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A B S T R A C T   

Cholera and milder diarrheal disease are caused by Vibrio cholerae and enterotoxigenic Escherichia coli and are 
still a prominent public health concern. Evaluation of suspicious isolates is essential for the rapid containment of 
acute diarrhea outbreaks or prevention of epidemic cholera. Existing detection techniques require expensive 
equipment, trained personnel and are time-consuming. Antibody-based methods are also available, but cost and 
stability issues can limit their applications for point-of-care testing. This study focused on the selection of single 
stranded DNA aptamers as simpler, more stable and more cost-effective alternatives to antibodies for the co- 
detection of AB5 toxins secreted by enterobacteria causing acute diarrheal infections. Cholera toxin and 
Escherichia coli heat-labile enterotoxin, the key toxigenicity biomarkers of these bacteria, were immobilized on 
magnetic beads and were used in a SELEX-based selection strategy. This led to the enrichment of sequences with 
a high % GC content and a dominant G-rich motif as revealed by Next Generation Sequencing. Enriched se
quences were confirmed to fold into G-quadruplex structures and the binding of one of the most abundant 
candidates to the two enterotoxins was confirmed. Ongoing work is focused on the development of monitoring 
tools for potential environmental surveillance of epidemic cholera and milder diarrheal disease.   

1. Introduction 

Diarrheal disease is a leading cause of morbidity and mortality in 
developing countries and especially among young children [1]. It is 
transmitted through the consumption of contaminated food and water 
[2] and it affect millions of people globally [3]. The enteric bacteria 
species responsible for this disease include Salmonella spp., Campylo
bacter spp., enterotoxigenic and enteropathogenic Escherichia coli, 
Shigella spp. and Vibrio cholerae [4]. Two of the most common bacterial 
species causing diarrhea particularly in low- and middle-income coun
tries are Vibrio cholerae and enterotoxigenic Escherichia coli (ETEC) [5, 
6]. 

V. cholerae thrives in saline waters as well as in warm, organic 
nutrient-rich freshwaters [7] and causes cholera, an acute diarrheal 
disease [8]. There are up to 4 million cases of cholera every year, with 

143,000 deaths [9] and the disease is endemic in 69 countries, mainly 
affecting Africa and Asia [10]. Enterotoxigenic E. coli (ETEC) is typically 
found in drinking and environmental water in endemic areas in Asia, 
Africa and Latin America [11]. It is the main bacterial cause of travelers’ 
diarrhea acquired by international travelers in low-income countries 
and of diarrhea in young children, with an estimated 840 million cases 
and more than 3.8 million deaths every year [12]. Both bacteria are 
transmitted through the fecal-oral route and once inside the host, they 
colonize the epithelium of the small intestine and secrete enterotoxins: 
V. cholerae produces the cholera toxin (CT) while ETEC produces the 
heat-labile (LT) and the heat-stable (ST) enterotoxins. ETEC strains can 
produce distinct variants of the toxins but the main one produced in 
humans is LT-I (referred to as LT-ETEC from here on), which is homol
ogous to CT (82% sequence identity) [5]. Both CT and LT-ETEC belong 
to the AB5 bacterial toxin family which also includes toxins produced by 
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Bordetella pertussis (pertussis toxin), Shigella dysenteriae (Shiga toxin) and 
Shiga-toxin producing E. coli (STEC) [13]. Toxins of this family are 
multimeric proteins composed of an A subunit heterodimer and a 
ring-shaped B subunit pentamer, forming an AB5 complex of around 85 
kDa [14]. The B subunits bind specific receptors on the host cells and 
enable the internalization of the catalytic A subunits which cause 
cellular toxicity by the efflux of ions and water from the host cells [13]. 
This can lead to severe dehydration and sometimes death within hours if 
proper treatment is not administered immediately. Illness caused by 
LT-ETEC though is less severe compared to CT [5]. 

Not all V. cholerae and ETEC strains produce enterotoxins, therefore 
it is important to determine the toxigenicity of isolates when assessing 
public health significance. Epidemic cholera is exclusively associated 
with toxigenic strains of the O1 and O139 serogroup [15] and testing 
isolates for CT production is essential in the early stages of an outbreak 
or when the incidence of cholera is low in endemic settings [16]. Besides 
diarrheal stool isolates, the US Centers for Disease Control and Pre
vention recommends that all food or environmental V. cholerae O1 iso
lates should also be tested for cholera toxin production after 
identification has been confirmed [9]. The clinical manifestations of 
ETEC are not as severe as those observed for cholera and as a result, 
LT-ETEC is not routinely detected in clinical microbiological labora
tories in developed countries [6]. However, repeated infections by ETEC 
can promote enteropathies, malnutrition, reduce immune function and 
increase the use of antibiotics resulting in the spread of antimicrobial 
resistant bacteria [17]. Vaccines are currently under development in an 
effort to contain the consequences of ETEC infections. It is thus evident 
that detection of diarrhea-causing enterotoxins of the CT family (CT and 
LT-ETEC) is highly relevant for diagnostic purposes and patient man
agement, as well as for prevention and control. 

