment of the immunochromatographic strip.

To select the best pair of antibodies to establish a red latex 
microsphere immunochromatographic strip, red latex micro-
sphere-labeled antibodies 4B3, 7C7, and 9H4 were paired 
with the mAbs 4B3, 7C7, and 9H4 and PCV2 pAb to prepare 
immunochromatographic strips for detection of positive and 
negative controls. The results showed that the combinations 
of red latex microsphere-labeled mAb 7C7 and coated mAb 
9H4 and mAb 7C7 were significantly better than other com-
binations (Table 3). However, the immunochromatographic 

Fig. 1  Characteristics of mAbs against PCV2. a Immunoreactivity 
analysis of mAbs by Western blotting. PCV2b/MDJ (oval dimen-
sion) and PCV2d/SDRS (triangle dimension) were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and then incubated 
with mAbs (as the primary antibody) and horseradish peroxidase 
(HRP)-labeled goat anti-mouse IgG (H + L) (1:4000, as the second-
ary antibody). MAb 5F2 and SP2/0 was used as positive and negative 
controls. Lane M is a protein molecular weight marker. b Neutraliz-

ing activity assays of mAbs for PCV2b/MDJ (mAb 1G5, 2C8, 4B3, 
4C9, 6H9, 7E2, 9H4, and 10G8) or PCV2d/SDRS (mAb 2G8, 7B9, 
7C7, 7D1, 3A5, and 5F2) by the sensitive neutralization assay. MAb 
3A5 and 5F2 was used as positive and negative controls. The neutral-
izing activities of mAbs were expressed as the percentage reduction 
in the number of infected cells in comparison with negative control. 
A mean neutralizing activity of > 50% was considered to represent 
neutralization. Error bars represent the SD of neutralizing activities
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strips prepared using the combination of mAb 7C7 and 
mAb 7C7 labeled with red latex microspheres had a lighter 
C-limit color when the positive samples were diluted 10 and 
100 times (results not shown). Therefore, the combination of 
mAb 9H4 and mAb 7C7 labeled with red latex microspheres 
was preferred.

To optimize the red latex microsphere immunochroma-
tographic strip, optimal concentrations of mAb 7C7 labeled 
with red latex microspheres, mAb 9H4 and goat anti-mouse 
IgG were determined. The results showed that the optimal 
concentrations of labeled mAb 7C7, detection antibody 9H4, 
and the quality control goat anti-mouse IgG were 1.0 µg/ml, 
0.5 µg/ml, and 0.5 µg/ml, respectively.

Validation of the red microsphere 
immunochromatographic strip

To test the sensitivity of the red latex microsphere immu-
nochromatographic strip, PCV2a/CL  (104.5  TCID50/0.1 ml), 
PCV2b/MDJ  (104.7  TCID50/0.1 ml) and PCV2d/LNHC  (105.5 
 TCID50/0.1 ml) were diluted tenfold and tested. The results 
showed that the titers of PCV2a/CL, PCV2b/MDJ, and 
PCV2d/LNHC were 100, 10,000, and 10,000, respectively 
(Fig. 3). The minimum detection limits of the immunochro-
matographic strip for PCV2a/CL, PCV2b/MDJ, and PCV2d/
LNHC were calculated and found to be  102.5  TCID50/0.1 ml, 
 100.7  TCID50/0.1 ml, and  101.5  TCID50/0.1 ml, respectively. 

Fig. 2  Identification of purified 
mAb 4B3, 9H4, 7C7, and PCV2 
pAb by SDS-PAGE

Table 3  Detection results 
of red latex microsphere 
chromatography cards prepared 
with different paired antibodies

“ + ” indicates positive results, while “-” indicates negative results

Coating mAbs Labeled mAbs Sample names (dilution fold)

Positive (1:10) Positive (1:100) Positive 
(1:1000)

Negative

mAb 4B3 mAb 4B3  +  + - - -
mAb 7C7  +  +  +  +  +  +  +  +  + -
mAb 9H4  +  +  +  +  + - -

mAb 9H4 mAb 4B3  +  + - -
mAb 7C7  +  +  +  +  +  +  +  +  +  + -
mAb 9H4  +  +  +  +  + - -

mAb 7C7 mAb 4B3  +  + - -
mAb 7C7  +  +  +  +  +  +  +  +  +  + -
mAb 9H4  +  +  +  +  +  + - -

pAb 1121 mAb 4B3  + - - -
mAb 7C7  +  +  +  +  +  +  +  + -
mAb 9H4  +  +  +  + - -
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We conclude that the immunochromatographic strip was sig-
nificantly more sensitive to the PCV2b and PCV2d strains 
than to PCV2a strains.

