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Bovine parvovirus (BPV) is a pathogen responsible for respiratory and digestive tract symptoms in calves and abortion and stillbirth in pregnant cows. In this study, we developed a colloidal gold immunochromatographic (GICG) strip with an enhanced signal for detecting BPV according to the double-antibody sandwich principle and an enzyme-based signal amplification system to amplify the signal. This system utilizes horseradish peroxidase reacting with a substrate solution containing 3,3′,5,5′-tetramethylbenzidine and dextran sulfate to obtain insoluble blue products on the test and control lines. We optimized different reaction conditions, including the amount of monoclonal antibodies (mAbs), pH of the colloidal gold solution, coating solution, blocking solution, sample pad treatment solution, antibody concentration in the control line, and antibody concentration in the detection line. The sensitivity of the signal-enhanced GICG strip showed that the minimum amount for detecting BPV was 102 TCID50, 10 times higher than that of the traditional GICG strip. The results of the specificity test showed that the signal-enhanced GICG strip had no cross-reactivity with BRV, BVDV, or BRSV. The results of the repeatability test showed that the coefficient of variation between and within batches was less than 5%, showing good repeatability. Moreover, for validation, PCR and the signal-enhanced GICG strip were used to detect 280 clinical bovine fecal samples. The concordance rate compared with PCR was 99.29%. Hence, the developed strip exhibited high sensitivity and specificity for the detection of BPV. Therefore, this strip could be a rapid, convenient, and effective method for the diagnosis of BPV infection in the field.
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1. Introduction

Bovine parvovirus (BPV) is a member of the genus Bocaparvovirus of the family Parvoviridae (Qiu et al., 2017). It is the smallest icosahedral virus, with no envelope and a diameter of approximately 23 nm. The BPV genome consists of single-stranded DNA with a length of 5,491 nt (Kailasan et al., 2015), with three open reading frames (ORFs). ORF1 encodes a 729-amino-acid-long protein, the non-structural protein NS1. ORF2 encodes a 255-amino-acid-long protein, the non-structural protein NP1. The viral structural proteins VP1 and VP2 are encoded by ORF3. The molecular weights of VP1 and VP2 are 75 and 61 kDa, respectively. At the same time, VP3 is produced after the hydrolysis of the VP2 protein, which is involved in BPV DNA replication and virion assembly. BPV infection mainly causes reproductive dysfunction in pregnant cows and respiratory and gastrointestinal diseases in newborn calves. BPV can be transmitted in several ways, and the initial clinical symptoms of infection are not obvious (Zhang et al., 2020), making it difficult to diagnose and prevent infections. Traditionally, BPV detection is mainly based on serological, etiological, and molecular methods. Most traditional methods require a long time and special laboratory diagnosis equipment (Wang et al., 2019a; Gong et al., 2020). Therefore, a rapid, specific, and convenient method for field detection is of practical significance for the prevention and control of BPV infections.

Since colloidal gold has been introduced into the field of immunochemistry, this technology has developed and matured. Specifically, the colloidal gold immunochromatographic (GICG) strip is a fast and convenient detection method that is especially suitable for on-site detection. The reaction of gold-labeled antibodies with their corresponding antigens can result in a visible color reaction (Vilela et al., 2012). The distinctive advantages of colloidal gold particles are that they can be directly observed, and visible results can be obtained. Therefore, GICG strips have been widely used in various applications, Iing the diagnosis of viral infections and the detection of bacteria and drug residues in food (Wu et al., 2017; Lin et al., 2020; Pan et al., 2020). Their rapid analysis and simplicity of operation provide promising diagnostic methods for various applications. However, their detection sensitivity is low, limiting their application in clinical diagnosis. Hence, improving the sensitivity of GICG is an important research direction (Guo et al., 2019, 2021).

Currently, strategies to improve immunochromatographic technologies mainly focus on developing new solid-phase carriers or the addition of novel labeling molecules. Some studies combined newer technologies with strip detection, such as photoelectric sensing and microchip technologies. One strategy to improve sensitivity is to combine an enzyme signal amplification system with colloidal gold-labeled antibodies. Colloidal Au particles can be used to combine antibodies and enzymes. Moreover, horseradish peroxidase (HRP) can be conjugated to colloidal gold-labeled antibodies and improve the color depth of the strip (Parolo et al., 2013; Cho et al., 2015). Hence, enzyme signal amplification systems can effectively improve the detection sensitivity of GICG strips.

