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Abstract

Pseudorabies virus (PRV, SuidAlphaherpesvirus 1) causes substantial economic losses in swine production. Here, we
report the development of DNA aptamers targeting the PRV glycoprotein D (gD) through an optimized SELEX proto-
col. After 15 selection cycles, Apt-gD-2 demonstrated nanomolar affinity (Kd=6.107+0.476 nM) and high specificity
for gD, as validated by an enzyme-linked aptamer-sorbent assay (ELASA) and fluorescence microscopy. Molecular
docking revealed hydrogen bonding as the key interaction mechanism. The developed ic-ELASA achieved 83.3%
concordance with gPCR in clinical samples, supporting its utility for on-farm PRV surveillance. These findings highlight
the potential of aptamer-based diagnostic methods for rapid, sensitive, and onsite detection of PRV, offering a promis-

ing tool for disease control in the swine industry.
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Introduction

Pseudorabies (PRs), caused by the pseudorabies virus
(PRV), are highly contagious and acute infectious dis-
eases (Sun et al. 2023). Pigs are the natural hosts of PRV.
Clinical manifestations vary with infection stage: fatal
central nervous system disturbances are observed in pig-
lets, adult pigs develop respiratory symptoms, and preg-
nant sows may experience abortion (Narita et al. 1994;
Hsu et al. 1980). In addition to pigs, PRV can infect a
wide range of animals, including cattle, sheep, cats, dogs,
mink, and foxes (Salwa 2004; Jin et al. 2016; G.S. Wang
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et al. 2018). Notably, cases of PRV infection in farm
workers have been documented, highlighting its zoonotic
potential (Y. Wang et al. 2019; D. Wang et al. 2020).

PRV is an enveloped virus with a 143 kbp double-
stranded DNA genome surrounded by a capsid, an enve-
lope, and a tegument. The viral genome encodes 70—100
proteins, including ten glycoproteins that play critical
roles in viral replication, immunogenicity, and patho-
genicity. Among these, the gD glycoprotein binds to the
cell surface receptor nectin-1, facilitating viral entry
into host cells (Zheng et al. 2022; Pomeranz et al. 2005).
Additionally, the gD protein is a key protective anti-
gen for PRV and is capable of eliciting specific antibody
responses in animals, making it a promising candidate for
PRV recombinant subunit vaccines (Rue and Ryan 2003).

Early and rapid diagnosis of PRV infection is essential
for its effective prevention and control. Current diag-
nostic methods include virus isolation, which is widely
regarded as the "gold standard" owing to its high speci-
ficity and ability to detect live virus particles. PCR and
RT-PCR are also commonly used for rapid detection and
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differentiation between wild-type and vaccine strains
of PRV (Ren et al. 2018). However, these techniques are
often complex, require expensive equipment, and, par-
ticularly in the case of virus isolation, involve lengthy
processing times. These limitations hinder their wide-
spread application in the pig farming industry. Conse-
quently, there is an urgent need for more cost-effective
and time-efficient methods for PRV detection.

In recent years, aptamer-based rapid detection meth-
ods have been widely applied. Aptamers are single-
stranded DNA or RNA molecules that fold into unique
structures and bind specifically to their targets (Davydova
et al. 2016; Nimjee et al. 2017). Aptamers are selected
through the systematic evolution of ligands by the expo-
nential enrichment (SELEX) process, and their targets
can include proteins, viruses, bacteria, cells, or parasites
(Gao et al. 2014; Morais et al. 2022; Ommen et al. 2022;
Nagarkatti et al. 2014; Maradani et al. 2022; Nordin et al.
2024). Owing to their low cost, short production time,
good stability, and ease of modification, aptamers have
been widely used in diagnostic applications (Zou et al.
2019; Zhu et al. 2012; Tombelli et al. 2005).

The enzyme-linked immunosorbent assay (ELISA) is a
well-established serological technique known for its sim-
plicity, high sensitivity, and specificity (Ma et al. 2011).
Several ELISA methods based on recombinant viral pro-
teins have been developed for PRV detection (Shen et al.
2023; M. Guo et al. 2022; Gao et al. 2022). However, tra-
ditional ELISA relies on antibodies, which are costly to
produce and require cold storage, limiting their practical-
ity. In this study, we developed high-affinity, highly spe-
cific aptamers targeting the PRV gD protein and designed
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an indirect competitive enzyme-linked aptamer-sorbent
assay (ic-ELASA), in which aptamers replace antibodies.
This approach offers a cost-effective, user-friendly, and
rapid diagnostic tool with significant potential for PRV
detection in the field.