The specificity of the PCV2 red latex microsphere immu-
nochromatographic strip to several porcine viruses was also 
tested, and the results showed that, with the exception of 
PCV2, all other viruses (PCV1, PPV, PRV, PRRSV, CSFV, 
AFSV, TGEV, PEDV, PRoV (G5), and PDCoV) were nega-
tive (Fig. 4). This demonstrated that the immunochromato-
graphic strip specifically detected PCV2, and there was no 
cross-reactivity with other viruses.

One hundred samples were simultaneously tested by 
PCR and the red latex microsphere immunochromato-
graphic strip, and the results are shown in Table 4. Using 
PCR, 53 samples were positive and 47 were negative, 
whereas 43 were positive and 57 were negative with the 
immunochromatographic strip. Of the 47 negative samples 
tested by PCR, all were negative with the immunochro-
matographic strip. However, 10 samples were negative 
with the immunochromatographic strip but positive with 
PCR. In total, 43 samples were positive and 47 samples 
were negative by both methods. The overall coincidence 

Fig. 3  Sensitivity test of PCV2 red latex microsphere immunochromatographic strip

Fig. 4  Specificity test of PCV2 red latex microsphere immunochromatographic strip
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rate was 90.00% (90/100). Using PCR as the reference 
standard, the detection sensitivity of the immunochroma-
tographic strip was 81.13% (43/53) and the specificity was 
100% (47/47). This shows that the red latex microsphere 
immunochromatographic strip has excellent specificity and 
good sensitivity. The kappa coefficient for the comparison 
of this immunochromatographic strip method and the PCR 
method kit, was 0.720, suggesting that the strip could be 
used to detect PCV2.

Quantitative virus isolation was used to further evaluate 
the results of the red latex microsphere immunochromato-
graphic strip. Ten positive samples and 10 negative samples 
tested by the immunochromatographic strip were selected 
for virus titration. The results are shown in Table 5. For 
samples that tested negative by the immunochromatographic 
strip, the virus titers were all less than the minimum detec-
tion limit of the virus titration, and the PCV2 titers of posi-
tive samples were between  101.7 and  105.3  TCID50/ml.

To evaluate the repeatability of immunochromatographic 
strip tests, three batches were used to repeatedly detect 
PCV2b/SDRS and PCV1/G, PPV1, PRV, PRRSV, CSFV, 
ASFV, TGEV, PEDV, PRoV (G5), and PDCoV. The results 
showed that the titer of PCV2b/SDRS determined using 
the immunochromatographic strip was 10,000 while other 

viruses were all negative for three batches. These results 
indicate that the method has good repeatability.

Detection of PCV2 in commercial farms

The PCV2 red latex microsphere immunochromatographic 
strip was used to assess a total of 183 samples of lung or 
inguinal lymph nodes from pigs with respiratory symptoms 
or wasting symptoms and feces from pigs with diarrhea 
collected between 2018 and 2021 in 10 Chinese provinces. 
The test results are shown in Table 6. Positive samples were 
detected in every province, with a positive rate ranging from 
16.67 to 33.33%. In the past 4 years, the positive rate of 
PCV2 has been above 20.00%, and the total positive rate 
is 22.95%.

Detection of PCV2 from anal swabs of infected pigs

The PCV2 red latex microsphere immunochromatographic 
strip was used to assess anal swabs from PCV2-challenged 
pigs. The test results showed that 100.00% (3/3) of anal 
swabs from PCV2-challenged pigs were positive at 2 weeks 
post-infection (wpi), 33.33% (1/3) of anal swabs were 

Table 4  Coninsidence of 
PCV2 red latex microsphere 
chromatography card and PCR

PCV2-PCR Kappa coefficient

Positive Negative Total

Red latex microsphere 
chromatography card

Positive 23 0 23 0.720
Negative 10 42 52
Total 33 42 75

Coincidence rate 69.70% 100% 86.67%

Table 5  Detection of PCV2 by the red latex microsphere chromatog-
raphy card and virus titration

“ + ” indicates positive results, while “-” indicates negative results

Num-
ber

Detection method Number Detection method

Chromatogra-
phy card

Virus 
titration 
 (TCID50/
ml)

Chromatography 
card

Virus 
titration 
 (TCID50/ml)