Cholera diagnostics are mainly based on microbiological and mo
lecular methods [16], with the gold standard being conventional cul
ture. However, the process is lengthy, requires laboratory infrastructure 
and skilled personnel and does not allow the detection of CT. Several 
methods do however exist for the detection of bacterial toxins [18]. 
Detection of CT and LT-ETEC enterotoxins is achieved by culturing 
suspicious isolates in growth media specifically formulated to induce in 
vitro toxin secretion [9,19]. More sensitive, rapid and specific identifi
cation of toxigenic strains of both V. cholerae and ETEC became possible 
with the implementation of molecular diagnostics targeting the major 
virulence factors of these bacteria, either employing thermal cycling 
[20–22] or isothermal [23–25] amplification. However, these ap
proaches are generally laboratory-based requiring infrastructure and 
trained personnel. Similarly, antibody or nucleic acid-based bio
analytical assays offer sensitivity and specificity but are not suited to 
field testing [16,26–29]. Rapid diagnostic tests (RDTs) relying on 
enterotoxin-specific antibodies are promising tools for accurate and 
timely diagnosis and they can be easily performed at the point-of-care 
(POC) by non-specialized personnel [30,31]. In the case of cholera, 
the use of RDTs in low-resource settings is recommended by WHO’s 
Global Task Force on Cholera Control [32] but they exhibit moderate 
sensitivity and specificity [33]. Moreover, high production costs, 
batch-to-batch variability observed with polyclonal antibodies, irre
versible thermal denaturation and limited shelf life should also be 
considered when developing antibody-based assays for enterotoxin 
detection. 

Aptamers offer an interesting cost-effective alternative to antibodies 
for the development of detection platforms, especially for POC appli
cations. These synthetic DNA molecules can be selected against essen
tially any type of target via an iterative selection process termed SELEX 
[34,35]. Several properties of aptamers, such as high affinity and 
specificity, reproducible chemical synthesis, easy and low-cost modifi
cation, high stability and reversible denaturation have encouraged their 
use as biorecognition elements in diagnostics [36,37]. Their compati
bility with POC diagnostics makes them particularly attractive for field 
deployment and on-site detection of pathogens [38,39]. 

Even though aptamers against a variety of bacterial toxins have been 
reported [40], there are only two reports detailing the selection of 
aptamers binding to enterotoxins of the AB5 family, and both were 
against CT. The first report described a selection against the CT hol
otoxin and the enriched ssDNA pool after 5 rounds was shown to detect 
less than 40 ng of toxin by direct binding assays [41]. The second one 
targeted only the B subunit of CT and several high binding affinity 
aptamers were identified [42]. In this work we sought to develop 
aptamers against CT and LT-ETEC as potential biorecognition elements 
for the detection of diarrhea-causing enterobacteria V. cholerae and 
ETEC. The selection was performed using the two enterotoxins immo
bilized on magnetic beads in sequential incubation steps with the ssDNA 
library. Enriched oligonucleotide pools bound on each of the 
enterotoxin-magnetic beads from the last selection round were analyzed 
by Ion Torrent Next Generation Sequencing. Bioinformatic analysis 
revealed the presence of a highly enriched G-rich sequence motif in the 
majority of the sequences and led to the identification of a promising 
aptamer candidate confirmed to fold into a G-quadruplex for potential 
use in the diagnosis of V. cholerae and ETEC infections. 

2. Materials and methods 

2.1. Materials 

Cholera toxin (CT) from Vibrio cholerae (ref. C8052), the polyclonal 
goat anti-cholera toxin B-subunit IgG antibody (ref. 227040), the poly
clonal rabbit anti-goat IgG (whole molecule)-HRP conjugated IgG anti
body (ref. A5420), N-hydroxysuccinimide (NHS), 4- 
morpholinoethanesulfonic acid (MES), skim milk powder, casein hy
drolysate and yeast extract were purchased from Merck (Spain). En
terotoxigenic Escherichia coli double mutant heat-labile toxoid (dmLT) 
recombinant protein (LT-ETEC) was kindly provided by BEI Resources 
(ref. NR-51683). Dynabeads M-270 Amine magnetic beads, Dynabeads 
M-270 Epoxy magnetic beads, 1-ethyl-3-(3-dimethylaminopropyl) car
bodiimide hydrochloride (EDC), sulfo–NHS–acetate, phosphate buffered 
saline (PBS; 10 mM phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4), 
Tween-20, DreamTaq DNA polymerase, lambda exonuclease, T4 DNA 
ligase and GeneRuler Low Range DNA ladder were supplied by Fisher 
Scientific (Spain). The TMB Super Sensitive One Component HRP 
Microwell Substrate solution was from Surmodics (USA). The Zymo 
Research Oligo Clean & Concentrator kit and DNA Clean & Concentrator 
kits were supplied by Ecogen (Spain). The oligonucleotides were pur
chased from Biomers.net (Germany). All other reagents were from 
Fisher Scientific (Spain), Merck (Spain) and Scharlau (Spain). Milli-Q 
water was used for all experiments. 

