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Abstract: African swine fever (ASF) virus (ASFV) is widely prevalent globally. Due to its rapid
onset and the absence of effective vaccines or therapeutic drugs, ASFV has caused significant
economic losses to the global pig industry. In recent years, the less pathogenic ASFVACD2v strain
with deleted or mutated EP402R gene has become gradually more prevalent. This prevalence has
further increased the difficulty of ASFV control. Colloidal gold immunochromatographic strips
(ICSs) allow rapid, sensitive, and low cost testing that does not rely on special equipment or skilled
personnel, and are often used in on-site clinical testing. The rapid detection of pigs infected with
ASFV helps prevent outbreaks of ASF. However, commercially available ICSs for on-site use only
determine the presence or absence of ASFV antibodies. These strips cannot distinguish between
ASFV A CD2v and wild-type ASFV infections, which hinders the implementation of control
strategies targeting different ASFV strains. To address these problems, we developed a double-
target colloidal gold ICS with two detection lines for the detection of p30 and CD2v protein
antibodies. The ICS employs colloidal gold as the tracer and p30 and CD2v proteins as the capture
antigen. This dual ICS could specifically identify antibodies against p30 and CD2v proteins within
10 min without any equipment and no cross-reaction with positive antibodies against common swine
disease pathogens. Compared with existing ICSs, the dual ICS exhibited significant advantages in
differentiating ASFV A CD2v and wild-type ASFV infections. The test strips could detect serum
antibodies diluted up to 1:1024 with high sensitivity. The novel ICS remained stable for 9 months
at 4°C, 25°C and 37°C. Receiver operating characteristic curves demonstrated good test accuracy of
the ICS (99.823% for p30 and CD2v proteins), compared with commercial ELISA kits. The findings
indicate the promising potential of the novel ICS for rapid on-site detection of ASFV antibodies and
differentiation of ASFVACD2v and wild-type ASFV infections. The novel ICS could improve the
effectiveness of ASFV control.
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1. Introduction

African swine fever (ASF) is a highly pathogenic infectious disease that is caused by the ASF virus
(ASFV)I1, ASFV can infect domestic pigs and wild boars of all ages and is a serious threat to the pig
industry worldwide!?). ASF was first described in Kenya in 192181, and has since spread to numerous
regions globally. In 2018, China, the world's largest producer and consumer of pork, reported its initial
case of ASFV infection[*l. Subsequently, ASF rapidly disseminated to all 31 provinces and cities across
China, resulting in an estimated economic loss exceeding $240 million Bl In recent years, a less virulent
natural ASFV in which the CD2v gene is deleted has emerged and become more prevalent. The mutant
has caused chronic and persistent infections in pigs, creating new challenges to the prevention and control
of ASFI®9] Currently, ASF is globally prevalent and remains inadequately controlled, imposing a
substantial burden on the global pig industry!'0l.

ASFYV is the sole member of the Asfarviridae family. It is an enveloped DNA virus['!. Tt is
mainly composed of the genome, core shell, inner envelope, capsid, and external open reading
frames (ORFs)!'2l, The genome of ASFV spans approximately 170 to 190 kb and encodes more than
160 proteins!!3l. Among them, p30 protein encoded by the CP204L gene is one of the most antigenic
structural proteins involved in ASFV entry and infection!!'% 131, Tt is produced 2-4 h after infection
with ASFV and is continuously expressed throughout infection['®], which makes it an ideal target
for ASF diagnosis. The p30 protein has been extensively utilized for the detection of early ASFV
infections(!7-1°1. The CD2v protein is an outer-membrane glycosylated protein of wild-type ASFV
with good immunogenicity and activity during the late stages of viral infection!? 211 1t is encoded
by EP402R, a virulence associated genel?? 231, Genetic changes in the EP402R gene due to mutations,
insertions, or deletions led to the loss of expression and functional abolishment of the CD2v protein,
and reduce the virulence of ASFVD 681, The highly immunogenic characteristics of CD2v make the
protein a valuable component in the design and development of vaccines against ASFV as well as
for antibody detection!™ 23261, The protein is also considered a critical target for the development of
a diagnostic assay to distinguish the ASFVACD2yv strain from wild-type ASFV strains!® 27-29],

Currently, effective anti-ASFV agents and commercialized vaccines to prevent and control
ASF are still not available, except in Vietnam where two attenuated vaccines have been licensed!!2
30-331 Early diagnosis based on specific detection and timely elimination of the infected animals are
essential for disease control. Given that pigs infected by attenuated mutants usually exhibit
prolonged incubation, low-level and intermittent virus shedding, absence of viremia in the late
stages of infection or after clinical recovery, accurate detection of ASFV-specific antibodies is more
reliable for the identification of ASFV infected animals, especially animals infected with the less
virulent mutants(® 34], Various types of serological diagnostic techniques for the detection of ASFV
antibody have been used in the diagnosis of ASF. Among these techniques, enzyme linked
immunosorbent assays (ELISAs) are most commonly used and recommended by the World
Organisation for Animal HealthB33). Several ELISA methods have been developed based on highly
antigenic viral proteins, which include p30, p17, pB602L, p22, p32, p54, p72, and CD2v[36-42], These
assays feature excellent sensitivity and specificity, and some can differentiate between ASFV A
CD2v and wild-type ASFV strains!® 2721, offering a tool for ASFV serological diagnosis. However,
ELISA requires trained technical personnel and specific instruments and equipment during the
complex operation process. The approach is not suitable for rapid on-site detection[*3 44,
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The colloidal gold immunochromatographic assay (ICA) is a technique that is rapid, easy to
perform, and inexpensive. ICA uses colloidal gold as a tracer. The specific antigen-antibody
reactions yield a color that can be directly and visually observed within a few minutes. Special
equipment and complicated handling procedures are not needed®> 461, These advantages made
colloidal gold ICA a fast and convenient diagnostic method that is especially suitable for point-of-
care detection. Commercial colloidal gold ICS and published colloidal gold ICA protocols enable
the detection of ASFV antibodies*”-*’]. However, there is no colloidal gold dual ICS for detecting
antibodies to distinguish ASFVACD2v and wild-type ASFV strains.