1  + 103.7 11 -  <  100.7

2  + 104.3 12 -  <  100.7

3  + 104.0 13 -  <  100.7

4  + 101.7 14 -  <  100.7

5  + 103.0 15 -  <  100.7

6  + 105.3 16 -  <  100.7

7  + 105.3 17 -  <  100.7

8  + 104.5 18 -  <  100.7

9  + 104.5 19 -  <  100.7

10  + 103.7 20 -  <  100.7

Table 6  PCV2 detection results of clinical samples by the red latex 
microsphere chromatography card

Provinces Number of positive samples/number 
of samples

Positive rate 
(%)

2018 2019 2020 2021

Heilongjiang 3/7 1/5 4/11 1/4 33.33%
Jilin 1/6 0/1 1/3 1/1 27.27%
Liaoning 1/4 1/2 1/8 2/10 20.83%
Hebei 2/8 1/2 1/1 0/2 28.57%
Henan 1/6 0/1 1/4 1/6 17.65%
Shangdong 0/3 2/4 2/7 1/7 23.81%
Shanxi 1/3 0/1 2/6 1/5 26.67%
Inner Mon-

golia
1/8 0/3 2/2 3/10 26.07%

Hubei 1/5 2/9 0/2 0/2 16.67%
Guangdong 2/7 0/1 0/3 1/3 21.43%
Positive rate 

(%)
22.81% 24.13% 29.79% 20.00% 22.95%
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positive at 3 wpi, and all anal swabs were negative at 4 wpi. 
The anal swabs of healthy control pigs were all negative 
through the experiment.

Discussion

PCV2 infection is ubiquitous around the world. Its asso-
ciated diseases can be classified as subclinical or clinical. 
Decreased average daily gain with no evident clinical signs 
is found in subclinical disease, whereas PMWS, respira-
tory system disease syndrome, reproductive disorders, and 
intestinal diseases are the main clinical diseases associated 
with PCV2 infection. The amount of PCV2 in the organs of 
clinically infected pigs is significantly higher than that in 
subclinically infected pigs.

PCR and qPCR are commonly used for diagnosis of 
infectious diseases (Saiki et al. 1985; Shi and Yang 2021; 
Yang et al. 2020a). However, PCV2 nucleic acid fragments 
have been detected in many substances, including a porcine-
derived commercial pepsin, some rotavirus vaccines, water 
samples, farm air, house flies, soil, and store-bought pork 
products (Blunt et al. 2011; Esona et al. 2014; Fenaux et al. 
2004; Garcia et al. 2012; Kim et al. 2008; Li et al. 2010; 
Verreault et al. 2010). Furthermore, the PCV2 genome is dif-
ficult to degrade in vivo and in vitro (Wei et al. 2018), which 
may explain the ubiquitous presence of viral DNA. Thus, 
the detection of PCV2 genetic material does not necessarily 
mean that the sample contains complete, viable, and infec-
tious PCV2 virions. Therefore, Wei et al. (2019) regarded 
virus isolation as the gold standard for the diagnosis of 
PCV2-related diseases. Only when PCV2 is successfully 
isolated, or at least the full-length genome is amplified, and 
corresponding clinical symptoms and pathological changes 
are observed can PCV2 be considered responsible for a dis-
ease. However, the technical requirements for virus isolation 
are relatively high and it is a time consuming process, so it 
is necessary to develop a simple method to detect PCV2 
virions instead of virus genes. Based on this, we used two 
broad-spectrum PCV2 mAbs to establish a red latex micro-
sphere immunochromatographic strip for rapid detection of 
PCV2.

There have been many reports of the production of PCV2 
mAbs and their application in PCV2 detection. As early as 
2002, McNeilly et al. reported a capture ELISA method to 
detect purified PCV2 in PK15 cultures based on mAbs. In 
recent years, Huang et al. (2019) developed a semi-quanti-
tative capture ELISA based on broad-spectrum mAb 3A5 
derived from the PCV2a/LG strain for detection of PCV2 in 
cell cultures and found that the minimum detectable amount 
of the PCV2a/LG strain was 200  TCID50. However, the 
detection sensitivity of this ELISA is significantly better for 
the PCV2a strains than for the currently dominant PCV2b 

and PCV2d strains. Therefore, we prepared mAbs against 
PCV2b and PCV2d Cap proteins to improve detection sen-
sitivity for the dominant strains.