In this study, a signal-enhanced GICG strip for detecting BPV was developed using purified monoclonal antibodies (mAbs) and polyclonal antibodies (pAbs) against BPV. This method is specific, rapid, and sensitive for the detection of BPV, which is suitable for pathogen diagnosis in the field.



2. Materials and methods


2.1. Ethics statement

All animal experiments and animal maintenance procedures were performed according to the Ethical Committee for Animal Sciences of Heilongjiang Province and international recommendations for animal welfare. This trial was conducted in accordance with the regulations governing laboratory animals and the Charter of the Ethics Committee for Laboratory Animals of Northeast Agricultural University (Protocol code NEAU2018024).



2.2. Cells and virus strains

The myeloma (SP2/0) cells line was purchased from the China Center for Type Culture Collection (Wuhan, China). Bovine parvovirus(BPV; ATCC strain VR-767), Bovine rotavirus (BRV; strain NCDV), Bovine viral diarrhea virus (BVDV; strain BA), and Bovine respiratory syncytial virus (BRSV; strain 391–2), were stored in our lab. Bovine turbinate (BT) cell lines.



2.3. Animals

Specific pathogen-free BALB/c mice and New Zealand rabbits were purchased from Changsheng Biotechnology Limited (Liaoning, China).



2.4. The culture and purification of BPV

Maintain BT cells in culture flasks containing cell maintenance medium in an incubator at 37°C with 5% CO2. Trypsinize a confluent flask of BT cells, and then trypsin was discarded. After adding 3% v/v serum cell maintenance solution, and cultured it in an incubator for 6–12 h. After that, BPV was inoculated into BT cells. When the cytopathic effect reached 80%, the virus culture was collected, which was centrifuged at 4°C and 10,000 r/min for 2 min. The supernatant fluid containing virus was collected and used to immunize animals.



2.5. Preparation of pAbs and mAbs

New Zealand rabbits were administered with purified BPV (500 μg) after emulsification in complete Freunds’ adjuvant (Sigma, St. Louis, MO, United States) for the first injection and the same dose after emulsification in incomplete Freunds’ adjuvant (Sigma) given as two boosters every 2 weeks. Sera were collected 7 days after the last booster. Immunoglobulins were precipitated using standard ammonium sulfate precipitation. Briefly, an equal amount of saturated ammonium persulfate solution was dropped into the mixed serum, stirring on ice until a precipitate was formed. The mixture was centrifuged at 12,000 × g for 30 min. The deposits were dissolved in PBS, dialyzed against PBS, and the protein concentration was determined. The pAbs were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and an indirect immunofluorescence assay (IFA). In the IFA test, monoclonal or polyclonal antibodies were used as primary antibodies, and FITC-labeled goat anti-rabbit IgG (Sigma) or FITC-goat anti-mouse IgG (Sigma) were used as the secondary antibody.

BALB/c mice were administered purified BPV (100 ng) after emulsification in complete Freund’s adjuvant for the first injection and the same dose after emulsification in incomplete Freund’s adjuvant for two boosters every 2 weeks. After BALB/c mice were immunized with BPV, the splenocytes were harvested and fused with SP2/0 myeloma cells. After fusion, hybridoma cells were screened using an indirect enzyme-linked immunosorbent assay (ELISA).

BALB/c mice were pretreated with liquid paraffin and then injected intraperitoneally with hybridoma cells secreting antibodies against BPV. Ascites were collected after 2 weeks. A double-antibody sandwich ELISA was used to detect ascites titers. Hybridoma cells with the highest titers and affinities were selected to prepare ascites and purify mAbs for use in subsequent experiments. Ascites were purified using a HiTrap Protein G HP (GE Healthcare, Milwaukee, United States) according to the manufacturer’s instructions. The activity of the mAbs was analyzed via SDS-PAGE and IFA identification. MAbs isotype was detected by using an Monoclonal antibody isotyping kit (Sigma). Bovine Parvovirus protein reacting against mAbs was detected by Western blotting. The BT cell culture was as negative control.



