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Abstract

Bovine viral diarrhea virus (BVDV) is the cause of bovine viral diarrhea disease, one of the
most economically important livestock diseases worldwide. The majority of BVD disease
control programs rely on the detection and then elimination of persistent infection (PI) cattle,
as the continuing source of disease. The main purpose of this study was to design and
develop an accurate G-quadruplex-based aptasensor for rapid and simple detection of
BVDV-1. In this work, we utilized in silico techniques to design a G-quadruplex aptamer spe-
cific for the detection of BVDV-1. Also, the rationally designed aptamer was validated experi-
mentally and was used for developing a colorimetric biosensor based on an aptamer-gold
nanoparticle system. Firstly, a pool of G-quadruplex forming ssDNA sequences was con-
structed. Then, based on the stability score in secondary and tertiary structures and molecu-
lar docking score, an aptamer (Apt31) was selected. In the experimental part, gold
nanoparticles (AuNPs) with an average particle size of 31.7 nm were synthesized and elec-
trostatically linked with the Apt31. The colorimetric test showed that salt-induced color
change of AuNPs from red to purple-blue occurs only in the presence of BVDV-Apt31 com-
plex, after 20 min. These results approved the specificity of Apt31 for BVDV. Furthermore,
our biosensor could detect the virus at as low as 0.27 copies/ml, which is an acceptable
value in comparison to the qPCR method. The specificity of the aptasensor was confirmed
through cross-reactivity testing, while its selectivity was confirmed through plasma testing.
The sample analysis showed 90% precision and 94% accuracy. It was concluded that the
biosensor was adequately sensitive and specific for the detection of BVDV in plasma sam-
ples and could be used as a simple and rapid method on the farm.

1. Introduction

Bovine viral diarrhea virus (BVDV), the cause of bovine viral diarrhea (BVD) disease, belongs
to the family Flaviviridae genus Pestivirus [1]. Among 11 different species of Pestivirus (A-K),
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species A and B, known as BVDV-1 and BVDV-2 respectively, are the most important [2]. The
BVDV contains a positive-sense single-stranded RNA (12.3-16.5 kb) encoding four structural
and eight non-structural proteins [3-5]. Structural proteins of BVDV are nucleocapsid protein
C, Erns, E1, and E2 glycoproteins which the last three are anchored in the virus envelope. Gly-
coprotein E2, the largest and the most exposed protein on the virus envelope surface, is vital
for interaction with the host cell and virus entry [6, 7]. Commonly reported symptoms of
BVDV are diarrhea, immunosuppression, abortion, growth retardation, decreased fertility,
and reduced milk production. In addition, infection of the fetus during the 40 to 150 days of
the pregnancy can result in the formation of persistently infected (PI) calves which are the
main source of BVDV spread in the herd. According to clinical investigations, PI cattle exhibit
a normal range of heart rate and body temperature. However, they suffer from lower feed
intake, lower concentration of thyroid hormones, and growth retardation [3, 8, 9]. Because of
having serious clinical symptoms in a broad range of host animals, including cattle, sheep,
pigs, goats, buffalo, and camels [10], BVD disease is considered as one of the most economi-
cally important diseases in the livestock industry [11]. Besides meat and milk reduction costs,
the main costs of BVD disease include vaccinations, diagnosis of PI animals, and their treat-
ments or replacement [12, 13]. Because of different farming systems and control programs,
BVD disease prevalence varies across regions. Based on statistical reports, antibody prevalence
is 51-77% in sub-Saharan Africa and 46% in Europe, while antigen prevalence is approxi-
mately 19% and 0.2%, respectively. The financial losses and epidemiology effects of BVDV
infection are well-quantified in high-income countries. In beef herds in North America, infec-
tion with BVDV leading to calf mortality can cost up to US$88/animal [14].

The majority of BVDV control and eradication programs are established based on two fun-
damentals, vaccination and diagnosis, especially the diagnosis of PI animals [15]. Various tech-
niques are implemented for the detection of acute or persistent BVDV infections. These
techniques include virus isolation, PCR-based methods, ELISAs and more recent techniques
such as loop-mediated isothermal amplification (LAMP), dot-blot assay [2, 16-18]. Since these
methods are laborious, time and cost-consuming, developing new accurate and rapid detec-
tion techniques such as biosensors, as a new generation of sensing technology, is essential. A
biosensor is an analytical device that provides a fast, sensitive, and specific detection of bioma-
terial samples by converting a biological response into an observable or measurable signal.
Compared with different types of biosensors, colorimetric ones have some obvious advantages,
such as easy fabrication, low cost, quick detection, high sensitivity and selectivity, and qualita-
tively/semi-qualitatively easy naked-eye sensing [19, 20]. Various types of bio-recognition ele-
ments are available to allow biosensor platforms to be tailored for specific detection, including
antibodies, peptides, and aptamers [21].

Aptamers refer to synthetic short nucleic acid sequences (RNA, single-stranded DNA, or
modified versions) that adopt a distinctive structure, enabling them to selectively and strongly
attach to particular substances like amino acids, medications, viruses, proteins, as well as vari-
ous other molecules. They can also attach to cells, tissues, and even entire organisms [22, 23].
Moreover, G-quadruplex aptamers show more thermodynamic and biological stability com-
pared to the other aptamers [24]. The process of selecting aptamers through in vitro methods
is laborious, time-intensive, and frequently does not result in the identification of aptamers
with strong binding affinities [25]. Accordingly, numerous studies are carried out using bioin-
formatics for designing an optimized aptamer with a high affinity for the target [26].

In this work, we aimed to develop and validate a rapid, simple G-quadruplex-based apta-
sensor for the diagnosis of BVDV-1 in very low concentration, for the first time. To this aim,
we designed a G-quadruplex aptamer via bioinformatics methods. Next, the experimental
assessment was conducted to determine the precise attachment of the designed aptamer. This
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aptamer was then employed to create a diagnostic tool, an aptasensor based on color-changing
gold nanoparticles, intended for the detection of BVDV-1. So far, no G-quadruplex-based
aptasensor has been reported for detecting BVDV-1. Detection of very low amounts of the
virus in samples, highly specific binding, a short detection time, and facilitated target detection
are advantages of our developed BVDV aptasensor [27-29].