Of the 12 mAbs prepared in this study, eight were positive 
for PCV2a/LG, PCV2b/MDJ, and PCV2d/LNHC. Among 
them, mAbs 2C8, 9H4, 10G7, and 7C7 had the ability to 
neutralize PCV2 (neutralizing activity > 88%), whereas the 
neutralizing activities of 4B3, 4C9, and 6H9 were less than 
50%. Thus, we infer that the epitopes of these mAbs can be 
divided into at least two types: neutralizing epitopes and 
non-neutralizing epitopes. Among the neutralizing mAbs, 
the mAbs 2C8 and 9H4 reacted negatively with the PCV2-
Cap protein, whereas mAb 10G7 and 7C7 reacted positively 
with the PCV2-Cap protein in Western blots. We conclude 
that the neutralizing epitopes of mAbs 2C8 and 9H4 were 
different from those of mAbs 10G7 and 7C7. MAbs 4B3, 
9H4, and 7C7, which have different epitopes, and PCV2 
pAb were selected for antibody pairing with the red latex 
microsphere immunochromatographic strip, and mAbs 9H4 
and 7C7 were selected as the coating and labeled antibodies, 
respectively.

The red latex microsphere immunochromatographic strip 
based on mAbs 9H4 and 7C7 with broad-spectrum reac-
tivity to the PCV2a, PCV2b, and PCV2d strains was con-
firmed to have outstanding specificity and sensitivity. The 
immunochromatographic strip detected only PCV2, includ-
ing the PCV2a, PCV2b, and PCV2d strains, and exhibited 
no cross-reactivity with other common viruses. Regarding 
the sensitivity of the test strip, the minimum detection limit 
was significantly higher for the PCV2a/CL strain than for 
the PCV2b/MDJ and PCV2d/LNHC strains. The possible 
reason for this is that mAbs 9H4 and 7C7 were derived from 
the PCV2b and PCV2d strains, so their sensitivity would 
be higher for these two strains. This also reflects the fact 
that PCV2 genotype changes have caused differences in 
antigenicity.

PCR was used as the detection standard to evaluate the 
immunochromatographic strip, and it was found that the 
immunochromatographic strip had a detection sensitivity 
of 81.13% and a specificity of 100%. The total coincidence 
rate of the two methods was 90.00%. However, the detec-
tion sensitivity of the immunochromatographic strip was 
lower than that of PCR. The main reasons for this include 
the following: (1) PCR was used to detect PCV2 nucleic 
acids, whereas the immunochromatographic strip was 
used to detect PCV2 virus particles, and the presence of 
nucleic acids does not necessarily represent the presence 
of a complete virus; and (2) PCR is the process of nucleic 
acid amplification, and its sensitivity is recognized to be 
higher than that of general capture ELISA and immune 
layer detection strips. In addition, virus titration was also 
used to evaluate the immunochromatographic strip, and 
it was found that the test results of the two methods were 
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consistent for 20 samples (Table 5). These results indicate 
that the immunochromatographic strip is suitable for the 
detection of PCV2 virus particles.

Based on the advantages and disadvantages of the 
immunochromatographic strip, it was suitable for the rapid 
diagnosis of PCVAD. If the strip and PCR test results are 
inconsistent, it should be comprehensively determined 
by virus isolation, clinical symptoms, histopathological 
lesions, and PCV2 amount in related tissues. In addition 
to the clinical symptoms and pathological damage, the 
diagnostic points of PCVAD (including PMWS, respira-
tory system disease syndrome, reproductive disorders, 
and intestinal diseases) also include that moderate to high 
amount of PCV2 are detected in damaged tissues (Segalés 
2012). Furthermore, because the antibodies used in this 
method cannot discriminate PCV2 genotypes, further gene 
amplification and sequencing are required to determine 
the genotype of PCV2. Additional, the immunochroma-
tographic strip could not achieve quantitative detection, 
but PCV2 amount of the tested sample could be indirectly 
estimated by parallel detection of serially diluted positive 
controls of known virus titer. It is worth mentioning that 
the virus could be successfully isolated if the sample was 
tested positive by this strip.

In this study, a series of PCV2 mAbs were prepared 
using epidemic strains as immunogens. Two broad-spec-
trum neutralizing mAbs were used to establish a red latex 
microsphere immunochromatographic strip for detecting 
PCV2 virus particles. This detection method can be used 
to detect strains from the three main PCV2 genotypes and 
displays no cross-reactivity with other common viruses. 
This method overcomes the shortcomings of other antigen 
detection methods, which are time consuming and require 
highly specialized equipment and personnel, as the immu-
nochromatographic strip require only 10 min to visually 
observe the results. This detection method can be used for 
the rapid detection of virus in infected cell cultures and 
anal swabs and organ tissues of infected pigs and provides 
a methodological basis for the rapid diagnosis of PCV2-
related diseases, determination of virus titers in tissue cul-
ture and quality control of vaccines.
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