2.6. Preparation of colloidal gold

Gold particles with an average diameter of 20 nm were prepared according to the method described by Wang et al. (2014). In brief, a suspension of gold particles was prepared under reflux conditions where 100 mL of a gold chloride solution (0.01%) was heated to boiling. Approximately, 1.0 mL of trisodium citrate solution (1%) was then added rapidly to the gold chloride solution while stirring. The resulting solution was boiled for another 5–10 min until the color of the mixture changed to wine red. The gold particles were detected using transmission electron microscopy (TEM) after cooling. Finally, 0.05% sodium azide (as a preservative) was added to the gold particle solution and then stored at 4°C.



2.7. Conjugation of anti-BPV mAbs with colloidal gold

Complexes of mAbs conjugated with colloidal gold were prepared according to a previous method (Shukla et al., 2011). In brief, the pH of the colloidal gold solution was adjusted to 8.0–9.0 with 0.2 M K2CO3. The following procedure was conducted to estimate the minimal amount of mAbs required to stabilize colloidal gold particles. First, 1 mL of colloidal gold solution was added quickly to 100 μL of serial dilutions of mAbs at increasing concentrations (10–100 μg/mL). After 5 min, 100 μL of 10% NaCl solution was added to the mixture and was left to stand for another 2 h. When the amount of mAbs added exceeded the minimum required to stabilize colloidal gold particles, the color was unchanged or changed from reddish to blue. The optimum concentration of mAbs added was 130% of the lowest concentration needed for labeling. One hundred microliters of mAbs at the optimum concentration were then added to each tube and mixed. After 5 min, 100 μL of a 10% NaCl solution was added to the mixture. After 2 h, the color of the solution was observed. The optimum pH of the colloidal gold solution was the minimum pH at which the solution remained reddish.

To conjugate anti-BPV mAbs with colloidal gold, the optimum concentration of mAbs which determined by the above method was rapidly added to 20 mL of the colloidal gold solution and incubated for 30 min after rapid stirring. The mixture was then stabilized with a 5% BSA solution (the final concentration of BSA was 1%) and stirred for 30 min. After incubation for 1 h, the supernatant was discarded via centrifugation at 10,000 × g for 30 min at 4°C. Twenty milliliters of a 2% BSA solution (containing 0.01 M sodium borate) was then used to resuspend the precipitate, which was centrifuged again at 10,000 × g for 30 min at 4°C to clean off the unlabeled mAbs. Finally, 4 mL of a TB solution (containing 3% sucrose, 3% BSA, 0.05% sodium azide, and 0.01 M sodium borate) was used to resuspend the precipitate. The solution of colloidal gold-labeled mAbs was stored at 4°C. The conjugation of colloidal gold with mAbs was confirmed using UV–visible (UV/Vis) spectroscopy (Ultropec 2100 pro UV; Amersham Pharmacia, Sydney). The gold-labeled mAb solutions were stored at 4°C until use.



2.8. Preparation of colloidal gold and enzyme-labeled antibody conjugates

Horseradish peroxidase was used as the labeling enzyme. HRP-labeled mAbs were prepared by diluting the mAbs to 1 mg/mL following the instructions of an antibody-conjugated HRP kit (Abcam, Shanghai, China). ELISA was used to identify the effect of antibody conjugation with HRP. Briefly, the plates were coated with BPV, incubated overnight at 4°C, and blocked with PBS containing 2% BSA. Then, 100 μL of a 1:100 dilution of the enzyme was added to label the mAbs, which were incubated for 1.5 h at 37°C. After washing, 100 μl diluted HRP-labeled goat anti-mouse secondary antibodies (Sigma-Aldrich, United States) were added to the plates and incubated at 37°C for 1.5 h. The plates were washed by deionized water and 100 μL of 3,3′,5,5′-tetramethylbenzidine (TMB) color development solution (Sigma) was added. After incubating at 37°C in the dark for 10 min, 50 μL of a 10% of sulfuric acid was added, and the absorbance was measured at 490 nm using a microplate reader.

Complexes of enzyme-labeled mAbs conjugated with colloidal gold were prepared according to a previous method (Shukla et al., 2011). The prepared HRP enzyme-labeled mAbs were conjugated with colloidal gold particles under the same conditions as previously described, which was placed in the conjugate pad. The conjugation of colloidal gold with mAbs was examined using UV/Vis spectroscopy.