Results

Purification and identification of the maltose-binding
protein (MBP)-gD fusion protein and the MBP tag protein
Previous studies have demonstrated that the extracellu-
lar domain of the PRV gD protein (amino acids 1-284)
can be expressed in vitro in soluble form and can bindto
the PRV receptor nectin-1 (Li et al. 2017). In this study,
the 1-284 amino acid region of gD were ligated into the
pET21b-His-MBP vector and expressed the recombinant
protein in a prokaryotic expression system, which we
designated MBP-gD. The SDS-PAGE analysis confirmed
the purity of MBP-gD, showing a single band at~75 kD
and 45 kDa (Fig. 1A). To further confirm the identity of
the purified MBP-gD recombinant protein, Western blot
analysis was performed. The results revealed that both
the purified MBP-gD protein and the MBP protein were
able to bind with the MBP monoclonal antibody, yield-
ing bands of the expected sizes (Fig. 1B). These findings
demonstrate that the MBP-gD recombinant protein and
the MBP tag protein were successfully prepared via the
prokaryotic expression system.

Selection of DNA aptamers targeting the PRV gD protein

DNA aptamers targeting the gD protein were selected
via the magnetic bead-based SELEX method. To
increase the solubility of the gD protein, an MBP
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Fig. 1 Identification of the recombinant MBP-gD protein. A SDS-PAGE analysis of purified MBP-gD (75 kDa) and MBP (45 kDa) proteins. B Western
blot analysis of the purified MBP-gD and MBP-tagged proteins. The primary antibody used was an MBP monoclonal antibody
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Fig. 2 Screening process and monitoring of DNA aptamers. A Flowchart of aptamer selection vig the SELEX method. B gPCR analysis of ssDNA
from rounds 1, 3,9, and 15 to monitor library enrichment during selection. The initial random library served as a reference. C Flow cytometric

analysis of FAM-labeled ssDNA libraries from rounds 3, 9, and 15 to assess binding to MBP-gD-conjugated magnetic beads. The unconjugated beads
served as a negative control

solubility tag was fused to the N-terminus of gD. To
eliminate the aptamers that nonspecifically bind to
the MBP tag, negative selection was performed via
the MBP tag protein during the screening process. A
schematic representation of the screening procedure is
provided in Fig. 2A.

The enrichment of DNA aptamers that bind to the gD
protein was monitored via qPCR and flow cytometry.
As the number of screening cycles increased, the melt-
ing temperature (Tm) observed via qPCR progressively
increased, stabilizing at approximately 86 °C by the 15th
round of selection. This indicated a reduction in library
complexity and the successful enrichment of gD-binding
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sequences (Fig. 2B). Flow cytometry analysis further
revealed that the fluorescence intensity of the aptamers
bound to the gD protein increased with each screening
round, peaking after 15 rounds. In contrast, the control
group with blank magnetic beads showed no significant
fluorescence enhancement (Fig. 2C). These results con-
firmed the successful enrichment of DNA aptamers that
specifically bind to the gD protein.

On the basis of these findings, the selection process
was terminated after the 15th round. The single-stranded
DNA (ssDNA) from the 15th round was PCR-amplified,
inserted into the pMDI18-T vector, and subjected to
sequencing analysis. As shown in Table 1, the aptamers
with the highest repeat frequency, Apt-gD-1 and Apt-
gD-2, were selected as candidate aptamers for further
experimental validation.

Evaluation of the binding affinity and specificity of DNA
aptamers for the MBP-gD protein

The ability of the nucleic acid aptamers to bind to the
MBP-gD protein was initially assessed via enzyme-
linked aptamer-sorbent assay (ELASA). As the con-
centration of the nucleic acid aptamer increased, the
binding affinity of Apt-gD-2 for the MBP-gD protein
significantly increased, whereas Apt-gD-1 exhibited no
detectable binding to the MBP-gD protein (Fig. 3A).
Apt-gD-2 was selected for further characterization on
the basis of these findings. The dissociation constant
(Kd) of Apt-gD-2 binding to MBP-gD was determined
to be 6.107 +0.476 nM (Fig. 3B).

The specificity of Apt-gD-2 binding to the gD protein
was subsequently evaluated. ELASA confirmed that Apt-
gD-2 specifically bound to the MBP-gD protein but did
not bind to the MBP-S1, MBP-GP5, MBP, or BSA pro-
teins (Fig. 3C). These results indicate that Apt-gD-2 is
highly specific for the gD protein.