2.2. Preparation of enterotoxin-magnetic beads for SELEX 

The immobilization of CT and LT-ETEC on amine-functionalized 
magnetic beads was achieved via EDC/NHS carbodiimide chemistry. 
In brief, 100 μL of Dynabeads M-270 Amine (30 mg/mL) were trans
ferred to a 1.5 mL microtube and washed with 1 mL of 0.1 M MES pH 5 
using magnetic separation. The beads were resuspended with 60 μL of 1 
mg/mL CT or LT-ETEC in 0.1 M MES pH 5 or only MES for the control 
beads. Subsequently, 6 μL of a mixture containing 10 mg/mL EDC and 
15 mg/mL NHS in 0.1 M MES pH 5 were added to each bead suspension, 
followed by incubation for 2 h at 22 ◦C under gentle tilt rotation. The 
supernatants were discarded, and the beads were resuspended with 100 
μL of 1 mM sulfo–NHS–acetate in PBS to block any remaining unreacted 
amine groups. Following 1 h at 22 ◦C with slow tilt rotation, the beads 
were washed three times with 500 μL of PBS containing 0.05% (v/v) 
Tween-20 (PBST) and finally resuspended with 100 μL of PBS. The bead 
suspensions were stored at 4 ◦C until use. To verify the immobilization of 
the enterotoxins on the surface of the magnetic beads, a bead-based 
ELISA assay was performed. To this end, 2 μL of each bead suspension 
(CT-beads, LT-ETEC-beads, and control-beads) were transferred to a 1.5 
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mL microtube individually and 100 μL of 5% (w/v) skim dry milk in 
PBST were added for blocking (30 min at 22 ◦C under rotation). The 
beads were washed three times with 100 μL of PBST and then resus
pended with 100 μL of goat anti-cholera toxin B-subunit IgG antibody 
(1/5000 dilution in 1% (w/v) milk in PBST) followed by a 30 min- 
incubation at 22 ◦C under rotation. The beads were then washed three 
times with 100 μL of PBST and then resuspended with 100 μL of poly
clonal rabbit anti-goat IgG-HRP conjugated IgG antibody (1/20000 
dilution in 1% (w/v) milk in PBST). They were incubated for 30 min at 
22 ◦C under rotation, followed by washing with PBST (3 × 100 μL) and 
resuspending with 50 μL of TMB ELISA substrate. The color change from 
colorless (negative) to blue (positive) was monitored and the enzymatic 
reaction was stopped by adding 50 μL of 1 M H2SO4. The solutions were 
magnetically separated from the beads and transferred to the wells of a 
96-well plate for measuring the absorbance at 450 nm using a micro
plate reader. 

2.3. Aptamer selection process 

The selection was performed for 20 rounds (Table 1) using PBS with 
1.5 mM MgCl2 as the selection buffer and magnetic beads with immo
bilized enterotoxins. The initial ssDNA library pool had a random region 
of 40 nt flanked by primer annealing sites of 18 nt each (5′-AAG
CATCCGCTGGTTGAC-N40-ATGCCATTTGGGCTGCTC-3′, 76 nt). Before 
each selection round, the ssDNA (sub)pool was diluted in selection 
buffer and heated for 2 min at 95 ◦C followed by slow cooling to 22 ◦C. 
For the 1st round, 100 μL of 3 μM of the re-folded ssDNA library in se
lection buffer was incubated with 5 μL of CT-beads for 1 h. The beads 
were washed three times with 100 μL of binding buffer and resuspended 
in 20 μL of the same buffer. Negative selection with control-beads was 
performed in round 2, by first incubating the ssDNA prepared from 
round 1 with 2 μL of control-beads for 30 min. The unbound ssDNA pool 
was transferred to a tube with 2 μL of CT-beads followed by incubation 
for 30 min. Control-beads and CT-beads were washed (3 × 100 μL of 
binding buffer) and resuspended with 20 μL of binding buffer. Selection 
with the LT-ETEC was incorporated in round 10. In this case, the ssDNA 
pool was first incubated with the control-beads, the unbound fraction 
was incubated with LT-ETEC-beads, followed by incubation of the un
bound fraction with the CT-beads. Two microliters of each bead sus
pension were used and all incubation steps were performed at 22 ◦C 
under tilt rotation. To prepare ssDNA for each selection round, ssDNA 
bound on the CT-beads was first amplified by PCR using 3 μL of bead 
suspension per 100 μL of PCR master mix containing 200 nM of each 
unmodified forward primer and 5′-phosphate-modified reverse primer. 
The PCR steps consisted of 2 min at 95 ◦C, followed by 5–20 cycles of 15 
s at 95 ◦C, 15 s at 58 ◦C and 15 s at 72 ◦C. The PCR reactions served as the 
templates for asymmetric PCR, which was performed for 11–12 cycles 
using a master mix containing only forward primer (400 nM) and 1/10 
volume of PCR reaction. Lambda exonuclease (15 U) was then added to 
the asymmetric PCR reaction to digest the double stranded DNA for 2 h 
at 37 ◦C, followed by enzyme deactivation at 80 ◦C for 10 min. Single 
stranded DNA was finally purified using the Oligo Clean & Concentrator 
kit. Pilot PCR was performed at the end of each selection round to 
determine the number of PCR cycles required for optimum amplification 
of CT-bound ssDNA. All steps were analyzed by agarose gel 
electrophoresis. 