2. Materials and methods
2.1. In silico selection, optimization, and design of BVDV-binding aptamer

The rational design of an aptamer requires several steps as explained in details below.

2.1.1. Protein data collection and preparation. The coordinate file of the E2 protein with
the code 4]NT was obtained from the RCSB Protein Data Bank (PDB). Three different entries
are accessible for BVDV-1 E2 protein: 4JNT, 2YQ2, and 2YQ3 in various pH values, 7.5, 8 and
5, respectively [30]. 4]NT was selected because of its reported pH proximity to bovine blood
pH [31]. Since the structure resolution of 4JNT is not high (4.09A), an energy minimization
step was done via YASARA server (http://www.yasara.org/minimizationserver.htm) before
performing molecular docking. Energy minimization can refine the side chain placement and
improve the physical realism and stereochemistry of the entry. Water and miscellaneous ligand
molecules in the coordinate file of the E2 protein were removed, as well. For specific detection
of the BVD-1 viruses based on E2 protein, it is necessary to find particular amino acids which
are conserved among BVDV-1 strains. The sequences of BVDV-1 E2 protein were fetched
from the NCBI database (https://www.ncbi.nlm.nih.gov) and multiple sequence alignment
analysis was performed by the T-Coffee algorithm (http://tcoffee.crg.cat).

In order to validate the specific binding of the designed aptamer, the BSA was selected as
the control protein in the molecular docking. The crystal structure of BSA with the entry code
4F5S was downloaded from the PDB website. Steps of structure preparation were applied on
the 4F5S similar to what was performed for 4JNT.

2.1.2. G-quadruplex ssRNA library preparation. A library consisting of 100 G-quadru-
plex ssSRNA sequences with different lengths of up to 32 nucleotides was built based on several
experimentally validated G-quadruplex sequences described in Nucleic acid G-quadruplex
Structure Interacting Proteins DataBase (G4IPDB) [32] as the reference sequences. Deletion,
insertion, and point mutation changes were implemented on the reference sequences to build
the G-quadruplex ssRNA library. The RNA sequences included a) four repeats of binary, ter-
nary, and quadruplet G bases, and b) loops with 1-5 random bases. The probability of G-quad-
ruplex formation of the library sequences was analyzed via QGRS Mapper software (https://
bioinformatics.ramapo.edu/QGRS/index.php) [33]. The sequences which had a QGRS score
of more than 60 were selected for further analysis.

2.1.3. G- quadruplex ssRNA structure prediction. In this study, QGRS mapper-validated
sequences were selected and analyzed for predicting their secondary structure by RNAfold
web server. The following options were chosen: a) fold algorithm: minimum free energy
(MFE) and partition function, b) energy parameters: RNA parameters, c) the desired tempera-
ture for rescaling the energy parameters: 25°C. In addition, the option “incorporate G-Quad-
ruplex formation into the structure prediction algorithm” was selected.

In silico modeling of the tertiary structure of RNA/DNA molecules is one of the challenging
topics in computational biophysics, especially for structures with non-Watson-Crick hydro-
gen bonds such as quadruplexes [34, 35]. In this study, Rosetta FARFAR (RNA De Novo) Pro-
tocol (https://rosie.rosettacommons.org/rna_denovo) [36, 37] was used to predict the tertiary
structure of the aptamers. The sequence order of each ssRNA aptamer in the library was input
to the server and the 3D structures were obtained after 50000 Monte Carlo cycles.
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To achieve DNA aptamers, the obtained tertiary structures of RNA aptamers were con-
verted to DNA via Discovery Studio 2020 Client v.20.1.0. Afterward, a geometry optimization
was applied to DNA aptamers through the Steepest Descent algorithm in 200 cycles via
HyperChem Professional program.

2.1.4. Docking of ssDNA aptamers with Bovine-E2 protein. Molecular docking was per-
formed by HDOCK and PatchDock servers [38]. The prepared BVDV-1 E2 protein structure
(explained in section 2.1.1) and DNA aptamers’ tertiary structure were input to the server to
perform blind DNA-protein docking. Then, the results were sorted based on docking scores.
The complexes with high dock scores in both docking servers were analyzed in the next step
via the LIGPLOT program [39] to generate a 2D diagram of protein-DNA interaction. There-
after, the critical step was to interpret the results of the LIGPLOT program and select the apta-
mers which bind to desired amino acids, described in section 2.1, and form strong enough
hydrogen bonds and hydrophobic contacts. In this step of screening, a small number of apta-
mers were eligible to be selected. Then, one more molecular docking analysis was performed
on selected aptamers with BSA protein, as a negative control, to find an aptamer that shows far
less affinity for BSA.

2.2. Design and fabrication of aptasensor

2.2.1 Reagents, materials, and equipment. The designed aptamer was synthesized by
TAG Copenhagen A/S Company, Denmark. qPCR primers were received from SinaColon Co.
Iran. The cDNA synthesis kit and SYBR™ Green PCR Master Mix were purchased from
AddBio Inc. (Korea) and Biotechrabbit (Germany), respectively. BehPrep Viral Nucleic Acid
Extraction Kit was obtained from BehGene Biotechnology Company, Iran. Chloroauric acid
(HAuCl,.3H,0) was obtained from Sigma-Aldrich (United States). Trisodium citrate, ethanol,
methanol, potassium chloride, nitric acid, and hydrochloric acid were prepared from Merck
Company (Germany). UV/Vis spectrophotometer (Agilent 8453, Agilent Technologies, Inc.,
US), Nanodrop (OneC, Thermo, US), Fluorescence spectroscopy (BioTek Cytation5 multi-
mode reader), Real-Time PCR Systems (StepOne™, Applied Biosystems, US) and Dynamic
light scattering (VASCO / Cordouan Technologies / France), and Zeta Potential analyzer (SZ-
100/Horiba Scientific/Japan).