2.9. Optimizing the reaction reagents

It is necessary to optimize the reaction reagents to improve the performance of signal-enhanced test strips. Here, 0.01 M phosphate buffer (PB, containing 0.6% NaH2PO4·2H2O and 2.2% Na2HPO4·12H2O), PBS, and 20 mM Tris-Cl were used as coating solutions to treat the antibodies. Control and test lines were used to analyze the effects of these coating solutions. Moreover, 3% BSA, 5% BSA, 3% skim milk, and 5% skim milk were used as blocking solutions, respectively. The background color and sample chromatography time were determined to analyze the effects of blocking. The sample pads were soaked in solution A (0.05% Tween-20, 5% sucrose, 0.3% Triton X-100, and 1% BSA), solution B (0.05% Tween-20, 5% sucrose, 0.5% Triton X-100, and 0.5% BSA), solution C (5% sucrose, 0.3% Triton X-100, and 1% BSA), and solution D (5% sucrose, 0.5% Triton X-100, and 0.5% BSA) at 25°C for 30 min. Afterward, the sample pads were dried at 37°C for 3 h and stored at room temperature. Test lines were used to analyze the effects of the different treatment solutions. The detection procedure was as follows. First, 50 μL of a sample was added to the sample pad. TMB substrate was added to the sample pad, and the NC membranes were rinsed with deionized water. After 10 min, the result was judged using the naked eye. If the sample contained detectable particles, they formed complexes with the enzyme-labeled mAbs conjugated with colloidal gold. If the test line showed a weak color or color, the test result was weakly positive or positive, respectively. If the sample did not contain detectable particles, the test line would be colorless, indicating that the test result was negative. The color of the control line was used as a standard to evaluate whether the prepared strip was valid (color) or invalid (colorless; Figure 1). The goat anti-mouse IgG with a concentration of 1 mg/mL g was coated on the control line. The mAb in the conjugate pad bound with the colloidal gold and HRP conjugate to color the control line during testing.

[image: Figure 1]

FIGURE 1
 Structure chart of colloidal gold immunochromatographic (GICG) strip. (A) The test result is positive when both the test line and the control line are red. (B) When only the control line is red, the test result is negative. (C) The test result is invalid when there is no strip color. (D) The detection result is invalid only when the test line is red.




2.10. Sensitivity and specificity of the prepared signal-enhanced test strips

Under the optimized conditions, enzyme-labeled signal-enhanced test strips and conventional test strips without enzyme labeling were prepared simultaneously. The sensitivity of the two test strips was also tested. Samples containing different concentrations of BPV (105 TCID50/0.1 mL) were diluted in a series of 1, 1:10, 1:100, 1:1,000, and 1:10,000. The sensitivity of the signal-enhanced test strip was evaluated by detecting BPV at different concentrations, and the results were evaluated using the naked eye. The procedure was repeated thrice.

The specificity test was conducted with standard negative samples, standard positive samples, and samples containing bovine rotavirus (BRV), bovine viral diarrhea virus (BVDV), or bovine respiratory syncytial virus (BRSV) under optimized conditions to evaluate the specificity of the signal-enhanced test strip. Briefly, 50 μL of the samples were added to the sample pad and the results were observed after 10 min using the naked eye. The procedure was repeated thrice.



2.11. Detection of clinical samples

A total of 280 fecal samples from different farms where diarrheal disease occurred (Jilin Province, Liaoning Province, and Heilongjiang Province in China) were collected, placed in sterile polyethylene tubes, numbered, and transported to the laboratory using a car freezer (4°C). The fecal sample of 2 g was dissolved in 0.5 mL of sterile PBS solution, which was centrifuged for 10 min at 1,000 r/min, and then the supernatant was dropped in the sample hole of the developed strip. The results were observed after 10 min using the naked eye. The samples were then analyzed via PCR, conventional strip test, and the developed strips. We use a DNA extraction kit (Sigma-Aldrich, United States) to extract DNA from fecal samples. Specific primers were designed based on the conserved regions of the BPV VP2 gene in GenBank. The primers for PCR were designed using the Oligo6.0 software based on the conserved regions of VP2 gene. The amplicon sizes were 206 bp. The forward primer sequence is 5′-GCTGGCACTGCCGGGT-3′, and the reverse primer sequence is 5′-CTCCCTCTATTCCTCGGCTCT-3′. The reaction conditions were as follows: 95°C for 5 min followed by 30 cycles of 94°C for 30 s, 45°C for 30 s, and 72°C for 30 s and a final extension at 72°C for 10 min. Products were visualized on 2% agarose gels. The detection results of the signal-enhanced test strips were compared with those obtained using PCR.