Secondary structure analysis of Apt-gD-2, performed
via the online software Mfold, revealed that it forms
a stable stem-loop structure (Fig. 3D). Furthermore,
molecular docking analysis demonstrated that Apt-gD-2
interacts with the gD protein through hydrogen bonds,
providing insights into the molecular basis of its binding
specificity (Fig. 3E).

Table 1 Candidate aptamer sequences
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Evaluation of the binding of the aptamers to PRV virions
Biotinylated nucleic acid aptamers were refolded and
incubated with purified PRV, PEDV, and PRRSV. ELASA
results demonstrated that Apt-gD-2 selectively bound
to PRV, whereas no significant binding was observed
for PEDV or PRRSV (Fig. 4A). To further validate these
findings, indirect immunofluorescence analysis was per-
formed. The results confirmed that Apt-gD-2 specifically
bound to PRV particles on the surface of infected cells
(Fig. 4B). These data collectively indicate that Apt-gD-2 is
highly specific for PRV virions.

Detection of PRV in tissue samples via indirect competitive
ELASA

The indirect competitive enzyme-linked aptamer-sorbent
assay (ic-ELASA) detection method is illustrated in Fig. 5A.
To establish the critical value for this method, the OD450
values of 10 PRV-negative tissue samples were measured.
The average percentage inhibition (PI) was calculated to be
11.83%, with a standard deviation of 4.839%. On the basis
of these data, the critical value was set at 26.40%. Samples
with PI values >26.40% were classified as positive, whereas
those with PI values <26.40% were classified as negative.

Next, the specificity of the ic-ELASA method was evaluated
via the use of purified PRV, PEDV, and PRRSV. The results
demonstrated that only PRV presented a PI value above the
critical threshold of 26.40%, whereas PEDV and PRRSV pre-
sented PI values below this threshold (Fig. 5B). These findings
confirm that the ic-ELASA method specifically detects the
PRV. Furthermore, the lowest detectable amount of PRV was
determined to be approximately 10*TCID,, (Fig. 5C), indicat-
ing the high sensitivity of this detection method.

Finally, the ic-ELASA method was applied to clinical
tissue samples. As shown in Table 2, among the 30 sam-
ples analyzed, 17 (56.7%) were identified as PRVpositive,
and 13 (43.3%) were PRVnegative. For comparison, con-
ventional qPCR revealed that 20 (66.7%) samples were
PRV positive and that 10 (33.3%) were PRV negative. The
agreement rates between ic-ELASA and qPCR were 90%
for negative results and 80% for positive results, with an
overall agreement rate of 83.3%. These results demon-
strate a high level of concordance between the ic-ELASA
method and qPCR, highlighting the reliability of ic-
ELASA for PRV detection.

Name Sequences (5’-3") Percentage
Apt-gD-1 AGTTGACGCTGGTGTGGGACATGATTGTCGCCGTTTGAGGCCCATAGATCCGCAGGATGATCAATCTGCGTGCGTCCAGT 28.35%
Apt-gD-2 AGTTGACGCTGGTGTGGGACTTGGCGGGGGTGGGTTCTTTTGGTTTTACAGGGGGAGGGTTCAATCTGCGTGCGTCCAGT 20.89%
Apt-gD-3 AGTTGACGCTGGTGTGGGACGGGGGTTTATGGTTACATATGCGTTAGGGGGGTGGGTGGTTCAATCTGCGTGCGTCCAGT 8.95%
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Fig. 3 ELASA detection of DNA aptamer affinity and specificity for the MBP-gD protein. A Detection of the affinity between biotin-labeled DNA
aptamers and the MBP-gD protein at different concentrations (25, 50, 100, 200, and 400 nM) via ELASA. B Detection of the dissociation constant
(Kd) of the aptamer by ELASA. Nonlinear curve fitting analysis was performed on the obtained data via Prism 8.0 to determine Kd of the DNA
aptamer. C ELASA analysis of the specificity of aptamer binding to the MBP-gD protein. Biotinylated DNA aptamers (100 nM) were incubated

with MBP-gD, MBP-S1, MBP-GP5, MBP, and BSA proteins. D The predicted secondary structure of the aptamer Apt-gD-2. E Molecular docking model
of the aptamer Apt-gD-2 (orange) with the target protein gD (cyan). The yellow dashed lines indicate hydrogen bonds. The results are presented

as the means +SDs
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Fig. 4 Specific binding of DNA aptamers to PRV particles. A Binding of DNA aptamers to PRV, PEDV, and PRRSV viral particles was detected
via ELISA. B Colocalization of FAM-labeled Apt-gD-2 with PRV-QXX-infected PK15 cells. Viral gB protein was detected via a mouse anti-gB mAb
and Alexa Fluor® 594-labeled secondary antibody. Nuclei were stained with DAPI. A virus-free negative control was included. Images were captured