2.4. Evolution study 

To study the progress of the selection, ssDNA was initially prepared 
from several rounds (1, 2, 4, 6, 10, 12, 17) by PCR amplification of 
ssDNA bound to CT-beads from each of these rounds, followed by 
asymmetric PCR and lambda exonuclease digestion, as detailed earlier. 
Following purification and re-folding, 50 μL of 100 nM ssDNA from each 
round were incubated with 1 μL of CT-beads for 30 min at 22 ◦C under 
tilt rotation. Following incubation, the beads were washed three times 
with 100 μL of selection buffer and resuspended with 10 μL of the same 
buffer. Bead-bound ssDNA was detected after 10 cycles of PCR using the 
same conditions described above, followed by visualization of the 
amplicons using agarose gel electrophoresis. The intensities of the bands 
corresponding to the PCR amplicons were estimated using the ImageJ 
software and the gel analysis option. 

2.5. Next Generation Sequencing (NGS) 

The ssDNA pools bound on the CT-beads and the LT-ETEC-beads 
from the final selection round (round 20) as well as the CT-bound 
ssDNA pool from round 6 were chosen for analysis with Ion Torrent 
Next Generation Sequencing. For NGS sample preparation, modified 
primers containing the library primer annealing sites and adapter se
quences required for NGS were used to amplify bead-bound ssDNA from 
the selected rounds. The generated dsDNA was purified using the DNA 
Clean & Concentrator kit and quantified with the SimpliNANO spec
trophotometer. The raw data obtained from NGS for each selection 
round (in fastq format) were uploaded to the Galaxy webserver (htt 
ps://usegalaxy.org/) and analyzed as described previously [43]. The 
data format was converted to fasta, the length of the sequences was 
constrained to library-length (73–90 bp) and unique overrepresented 
sequences were identified using the “collapse” tool. To find potentially 
enterotoxin-binding sequences, the collapsed pools from both CT and 
LT-ETEC pools were manually compared. The raw data was also 
analyzed with AptaSuite [44]. Clustal Omega (https://www.ebi.ac.uk/ 
Tools/msa/clustalo/) was used for multiple sequence alignment and 
identification of sequence families, whereas a sequence motif search was 
carried out with the MEME tool (https://meme-suite.org/meme/t 
ools/meme). The QGRS Mapper (https://bioinformatics.ramapo.edu/ 
QGRS/index.php) was used to calculate the probabilities of G-quad
ruplex formation within the selected aptamer sequences. 

2.6. Structural characterization of the aptamer candidates with Circular 
Dichroism and UV thermal melting studies 

Aptamer candidates among the top 100 most abundant sequences 
were chosen for analysis. Specifically, aptamers were dissolved in se
lection buffer at 1 μM, heated at 95 ◦C for 5 min and left to slowly cool to 
room temperature prior to analysis. The Circular Dichroism (CD) spectra 
were acquired on a Chirascan CD spectrometer (Applied Photophysics, 
UK) using a 1 cm path length quartz microcuvette in the range of 
220–340 nm (1 nm step, adaptive sampling mode). Three spectra were 
acquired per sample after auto-subtraction of the blank (selection 
buffer), and the Pro-Data Chirascan software was used for smoothing 
and averaging the spectra. For UV thermal melting studies, a VARIAN 
Cary 100 Bio spectrophotometer (Varian Iberica, Spain) equipped with a 
temperature control accessory was used. The absorbance of the aptamer 
solutions was recorded at 260 nm over the range of 20–90 ◦C with 
heating/cooling rates of 2 ◦C/min using a 1 cm path length quartz 
microcuvette. The melting temperature (Tm) for each aptamer was 
determined from the peak maximum of the first derivative of the 
absorbance spectra (dA/dT) calculated with GraphPad Prism software. 
An unrelated aptamer (5′-AGCTCCAGAA GATAAATTAC AGGGAACGTG 
TTGGTTGCGG TTCTTCCGAT CTGCTGTGTT CTCTATCTGT GCCATG
CAAC TAGGATACTA TGACCCCGG-3′) was used as a control. 

Table 1 
Selection strategy for the identification of CT-binding ssDNA aptamers.  

Round Magnetic beads Duration 

1 CTX-beads 1 h 
2–9 Control-beads → CTX-beads 30 min 
10–20 Control-beads → LT-ETEC-beads → CTX-beads 30 min  
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2.7. Characterization of aptamer candidate binding affinity 