This study aimed to establish a colloidal gold dual ICS that can simultaneously detect
antibodies against p30 and CD2v proteins. The study findings demonstrate that this ICS enables the
early diagnosis of ASFV infections and effectively distinguishes the ASFVACD2v and wild-type
ASFV strains. The novel dual ICS has promising potential as technical support for controlling the
spread and prevalence of ASF.

2. Materials and methods
2.1 Sera

Antibody-positive reference sera of wild-type ASFV strain (wild-type ASFV*) and ASFVA
CD2v strain (ASFV* A CD2v), and antibody-negative reference sera of ASFV (ASFV") were
obtained from Qingdao Lijian Bio-tech Co. Ltd. (Qingdao, China). Antibody-positive sera of
porcine reproductive and respiratory syndrome virus (PRRSV™), porcine pseudorabies virus (PRV™),
porcine circovirus type 2 (PCV2*), and classical swine fever virus (CSFV™) were obtained from our
laboratory collection. The status of these sera was verified by ELISA antibody detection kits (Putai
Biology, Luoyang, China). Clinical serum samples (n = 566) were collected from pig farms
suspected of ASFV infection in China (including Hebei, Henan, Shandong, and Jiangsu provinces).
2.2 Expression and purification of recombinant proteins ASFV-p30 and ASFV-CD2v

The coding sequences of ASFV CP204L and EP402R genes were obtained from the NCBI
database (ASFV Pig/HLJ/2018, GenBank: MK333180.1). The genes were treated with EcoR[ and
BamH I, and synthesized by Sangon Biotech (Sangon, Shanghai, China). The ASFV-p30 and
ASFV-CD2v proteins were expressed, purified, and subjected to endotoxin removal following
previously established protocols®”]. In brief, the recombinant proteins were obtained by ultrasonic
disruption of isopropyl B-D-1-thiogalactoside (IPTG)-induced bacterial suspensions. The proteins
were purified using a His-labeled protein purification kit (CWBIO, Jiangsu, China) according to the
kit instructions. The endotoxins in the purified proteins were removed and detected using a
ToxinEraser Endotoxin Removal Kit (Genscript, Nanjing, China) and a ToxinSensor Chromogenic
LAL Endotoxin Assay Kit (Genscript). The concentration and purity of the purified proteins were
determined using a NanoDrop 2000 instrument (Thermo Fisher Scientific, Waltham, MA, USA).
The purified ASFV-p30 and ASFV-CD2v proteins were analyzed using SDS-PAGE and Coomassie
brilliant blue staining.

2.3 Western blotting

The purified ASFV-p30 and ASFV-CD2v proteins were separated by SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes (Solarbio, Beijing, China). After being
blocked with 5% skim milk powder in Tris buffered saline-Tween (TBST) at 37°C for 3 h, the PVDF
membranes were incubated with antibody-positive reference sera of wild-type ASFV strain, ASFV
A CD2v strain, and antibody-negative reference sera of ASFV as primary antibodies at 37°C for 3
h, respectively. After washing with TBST three times, the PVDF membranes were incubated with
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horseradish peroxidase-conjugated rabbit anti-pig IgG(H+L) (Biodragon, Beijing, China) at 37°C
for 1 h. Finally, eECL Western Blot Kit (CWBIO) and Odyssey Fc infrared imaging system (LI-
COR, Lincoln, NE, USA) were used to observe and analyze the results of Western blotting.

2.4 Preparation and identification of colloidal gold

Colloidal gold solution was obtained by sodium citrate reduction. One milliliter of 1%
chloroauric acid solution (HAuCl4; Jieyi, Shanghai, China) was added to 99 mL of boiling ultrapure
water in a clear acid treated beaker on a magnetic stirrer. Then, 1.6 mL of 1% sodium citrate
dihydrate (Solarbio) was added dropwise to the solution and heated continuously for 5 min until the
color changed to red-purple. After being cooled to 25°C, the colloidal gold solution was filled to
100 mL with ultrapure water and stored away from light at 4°C. The quality of the colloidal gold
was evaluated by spectroscopy scanning with an ultraviolet-visible (UV-VIS) spectrophotometer
(JENWAY, Staffordshire, UK) and transmission electron microscopy (TEM) using a JEM-1400
instrument (JOEL, Akishima, Japan).