In addition, four BVDV-infected (PI animal) and two healthy cattle blood samples were
fetched from an industrial dairy cattle farm in Isfahan province in Iran. Blood samples were
collected by heparin venojects and plasma was separated using centrifugation at 4000 rpm for
10 minutes.

2.2.2. Aptamer specification and G-quadruplex forming analysis. In order to assess the
G-quadruplex structure forming of Apt31 (the selected aptamer) and determine the specific
binding of aptamer into BVDVs, a label-free technique using the crystal violet (CV) and fluo-
rescence spectrophotometer was applied.

All fluorescent measurements were executed in a 96-well plate. The 2.5uM solution of G-
quadruplex DNA was prepared in 25 mM Tris-HCl buffer (pH 7). A CV solution with a con-
centration of 5 uM was used. The test was performed in four conditions, 1) Tris-HCI buffer
and 10 pl of CV (final concentration of 0.25 uM), 2) Tris-HCl buffer, 10 pl of CV and KCl
(final concentration of ImM), and 3) Tris-HCI buffer, 10 pl of CV, 10 ul of aptamer solution
(final concentration of 0.125 uM) and KCl. 4) Tris-HCI buffer, 10 pl of CV, 10 ul of aptamer
solution and KCl, and four different concentrations of BVDV- infected plasma (1:10, 1:100,
1:1000, 1:10000) and one healthy plasma (as negative control). In addition, a random non-
quadruplex aptamer was used as control. The CV was excited at wavelength of 580 nm, and
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the emitted fluorescence was detected in the range of 600-700 nm. The experiment was
repeated three times.

2.2.3. Gold nanoparticle synthesis. Spherical gold nanoparticles were synthesized by cit-
rate reduction of chloroauric acid based on the Turkevich method [40]. The solutions of 1%
HAuCl, and 1% Trisodium citrate solutions were made separately. The solution of HNO;-
HCI (1: 3 v/v) was used to clean all glassware before use. Briefly, 100 pl of 1% HAuCl, solution
was added to 10 ml deionized water in an Erlenmeyer flask on a hot stirring plate. Once the
HAuCl, solution starts boiling, 600 pl of trisodium citrate solution 1%, as a reducing and stabi-
lizing agent, was added quickly. The solution was kept vigorously stirring for 15 min until the
color changed from yellow to wine red. After that, the red solution was transferred to an ice-
containing dish and continued to stir for 15 min. The formation of AuNPs was confirmed by a
UV-vis spectrometer. The nanoparticles were characterized by the Zetasizer instrument and
Transmission electron microscopy (TEM).

2.2.4. Salt tolerance test of gold nanoparticles. Salt-induced aggregation of gold nano-
particles (Au-NP) was evaluated in different concentrations of KCl solution. To perform this
test, 10 ul of KCI with concentrations of 200, 400, 500, 600, 800 mM, and 1M was added to
200 pl of Au-NP solution, separately. As the KCl solution was diluted 1:21 in test tubes, the
final concentration was 9.5, 19, 23.8, 28.5, 38, and 47.6 mM, respectively. Color change of solu-
tions was monitored after 15 min by eye-naked and then with a UV-vis spectrometer. The
minimum concentration of KCl in which the color of the AuNP solution changed to purple
was selected for further experiments. The experiment was repeated in triple.

2.2.5. Optimization of aptamer concentration and performing colorimetric assay to
determine aptamer sensitivity and specificity. The selected concentration of KCl in the pre-
vious step was used for performing the colorimetric test. This test was done in two stages: 1)
the minimum amount of aptamer which can prevent AuNPs from aggregation in the presence
of KCl was detected, and 2) The minimum copy number of the virus which can be detected by
the aptamer-AuNP system was found. In the first stage, 2, 4, 6, 8, and 10pl of DNA aptamer
with final concentrations of 0.47, 0.93, 1.38, 1.83, and 2.27 uM, respectively, was added to
200 pl of AuNP solution. After 5 min, 10 ul of KCI solution was added and the color change of
Au-NPs was monitored. To evaluate the electrostatic binding of aptamer on gold nanoparticle
surface, Dynamic light Scattering (DLS), zetasizer and Fourier transform infrared (FTIR) anal-
ysis were performed for non-functional and functionalized AuNPs.

In the second stage, the optimized amount of aptamer solution was added to the 200pl of
AuNP solution. After 5 min, 10 pl of diluted BVDV-infected plasma solutions with the range of
10", 10* 10> 10°, 10" and 10" virus copies/ml were added. After 5 min, 10ul of optimized KCl
solution was added. In addition, four vials containing a) virus-negative plasma, b) bovine leuke-
mia virus (BLV)-infected plasma, c) AuNP+ aptamer solution (without virus), and d) Au-NP
solution were tested as controls, respectively. The color change from red to purple was observed
visually after 15-20 min and the absorbance of samples at the wavelength of 400 to 700 nm was
measured via a multimode microplate reader. All experiments were repeated three times. In
addition, field emission scanning electron microscope (FESEM) characterization was performed
for three samples: a) AuNPs, b) AuNPs+Apt31+KCl, and ¢) AuNPs+Apt31+BVDV+KCL

2.2.6. Sample testing and data analysis. To assess the analytical features of the aptasen-
sor, fifty plasma samples with confirmed infection status through RT-PCR were obtained from
specialized veterinary laboratories. The set comprised thirty BVDV-infected samples and
twenty negative samples. All samples were diluted at a ratio of 1:10* in distilled water to pre-
vent interference of viruses in AuNPs aggregation. The accuracy and precision of the aptasen-
sor were evaluated qualitatively through visual observation of the color change in the AuNPs.
The formulas used for assessment are elaborated in detail in the references [41, 42].
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2.3. Detection and quantification of BVDYV via real-time PCR