3. Results


3.1. Quality evaluation of purified polyclonal antibodies and monoclonal antibodies

Mouse sera were collected 7 days after the last immunization. After purification using standard ammonium sulfate precipitation, aliquots were analyzed via SDS-PAGE. The results showed that the IgG protein was effectively purified. The light and heavy chains of IgG were both clear and visible (Figure 2A). The purified BPV pAbs were identified using IFA (Figure 3). The results showed that green fluorescence could be detected in cells treated with BPV pAbs (Figure 3A), while no fluorescence was observed in the negative control (Figure 3B). The protein concentration was measured to be 10.52 mg/mL using a trace protein concentration meter. The pAbs against BPV was coated on the test line as a capture antibody. The pAbs coated on the test line was 10.52 mg/mL.

[image: Figure 2]

FIGURE 2
 SDS-PAGE analysis of purified antibodies. (A) SDS-PAGE analysis of purified pAbs. Lane M: standard protein marker; Lane 1: unpurified pAbs; Lane 2: purified pAbs. The IgG protein was purified effectively. The light chain and heavy chain of IgG were clear and visible, and the sizes of them were 54 and 24 kDa, respectively. (B) SDS-PAGE analysis of purified mAbs. Lane M: standard protein marker; Lane 1: unpurified mAbs; Lane 2: purified mAbs; the mAbs were purified effectively. The light chain and heavy chain were clear and visible, and the sizes of them were 55 and 25 kDa, respectively.


[image: Figure 3]

FIGURE 3
 The indirect immunofluorescence identification results of antibodies were observed by fluorescence microscope. (A) BPV polyclonal antibody as primary antibody; (B) negative serum for primary antibody; (C) BPV monoclonal antibody as primary antibody; and (D) SP2/0 cell culture supernatant as primary antibody.


The purified mAbs were further analyzed using SDS-PAGE and IFA. The results showed that mAbs were effectively purified as both light and heavy chains were clear and visible (Figure 2B). The purified BPV mAbs were further evaluated using IFA. Specific green fluorescence was observed in cells treated with mAbs (Figure 3C), while no fluorescence was observed in the negative control (Figure 3D). The protein concentration was determined to be 3.12 mg/mL as measured using a trace protein concentration meter. The results showed that the subtype of mAbs was IgG2b (Figure 4). Western blot analysis showed that the band size was about 61 kDa, which was consistent with the size of the VP2 protein of BPV (Figure 5).

[image: Figure 4]

FIGURE 4
 Subclass determination of the monoclonal antibody cells. The results showed that the subtype of monoclonal antibody was IgG2b subtype.


[image: Figure 5]

FIGURE 5
 The identification of mAbs by Western blot. M: Protein molecular weight marker; 1: Negative control; 2: Purified BPV.




3.2. Characterization of colloidal gold particles

The results showed that the prepared colloidal gold particles were well-dispersed and uniform in size (Figure 6). Colloidal gold particles were spherical, with an average diameter of 18.8–22.5 nm. No aggregation of colloidal gold particles occurred, indicating that colloidal gold particles were stable in the solution. Colloidal gold particles exhibited good stability, and no precipitation occurred within 2 months. The absorption peak was at 520 nm according to the UV/Vis spectra because of the surface resonance of the colloidal gold particles. The peak width was narrow (Figure 7), meeting the standard for using colloidal gold as a probe.

[image: Figure 6]

FIGURE 6
 Transmission electron microscopy image of gold nanoparticles. Transmission electron microscope observation showed that particles had varying sizes and shapes with an average diameter of 25–15 nm.