2.5 Optimization of preparation conditions for colloidal gold dual ICS
2.5.1 Conjugation of staphylococcal protein A (SPA) with colloidal gold

The pH values of colloidal gold solution were adjusted to 6, 6.5, 7, 7.5, 8, 8.5 and 9 by 0.2
mol/L K,COj3. Ten microliters of a 1 mg/mL solution of SPA (Prospec, East Brunswick, USA) was
added to 200 uL colloidal gold solutions of the different pH values and conjugated at 4°C for 1 h.
The colloidal gold solutions were centrifuged at 10,000 rpm for 30 min and resuspend. The optimal
pH value of colloidal gold conjugated SPA was determined by measuring the absorbance by UV-
VIS spectrophotometry (JENWAY) and visually observing the color change of colloidal gold.
Different volumes of SPA (1 mg/mL) (5, 10, 15, 20, 25, 30, and 35 uL) were added to 200 uL
colloidal gold solutions at the determined optimal pH value and conjugated at 4°C for 1 h. Then, 0.1
mL 10%(w/v) NaCl was added to each colloidal gold solution. The colloidal gold solutions were
centrifuged at 10,000 rpm for 30 min and resuspended. The minimum concentration of colloidal
gold conjugated SPA was determined by measuring the absorbance using the aforementioned UV-
VIS spectrophotometer and visually observing the color change of colloidal gold. The optimal
concentration of colloidal gold conjugated SPA was determined by adding a 20% volume of SPA
to a minimum concentration of colloidal gold conjugated SPA. Under the optimal conditions,
colloidal gold conjugated SPA was prepared following a previously reported method®?. In brief, 1
mL SPA was slowly added to the colloidal gold solution and conjugated at 4°C for 1 h on a magnetic
stirrer. Ten milliters of 10% bovine serum albumin (BSA) was slowly added to the colloidal gold
solution and stirred continuously for 30 min. The solution was centrifuged at 4°C at 10,000 rpm for
30 min. The red pellet was resuspended with 1/10 volume resolution buffer. The colloidal gold
conjugated SPA was scanned using the aforementioned UV-VIS spectrophotometer.

2.5.2 Determination of optimal coating concentrations for Control line (C-line), Test 1 line
(T1-line), and Test 2 line (T2-line)

Monoclonal antibody to SPA (mAb-SPA; Bersee, Beijing, China), ASFV-p30, and ASFV-
CD2v and were diluted to 0.5, 0.75, 1, 1.25, and 1.5 pg/uL with Tris-HCI (0.01 M, pH 7.5) and
coated on the C, T1, and T2-line of the nitrocellulose (NC)membrane respectively. Antibody-
positive reference sera of wild-type ASFV strain were detected by test strips. The optimal coating
concentrations of ASFV-p30, ASFV-CD2v, and mAb-SPA were determined according to the color
intensity of the C, T1, and T2-line of the NC membranes.

2.5.3 Determination of optimal sample dilution
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After determining the optimal coating concentrations of ASFV-p30, ASFV-CD2v, and mAb-
SPA, antibody-positive reference serum of wild-type ASFV strain was diluted with sample diluent
to 1:50, 1:100, 1:200, and 1:400. Each dilution of sera were detected using the test strips. The
optimal sample dilution was determined based on the color intensity of T1, T2, and C-line of the
NC membranes.

2.5.4 Determination of optimal immunochromatographic time

After determining the optimal coating concentrations of ASFV-p30, ASFV-CD2v, and mAb-
SPA and sample dilution, antibody-positive reference serum of the wild-type ASFV strain was
detected using the test strips. The results were observed at 5, 10, 15, 20, and 25 min following the
detection of the antibody-positive reference serum sample. The optimal immunochromatography
time was determined according to the color intensity of the T1, T2, and C-line of the NC membranes.
2.6 Assembly of colloidal gold dual ICS

The sample pad was blocked in the sample pad processing solution (0.01 M Tris-HCI, pH 7.5,
2.0% (w/v) BSA, 2.0% (w/v) sucrose, and 0.1% (w/v) NaN3) for 1 h. After removal, it was dried at
37°C for 2 h and stored at 4°C. The conjugated pad was blocked in the conjugated pad processing
solution (0.01 M Tris-HCI, pH 7.5, 0.75% (w/v) trehalose, 0.5% (w/v) sucrose, 2% (w/v) BSA, and
0.5% (w/v) Triton X-100) for 3 h. After removal, it was dried at 37°C for 2 h. The colloidal gold
conjugated SPA was added to the conjugate pad at 4°C for 1 h and dried at 37°C for 2 h. ASFV-
p30, ASFV-CD2v, and mAb-SPA were coated on the NC membranes as the T1, T2, and C-line at
1 pL/cm, respectively, and dried at 37°C for 1 h. The NC membrane and conjugate, sample, and
absorbent pads were assembled in PVC base plate with an overlap of 2 mm. The assembled test
strips were cut into 2.5 mm X 60 mm pieces, placed into plastic card slots, and stored in a sealed
plastic bags containing desiccants at 4°C.

2.7 Principle and result judgment of colloidal gold dual ICS

One hundred microliters of the tested sera diluted 1:50 with sample diluent was added to the
sample well of colloidal gold dual ICS and diffused forward through capillary action. The IgG in
tested sera that reached the conjugated pad was bound by colloidal gold conjugated SPA and
continued to diffuse forward. Upon diffusing to the T1-line (coated ASFV-p30) and T2-line (coated
ASFV-CD2v), antibodies against p30 and CD2v proteins in the tested sera bound to ASFV-p30 (T1-
line) and ASFV-CD2v (T2-line) proteins, resulting in visible red bands. Upon diffusing to the C-
line (coated mAb-SPA), the colloidal gold conjugated SPA bound to mAb-SPA (C-line), resulting
in a visible red band. Upon diffusing to the absorbent pad, the test was complete (Figure 1A).