2.3.1. Virus RNA genome extraction. The virus RNA genome of prepared samples was
extracted by the Behgene™ kit method as follows: 200 pl of each plasma sample was added to a
microtube. Thereafter, 300 ul of lysis buffer containing RNA carrier was added and then vor-
texed for 15 seconds until a homogenous solution was achieved. RNA carrier can promote the
binding of RNA to silica membrane and prevents RNA degradation. Afterward, the sample
microtube was incubated at room temperature for 15 minutes. 250 pl of 96% ethanol was
added to each microtube, followed by 15 seconds of vortexing. To extract the RNA, all content
of the lysate prepared in the previous steps was transferred to the center of the spin column.
The column was centrifuged at 8000 rpm for 1 minute. The washing phase was done in two
steps by adding 400 pl of washing buffer I and IT and then, centrifugation at 8000 and 13500
rpm for 1 and 5 minutes, respectively. Finally, 150 ul of elution buffer was added to the center
of the column. After given 5 minutes, the collection tube was centrifuged at 8000 rpm for 1
minute. The permeate contained RNA. The concentration of extracted RNA samples was mea-
sured using Nanodrop Spectrophotometers (Thermo Scientific ™, Model One C). In addition,
the quality of ssSRNA was evaluated by 1% agarose gel electrophoresis in TAE buffer.

2.3.2. Complementary DNA synthesis. Complementary DNA (cDNA) was synthesized
via AddScript cDNA Synthesis Kit reagents. The reaction was performed in a total volume of
20 pl containing 10 pl of 2x reaction buffer, 2 ul ANTP mixture (10mM), 2 pl random hexamer
primer, and 150 ng RNA sample. Deionized water was added to bring to the final volume. The
temperature cycle was performed as follows: 25 °C for 10 min, 50 °C for 60 min, 80 °C for 5
min, and then, 12 °C as holding temperature.

2.3.3. Performing real-time PCR analysis. Quantitative PCR (qPCR) or real-time PCR as
an advanced standard technique for the detection and measurement of the BVDV's was per-
formed. The sequence of the forward and reverse primers used in this work were
5’ GGTAGCAACAGTGGTGAG3’ and 5’ GTAGCAATACAGTGGGCC3’, respectively. The
primers were selected from Anita et al. study [43]. RT-PCR amplification was carried out in a
total volume of 11 pl including 2 ul of prepared cDNA, 2.75 ul of SYBR Green 4X master mix,
0.4 pl from each forward and reverse primer, 5.45 pl of distilled water, in a condition of 3 min
at 95 °C, 45 cycles of 10 sec at 95 °C, 10 sec at 59 °C (as annealing temperature) and 15 sec at
72 °C, and then 15 sec at 95 "C and 1 min at 60 °C.

2.4. Statistical assay

IBM SPSS Statistics program was used for statistical analysis. Data groups were compared via
Tukey’s one way ANOVA method. Values with p < 0.05 (*) were considered statistically
important.

3. Results and discussion
3.1. In Silico design of BVDV-binding aptamer

3.1.1. G-quadruplex ssRNA library preparation and aptamer structure prediction.
Opver the past decades, several algorithms have been developed to predict RNA and DNA sec-
ondary and tertiary structures from their sequences. Among several methods for the predic-
tion of RNA/DNA secondary structure, it is distinguished that the RN Afold algorithms can
deal with quadruplex structures more accurately [44]. In the first step, sequences in the G-
quadruplex ssRNA library were narrowed down based on the QGRS mapper score. Consider-
ing this score, 55 sequences that obtained a score > 60 were chosen for further analysis. In the
second step, the minimum free energy of the aptamers’ secondary structure reported by
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Table 1. The aptamer sequences with the highest QGRS score, their GC-content percentage, and the RNAFold energy results.

Aptamer Name Sequence GC% QGRS Score RNAFold MFE*
Apt22 GGGGTATCGGGGTTCGGGGAGGGGATCGGGG 74.2 61 -47.41
Apt23 GGGGTGGGGAGGGGTCGGGGATGGGGAGGGG 80.6 92 -57.77
Apt25 GGGGTGGGGAGGGGTCGGGGATCGGGGCCCC 83.9 62 -58.39
Apt26 GGGGTGGGGAGGGGTTGGGGATGGGGACCCC 77.4 92 -63.43
Apt27 GGGGTGGGGACGGGGTGGGGATGGGGACCCC 80.6 92 -63.43
Apt28 ATGGGGAGTGGGGAGTGGGGAGTGGGGAGTGG 68.8 63 -43.32
Apt31 GGGGTATCGGGGATGGGGAGGGGATCGGGG 73.3 61 -49.77
Apt32 GGATCGGGGATGGGGATGGGGATCGGGGGATC 68.8 62 -49.41
Apt33 GATCGGGGATGGGGATGGGGATCGGGGGATCC 68.8 68 -50.16
Apt34 CTGGGGATGGGGCTGGGGAAGGGGTAGGGGAC 71.9 69 -37.86

* Minimum Free Energy (MFE)

https://doi.org/10.1371/journal.pone.0293561.t001

RNAfold as a stability index was considered. Thirty-three sequences showed a minimum free
energy of less than -30 kcal/mol. These sequences were selected for tertiary structure predic-
tion and docking analysis. The best 10 sequences are shown in Table 1.

3.1.2. Designed aptamer structure and docking score. The E2 protein is made up of four
domains, DA (residues 1-87), DB (residues 88-164), DC (residues 165-271), and DD (resi-
dues 272-333) [7]. Domains DA and DB containing Ig-like domain, are the most exposed
domains in the tertiary structure of the protein and are responsible for the entry of the virus to
the host cell and binding to neutralizing antibodies as well [7]. Four N-linked glycosylation
sites have been reported in E2 protein including residues Asp117 located in domain DB,
Asp186 and Asp230 in domain DC and Asp 298 in domain DD [45]. Subsequently, the non-
glycosylated domain DA and several non-glycosylated regions in DB were selected. Evaluating
three screening parameters: a) most exposed region, b) non-glycosylated regions and ¢) most
conserved amino acids, residues 733-784 were chosen as the appropriate region for binding of
the designed aptamer.

Molecular docking analysis was performed for 33 aptamer sequences selected in previous
steps to investigate their binding tendency and orientation to BVDV-1 E2 protein. The five
aptamer sequences which resulted in the best docking scores are shown in Table 2. Among
them, Apt31 was chosen as the final aptamer because of its desired binding site to BVDV-1 E2
protein and appropriate tertiary structure, and high docking score.