The Apta-PCR Affinity Assay (APAA) was used to evaluate the 
binding affinity of one of the most abundant sequence found in the 
enriched pools of both enterotoxins (sequence Seq.2) as described pre
viously [45]. Initially, CT and LT-ETEC were immobilized on 
epoxy-activated magnetic beads as follows: 100 μL of Dynabeads M-270 
Epoxy magnetic beads (suspension of 30 mg/mL) were washed with 3 ×
100 μL of 0.1 M sodium phosphate pH 7 and then resuspended with 60 
μL of 1 mg/mL CT or LT-ETEC in PBS (or only PBS for control-beads) and 
60 μL of 3 M ammonium sulphate. The mixtures were incubated over
night at 22 ◦C under rotation, followed by washing with 500 μL of 0.1 M 
sodium phosphate pH 7. The beads were blocked with 1 M Tris pH 8.8 
for 2 h at 22 ◦C under rotation, followed by washing (3 × 200 μL of 
PBST) and resuspension with 100 μL of PBS. The immobilization of the 
enterotoxins on the beads was confirmed by bead-ELISA as described 
earlier. Two microliters of each bead type (CT-beads or LT-ETEC-beads) 
were then incubated with 50 μL of 10 μM–16 nM (serial 1/5 dilutions) of 
the aptamer candidate in selection buffer for 30 min at 22 ◦C under 
rotation. After washing three times with 100 μL of PBST, the beads were 
resuspended with 20 μL of selection buffer and bound ssDNA was 
detected after PCR amplification (13 cycles) and agarose gel electro
phoresis as discussed earlier. The intensities of the bands for each 
aptamer concentration were estimated with the ImageJ software (gel 
analysis option) and were plotted with GraphPad Prism. The data was 
fitted to the model “Specific binding with Hill Slope” for the calculation 
of the affinity dissociation constants. Triplicate measurements were 
performed. 

3. Results and discussion 

3.1. Selection 

To identify aptamers binding to the AB5 enterotoxins of the CT family 
(CT and LT-ETEC), the proteins were tethered to magnetic beads thus 
facilitating the separation of target-bound from unbound sequences 
during the selection process and immobilization on the beads was 
verified with a bead-ELISA (SI, Fig. S1). Control magnetic beads, whose 
amine groups were blocked with sulfo–NHS–acetate, were used for the 
negative selection to eliminate sequences interacting non-specifically 
with the surface of the beads. The ssDNA library used for the selection 
contained a random region of 40 nt flanked by the primer annealing sites 
of 18 nt each. The library, as well as all the sub-pools prepared before 
each selection round, were diluted in selection buffer (PBS with 1.5 mM 
MgCl2) and annealed (heated at 95 ◦C followed by slow cooling to room 
temperature) to allow for all the sequences to fold properly. 

For the first round, the starting ssDNA library was incubated with the 
CT-beads for 1 h as a pre-enrichment step, considering the low abun
dance of each sequence within the random unselected library. For all 
following rounds, the incubation of the ssDNA pools with the beads was 
performed for 30 min. Single stranded DNA bound to the CT-beads was 
then amplified and a sub-pool was prepared for the next round. Negative 
SELEX was incorporated in round 2, by incubating first the ssDNA sub- 
pool prepared from the first round with the control-beads. The unbound 
fraction was then transferred to a tube with CT-beads and a positive 
selection round was performed. This strategy was followed until round 
9, after which the LT-ETEC-beads were incorporated in a step resem
bling counter SELEX. As commented earlier, CT and LT-ETEC share very 
high structural and sequence similarity (SI, Fig. S2 and Fig. S3). Whilst 
we have previously shown that distinct aptamers binding to structurally 
similar targets can be identified from one single selection when using 
counter-SELEX-like steps for each different target in combination with 
NGS [43], it is still likely that selected aptamers can be cross-reacting 
with both toxins. In this work, two consecutive incubations steps of 
the ssDNA sub-pools with the two enterotoxins were performed aiming 
at the enrichment of sequences binding only one or both toxins. 

Different sequences would allow the differentiation of infections caused 
by V. cholerae and ETEC, while a common sequence could be used for the 
simultaneous detection of diarrhea-causing enteropathogenic bacteria 
typically found in water bodies in low- and middle-income countries. 
During selection round 10, the ssDNA sub-pool was first incubated with 
the control-beads (negative SELEX), the unbound fraction was then 
incubated with the LT-ETEC-beads (target 2) and finally with the 
CT-beads (target 1). The same process was followed until round 20 at 
which point the selection was concluded. Pilot PCR, i.e. the amplifica
tion of a sample using different number of cycles, was performed at the 
end of each selection round to evaluate the progress and also to deter
mine the number of cycles required for optimal amplification of 
target-bound ssDNA and preparation of the sub-pool for following 
rounds. 

The evolution of the selection was monitored using pilot PCR and 
Apta-PCR Affinity Assay (APAA). As shown in Fig. 1A, the amount of 
ssDNA bound on the CT-beads increased until round 10, after which no 
further enrichment was observed. Because of the variation of the 
amount of ssDNA used in each selection round, a second assay was 
designed to further investigate the progress of the selection with regards 
to sequences binding to CT which was the final incubation step in each 
round. For the APAA, ssDNA bound on CT-beads from several selection 
rounds was prepared and equal concentrations were incubated in par
allel with CT-beads. Bound ssDNA was then detected by PCR and the 
amplicons visualized using agarose gel electrophoresis. The intensity of 
the bands corresponding to the PCR amplicons for each round was 
estimated with the ImageJ software as a measure of the amount of bead- 
bound ssDNA. As the selection progressed, the oligonucleotide sub-pools 
were enriched in CT-binding sequences up to round 10 and no signifi
cant difference was observed after that (Fig. 1B). 