One hundred microliters of the tested sera diluted 1:50 with sample diluent were individually
added to the sample well of the colloidal gold dual ICS. The results were observed 10 min later. An
antibody-positive serum of wild-type ASFV strain sample was recognized by the appearance of
three visible red bands at the T1, T2, and C-lines. An antibody-positive serum of ASFVACD2v
strain sample was recognized by the appearance of two visible red bands at the T1 and C-lines. An
antibody-negative serum of ASFV sample was recognized by the appearance of only one visible red
band at the C-line. The test was deemed invalid if there was no red band at the C-line (Figure 1B).

2.8 Evaluation of colloidal gold dual ICS
2.8.1 Analytical specificity of colloidal gold dual ICS
To evaluate the analytical specificity of the colloidal gold dual ICS prepared in this study,
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antibody-positive sera of PRRSV, PRV, PCV2, and CSFV, antibody-positive reference sera of wild-
type ASFV and ASFVACD2v strains, and antibody-negative reference sera of ASFV were detected
by colloidal gold dual ICS.
2.8.2 Analytical sensitivity of colloidal gold dual ICS

To evaluate the analytical sensitivity of the colloidal gold dual ICS prepared in this study,
antibody-positive reference sera of wild-type ASFV strain diluted from 1:128 to 1:4,096 in sample
diluent were added to the sample well of colloidal gold dual ICS and detected.
2.8.3 Repeatability and reproducibility of colloidal gold dual ICS

To evaluate the repeatability of the colloidal gold dual ICS, five serum samples were detected
by the same batch of colloidal gold dual ICS three times. The color intensity of the colloidal gold
dual ICS were analyzed and the coefficient of variation (CV) (standard deviation [SD]/mean) was
calculated. To evaluate the reproducibility of the colloidal gold dual ICS prepared in this study, five
serum samples were detected by three batches of colloidal gold dual ICS in three laboratories. The
color intensity of the colloidal gold dual ICS were analyzed and the CV was calculated.
2.8.4 Stability of colloidal gold dual ICS

To evaluate the stability of the colloidal gold dual ICS, antibody-positive reference sera of
wild-type ASFV strain were detected by colloidal gold dual ICS stored at different temperatures (4,
25, and 37°C) and time periods (0, 3, 6, and 9 months). The color intensity of the colloidal gold dual
ICS were analyzed and the CV was calculated.
2.8.5 Colloidal gold dual ICS examination of clinical serum samples

A total of 566 serum samples with suspected ASFV infection collected from different regions
were detected by colloidal gold dual ICS, commercial ELISA kit based on p30 protein (JNT, Beijing,
China), and commercial ELISA kit based on CD2v protein (Anheal Laboratories, Beijing, China).
The applicability of colloidal gold dual ICS was evaluated in clinical samples by comparing them
to the commercial ELISA Kkits.
2.9 Statistical analysis

All data were statistically analyzed using Origin 8.0 (OriginLab, Northampton, MA, USA) and
SPSS 27.0 (IBM Corp, Armonk, NY, USA). The results of the analysis are expressed as the mean
+ SD.
3. Results
3.1 Expression and purification of ASFV-p30 and ASFV-CD2v recombinant proteins

Recombinant plasmids pET-32a-CP204L and pET-32a-EP402R were transformed into
Escherichia coli BL21 (DE3) to express ASFV-p30 and ASFV-CD2v at the determined optimal
induction conditions of 0.1 mM IPTG, 37°C, and 6 h. ASFV-p30 (36.2 kDa) and ASFV-CD2v (46.8
kDa) were resolved by SDS-PAGE (Figure 2). The recombinant proteins were purified by His-
labeled protein purification kit according to the instructions. The endotoxin of the purified ASFV-
p30 and ASFV-CD2v recombinant proteins were removed by ToxinEraser Endotoxin Removal Kit.
The endotoxin content of purified recombinant proteins were < 0.01 EU/mL by ToxinSensor
Chromogenic LAL Endotoxin Assay Kit. The high concentration and purity of the ASFV-p30 and
ASFV-CD2v proteins were demonstrated by SDS-PAGE and NanoDrop 2000 spectroscopy.
3.2 Western blotting

Western blotting was used to analyze the reactivity of recombinant proteins. The ASFV-p30
recombinant protein could react specifically with antibody-positive reference serum of wild-type
ASFV and ASFV A CD2v strains, recombinant protein ASFV-CD2v reacted specifically with
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antibody-positive reference serum of wild-type ASFV strain, but not the ASFV A CD2v strain
(Figure 3). The findings indicate that the high reactivity of ASFV-p30 and ASFV-CD2v purified
recombinant proteins.

3.3 Preparation and identification of colloidal gold

The prepared colloidal gold was wine red and transparent without precipitant or floating matter.
UV-VIS spectrophotometry scan the colloidal gold at wavelengths ranging from 450-650 nm. The
maximum absorption peak was at 520 nm and absorption peak width was narrow (500-550 nm),
indicating that colloidal gold particles were relatively uniform (Figure 4A). TEM examination of
the colloidal gold revealed uniformity of spherical shape and size distribution (Figure 4B). The
findings demonstrated the uniformity and high quality of the prepared colloidal gold particles, with
a morphology suitable for the development of the colloidal gold dual ICS.

