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A B S T R A C T   

Foot-and-mouth disease (FMD) is a devastating livestock disease caused by foot-and-mouth disease virus 
(FMDV), a member of the Picornaviridae family. The 3ABC is a non-structural protein of FMDV, produced during 
viral replication and absent from inactivated FMD vaccines. Nucleic acid aptamers are DNA or RNA oligonu-
cleotides capable of binding with high specificity and affinity to a molecular target. The aim of this study was to 
obtain DNA aptamers specific for 3ABC protein with a view of their application in the FMD diagnosis. 

Aptamers are usually obtained through SELEX (Systematic Evolution of Ligands by EXponential enrichment) 
procedure. In this study, an aptamer (termed FMDV1) was selected by a variation of this technique called 
Capillary Electrophoresis SELEX (CE-SELEX). The FMDV1 aptamer showed high binding affinity to the 3ABC 
protein with Kd value in the nano molar range: 22.69 ± 1.79 nM. The FMDV1 aptamer binding to 3ABC was 
significantly higher when compared with the BSA protein, used as control, demonstrating its specificity.   

1. Introduction 

Foot-and-mouth disease (FMD) is a devastating livestock disease 
caused by foot-and-mouth disease virus (FMDV), a member of the 
Aphthovirus genus of the Picornaviridae family. The virus infects a wide 
range of wild and domesticated cloven-footed mammals. FMD outbreaks 
in a country always result in economic losses to livestock industry due to 
the immediate imposition of trade embargo. 

Rapid and accurate diagnoses are imperative to virus control. Di-
agnoses based on clinical disease signs are highly unreliable, because 
several other diseases share similar FMD signs (Fernández et al., 2008; 
Smith et al., 2012). Hence, confirmatory laboratory diagnosis is vital. 
Differentiating Infected from Vaccinated Animals (DIVA) assays are also 
essential to improve the efficiency of the control strategy. Vaccination 
prevents clinical manifestation of the disease, but does not necessarily 
prevent the sub-clinical infection or virus persistence (Hutber et al., 
1998). Therefore, the vaccinated animals that were infected by FMDV 
may become carriers to spread the virus to other susceptible animals 
(Arzt et al., 2018). 

Virus isolation test and conventional immunological techniques such 

as complement fixation test, virus neutralization test, and enzyme- 
linked immunosorbent assay (ELISA) are routinely used to diagnose 
FMD in clinical samples. Molecular techniques, through detection of the 
viral RNA, have also been used to rapid and accurate FMD diagnoses 
(Jamal and Belsham, 2013). However, these methods are 
time-consuming; need sophisticated instruments and skilled personnel, 
being not suitable for in field analysis. Development of chromatographic 
strip tests, portable reverse transcription polymerase chain reaction 
(RT-PCR) and reverse transcription loop-mediated isothermal amplifi-
cation (RT-LAMP) devices are efforts performed in this direction. 
Nevertheless, applications of these assays in the field remain limited 
(Wong et al., 2020). Consequently, there remains strong interest for 
developing new swift point-of-care biosensing systems for early FMD 
diagnosis with high sensitivity and specificity (Vidic et al., 2017). 

The FMDV genome is translated into a single large polyprotein and 
cleaved by virally encoded proteases to produce structural (VP1, VP2, 
VP3, and VP4) and non-structural (2A, 2B, 2C, 3A, 3B, 3Cpro, and 
3Dpol) proteins. Non-structural proteins (NSPs) are usually used for 
developing DIVA assays, since these proteins are produced only during 
viral replication and inactivated vaccines are devoid of NSPs, containing 
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only structural proteins (SP). Among all NSPs, 3ABC protein is consid-
ered the best target to this purpose due to its high immunogenicity and 
low concentration during vaccine production (Clavijo et al., 2004). The 
3ABC is a polyprotein that is auto-processed to 3A, three copies of 3B 
and 3Cpro by 3Cpro protease (Sariya et al., 2011). Different modes of 
3ABC-ELISA, based on the detection of anti-3ABC antibodies, were 
developed to discriminate among infected and vaccinated animals and 
to detect subclinical cases (Wong et al., 2020). 