[image: Figure 7]

FIGURE 7
 UV–visible spectra of mAbs labeled colloidal gold particles. The peak of the colloidal gold curve was at 520 nm due to surface resonance of the colloidal gold particles. The peak width was narrow and met the standard of colloidal gold to use as probes.




3.3. Optimization and characterization of antibody-gold conjugates

The optimum pH value of the colloidal gold solution was the minimum pH value at which the solution remained reddish, which was 8.5 (Figure 8A). At pH 8.5, the optimum concentration of the purified antibody was determined. The result showed that the minimum concentration of purified mAbs to maintain the reddish color of the solution was 39.06 μg/mL (Figure 8B). The optimum concentration of mAbs to be added was 130% of this minimum to stabilize the solution. Hence, the optimum concentration of purified mAbs for conjugation was 50.78 μg/mL.

[image: Figure 8]

FIGURE 8
 The optional pH of colloidal gold in labeling. (A) The colloidal gold solution was added into different tubes (1,000 μL/tube) and the pH values of the colloidal gold solution were adjusted to (1) 7.0, (2) 7.5, (3) 8.0, (4) 8.5, (5) 9.0, (6) 9.5, and (7) 10.0 with 0.2 M K2CO3, respectively. (8) Colloid gold solution without pH adjustment. (B) The optimum amount of gold-labeled antibodies. (1) Colloid gold solution. The 1 mL of colloidal gold solution was added quickly into 100 μL of (2) 312.5 μg/mL, (3) 156.25 μg/mL, (4) 78.13 μg/mL, (5) 39.06 μg/mL, (6) 19.53 μg/mL, (7) 9.77 μg/mL, and (8) 0 μg/mL of mAbs, respectively.




3.4. Characterization of colloidal gold and enzyme-labeled antibody conjugates

Horseradish peroxidase-labeled mAbs against BPV were detected via direct ELISA, and their OD450 values were determined (Figure 9). The results showed that HRP-labeled BPV mAbs were successfully prepared. Similarly, the UV/Vis absorption peak was at 520 nm because of the surface resonance of the colloidal gold particles (Figure 10).

[image: Figure 9]

FIGURE 9
 Identification of HRP labeled mAbs against BPV by direct ELISA.
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FIGURE 10
 UV–visible spectra of conjugate of mAbs with HRP labeled colloidal gold particles. The peak of the colloidal gold curve was at 520 nm due to surface resonance of the colloidal gold particles. The peak width was narrow and met the standard of colloidal gold to use as probes.




3.5. Optimization of reaction reagents

According to the hybridization method mentioned above, the results showed that 0.01 M PB was the most effective coating solution in treating antibodies. The bands of the control line and the test line were more clearly visible after treating the antibodies with 0.01 M PB (Figure 11A). Furthermore, 3% BSA, 5% BSA, 3% skim milk, and 5% skim milk solution were used as blocking solutions (Figure 11B). The background was lighter when 3% BSA and 5% BSA solutions were used for blocking compared to the other solutions. Furthermore, the blocking time was shorter when using 3% BSA compared to 5% BSA, which was more suitable for rapid testing. The sample pads were soaked in different treatment solutions. The results showed that the test line was most clearly visible when the sample pad was soaked in solution A (0.05% Tween-20, 5% sucrose, 0.3% Triton X-100, and 1% BSA; Figure 11C). Based on these results, solution A was used to soak the sample pads.

[image: Figure 11]

FIGURE 11
 Optimization of reaction reagents. (A) Different coating solutions were used to treat the antibodies. (1) 0.01 M PB; (2) PBS, and (3) 20 mM Tris-Cl in treating the antibodies. (B) Different blocking solution. (1) 3% BSA; (2) 5% BSA; (3) 3% skim milk, and (d) 5% skim milk. (C) The sample pads were soaked in different solutions, respectively. (1) Containing 0.05% Tween-20, 5% sucrose, 0.3% Triton X-100, and 1% BSA; (2) containing 0.05% Tween-20, 5% sucrose, 0.5% Triton X-100, and 0.5% BSA; (3) containing 5% sucrose, 0.3% Triton X-100, and 1% BSA; (4) containing 5% sucrose, 0.5% Triton X-100, and 0.5% BSA.