3.4 Optimization of preparation conditions for colloidal gold dual ICS
3.4.1 Conjugation of SPA with colloidal gold

The pH value of colloidal gold solutions was adjusted by adding different volumes of 0.2 mol/L
K,CO; to determine the optimal pH value of colloidal gold conjugated SPA. When the pH was 7,
the color of the colloidal gold solution was the same as that of the control group (Figure 5A). As
well, the absorbance at 520 nm was highest (Figure 5B). Therefore, the optimal pH of colloidal gold
conjugated SPA was 7.0. The optimal concentration of colloidal gold conjugated SPA was
determined by adding different volumes of SPA (I mg/mL) and 10% NaCl to colloidal gold
solutions at the optimal pH. When > 20 uL SPA was added, the color of the colloidal gold solution
was the same as that of the control group (Figure 5C). As well, the absorbance at 520 nm was highest
(Figure 5D). Therefore, 0.107 mg/mL SPA was considered the optimal concentration of colloidal
gold conjugated SPA.

UV-VIS spectroscopy was used to characterize colloidal gold conjugated with SPA. Compared
to unconjugated colloidal gold, the colloidal gold conjugated SPA exhibited a maximum absorption
peak at 525 nm, indicating successful conjugation (Figure 6).

3.4.2 Determination of optimal coating concentrations for Control line (C-line), Test 1 line
(T1-line), and Test 2 line (T2-line)

The optimal coating concentrations for the C, T1, and T2-line were determined by detecting
the antibody-positive reference serum. When the mAb-SPA coated concentration of C-line was 0.75
pg/pL, the ASFV-p30 coated concentration of T1-line was 1 pg/uL and the ASFV-CD2v coated
concentration of T2-line was 1 ug/uL. The color intensities of the C, T1, and T2-line of the NC
membranes were greatest and the red bands most clearly discerned with the naked eye (Figure 7).
The coated concentrations of mAb-SPA (C-line), ASFV-p30 (T1-line), and ASFV-CD2v (T2-line)
were determined to be 0.75, 1 and, 1 pg/uL, respectively.

3.4.3 Determination of optimal sample dilution

Antibody-positive reference serum of wild-type ASFV strain diluted 1:50, 1:100, 1:200, and
1:400 with sample diluent at were detected by test strips to determine the optimal sample dilution.
When the antibody-positive reference serum of wild-type ASFV strain was diluted 1:50, the color
intensities of the T1, T2, and C-line of NC membranes were greatest and the red bands were most
clearly visible to the naked eye (Figure 8). Hence, 1:50 was considered the optimal sample dilution.
3.4.4 Determination of optimal immunochromatographic time

The antibody-positive reference serum of the wild-type ASFV strain was detected using the
test strips using different immunochromatography times of 5, 10, 15, 20, and 25 min to determine
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the optimal immunochromatography time. With the increase of the immunochromatography time
from 5 to 10 min, the color intensity of T1, T2, and C-line on NC membranes increased significantly.
Further extension of the immunochromatography time to 15 min resulted in a gradual decrease in
the color intensity of the T1 and T2-line (Figure 9). After comprehensively evaluating all factors,
10 min was considered the optimal immunochromatographic time.
3.5 Evaluation of colloidal gold dual ICS
3.5.1 Analytical specificity of colloidal gold dual ICS

Antibody-positive sera of PRRSV, PRV, PCV2 and CSFV; antibody-positive reference sera of
wild-type ASFV strain and ASFV A CD2v strain; and antibody-negative reference sera of ASFV
were used to evaluate the analytical specificity of colloidal gold dual ICS. Antibody-positive
reference sera of wild-type ASFV strain produced three red bands on the T1, T2, and C-line.
Antibody-positive reference sera of ASFVACD2v strain produced two red bands on the T1 and C-
line. The other sera produced only a red band on the C-line. The colloidal gold dual ICS showed no
cross-reactivity with other antibody-positive sera, indicating good analytical specificity (Figure 10).
3.5.2 Analytical sensitivity of colloidal gold dual ICS

Antibody-positive reference serum of wild-type ASFV strain diluted from 1:128 to 1:4,096 in
sample diluent were assessed to evaluate the analytical sensitivity of the colloidal gold dual ICS
strips. The colloidal gold dual ICS was capable of detecting antibody-positive serum diluted to
1:1,024, indicating good analytical sensitivity (Figure 11).
3.5.3 Repeatability and reproducibility of colloidal gold dual ICS

Five serum samples were detected in triplicate by the same batch of test strips to evaluate the
repeatability of the colloidal gold dual ICS. The CV of color intensities of the C, T1, and T2-line
were < 5%. Five serum samples were detected by three batches of test strips in three laboratories to
evaluate the reproducibility of the colloidal gold dual ICS. The CV of color intensities of the C, T1,
and T2-line were < 5% (Figure 12). The results demonstrated that the colloidal gold dual ICS
exhibited excellent repeatability and reproducibility.
3.5.4 Stability of colloidal gold dual ICS

Antibody-positive reference sera of the wild-type ASFV strain were detected by test strips with
different temperatures (4, 25, and 37°C) and time periods (0, 3, 6, and 9 months) to evaluate the
stability of the colloidal gold dual ICS. The CV of color intensities of the test strips (C, T1, and T2-
line) stored at the three temperatures and four time periods (0, 3, 6, and 9 months) were < 5% (Figure
13). The findings demonstrated the excellent stability of the colloidal gold dual ICS.
3.5.5 Clinical serum samples detection of colloidal gold dual ICS