The secondary structure of the mentioned five aptamers obtained from the RNAfold web
server is shown in Fig 1. Minimum free energy of -49.77 kcal/ mol was achieved in the second-
ary structure analysis of DNA Apt31. The tertiary structure of Apt31 (RNA backbone) was

Table 2. Docking score and binding site of best five aptamers obtained in HDOCK and PatchDock servers.

Aptamer Name Binding site (Residue Number) Score
HDock PatchDock
Apt22 900-1020 -267.05 14226
Apt25 739-858 -274.24 14160
Apt27 752-923 -288.53 15716
Apt31 739-792 -270.48 14034
Apt32 753-850 -293.19 13216

https://doi.org/10.1371/journal.pone.0293561.t002
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Fig 1. Secondary structure of five aptamers with the highest docking scores. Structures are predicted by the
RNAfold web server. Dash lines indicate G-G interactions responsible for forming of G-quadruplex structure.

https://doi.org/10.1371/journal.pone.0293561.9001

predicted by the Rosetta FARFAR server and then underwent some changes including RNA to
DNA backbone conversion and geometry optimization. The tertiary structure of Apt31 (DNA
backbone) interacting with the E2 protein is shown in Fig 2.

Fig 2 illustrates the binding mode of Apt31 to BVDV-1- E2. Also, the 2D diagram of Apt31
and BVDV-1- E2 interaction is shown in Fig 3. Nine hydrogen bonds and several hydrophobic
interactions were detected between Apt31 and BVDV-1 E2 protein. Corresponding protein
residues and aptamer nucleotides involved in interactions are shown in Table 3.

In recent studies, bioinformatics methods have been widely used for the de novo design of
aptamers [46-48] or refinement of the aptamers which are selected via SELEX [49, 50].
Morena et al. [47] has utilized in silico methods including an elitist genetic algorithm and an
RNA inverse process and several web servers for molecular docking analysis (ZDock, HDock,

by
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Fig 2. Interaction of Apt31 with the BVDV-E2 protein (chain A and B) with respect to interpolated charge surface
representation. H-bonding amino acids are shown in the magnified part. Interacting aptamer nucleotides are colored
in red, and dashed black lines represent H-bonds.

https://doi.org/10.1371/journal.pone.0293561.g002
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Fig 3. 2D diagram of Apt31-E2 protein complex drawn by ligplot. The molecule with purple bonds is the aptamer,
and the E2 protein amino acids are shown in brown. Nine hydrogen bonds and two covalent bonds have formed
between the Apt31 and protein E2. Also, several amino acids are involved in hydrophobic interactions.

https://doi.org/10.1371/journal.pone.0293561.9003

and QVINA-W) to identify three specific aptamers with similar 3D conformations for inhibit-
ing SARS-CoV-2 main protease. Then, they performed molecular dynamics to choose the
strongest and the highest stable complex of the aptamer-SARS-CoV-2 main protease. Hosseini
etal. [51] designed an ssDNA aptamer via bioinformatics tools and then employed that apta-
mer in conjugation with silver nanoparticles for inhibition of biofilm formation on the surface
of titanium implants. In their study, UNAFold and H-DOCK online servers were used for

Table 3. Responsible amino acids and nucleotides for the interaction of Apt31 and E2 protein.

Interaction type Amino acid Nucleotide
H-bond Met746 DT25
Asp783 DG27
Val784 DGI12
Asp788 DG15 (x2), DG9
Asn790 DGY, DG16 (x2)
GIn786 DA13 (x2)
Van der Waals force Trp739, Phe 793, -
Glu792, Arg779,
Phe791

https://doi.org/10.1371/journal.pone.0293561.t1003
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secondary structure prediction and molecular docking analysis, respectively. In addition, in
2021, an in silico study was done by our group to design a G-quadruplex aptamer for specifi-
cally reacting to the receptor-binding domain (RBD) region of the spike protein of SARS--
CoV-2 [52]. Since G-quadruplex structures are complicated and not all of the structure-
prediction web servers and programs can deal with them, in silico design and analysis of G-
quadruplex aptamers is more challenging. To the best of our knowledge, in the current study,
for the first time, in addition to de novo designing a G-quadruplex aptamer for binding to a
specific domain of BVDV E2 protein, its binding, and specificity were validated
experimentally.

3.2. Real-time PCR analysis and BVDV copy number measurement

The viral copy number within the plasma was quantified utilizing the standard curve of
BVDV-1 (S1 Fig), which was established in the laboratory of the Biotechnology Department at
the University of Isfahan, Iran, and was generated using Real-Time PCR Systems (StepOne™,
Applied Biosystems, US). The result of qPCR, as the gold standard technique for the detection
of BVDV, validated the BVDV infection of the prepared samples with 7.2x107-5.5x10"" virus
copies/ml (S2 Fig). According to the reported standard curve for BVDV in literature, the least
concentration of the virus which can be amplified by the qPCR technique is less than 10 cop-
ies/ml [53].

3.3. Fabrication of aptasensor

3.3.1. Gold nanoparticle synthesis and characterization. A citrate reduction reaction
was used to synthesize gold nanoparticles. The AuNPs exhibited a strong absorption band at
520 nm indicating the appropriate small size of particles. According to the literature, AuNPs
with a size up to 50 nm shows a maximum absorption peak at 520-530 nm wavelength, in
spectrophotometry, while the peak has a gradual red shift along with the changes in nanoparti-
cle size [54]. DLS measurement showed AuNPs with an average size of 31.7 nm (54 Fig) and
spherical morphology of AuNPs was detected in TEM image (S3 Fig). Zeta potential analysis
of AuNPs indicates that the surface of the nanoparticles was covered adequately with the nega-
tive charge citrate groups (-41.8 mV) (S4B Fig) leading to the stability of AuNP colloid.