3.2. NGS data analysis and identification of aptamer candidates 

Oligonucleotides pools from the last selection round bound on both 
types of enterotoxin beads (R20-CT and R20-LT-ETEC), as well as CT- 
beads from an early stage of the selection (round 6) were sequenced 
with NGS to identify CT and LT-ETEC aptamer candidates. The analysis 
performed using the Galaxy webserver involved filtering of the se
quences with length similar to the starting library and identification of 
unique sequences by data collapsing. PCR and sequencing artifacts were 
minimal since more than 97% of each dataset contained sequences of the 
correct size. As can be seen in Table 2, there was enrichment in 
enterotoxin-binding sequences since the fraction of unique sequences 
decreased from 98.9% in round 6 (CT-beads) to 34.2% (CT-beads) and 
34.9% (LT-ETEC-beads) in the final round. The raw data were also 
analyzed with AptaSuite, a dedicated software for the analysis of NGS 
data from SELEX experiments for the identification of aptamer candi
dates [35]. The overall enrichment in the pools sequenced was evident 
by the decrease of the unique fraction and increase of the enriched 
species (SI, Fig. S4). 

Looking at the general statistics in Table 2, it can also be observed 
that the enrichment in enterotoxin-binding sequences was accompanied 
by an overall increase in the % GC content of the selected oligonucleo
tide sub-pools. Indeed, the starting random library used for SELEX had a 
52% GC content (50% in the 40 nt long random region), confirming the 
absence of any bias in library construction. The highly diverse pool from 
round 6 contained 49% GC, whereas the enriched pools from the final 
selection round (> 65% enrichment) contained 58% GC. Analysis of the 
NGS data with AptaSuite revealed that this increase in overall GC con
tent stemmed specifically from the increase in guanine residues (G) 
within the first 20 bases of the random region of the library (SI, Fig. S5). 
Evidently, there was a tendency of G-rich sequences binding to CT and 
LT-ETEC enterotoxins. 

On the individual sequence level, the top 100 most abundant unique 
sequences from each round, constituting 3.2–54.8% of the total library- 
length sequences, were further analyzed (Fig. 2). Sequences with fewer 
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than 7 copies were not included in the analysis. The insignificant 
enrichment of the pool from the initial stage of the selection (R6-CT) was 
evident by the multitude of low-frequency unique sequences 
(0.7–1.3%). On the other hand, higher frequencies were observed at the 
end of the selection (0.2–7.3% in R20-CT and 0.3–8.5% in R20-LT- 
ETEC). Clustal Omega was used for the alignment of these sequences 
in search of sequence families, but none were found. On the other hand, 
when a sequence motif search was conducted with the MEME tool, a 
dominant G-rich motif was identified in all of the top 100 sequences 
from the last selection round (Fig. 2). This is consistent with the high % 
G within the random region of the sequences from the enriched pools as 
discussed earlier. It was thus hypothesized that this is a CT/LT-ETEC 
enterotoxin-binding sequence motif since it was found in both pools. 
Because of the prevalence of this G-rich motif, the possibility of G- 
quadruplex formation was explored using the QGRS Mapper. This tool 
was used to calculate the G-scores which represent the likelihood to 
form stable G-quadruplexes. After analyzing the top 10 most abundant 

sequences from each enriched pool, high G-score values were calculated 
for all sequences, in the range of 20–42 (SI, Table S1). Overall, these 
results suggest that aptamers binding to AB5 enterotoxins of the CT 
family which includes CT and LT-ETEC tend to fold into G-quadruplexes. 
Interestingly, the only other selection reported in the literature for CT 
aptamers, which targeted only the B subunit, also reported some G-rich 
sequences and three of them were confirmed to form G-quadruplexes 
[46]. 

Alignment of the 10 sequences with the highest frequency from the 
two enterotoxin-binding pools further highlighted the similarities be
tween them (Fig. 3). In fact, there were several conserved sequences in 
both CT and LT-ETEC pools (boxed sequences). And all 20 sequences 
contained the dominant G-rich sequence motif. Overall, the NGS data 
suggest that the selection resulted in the enrichment of common 
enterotoxin binders, while no sequence specific to only one of the en
terotoxins was encountered. 

3.3. Evaluation of the structural conformation of aptamer candidates 

In silico analysis of enriched sequences suggested that they could 
potentially contain G-quadruplex sub-structures. To confirm this hy
pothesis experimentally, selected aptamer candidates were character
ized with Circular Dichroism (CD) and UV thermal melting studies. CD 
spectroscopy allows the differentiation of DNA molecules containing 
stem-loop structures from G-quadruplexes: peak maximum at 275 nm 
and minimum at 245 nm are characteristic of stem-loop structures, 
whereas parallel and anti-parallel G-quadruplexes show dominant peak 
maximums at around 265 nm and 295 nm, respectively [47]. In this 
work, selected aptamer sequences were analyzed, along with an 

Fig. 1. Evolution of the selection. (A) Pilot PCR performed during the selection for the amplification of bead-bound ssDNA (after 5, 8 or 10 PCR cycles) and analysis 
by agarose gel electrophoresis. (B) Enrichment of the ssDNA pools from each selection round in CT-binding sequences studied by APAA. After completion of the 
selection, equal concentration of ssDNA prepared from the CT-beads from each round was incubated with CT-beads, amplified by PCR (10 cycles) and analyzed by 
agarose gel electrophoresis. The intensities of the bands were estimated with the ImageJ software. 