A total of 566 serum samples obtained from animals with suspected ASFV infection were
detected by test strips to evaluate the applicability of the colloidal gold dual ICS in clinical sample
detection. The results of the colloidal gold dual ICS were compared with those of the commercial
ELISA Kkits to calculate the test accuracy of the colloidal gold dual ICS. The colloidal gold dual ICS
identified a total of 57 antibody-positive sera of ASFV (49 antibody-positive sera of wild-type
ASFV strain, 8 antibody-positive sera of ASFVACD2v strain), and 509 antibody-negative sera of
ASFV (Figure 14A, C). Commercial ELISA kit based on p30 protein were antibody-positive for
produced 58 clinical serum samples and antibody-negative for samples (Figure 14A). Commercial
ELISA kit based on CD2v protein produced anti-positive results for 50 clinical serum samples and
antibody-negative results for 516 serum samples (Figure 14C). Only one antibody-positive sample
on the T1 and T2-line showed a discrepancy. The test accuracies for both the T1-line (p30 protein)
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and T2-line (CD2v protein) were 99.823% (Table 1). Based on these results, receiver operating
characteristic (ROC) curves of p30 and CD2v proteins were constructed. The T1-line of the colloidal
gold dual ICS demonstrated 100% sensitivity and 99.409% specificity relative to the commercial
ELISA kit based on p30 protein, with an area under the curve (AUC) approaching 1 (Figure 14B).
The T2-line of the colloidal gold dual ICS exhibited 100% sensitivity and 96.705% specificity
relative to the commercial ELISA kit based on CD2v protein, with an AUC approaching 1 (Figure
14D). The kappa values were 0.990 and 0.989, respectively, indicating substantial agreement. The
findings indicate an almost perfect concordance between the colloidal gold dual ICS and the
commercial ELISA kits. The findings further suggest that the novel ICS is a reliable technical means
for on-site diagnosis of ASFV antibodies and differentiation between the wild-type ASFV and
ASFVACD2v strains.

Table 1. Comparison of the results of the colloidal gold dual ICS with the commercial ELISA

kits.
The T1-line of the colloidal
Methods and determination indices gold dual ICS Total
Positive Negative
The commercial ELISA kit Positive 57 1 58
based on p30 protein Negative 0 508 508
Total 57 509 566
The T2-line of the colloidal
Methods and determination indices gold dual ICS Total
Positive Negative
The commercial ELISA kit Positive 49 1 50
based on CD2v protein Negative 0 516 516
Total 49 517 566

Discussion

ASFV has caused catastrophic damage to the global pig industry?. In the absence of
commercial sources of effective vaccines and antiviral drugs, rapid and effective diagnostic methods
are essential to identify ASFV infected pigs and track the spread of ASFV[31-321, PCR and fluorescent
quantitative PCR methods for the detection of viral nucleic acid are important in the prevention and
control of ASFVI33l, However, with the spread of ASFV globally, the less virulent ASFVACD2v
strain has emerged!(®®l, Pigs infected with ASFV A CD2v exhibited subacute and chronic clinical
symptoms, and intermittent virus shedding. The detection rate of nucleic acid in surviving pigs or
those with chronic infections in the non-shedding period of the infection gradually decreases after
42 days, but antibodies can persist for a long timel®¥]. Therefore, antibody detection is an essential
part of ASF diagnosis. Establishing serological detection methods for the monitoring and diagnosis
of ASFV infection is crucial for the effective prevention and control of ASFV. Various types of
serological approaches for ASFV-specific antibodies detecting have been used in current ASF
diagnosis. The commonly used in clinical applications include ELISA and colloidal gold ICA4],
and numerous ELISA and colloidal gold ICA based on highly antigenic proteins, such as p30, p72,
p54, and CD2v, have been widely developed6-42 4749, 531 Colloidal gold ICA is a rapid and
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convenient detection method. The assay can be initiated by applying the analyte to the sample pad
and does not require any additional reagents and processing steps. The reaction results can be
directly observed by naked eyes and no instruments was required(®®- 571, Compared with ELISA, the
colloidal gold ICA overcomes limitations that include such as relative complex time-consuming
multistep procedure and requirements for trained personnel and specialized equipment, making it
suitable for on-site clinical testing. Currently, commercial colloidal gold ICS, such as those from
NBGen (Beijing, China) and Sinoreca-Biotech (Beijing, China), were widely used for clinical
antibodies against ASFV detection. The published colloidal gold ICA also showed the practicality
and high specificity and sensitivity for on-site detection. Zhu et al. described a double-antigen-
sandwich lateral flow assay based on gold nanoparticle-conjugated ASFV major capsid protein
p72#1. The lateral flow assay could detect ASFV antibody in serum samples with high specificity
in 10 min and detect clinically positive serum diluted up to 1:10,000 with high sensitivity. Wan et
al. used a 1:1 gold-labeled p30 and p72 probe mixture as a gold-labeled antigen to develop a
colloidal gold dual ICS for detecting ASFV antibodies’l. The colloidal gold dual ICS could
specifically detect ASFV antibodies within 5-10 min, achieving a maximum detection sensitivity in
serum diluted 1:256. Geng et al. developed a colloidal gold ICS labeled with colloidal gold p72
trimers for the detection of antibodies against ASFVI*8], The test strip showed a higher sensitivity
of detecting ASFV antibodies than a commercial ELISA kit. Liu et al. developed a high
concentration labeled colloidal gold ICS for detecting ASFV p30 protein antibodiesl. The
coincidence rate between the developed colloidal gold ICS and ELISA was 93.5%. However, all of
the forementioned ICS methods for detecting ASFV antibodies only determine the status of ASFV
antibodies against ASFV, but do not distinguish the infections caused by wild-type ASFV or lower
virulent ASFV A CD2v strain. To meet the requirements, a quantum dot-based fluorescent ICA
using CD2v as the diagnostic antigen to detect ASFV antibodies has been developed[®®l. However,
this ICA only uses CD2v protein as the detection antigen. When the detected result is negative, it is
hard to determine whether the pig was not infected with ASFV or infected with CD2v-unexpressed
mutational ASFV using this strip method alone. In addition, visualizing the assay results requires
special equipment, thus the one-step detection advantage is lost in an application and the cost of the
assay will increase. Therefore, the development of a rapid and convenient colloidal gold ICS for
differential detection of wild-type ASFV strains and lower virulent ASFVACD2v strain on-site has
become urgent.