3.6. Sensitivity and specificity evaluation

After preparing the conventional test strips, the sensitivity test results showed that the minimum amount of BPV they detected was approximately 103 TCID50 (Figure 12A). In contrast, the sensitivity test results of the signal-enhanced test strips showed that the minimum amount of BPV they detected was approximately 102 TCID50 (Figure 12B). These results indicate that the sensitivity of the signal-enhanced test strip was 10 times higher than that of an conventional test strip.

The specificity test results showed no cross-reaction when detecting BRV, BVDV, and BRSV using signal-enhanced test strips, showing good specificity (Figure 13). These results suggest that the signal-enhanced test strips showed good reactivity and specificity in detecting BPV.

[image: Figure 12]

FIGURE 12
 Sensitivity of enzyme-labeled signal-enhanced test strips. (A) Sensitivity of traditional GICG test strip. (B) Sensitivity of signal enhanced GICG test strip. BPV of 105 TCID50/0.1 ml was diluted in (1) 1, (2) 10, (3) 100, (4) 1000 and (5) 10000 fold, respectively.


[image: Figure 13]

FIGURE 13
 Results of specificity test of enzyme-labeled signal-enhanced test strips. (1) BPV; (2) BRV; (3) BVDV; (4) BRSV; (5) BT cell culture; (6) PB buffer solution.




3.7. Clinical sample testing

Two hundred and eighty fecal samples were collected from different farms (Jilin, Liaoning, and Heilongjiang provinces). Each sample was detected using the signal-enhanced GICG strip (Figure 14A) and PCR (Figure 14B). Fourteen positive samples were detected using the signal-enhanced GICG strip. Twelve positive samples were detected using the conventional GICG strip, while 16 positive samples were detected by PCR. The test results for the signal-enhanced GICG strip and PCR were then compared (Table 1), showing that the concordance rate between the signal-enhanced GICG strip and PCR was 99.29%.The test results for the conventional GICG strip and PCR were then compared (Table 1), showing that the concordance rate between the conventional GICG strip and PCR was 98.57%. These results indicate that the sensitivity of the signal-enhanced test strip was higher than that of an conventional test strip.

[image: Figure 14]

FIGURE 14
 Clinical sample test results. (A) Positive sample test results of enzyme-labeled signal-enhanced test strips. N: Negative control; 1: Heilongjiang No.10; 2: Heilongjiang No.41; 3: Heilongjiang No.36; 4: Heilongjiang No.52; 5: Heilongjiang No.6; 6: Heilongjiang No.5; 7: Heilongjiang No.66; 8: Heilongjiang No.50; 9: Neimenggu No. 36; 10: Jilin No.8; 11: Jilin No.6; 12: Jilin No.22; 13: Heilongjiang No.235; 14: Heilongjiang No.231; and 15: Positive control. (B) The detection result of positive samples by PCR. M: DNA Marker; 1: Positive control; 2: Heilongjiang No.41; 3: Heilongjiang No.61; 4: Heilongjiang No.36; 5: Heilongjiang No.52; 6: Heilongjiang No.6; 7: Heilongjiang No.5; 8: Heilongjiang No.3; 9: Heilongjiang No. 66; 10: Heilongjiang No.50; 11: Neimenggu No.36. 12: Jilin No.8. 13: Jilin No.6. 14: Heilongjiang No.10; 15: Jilin No.22; 16: Heilongjiang No.235; 17: Heilongjiang No.231; and 18: Negative control. (C) Positive sample test results of enzyme-labeled signal-enhanced test strips. N: Negative control; 1: Heilongjiang No.10; 2: Heilongjiang No.41; 3: Heilongjiang No.36; 4: Heilongjiang No.52; 5: Heilongjiang No.6; 6: Heilongjiang No.5; 7: Heilongjiang No.66; 8: Heilongjiang No.50; 9: Neimenggu No. 36; 10: Jilin No.8; 11: Jilin No.6; 12: Jilin No.22; 13: Heilongjiang No.235; 14: Heilongjiang No.231; and 15: Positive control.