Nucleic acid aptamers are single-stranded DNA or RNA oligonucle-
otides that bind to target molecules with high affinity and specificity. 
They are selected by an in vitro selection process termed SELEX (Sys-
tematic Evolution of Ligands by EXponential Enrichment) through 
repeated rounds of partitioning and PCR amplification from large 
random synthetic oligonucleotide libraries (Ellington and Szostak, 1990; 
Tuerk and Gold, 1990). Usually, six to as many of 15 rounds have been 
reported to allow the best binders selection. The PCR products of the last 
round are cloned into a vector and sequenced for identification of the 
binding sequences. Over the past three decades, numerous SELEX vari-
ations have been reported in an attempt to reduce processing time, 
generate aptamers with novel designs and functions, or increase the 
process throughput (Wang et al., 2019). CE-SELEX is a SELEX variation 
in which capillary electrophoresis (CE) is used to separate oligonucle-
otides that have bound to the target (Mendosa et al., 2004; Berezovski 
et al., 2005). As the molecules remain in solution during the CE sepa-
ration process, there is no steric impairment for aptamers binding to the 
target (Gao et al., 2019). In addition, the protein targets retain their 
native conformation. The CE separation efficiency allows high affinity 
aptamers to be obtained with only 3 to 5 selection rounds. 

The aim of the present study was to obtain DNA aptamers for the 
3ABC protein using CE-SELEX with a view of their application in the 
FMD diagnosis via in vitro aptamer based diagnostic techniques (Drolet 
et al., 1996; Lee et al., 2017), especially by aptasensors. (Song et al., 
2008). 

2. Material and methods 

2.1. Proteins 

The recombinant 3ABC protein was produced as previously 
described (Clavijo et al., 2006) and obtained from National Centre for 
Foreign Animal Disease of Canada. Bovine serum albumin (molecular 
biology grade) was obtained from Sigma Aldrich (cod: B6917). 

2.2. Oligonucleotide library design 

The 80mer library (Berezovski et al., 2006), acquired from the IDT 
DNA Technologies, had the following sequence: 
5’-CTTCTGCCCGCCTCCTTCC-(39N)-GGAGACGAGATAGGCGGA-
CACT-3’, where the central 39N represents random oligonucleotides 
based on equal incorporation of A, G, C, and T at each position. 

2.3. CE-SELEX 

Five CE-SELEX selection cycles were performed. To initiate in vitro 
selection, 800uM ssDNA was heated at 95◦C for 5 min, snap-cooled on 
ice for 15 min and left at room temperature for 10 min. After that, it was 
incubated with 80pmol of the 3ABC protein in borate buffer (60mM), for 
30 min, 200 rpm, at 25◦C. 

An incubation solution sample was submitted to separation by CE 
using a neutral capillary on a P/ACE MDQ capillary electrophoresis 
system (Beckman Coulter Inc., Fullerton, CA). Capillary had 50 μm in-
ternal diameter, 67 cm total length with 40 cm effective length to de-
tector. The capillary was first rinsed with 0.1 M HCl for 5 min, water 
(DNAse/RNAse free) for 1 min, then borate buffer for 5 min under 
pressure of 50 psi before injection of the incubation mixture at 0.5 psi for 
5 s. The mixture was separated under 26 kV (reverse polarity) in borate 
buffer at 25◦C, and monitored under UV absorbance detection at 214 
nm. 

The 3ABC− aptamer complexes were collected into a vial containing 
7 μL of separation buffer at the capillary outlet. After collecting material 
from five runs, the bound sequences were amplified by PCR. 