Ideal candidates for developing sensitive and specific ASF serological diagnostic tests with
better diagnostic performance, should be proteins with good antigenicity, strong specificity and
early expression, or combinations of these attributes. Among the known functional proteins of
ASFV, p30 protein is one of the most antigenic ASFV proteins. It is expressed in the early stages of
viral infection and was continuously expressed throughout the infection!!7-191, Serological tests using
p30 as antigen can basically be used for the whole process of monitoring after ASFV infection[38:
31, The CD2v protein could stimulate the production of specific antibodies, and it was often used as
a differential diagnostic indicator for the wild-type ASFV and lower virulent ASFVACD2v strains.
Considering the advantages of colloidal gold ICA and the characteristics of p30 and CD2v proteins
as antigens, in this study, p30 and CD2v proteins were selected as diagnosis antigens, and a rapid
and accurate colloidal gold dual ICS for simultaneous detection and differentiation of specific
antibodies against wild-type ASFV and lower virulent ASFVACD2v mutants was developed.

The quality of diagnosis antigens is particularly important for the accuracy of the developed
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colloidal gold ICS. To ensure the practicality and reliability of colloidal gold dual ICS for on-site
detection of antibodies against ASFV, development conditions were systematically optimized.
Highly efficient expression of p30 and CD2v proteins was achieved in the E. coli prokaryotic
expression system, and the high purity of p30 and CD2v proteins was verified by SDS-PAGE and
NanoDrop 2000 spectroscopy. As well, the endotoxin was removed from the purified proteins to
improve specificity and avoid false positive results due to endotoxin contamination in purified
proteins. Furthermore, to improve the sensitivity of the colloidal gold dual ICS and ensure that the
colloidal gold conjugate complex could better bind to p30 and CD2v proteins to form red bands, the
purified proteins were fully dialyzed to remove urea and imidazole. Through these efforts, we
successfully developed a convenient, accurate, sensitive, and specific colloidal gold dual ICS. The
colloidal gold dual ICS could be observed the detection results quickly within 10 min after adding
serum samples and effectively distinguish between the wild-type ASFV and lower virulent ASFV
A CD2v strains. The colloidal gold dual ICS did not cross-react with antibodies against common
swine pathogens, effectively avoiding false positive results. The novel ICS system maintained high
specificity while demonstrating high sensitivity, capable of detecting ASFV antibody-positive
serum diluted up to 1024-fold. The sensitivity surpassed that of the colloidal gold dual ICS
developed by Wan et al. for detecting ASFV p30 and p72 protein antibodies (1:256)“71 and the high
concentration labeled colloidal gold ICS for ASFV p30 protein antibodies developed by Liu et al.
(1:512)B31, Repeatability, reproducibility, and stability were critical factors that influencing the field
applications of colloidal gold dual ICS. In the of repeatability and reproducibility tests, the CV in
the color intensities of the C, T1, and T2-line of NC membranes were consistently < 5%.
Additionally, when testing serum samples using test strips stored at different temperatures (4, 25,
and 37°C) and different time periods (0, 3, 6, and 9 months), the CV in the color intensities of the
C, T1, and T2-line of NC membranes remained < 5%, indicating excellent repeatability,
reproducibility, and stability. These characteristics ensured the reliability and credibility of the
detection results. To evaluate the applicability of the developed colloidal gold dual ICS, 566 clinical
serum samples were detected in parallel using commercial ELISA kits. Fifty-seven clinical serum
samples were positive for antibodies against ASFV and 509 were negative. The ROC analysis
showed the T1-line demonstrated a sensitivity of 100% and specificity of 99.409% relative to the
commercial ELISA kit based on p30 protein. The T2-line demonstrated a sensitivity of 100% and
specificity of 96.705% relative to the commercial ELISA kit based on CD2v protein. These
performances were superior to those reported by Liu et al. (sensitivity of 90.9% and specificity of
96.2%)151 and Zhu et al. (sensitivity of 98% and specificity of 97%)*°1. The test accuracies of the
colloidal gold dual ICS for T1 and T2-line were both 99.823% (565/566), surpassing the
concordance rates of the colloidal gold dual ICS developed by Wan et al. (98.8% for the Svanova
ELISA kit and 98.6% for the Ingenasa ELISA kit)[*!], as well as those developed by Liu et al (93.5%
for the ID.vet ELISA kit)3! and Zhu et al. (97.8% for the Harbin Weike Biotechnology Co., Ltd.
and ID vet. ELISA kit)*]. Importantly, in the present study, among the 58 positive samples the
colloidal gold dual ICS developed by the study successfully identified 8 ASFV A CD2v strains.
None of the existing conventional colloidal gold ICS can achieve this differential diagnosis.
Therefore, the colloidal gold dual ICS facilitates on-site detection of ASFV antibodies in clinical
settings and also effectively distinguishes between the wild-type ASFV and less virulent ASFVA
CD2v strains. Once the ASFV strain is identified, veterinarians can implement targeted measures
based on the specific strain present in the pig farm, such as eliminating ASFV infected pigs, to
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minimize ASFV-related losses.