3.4. Aptamer G-quadruplex structure forming analysis

To determine the G-quadruplex structure of the aptamer, the fluorescence intensity of the
crystal violet in presence of the Apt31 was measured. The crystal violet, a triphenylmethane
dye, has fluorescence excitation and emission wavelength of 540 nm and 640 nm, respectively
in the presence of G-quadruplex DNA structures [55]. It is widely known that CV exhibits a
significantly enhanced fluorescence intensity upon double or single-stranded G-quadruplex
DNA oligonucleotides [56]. As shown in Fig 4, the fluorescence of free CV dye with and with-
out KCl was very weak, but when aptamer solution was added, the relative fluorescence units
(RFU) significantly increased to ~1700. The reason is that CV is intercalated between stacked
guanine tetrads and becomes fluorescently active [55, 57]. This change in the fluorescence
intensity of CV approves the G-quadruplex structure of the Apt31 in the presence of KCI. Fur-
thermore, adding different dilutions of BVDV-infected plasma to the Apt31-CV solution
could dramatically enhance RFU from ~1700 to 4000-7000 depending on the concentration of
BVDV. While BVDV-negative (normal) plasma showed no change in fluorescence intensity.
The results confirmed that Apt31 binds to E2 protein with a G-quadruplex structure, and the
presence of the E2 can stabilize and even induce the quadruplex structure of the aptamer.
There are several reports confirming fluorescence intensity changes of CV in presence of G-
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Fig 4. Fluorescence intensity of the crystal violet (CV) in the presence of the Apt31 and BVDV. The fluorescence changes in relative fluorescence units
(RFU) for crystal violet dye against a) emission wavelengths (600-700 nm) in the presence of KCl, aptamer, and various dilutions of BVDV-infected plasmas:
BVDV-negative plasma, 1:10, 1:100, 1:1000 and 1:10000. (b) various dilutions of BVDV-infected plasma at the emission wavelength of 631 nm. The
experimental conditions: 0.25 uM CV, 0.125 uM aptamer, 1 mM KCI, 20 mM Tris-HCl buffer (pH 7.0), excitation wavelength: 580 nm, emission wavelength
range:600-700 nm. Values with p < 0.05 (*) were considered statistically important.

https://doi.org/10.1371/journal.pone.0293561.9g004

quadruplex aptamers and their ligands as a technique for assaying the specificity of the apta-
mer for its ligand [56, 58, 59]. In the study of Cheng et al. [60], the addition of saxitoxin as the
specific ligand of M-30f aptamer led to the intensification of CV fluorescence, although in Dai
et al. [61] report, CV fluorescence intensity decreased after the addition of tetracycline (ligand)
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into the aptamer solution. Accordingly, a change in fluorescence intensity of a fluorescent dye,
regardless of increase or decrease, is an index for determining the specificity of an aptamer for
its ligand.

3.5. Gold nanoparticles salt tolerance test and optimization of aptamer
concentration

In the salt-induced aggregation test of AuNPs, different concentrations of KCI were used. As
shown in Fig 5a, the AuNP colloid was resistant to added KCI solution with final concentra-
tions of 9.5 and 19mM, but was sensitive to 23.8 mM or higher final concentrations. Aggrega-
tion of nanoparticles as a result of sensitivity to the salt concentration led to a red shift in the
absorbance peak. The concentration of 500 mM was selected as the minimum concentration
of KCl salt which can visually change the AuNP solution color from red to purple.

According to the absorbance spectra in Fig 5b, the optimum concentration of aptamer
which can inhibit aggregation of AuNPs was 1.83 uM. In this value, aptamer DNA molecules
absorb thoroughly into the negative charge citrate groups on the surface of AuNPs by their
positive groups (bases). The negative groups of aptamer DNA molecules expose to the surface
and make repulsion between nanoparticles [62]. In this state, the AuNPs become resistant to
the 23.8 mM concentration of KCl added to the solution. The 1.83 uM final concentration of
aptamer was chosen as the minimum concentration of aptamer which can visually inhibit the
AuNP solution color change from red to purple in the presence of KCI. The result of the DLS
instrument showed that the hydrodynamic radius of non-functionalized AuNPs from a mean
size of around 31 nm increased to around 36 nm after the binding of aptamer on the surface of
the AuNPs (S4A Fig). In addition, the conjugation of the aptamer could make the surface
charge of the AuNPs more positive, -35.2 mV (S4B Fig).

FTIR spectra of non-functionalized AuNPs in comparison to functionalized AuNPs are
shown in S5 Fig. The bands in the range of 3200-3500 cm ™" are attributed to N-H stretching of
primary amines. There is a band around 3423.03 cm-1 in both AuNP and AuNP-aptamer

(a) KCl b Aptamer

0.6 0.7

9.5 mM —0.47 UM

0.5 /\ 0o '

A — 19 mM a - 0.93 M

S 04 S~y —23.8 mM e —1.38 1M
ot N— & 04

2 03 285mM ——1.83 M
£ 03

E — 38 mM ° 2.27 uM
& S 3 02
< ——47.6 mM <
0.1 0.1
0 0
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Fig 5. The spectroscopy of gold nanoparticles salt tolerance test. The UV-Vis absorbance spectra for AuNPs in 400-700 nm wavelength in the presence of (a)
final KCI concentrations of 9.5 mM to 47.6 mM, (b) different concentrations of aptamer and 23.8 mM KCl.

https://doi.org/10.1371/journal.pone.0293561.9005
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spectra. A decrease in the intensity of this band indicates that hydrogen bonding is forming
between N-H groups of aptamer and AuNPs surface. Hydrogen bonding as a strong dipole-
dipole interaction can affect the strength and position of the N-H stretching vibration. Fur-
thermore, there is a red-shift in this peak indicating that the N-H bond is becoming weaker or
that the hydrogen bond formation is occurring. Also, changes in electron density or polariza-
tion of the amine group (electronic effect) and Changes in molecular geometry due to interac-
tions with other molecules or surfaces (steric effect) can result in the vibrational frequency.
The band at 1585.2 cm™ is commonly assigned to the aromatic ring vibration or aromatic

C = C stretching vibration. The intensity increase in this peak in aptamer-coated AuNPs may
be caused by the adsorption of the aptamer onto the gold nanoparticle surface. This adsorption
can make changes in the local environment and electronic properties of aromatic rings. Fur-
thermore, an increase in the intensity of the peak at 1395.25 cm ™!, which is attributed to bend-
ing vibrations of methyl (CHj) groups of the aptamer, compared to AuNP spectra, affirms the
aptamer coating of AuNPs.