via confocal microscopy

Discussion

PRV infection has caused significant economic losses to
the global pig farming industry. Although the Bartha-K61
vaccine effectively controls the widespread transmis-
sion of PRV, the emergence of variant strains has com-
promised the protective efficacy of the vaccine, making
early diagnosis a critical strategy for the prevention and
control of PRV. Currently, diagnostic methods for PRV
include virus isolation, PCR, qPCR, and ELISA (Zhou
et al. 2022; Cheng et al. 2021; Z. Guo et al. 2024). While
these methods are highly sensitive, their application in
the field is limited because of their complexity, time-con-
suming procedures, high cost, and reliance on specialized
equipment. Therefore, there is an urgent need to develop
rapid, sensitive, and highly specific diagnostic methods
that are easy to perform for the early detection and con-
trol of PRV.

ELISA is a well-established serological technique
widely used for detecting PRV infection because of its
sensitivity and efficiency (Zheng et al. 2021). ELISAs can
be classified into direct, indirect, sandwich, and com-
petitive formats (Aydin 2015). Competitive ELISA, also
known as blocking ELISA, involves coating the antigen
onto the plate and adding the antibody along with the
sample. The concentration of the analyte in a sample is

inversely proportional to the amount of antibody bound
to the solid phase. The working principle of -ELASA is
similar, except that the aptamers replace the antibod-
ies. Aptamers offer several advantages over antibodies,
including ease of synthesis through chemical methods,
elimination of batch-to-batch variations (Toh et al. 2015),
and dissociation constants that can reach the picomo-
lar to femtomolar range (Cho et al. 2009; Gopinath and
Kumar 2013). Additionally, as nucleic acids, aptamers can
be readily labeled and modified with various molecules
and functional groups (Luzi et al. 2003).

An ic-ELASA was developed for PRV detection by
this research, in which PRV particles in the sample
compete with the coated antigen MBP-gD protein for
binding to the aptamer, enabling cost-effective detec-
tion of PRV. It demonstrated high sensitivity, with a
minimum detectable concentration of approximately
10* TCID;, for PRV. The effectiveness of ic-ELASA
was further validated using clinical samples, showing
an overall agreement rate of 83.3% compared to qPCR.
Although qPCR is a widely used and highly sensitive
method, it requires specialized personnel and is time-
consuming due to its complex procedures. In contrast,
ic-ELASA is easier to perform, making it a valuable
complement to existing PRV detection methods.
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Fig. 5 Schematic representation and evaluation of the specificity and sensitivity of the indirect competitive enzyme-linked aptamer-sorbent assay
(ic-ELASA). A Schematic of the ic-ELASA method. PRV competes with HRP-streptavidin for binding to biotinylated aptamers, enabling PRV detection.

B Evaluation of the specificityof ic-ELASA for detecting purified PRV, PEDV, and PRRSV. The inhibition rate (Pl) was calculated as follows: Pl=

[(OD450

of the negative control—OD450 of the test sample)/OD450 of the negative control] X 100%. C Sensitivity evaluation of the ic-ELASA method for PRV

detection by performing twofold serial dilutions of PRV viral solution

Table 2 Clinical samples were detected by ic-ELASA and gPCR

qPCR (+) qPCR () Total
ic-ELASA (+) 16 1 17
ic-ELASA () 4 9 13
Total 20 10 30
Conclusion

In this study, we developed high-affinity DNA aptam-
ers targeting PRV gD, with Apt-gD-2 showing strong
binding specificity. Based on this, an indirect competi-
tive ELASA (ic-ELASA) was established, achieving high
sensitivity (~10* TCID,,) and 83.3% agreement with
qPCR. Compared to traditional methods, ic-ELASA is
cost-effective, rapid, and user-friendly, making it ideal
for on-site PRV detection in pig farms. These findings
highlight the potential of aptamer-based diagnostics for
PRV control and early detection.

Methods

Cells and reagents

Porcine kidney (PK-15) cells (CCL-33, ATCC) were cul-
tured as a monolayer at 37°C with 5% CO, in Dulbecco’s

modified Eagle’s medium (DMEM; 10,566-016, Gibco,
Shanghai, China) supplemented with 10% fetal bovine
serum (FBS; 10099141C, Gibco, Shanghai, China), 100
U/mL penicillin, and 100 pg/mL streptomycin sulfate
(B540732, Sangon, Shanghai, China).