In conclusion, a rapid and specific colloidal gold dual ICS based on p30 and CD2v was
developed for distinguishing wild-type ASFV and ASFV-ACD2v infections. This approach is easy
to perform and does not require specialized equipment or skilled personnel, and so is suitable for
on-site detection. In addition, with continued research, an effective ASFV subunit vaccine based
CD2v protein may be developed in the future. The colloidal gold dual ICS can also be used to
distinguish vaccinated pigs from naturally infected pigs, as well as detect the immunization effect
of the vaccine. However, serum samples have currently only been collected from some provinces in
China, rather than from different regions globally affected by ASFV. Therefore, before global
promotion and application, serum samples from different countries and regions will be collected
and the global universality of the colloidal gold dual ICS will be further evaluated.
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Figure 1. Schematic interpretation and result judgment of the colloidal gold dual ICS. (A).
Schematic interpretation of the colloidal gold dual ICS. (B). Result judgment of the colloidal gold
dual ICS.

Figure 2. SDS-PAGE analysis of ASFV-p30 and ASFV-CD2v proteins. (A, B). ASFV-p30 (A) and
ASFV-CD2v protein (B) were analyzed by SDS-PAGE. M: Protein marker; 1: Before induction; 2:
After induction; 3: Results of proteins purification.

Figure 3. Western blotting analysis of ASFV-p30 and ASFV-CD2v proteins. (A-C). Antibody-
positive reference serum of wild-type ASFV strain (A), ASFV ACD2v strain (B), and antibody-
negative reference sera of ASFV (C) were used as the as primary antibodies. M: Protein marker; 1:
ASFV-p30 protein; 2: ASFV-CD2v protein.

Figure 4. Characterization of colloidal gold by UV-VIS spectrophotometry (A) and TEM (B).
Figure 5. Determination of the optimal pH value and concentration of colloidal gold conjugated
SPA. (A) Colors of colloidal gold solutions with different pH values. Samples 1-7 have pH values
of 6,6.57,7.5,8, 8.5, and 9, respectively. Vial 8 is the Control. (B). The absorbance (520 nm) of
colloidal gold solution with different pH values. (C). Determination of the optimal concentration of
colloidal gold conjugated SPA. (A). The color of the colloidal gold solution with different volumes
of SPA. Vials 1-7 contain 5, 10, 15, 20, 25, 30, and 35 pL, respectively. Vial 8 is the Control. (D).
Absorbance at 520 nm of colloidal gold solutions with the different volumes of SPA.

Figure 6. UV-VIS spectrophotometry plots of colloidal gold (A) and colloidal gold conjugated SPA
(B).

Figure 7. Determination of optimal coating concentrations for the C, T1, and T2-line. (A). The
detection of optimal coating concentrations by colloidal gold dual ICS. (B). The color intensities of
the C, T1, and T2-line of NC membranes with different coating concentrations.

Figure 8. Determination of optimal sample dilution. (A). The detection of optimal sample dilution
by colloidal gold dual ICS. (B). The color intensities of the C, T1, and T2-line of NC membranes
with different sample dilutions.

Figure 9. Determination of optimal immunochromatographic time. (A). The detection of optimal
immunochromatographic time by colloidal gold dual ICS. (B). The color intensities of C, T1, and
T2-line of NC membranes with different immunochromatographic times.

Figure 10. Analytical specificity of the colloidal gold dual ICS. (A). The analytical specificity of
colloidal gold dual ICS. (B). The color intensities of the C, T1, and T2-line of NC membranes with
different sera.

Figure 11. Analytical sensitivity of the colloidal gold dual ICS. (A). The analytical sensitivity of
colloidal gold dual ICS. (B). The color intensities of C, T1, and T2-line of NC membranes with
different serum dilutions.

Figure 12. Repeatability and reproducibility of the colloidal gold dual ICS. (A). The mean + SD of
color intensities of the C, T1, and T2-line of five serum samples tested in triplicate using the test
strips. (B). The mean + SD of color intensities of the C, T1, and T2-line of five serum samples tested
using the test strips in three laboratories.

Figure 13. Stability of the colloidal gold dual ICS. The mean + SD of color intensities of the C, T1,
and T2-line of five reference sera assessed by test strips at 0, 3, 6, and 9 months at 4°C (A), 25°C
(B), and 37°C (C).

Figure 14. Applicability evaluation of the colloidal gold dual ICS in clinical samples. The results
(A) and ROC analysis (B) of the colloidal gold dual ICS (T1-line) and the commercial ELISA kit



680  (p30 protein). The results (C) and ROC analysis (D) of the colloidal gold dual ICS (T2-line) and the
681  commercialized ELISA kit (CD2v protein).
682



683  Table 1. Comparison of the results of the colloidal gold dual ICS with the commercial ELISA kits.
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