The PCR amplification was performed using a reaction master mix 
containing 200 μM dNTPs, 0.2 μM forward primer (5’- 
CTTCTGCCCGCCTCCTTCC-3), 0.2 μM reverse primer (5’-AGTGTCCGC 
CTATCTCGTCTCC-3′), 1 U Taq DNA polymerase high fidelity (Invi-
trogen) and 50 mM MgSO4 in 1× High Fidelity PCR buffer. The PCR 
thermocycling parameters were 94◦C for 2 min for denaturation fol-
lowed by 17 cycles of denaturation at 94◦C for 15 s, annealing at 72◦C 
for 30 s (-1ºC per cycle) and extension at 68◦C for 30 s. Followed by 14 
cycles of denaturation at 94◦C for 15 s, annealing at 55◦C for 30 s and 
extension at 68◦C for 30 s. A final extension step at 68◦C for 2 min 
followed the last cycle. PCR reactions were carried out in a Veriti 
Thermal Cycler (Applied Biosystems, Foster City, CA). 

Asymmetric PCR was used to obtain the single strand DNA of interest 
from the conventional PCR product. It was achieved using a reaction 

Fig. 1. Representative CE electropherogram of CE-SELEX separation step. The A region refers to oligonucleotides that did not bind to the target. The peak in the B 
corresponds to the 3ABC-aptamer complexes that were collected. The collection window was 7.2 to 8.5 min. Five runs, which were assigned by distinct color lines, 
were performed to accumulate enough DNA for PCR amplification. These runs were superimposed in the graph. AU = absorbance. 
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master mix containing 200 μM dNTPs, 0.2 μM forward primer, 0.02 μM 
reverse primer, 1 U Taq DNA polymerase high fidelity (Invitrogen) and 
50 mM MgSO4 in 1× High Fidelity PCR buffer. The PCR thermocycling 
was performed as described above. PCR amplification was verified by 
electrophoresis on 2% agarose gels (in tris-borate-EDTA buffer) stained 
with ethidium bromide and imaged using a UV transluminator (UVP 
BioDoc-It Imaging System). 

2.4. DNA cloning and sequencing 

The ssDNA sequences obtained after the fifth CE-SELEX cycle were 
cloned. PCR was performed and the products were cloned into pGEM®-T 
Easy Vector Systems (Promega). The plasmid was transformed into 
Escherichia coli DH5α. After electroporation, the Luria-Bertani (LB) me-
dium was added and the material was grown for 1 h, at 37◦C, 200 rpm. 
The culture was then plated onto LB/agar/ampicillin/IPTG/Xgal 

medium and incubated overnight at 37◦C. The viable white clones were 
then individually seeded in 10 mL of LB/ampicillin and incubated 
overnight at 37◦C, 200 rpm. 

The plasmids were extracted following the manufacturer protocol of 
the Wizard® Plus SV Minipreps DNA Purification System Kit (Promega) 
and quantified by 260 nm absorbance in a spectrophotometer. The 
vectors were sequenced by the automated Sanger methodology using the 
M13 promoter primer. The sequencing was carried out at René Rachou 
Institute (FIOCRUZ/Minas). 

2.5. Secondary structure prediction 

The aptamer secondary structure including the conserved regions 
was predicted using mfold algorithm (Zuker, 2003) at http://unafold. 
rna.albany.edu/, with input parameters of 1.0 mM Mg2+ and 60 mM 
Na+, at 25◦C. The most likely structure was chosen based on lowest 

Fig. 2. (A) FMDV1 aptamer sequence with the conserved regions in bold. (B) Secondary structure of the FMDV1 aptamer predicted by Mfold (ΔG = − 10.42 
kcal/mol). 
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predicted free energy of formation (ΔG; kcal/mol). 

2.6. Dissociation Constant (Kd) determination 

Different aptamer concentrations were individually incubated with 
the 3ABC protein (40 pmol) in the selection buffer as mentioned before. 
The sequences bound and unbound to the target were separated by 
filtration using Amicon 0.5 mL Filters for DNA Purification and Con-
centration - 50K (Merck) (Ramos et al., 2007) with three washes. 