Table 2 
Properties of the sequences encountered in the pools sequenced by Ion Torrent 
NGS.  

Selection 
round 

% 
GC 

Filtered Unique 
(%) 

% 
Enrichment 

Top 100 
(%) 

Top 10 
(%) 

R6-CT 49 4621 4571 
(98.9) 

1.1 150 
(3.2) 

20 (0.4) 

R20-CT 58 5642 1931 
(34.2) 

65.8 3089 
(54.8) 

1271 
(22.5) 

R20-LT- 
ETEC 

58 5080 1773 
(34.9) 

65.1 2774 
(54.6) 

1161 
(22.9)  

Fig. 2. Composition of the top 100 most abundant unique sequences in the pools sequenced. The sequence logos of the motifs found within these sequences using 
MEME suite and its prevalence among them is also shown. 
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unrelated aptamer previously shown to fold in stem-loop conformation 
[48]. As can be seen in Fig. 4, the control aptamer showed a CD spectrum 
consistent with stem-loops, with a CDmax at 278 nm. Similar spectral 
profile was observed for Seq.87 and partially for Seq.41. On the other 
hand, broad CDmax peaks were observed for Seq.1, Seq.2 and Seq.4 with 
a clear bathochromic shift to ≤272 nm, indicative of parallel G-quad
ruplex sub-structures forming within the aptamer sequences. Consid
ering that only parts and not the entire full-length aptamer sequences 
are expected to participate in the formation of the G-quadruplex struc
tures, a partial and not a complete shift of the CDmax to 265 nm is 
reasonable. UV thermal melting curves were also acquired to evaluate 
the stability of the aptamer candidates (SI, Fig. S6A). The melting 
temperatures (Tm) of Seq.1, Seq.2 and Seq.4 were calculated at > 54 ◦C, 
whereas for Seq.41 it was 52 ◦C and for Seq. 87 and the control aptamer 
≤ 39 ◦C (Table 3 and SI, Fig. S6B). These results suggest higher structural 
stability of the aptamers Seq.1, Seq.2 and Seq.4, consistent with 
G-quadruplex structures [49], compared to Seq.87 and the control 
aptamer which form stem-loops according to the CD studies. For Seq.41, 
the results from both CD and UV thermal melting studies are not 
conclusive, potentially suggesting the adoption of mixed conformations 

of the particular sequence. Overall, these studies confirm the formation 
of G-quadruplex sub-structures among the aptamer candidates, espe
cially in Seq.2, which was chosen as a promising aptamer candidate for 
the detection of both enterotoxins. 

3.4. Binding properties of the enterotoxin aptamer candidate 

To determine the binding affinity of the chosen aptamer candidate 
Seq.2, one of the most abundant G-quadruplex sequences from the last 
selection round, a magnetic bead assay was designed employing con
ditions similar to those used during the selection. CT and LT-ETEC were 
immobilized on magnetic beads but via their amine groups rather the 
carboxylic ones which were targeted for the preparation of the beads 
used for the selection to eliminate any possible non-specific interactions 
with the surface of the beads alone. A range of aptamer concentrations 
(16 nM–10 μM) were incubated in parallel with a constant amount of 
CT-beads or LT-ETEC-beads and bound aptamer was detected after PCR 
amplification and agarose gel electrophoresis. The affinity dissociation 
constants (KD) of the aptamer for the two enterotoxins were identical, 
358 nM for CT and 343 nM for LT-ETEC (Fig. 5). This result confirmed 
that the Seq.2 sequence is an aptamer binding to AB5 enterotoxins of the 
CT family, reinforcing the notion that G-quadruplexes tend to bind AB5 
enterotoxins. Therefore, it could be potentially used for the detection of 
diarrhea-causing toxins produced by both V. cholerae and enterotoxi
genic E. coli in environmental or clinical isolates. Stool analysis offers 
the possibility of direct enterotoxin detection [50,51], thus eliminating 
the time-consuming step of culturing suspicious samples to induce 

Fig. 3. Alignment of the 10 most abundant sequences from each enriched pool of the final selection round. The primer annealing sites are shaded in grey, identical 
sequences are boxed and the common G-rich motif is in bold. Sequence IDs were based on the abundance in the CT pool. 

Fig. 4. Circular Dichroism (CD) spectra of selected aptamer candidates. The 
positions for the CDmax (275 nm) and CDmin (245 nm) characteristic of aptamers 
with stem-loop structures are shown. 

Table 3 
Properties of selected aptamer candidates. The G-score was predicted with the 
QGRS Mapper, the CDmax from the CD spectra (Fig. 4) and the melting tem
perature (Tm) from the first derivative of the melting curves (Figs. S6, SI).  