3.6. Aptasensor sensitivity and specificity analysis

The sensitivity and specificity of the designed Apt31-AuNP system were assayed in the pres-
ence of the BVDV-infected plasma dilutions and BLV, respectively. As it is shown in Fig 6a,
adding 10 pl of 500mM KCl into the vials containing 0.27 to 2.7x10'° copy numbers of the
BVDV (KCl final concentration of 23.8 mM) leads to aggregation of AuNPs solution and sub-
sequently a color change of red to purple occurred. However, no color change was observed
for vials containing aptamer, aptamer + negative plasma, and aptamer + BLV. Furthermore, in
samples containing high copy numbers of the BVDV (2.7x10® and 2.7x10" copies/ml’, the
solution color remained red. The reason is that BVDV particles can interfere with AuNP
aggregation. It is thought to be related to the interactions between the virus and the AuNP sur-
face. In several studies, it has been observed that a higher concentration of virus can protect
the surface of the AuNPs from salt-induced aggregation [63, 64], probably with the same
mechanism that proteins do for stabilizing the AuNP surface. The results indicated that the
designed AuNPs-aptamer system can detect very low copy numbers of the BVDV (0.27 cop-
ies/ml). On the other hand, clinical plasma samples should be diluted to eliminate virus-inter-
fering effects and the virus be detectable via the color change of the solution. In Fig 6b, the
UV-vis absorbance spectra of the solutions include a) AuNPs (control), b) AuNPs+ Apt31, ¢)
AuNPs+ Apt31+Negative plasma, d) AuNPs+ Apt31+BLV, e-j) BVDV copy number from
0.27 to 2.7x10"° after addition of 23.8 mM KCl solution is drawn. As mentioned above,
AuNPs have a maximum peak at the wavelength 520-530 nm. In these spectra, a red shift is
observed in AuNPs+Apt31+BVDV and control vials because of AuNPs aggregation. Fig 6¢
shows the A520/A640 values against varying virus concentrations. Sine in these particular
sensing methodologies the color change takes place abruptly in a certain concentration of salt
and target virus (not linearly proportional to the increase in the concentration of the virus),
thereby resulting in a non-linear curve. Moreover, in our experimental assessments, extremely
elevated virus concentrations had an impact on the aggregation of AuNP (as elaborated
above). This occurrence contributed to the distinctive U-shaped curve pattern.

In addition, field emission scanning electron microscope (FESEM) characterization images
of three samples: a) AuNPs, b) AuNPs+Apt31+KCl, and ¢) AuNPs+Apt31+BVDV+KCl
approved the aggregation of AuNPs in presence of BVDV (56 Fig).

The application of gold nanoparticles in the development of biosensors has garnered signif-
icant attention in recent times [65], especially non-modified aptamer-AuNP biosensors due to
their simplicity, high sensitivity, and visibility even by the naked eye.
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Fig 6. Color change analysis of the aptasensor. (a) visual color change of AuNPs from red to purple in the presence of aptamer, KCl, and different
concentrations of the BVDV from 0.27 to 2.7x10'° copies/ml, (b) the absorbance spectra of the samples at 400-700 nm wavelength. (c) The
corresponding plot of A520/A640 against log10 virus concentration (copies/ml) from I to VI. (I): 0.27, (II): 2.7x10%, (I1D): 2.7x10°, (IV): 2.7x10°, (V):
2.7x10%, (VI): 2.7x10"° copies/ml. Apt: Apt31, BLV: Bovine leukemia virus. Values with p < 0.05 (*) were considered statistically important.

https://doi.org/10.1371/journal.pone.0293561.9006

The mechanism behind this system is as follows (Fig 7): the normal color of AuNP colloid
is red wine, but in the presence of an adequate concentration of salt, the AuNPs stability
destroys due to the screening surface charge. Thus, a color change from red to blue occurs.
With the addition of aptamer solution to the AuNP colloid, the needed concentration of salt to
induce AuNPs aggregation increases. Positive N atoms of DNA aptamer interacts with AuNPs,
while negative groups such as phosphates tend to outside, leading to retaining a negative
charge of AuNPs surface and tolerance of colloid to the salt. In the presence of the target virus
(no other viruses), the affinity of aptamers to the virus is high and can overcome electrostatic
interaction between aptamer and AuNPs. As a result of the desorption of aptamer from the

PLOS ONE | https://doi.org/10.1371/journal.pone.0293561  July 30, 2024 14/21


https://doi.org/10.1371/journal.pone.0293561.g006
https://doi.org/10.1371/journal.pone.0293561

PLOS ONE A G-quadruplex-based colorimetric aptasensor for rapid detection of bovine viral diarrhea virus-1

@ , 500 mMKCI @v\ 4 500 mM KCl @ 4 S00mMKCI

N N !

AuNP i NoAuNP | {  AuNP
aggregation : aggregation i aggregation

<

@

- ~ N
&;ﬂ Apt31 (G-quadrupley) \/\ Apt31 (Unfold) é\'o:??} BVDV U5 Au nanoparticle
‘&‘ o’ &

Fig 7. The mechanism of the action of the developed Apt31-biosensor. In stage 1, adding 10 ul of 500mM KCl leads to aggregation of AuNPs, in stage 2,
the optimum concentration of Apt31 electrostatically binds to AuNPs and inhibits aggregation of AuNPs after the addition of the KCl solution. In stage 3, if
the added plasma sample is infected with BVDV, Apt31 binds to the virus and separates from the surface of AuNPs. Subsequently, the addition of the KCl can
result in aggregation of AuNPs and purple-blue color.

https://doi.org/10.1371/journal.pone.0293561.g007

AuNPs surface, AuNP aggregation occurs after salt addition. For more in-depth information
see [66-69]. Recently, an aptasensor has been developed by Etedali et al. [62] for the rapid
detection of the white spot syndrome virus in shrimp. They used the aptamer-AuNP-based
colorimetric technique and detected the virus at as low as 10* copies/ml. In addition, the used
aptamer in their work was designed via bioinformatics tools. Lerga et al. [70] utilized an apta-
mer-AuNP system similar to our work for the determination of histamine in foodstuffs. Their
biosensor showed a good correlation with the results of HPLC and ELISA kit as standard
methods for the measurement of histamine. A different AuNP aggregation-induced system
has been used by Sharief et al. [71] for point-of-use food contamination testing. In their study,
the utilization of carbohydrate-coated nanoparticles has demonstrated tremendous potential
in identifying and capturing pathogens from food matrices in under seven hours.