The amount of bound sequences in the samples were quantified by 
Real-time quantitative Polymerase Chain Reaction (qPCR) in a Step One 
Real-Time PCR System (Applied Biosystems, Foster City, CA) using SYBR 
green (PowerUp PCR SYBR Green Master Mix, Applied Biosystems). The 
assays were performed in 20 µl of reaction containing 10 µl of the Master 
Mix, 4.2 µL of DNAse/RNAse-free water, 5.0 µL of DNA sample and 0.4 
µL (250 nM) of each of the primers, forward (5’- 
CTTCTGCCCGCCTCCTTCC-3) and reverse (5’-AGTGTCCGC 
CTATCTCGTCTCC-3′). After an initial enzyme UDG activation at 50◦C 

for 2 min and an enzyme dual-lock DNA polymerase activation at 95◦C 
for 2 min, 40 amplification cycles were performed using 95◦C for 15 s for 
denaturation and 60◦C for 1 min for annealing, extension, and fluores-
cence acquisition. A standard curve for each aptamer was performed 
ranging from 0.05 ng to 0.00005 ng with a dilution factor of 1:10. All 
samples, negative and positive controls were processed in triplicate. 

A saturation curve was constructed by plotting the aptamer con-
centration used at each incubation point versus the mass (ng) of protein 
bound aptamer calculated by qPCR. The Graph Pad Prism 5 software 
(Graph-Pad Software, San Diego, CA, USA) was used and the dissocia-
tion constant (Kd) was calculated using the One-Site Specific Binding 
with Hill slope nonlinear regression equation. 

2.7. Binding assays for affinity and specificity evaluation 

The same concentration (25 nM) of the aptamer and the oligonu-
cleotide library was incubated separately with 0.67 µg of the 3ABC 
protein. The library used was the same that started the SELEX process. 
After incubation, the fraction of protein-bound oligonucleotides in each 
case was separated by filtration (as previously described for Kd deter-
mination) and quantified by real-time PCR using SYBR Green. 

A specificity assay was also performed by incubating the aptamer (25 
nM) separately with 0.67 µg of 3ABC and BSA (bovine serum albumin) 
proteins. The oligonucleotide fraction that bound to each of the proteins 
was separated and quantified as described before. 

3. Results and discussion 

The aptamer selection was performed by CE-SELEX. After protein 
incubation with the oligonucleotide library, capillary electrophoresis 
(CE) was used in the separation step. A representative CE electrophe-
rogram is shown in the Fig. 1. The separation conditions were stan-
dardized so that the peaks corresponding to the oligonucleotides that did 
not bind to the target and the 3ABC-aptamers complexes were eluted at 
different elution times. The collection window of 3ABC-aptamer com-
plexes was 7.2 to 8.5 min. Five runs were performed to accumulate 
enough oligonucleotides for the next PCR amplification step. These runs 
were superimposed in Fig. 1. 

After five selection cycles (including incubation, separation and 
amplification steps) the obtained ssDNA pools were cloned and 
sequenced. The most prevalent sequences were chosen for further 
characterization. Among these, the FMDV1 (Fig. 2A) presented the best 
results in terms of affinity and specificity. Fig. 2B illustrates the most 
likely secondary structure of FMDV1 aptamer predicted by Mfold 
software. 

Fig. 3. Evaluation of the increase in affinity to the 3ABC protein obtained with 
the aptamer selection process. The 3ABC protein (0.67 µg) was incubated 
separately with 25 nM of the FMDV1 aptamer and 25 nM of the oligonucleotide 
library used as start material for selection. Protein-bound DNA was quantified 
by qPCR. Statistical analyzes were performed using the GraphPad Prism 5 
software (**p < 0.01). 

Fig. 4. Dissociation constant (Kd) determination of FMDV1 aptamer. The 
saturation curve was obtained by plotting the aptamer concentration (nM) 
versus the total ssDNA (ng) bound to 3ABC protein. Protein-bound aptamer was 
quantified by qPCR. The Kd was calculated by non-linear regression analysis 
(One-Site Specific Binding with Hill slope software GraphPad Prism 5), result-
ing in Kd = 22.69 ± 1.79 nM. 