TABLE 1 Test results of clinical samples by signal-enhanced GICG strips and PCR.
[image: Table1]




4. Discussion

Bovine parvovirus infections can cause abortions in pregnant cows and affect herd reproduction rates (Barnes et al., 1982). Calves infected with BPV show respiratory and digestive symptoms such as dyspnea, cough, and diarrhea. After pathological examination of their respiratory and digestive tracts, lesions of different degrees were observed. BPV infection can be transmitted vertically and horizontally. Pregnant cows can directly infect fetal cattle during pregnancy (Liggitt et al., 1982). The seroprevalence of BPV in cattle herds is high owing to multiple transmission routes. Moreover, the initial clinical signs are not obvious as recessive infections (Storz et al., 1978), making early diagnosis and prevention difficult.

Some etiological and serological techniques have been developed for detecting BPV infections, such as virus isolation and identification, electron microscopy, PCR, fluorescence quantitative PCR (FQ-PCR), serum neutralization tests, IFA, and ELISA. Most of these methods need to be performed in the laboratory and require technicians or special instruments (Mengeling et al., 1986; Joon et al., 2019; Wang et al., 2019b). Therefore, these methods are unsuitable for field testing.

As a rapid and simple detection method, GICG technology has been increasingly used to detect various infectious pathogens (Song et al., 2016; Yu et al., 2019). BPV-infected cattle can shed viral particles in their feces; therefore, it is possible to detect antigens in fecal samples. In the present study, we developed a signal-enhanced GICG containing mAbs and pAbs against BPV to detect fecal antigens. Colloidal gold particles can initially adsorb protein antibodies (Pollitt et al., 2015). Many studies have shown that colloidal gold particles approximately 20 nm in diameter are suitable for mAb labeling. Hence, colloidal gold particles of approximately 20 nm in diameter were prepared in this study, which were dispersed and uniform in size. The dispersed colloidal gold particles flowed easily through the membrane. Moreover, the prepared colloidal gold particles had good stability, and no precipitation occurred within 2 months. The reaction conditions of the immunochromatographic test strip are important parameters affecting its quality (Ge et al., 2018; Li et al., 2020). Here, we optimized different reaction conditions, including the amount of mAbs, pH of the colloidal gold solution, coating solution, blocking solution, sample pad treatment solution, antibody concentration in the control line, and antibody concentration in the detection line. The method we developed is based on the double-antibody sandwich ELISA principle. Polyclonal antibodies, as capture antibodies, can recognize a variety of antigen epitopes. The mAbs against BPV are conjugated to HRP as the detection antibody, which can amplify the detection signal.

Most GICG tools for pathogen detection are based on the generation of color signals from colloidal gold tracers that are visible to the naked eye. These methods often exhibit low sensitivity. New materials have been introduced to improve the sensitivity of these test strips. Parolo et al. (2013) developed a GICG with a detection antibody modified with HRP, which amplified the detection signal. Cho et al. (2015) developed an enhanced enzyme-labeled GICG system. The detection limit of this system for Escherichia coli O157:H7 was 100 CFU/mL, which increased approximately 1,000-fold due to signal amplification (Cho et al., 2015). In this study, enzyme-labeled mAbs were used instead of mAbs on the test line to improve the sensitivity of the strip test. We used mAbs and enzyme-labeled mAbs to prepare the signal-enhanced colloidal gold test strips. The limit of detection for BPV was 102 TCID50/0.1 mL using the developed test strip. These results indicate that the sensitivity of the signal-enhanced test strip was 10 times higher than that of an ordinary test strip. TMB was used as an insoluble blue-violet chromogen, which was deposited in the control and test lines. The TMB introduced in this test did not require the use of a professional luminescence analyzer, and the improvement in sensitivity could be observed with the naked eye.

The validation assay revealed that the prepared test strip showed high specificity and no cross-reactivity with other clinical pathogens. To detect clinical samples, we compared the results of the test strip and PCR. The two methods showed good correspondence. Moreover, the test strips exhibited good specificity. Although PCR has a higher sensitivity and lower detection limit, the test strip is both simple and rapid. Unlike conventional detection methods, colloidal gold-based immunochromatographic strips can be easily used without special equipment and only require simple visual judgment. Therefore, the colloidal gold immunochromatographic method established in this study not only improves the sensitivity of test strips but also does not require special detection instruments for diagnosing BPV infections. In the future, the GICG strip developed in this study may be more suitable for practical production, particularly for large-scale field analyses.
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