Aptamer % G G-score CDmax (nm) Tm (◦C) 

Seq.1 39 21 272 54 
Seq.2 41 21 269 60 
Seq.4 41 41 269 54 
Seq.41 37 41 274 52 
Seq.87 38 20 278 39 
control 25 0 278 36  
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enterotoxin secretion. Considering the low concentrations of entero
toxins in stool, the aptamer could be immobilized on magnetic beads for 
both capture and pre-concentration of enterotoxins in stool samples 
after simple processing steps as reported previously [52]. Optical, 
fluorescent, or electrochemical platforms could be designed for entero
toxin detection, while final confirmation of the enterobacteria causing 
the infection could be provided by DNA amplification techniques. An 
antibody recognizing both enterotoxins has also been reported in the 
literature for the co-detection of the two toxins [53], while the Oxoid™ 
VET-RPLA Toxin Detection Kit from Thermo Scientific is an 
antibody-based kit commercially available also for the co-detection of 
the two enterotoxins. 

As commented earlier, there are only two reports in the literature on 
selections for aptamers against AB5 enterotoxins of the CT family. The 
first one targeted the whole CT complex which was immobilized on 
magnetic beads. Even though sequencing was not carried out to identify 
definite ssDNA sequences, direct binding of labeled CT to the enriched 
ssDNA pool from the final selection round immobilized on magnetic 
beads, which was considered as a “polyclonal” aptamer, allowed the 
detection of < 40 ng of CT [41]. The second selection was reported more 
than 15 years later and it targeted the B subunit of the toxin alone, which 
was also immobilized on magnetic beads [42]. Several aptamer candi
dates with high binding affinity were identified (KDs of 23–55 nM), with 
more than 50% of those containing a G-rich sequence motif, while 3 out 
of the 8 sequences were confirmed to form G-quadruplexes. One of the 
non-G-quadruplexes was used to develop a hybrid aptamer-antibody 
sandwich assay on magnetic beads, while several lateral flow assay 
designs exploiting sandwich formats of the same aptamer with the 
antibody or the GM1 receptor were demonstrated in their subsequent 
work [36]. In all three studies, the authors emphasized the problems 
encountered in their search for aptamer pairs to be used in a sandwich 
assay, while Bruno and Kiel [31] concluded that this could potentially 
suggest a lack of different aptamer binding sites in some protein toxins, 
especially when they are immobilized. Our work reinforces this hy
pothesis because of the unequivocal enrichment of a single G-rich 
sequence motif by the end of the selection. Overall, it appears that AB5 
enterotoxins of the CT family (including CT and LT-ETEC) or their B 
subunits alone (typically found as a B5 homopentamers), provide limited 
binding sites for aptamers on their surface, preventing the simultaneous 
binding of different aptamers. Moreover, there is a certain predisposi
tion of G-rich, potentially G-quadruplex-forming sequences to bind en
terotoxins of this family. This might be attributed to the 
oligonucleotide/oligosaccharide-binding fold (OB-fold) of the B sub
unit of both CT [54] and LT-ETEC, which has been demonstrated to be 
one of the structural properties and protein folds promoting binding of 
G-quadruplexes [55]. This could explain the convergence of the selec
tion to identical sequences against both enterotoxins presumably against 

a single dominant binding site considering the extremely high structural 
and sequence similarities between them. Moreover, the Seq.2 aptamer, 
whose binding to both CT and LT-ETEC was demonstrated, was 
confirmed to fold into a G-quadruplex. It should be noted that their high 
thermodynamic and chemical stability together with improved elec
trostatic interactions render G-quadruplexes advantageous to unstruc
tured sequences for the development of aptasensors [56]. 

4. Conclusions 

This work sought to generate ssDNA aptamers against AB5 entero
toxins of the cholera toxin family as specific biorecognition molecules 
for the detection of infections caused by both V. cholerae and entero
toxigenic E. coli. These could be used as tools for the development of 
tests compatible with low resource settings for preventing and control
ling diarrheal diseases caused by these two bacteria frequently 
encountered in low-to middle-income countries. Using the CT and LT- 
ETEC proteins immobilized on magnetic beads and a random ssDNA 
library of 76 nt, SELEX was performed for 20 rounds implemented by 
negative (control beads) to improve specificity. Enriched pools were 
sequenced by NGS and in-depth bioinformatic analysis revealed selec
tive enrichment in sequences with high % GC content. Furthermore, a 
dominant G-rich sequence motif was discovered in the sequences of the 
final selection round which were conserved in both the CT and LT-ETEC 
pools. CD spectroscopy and UV thermal melting curve analysis 
confirmed G-quadruplex folding in highly abundant sequences. Binding 
studies showed that one of the most abundant sequences encountered in 
both enriched pools folding into a G-quadruplex recognized equally the 
two enterotoxins (KD values of 343 and 358 nM), demonstrating its 
suitability for co-detection of the two toxins and indirectly of the 
enterobacteria producing them. A dominant binding site on the surface 
of the two proteins could be presumably responsible for the convergence 
of the selection to common G-rich binding sequences. The work shown 
herein is in accordance with the only other previous report on the se
lection of aptamers against enterotoxins of the cholera toxin family, in 
which G-rich and G-quadruplex folding sequences were selected pre
sumably against a common binding site, while sandwich formats with 
only non-aptamer biorecognition elements were possible for detection. 
Further work will focus on the comprehensive characterization of the 
selected aptamer and its application in bioanalytical assays for the 
environmental surveillance of epidemic cholera and milder diarrheal 
disease caused by enterotoxigenic E. coli. 
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