Prokaryotic expression and purification of PRV gD protein
The codon-optimized gD gene (NC_006151.1) was syn-
thesized by GenScript (Nanjing, China) and cloned into
the pET21b-His-MBP vector for prokaryotic expression.
The construct was transformed into Escherichia coli
BL21(DE3) cells, and protein expression was induced
with 1 mM IPTG at 18°C overnight. The recombinant
MBP-gD protein was purified via Ni-NTA affinity chro-
matography as previously described with minor modifi-
cations (Zhao et al. 2023). The protein concentration was
measured via a BCA protein assay kit (DingGuo, Beijing,
China), and its purity and identity were confirmed via
SDS-PAGE and western blot analysis.

Screening and identification of DNA aptamers that target
the MBP-gD protein

The screening process for DNA aptamers was carried out
as previously described with minor modifications (Song
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et al. 2020). A random ssDNA library was synthesized by
GeneScript, which contained two fixed 20-base primer
regions and a 40-base random region 5-AGTTGACGC
TGGTGTGGGAC-N40-TCAATCTGCGTGCGTCCA
GT-3’). Five nanomoles of the library were denatured,
cooled, and equilibrated before incubation with MBP-
gD-coated Ni magnetic beads at room temperature for
30 min. After washing, bound sequences were eluted and
amplified via PCR with the primers 5-FAM-AGTTGA
CGCTGGTGTGGGAC-3 and 5-Phosphate-ACTGGA
CGCACGCAGATTGA-3. Single-stranded DNA was
obtained via Lambda exonuclease digestion. The negative
selection with MBP-coated beads was introduced from
the fourth round.

The qPCR was performed to monitor enrichment at the
1st, 3rd, 9th, and 15th rounds, and the flow cytometry
was used to evaluate binding affinity. The final selected
ssDNA pool was cloned into the pMD18-T vector and
sequenced (Tsingke Biotechnology, Beijing, China). The
secondary structures of the aptamers were predicted via
the online tool Mfold (http://www.unafold.org/).

Enzyme-linked aptamer-sorbent assay (ELASA)

Purified MBP-gD protein or virus was coated onto an
ELISA plate (100 pL/well), followed by washing with
PBST and blocking with 1% BSA for 1 h. Biotinylated
aptamers were denatured at 95°C, cooled, equilibrated,
and added to the wells for a 1-h incubation. After wash-
ing, HRP-conjugated streptavidin (1:10,000) was added
and incubated for one hour. The reaction was developed
using TMB substrate, stopped with acid, and the absorb-
ance was measured at 450 nm via a microplate reader.

Molecular docking of DNA aptamers with the gDprotein
The 3D structures of the DNA aptamers were mod-
eled via AlphaFold 3, whereasthe target protein gD was
homology-modeled by SWISS-MODEL (https://swiss
model.expasy.org/). Molecular docking simulations were
performed via the HDOCK server (http://hdock.phys.
hust.edu.cn/). The interactions between the DNA aptam-
ers and gD protein were visualized using PyMOL.

Indirect immunofluorescence detection of DNA aptamer
binding to PRV

PK-15 cells were cultured in 24-well plates with cov-
erslips. After cell counting, the cells were infected
with PRV-QXX (MOI=0.05) at 4°C for 1 h. A con-
trol group without virus was included. The cells were
incubated with 500 nM Apt-gD-2-FAM for 1 h at
room temperature. Fixed cells were permeabilized and
blocked, followed by staining with PRV gB monoclonal
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antibody and Alexa Fluor 594® goat anti-mouse
IgG (Thermo Fisher, Shanghai, China) for indirect

immunofluorescence.

Detection of PRV in pig tissue samples

A total of thirty clinical tissue samples stored in
our laboratory were processed. Lymph nodes, the
spleen, and other tissues from pigs suspected of being
infected with PRV were collected and minced. A 0.1 g
sample of tissue was then added to 1 mL of PBS con-
taining 0.55 mmol/L MgCl, and homogenized. The
homogenate underwent three freeze—thawcycles at
—80°C, followed by centrifugation at 4°C for 30 min at
10,000 rpm. The resulting supernatant was collected
and used as the sample for further analysis.

Viral genomic DNA was extracted from the tissue
supernatants via a viral genomic extraction kit (San-
gonBiotech, Shanghai, China). The samples were sub-
sequently tested via both qPCR and ic-ELASA. The
concordance between the results of these two methods
was calculated to assess the consistency and reliability
of the detection.
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