In 2014, Jee-Woong Park et al. [72] reported an aptamer pair (reporting and capturing
aptamers) for the detection of BVDV-1 using the immobilization-free SELEX method. Then,
they used the screened 66 nucleotide aptamers for the fabrication of an aptasensor based on
the immobilization of aptamers on the gold nanoparticle and SPR gold chip. The comparison
of the designed aptamer with their aptamers shows that Apt31 1) has a more stable structure
because of forming G-quadruplex, 2) has lower synthesis costs due to a lower number of
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Table 4. Comparison of the present method with the recently reported methods for the detection of BVDV.

Analytical method Detected entity Sample Type Limit of detection Reaction time Reference
TagMan real-time PCR (RTm-PCR) Viral RNA Feces 1.55 copies/uL ~180 min [73]
Electrochemical detection with BP@ AuNP Virion Standard virus sample 0.259 (copies/mL) 10 min [74]
Dual RT-RPA LED assay’ viral RNA Standard and clinical samples 50 RNA molecules 30 min [75]
Dot-blotting method Virion Standard virus sample 4.4 copies/mL ~ 60 min [76]
Aptasensor (SPR gold chip) Virion Standard virus sample 800 copies/ml ~ 40 min [72]
Aptamer-based Biosensor Virion Clinical Plasma Samples 0.27 copies/ml 20 min This study

! reverse transcription recombinase polymerase amplification (RT-RPA) and lateral flow dipstick (LFD)

https://doi.org/10.1371/journal.pone.0293561.t004

nucleotides, 3) is more efficient in detecting BVDV-1 (the designed biosensor LOD of 29.7
copies/ml vs. Park et al. biosensor LOD of 800 copies/ml), and 4) is designed for specific bind-
ing to the conserved region of the E2 protein of BVDV (not a whole virus). The comparison of
our developed aptasensor with previously reported detection methods are summarized in
Table 4.

It is generally presumed that PI animals are antibody-negative [77]. Therefore, antigen-
based tests are more efficient in PI diagnosis. The test platforms available for the diagnosis of
PIs include virus isolation, antigen-based ELISA, and PCR [13]. Most of these techniques are
time-consuming. Furthermore, the RNA genome of the virus is not stable for a long time. Sub-
sequently, in PCR-based methods, the transfer of samples to the specialized laboratory leads to
false negative reports in some cases. The developed aptasensor is not only antigen-based and
can early diagnose Pls, but also can be used on a farm without the need for complex equipment.

3.7. Sample testing and data analysis

Among fifty plasma samples assessed through our developed aptasensor, three samples
detected false positive, while all BVDV-infected samples truly identified positive. As a result,
the accuracy and precision of the aptasensor achieved, 94% and 90%, respectively.

4. Conclusion

In this study, we have achieved a notable milestone by creating a colorimetric biosensor that
utilizes a G-quadruplex aptamer-AuNP system to identify the presence of BVDV-1. Detection
of very low copies of the virus was achieved with the designed G-quadruplex aptamer and
AuNP-aptamer system (0.27 copies/ml). Furthermore, some advantages such as simplicity,
naked-eye visualization, low cost, and high stability can make the developed aptasensor a good
candidate for a rapid detection method on livestock farms. The aptamer used in the biorecog-
nition element of the biosensor was computationally designed. G-quadruplex forming of the
aptamer and its specific binding to BVDV were experimentally confirmed via fluorescent
intensity measurement in presence of crystal violet. Our designed G-quadruplex aptamer
showed high selectivity and sensitivity for the detection of BVDV-1 indicating the tremendous
potential of bioinformatics technique for the selection of specific aptamers. The biosensor
experimental validation tests showed outstanding results in comparison to real-time PCR and
ELISA as standard tests for the detection of BVDV-1.

Supporting information

S1 Fig. qPCR standard curve for BVDV genotypel. The standard curve illustrates the rela-
tionship between cycle threshold (Ct) values and the logarithm of the initial DNA template
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concentration. Error bars indicate standard deviations.
(TIF)

S2 Fig. Amplification of BVDV cDNA. (a) Real-time PCR amplification of BVDV ¢DNA,
three samples with three replicates, positive control (PC) and negative control (without tem-
plate cDNA) were amplified, (b) Gel electrophoresis analysis of the PCR products of BVDV
c¢DNA amplification (222 bp) on 1% agarose. L: 100-bp ladder, 1,2,3,4: the number of BVDV
samples, NC: negative control.

(TIF)

$3 Fig. The TEM image of the AuNPs synthesized by the citrate reduction method.
(TIF)

$4 Fig. Comparison between non-functionalized AuNPs and aptamer-functionalized
AuNPs in terms of a) particle size obtained from DLS analysis, and b) zeta potential.
(TIF)

S5 Fig. FTIR spectra of non-functionalized AuNPs and aptamer-functionalized AuNPs
(APT+AuNP).
(TIF)

S6 Fig. FESEM images of AuNPs in different conditions. (a) AuNPs colloid, (b) AuNPs col-
loid+ 1.83 uM aptamer + 23.8 mM KClI, (c) aggregated AuNPs + 1.83 uM aptamer + 23.8 mM
KCl in the presence of BVDV-infected plasma (2.97x10° copies/ml).

(TIF)

S1 Graphical abstract.
(TIF)
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