Fig. 5. Specificity assay. Binding of FMDV1 aptamer to 3ABC and BSA proteins 
was performed by qPCR. The graph shows the ssDNA amount (ng) recovered 
after incubation of 25 nM of FMDV1 aptamer with 0.67 µg of each protein. 
Statistical analyzes were performed using the GraphPad Prism 5 software (**p 
< 0.01). 
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To evaluate the increase in the affinity to the protein target obtained 
with the aptamer selection process, the 3ABC protein was incubated 
with the FMDV1 aptamer and the oligonucleotide library used as start 
material for selection. The DNA amount bound to the protein was 
negligible for the oligonucleotide library while it was considerably high 
for FMDV1 aptamer (Fig. 3), demonstrating the increment in affinity and 
the CE-SELEX efficiency. The aptamer quantification in this and next 
experiments was performed by qPCR (Peyrin, 2009; Yang and Bowser, 
2013; Niazi et al., 2008; Hulme and Trevethick, 2010). 

The aptamer affinity to the target is indicated by the dissociation 
constant in the equilibrium (Kd) which was determined by saturation 
assays. The binding to the target of an increasing series of FMDV1 
aptamer concentrations was measured at equilibrium and the dissocia-
tion constant was obtained from a saturation-binding curve (Fig. 4). The 
FMDV1 aptamer showed high binding affinity to the 3ABC protein with 
Kd value in the nanomolar range: 22.69 ± 1.79 nM. 

The FMDV1 aptamer specificity was also assessed by comparing the 
aptamer binding to the 3ABC and BSA (control) proteins. The FMDV1 
aptamer binding to 3ABC was significantly higher when compared with 
the BSA (Fig. 5), demonstrating its high specificity. 

Aptamers has been obtained for components of FMDV. Two RNA 
aptamers were selected to RNA-dependent RNA polymerase (3Dpol) that 
were able to inhibit the enzyme activity in vitro (Ellingham et al., 2006; 
Forrest et al., 2004). These aptamers were useful in the study of virus 
replication with possible applications in diagnostics and therapeutics. 
Aptamers were also selected for a highly conserved peptide from the VP1 
structural polypeptide and applied in the development of a competitive 
fluorescence resonance energy transfer (FRET)-based DNA aptamer test 
for FMD diagnosis (Bruno et al., 2008). The current work is the first to 
select an aptamer for 3ABC protein. The recombinant protein used as 
target for aptamer selection was obtained under mildly denaturing 
conditions and submitted to a refolding procedure (Clavijo et al., 2006). 
This way, FMDV1 aptamer is relevant in view of its application for FMD 
diagnosis by aptamer-based techniques, considering that it was selected 
for the native protein conformation. Although our aim was to obtain 
aptamers for diagnostic purposes, the FMDV1 potential to interfere with 
viral replication must also be investigated. 

Aptamer-based biosensors, also called aptasensors use aptamers as 
bioreceptors. Aptasensors can overcome the lacking functional and 
storage stability of biosensors based on antibodies, since aptamers are 
chemically stable, cost effective, resistant to pH and temperature 
changes, and offer remarkable flexibility in the design of their struc-
tures. Aptasensors for hepatite C, H5N1 avian influenza and H1N1 vi-
ruses, among others, have been developed (Ozer et al., 2020). 
Aptasensors based in the FMDV1 aptamer would be very useful for FMD 
diagnosis and control due to the possibility of a rapid diagnosis in the 
point of care by using animal fluids samples. This evaluation will be the 
next stage of this study. 

4. Conclusion 

In the present work was obtained an aptamer with high affinity and 
specificity for the 3ABC protein of the foot-and-mouth disease virus, 
which presents potential for application in the FMD diagnosis by 3ABC 
detection. 
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