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Abstract Aptamers are synthetic DNA recognition elements
which form unique conformations that enable them to bind
specifically to their targets. In the present study, an attempt
was made to standardize a new modified combinatorial meth-
od comprising of Ni-NTA affinity Systematic Evolution of
Ligands by Exponential Enrichment (SELEX; based on affin-
ity between His tag protein and Ni-NTA), membrane SELEX
(based on immobilization of protein on nitrocellulose mem-
brane), and microtiter plate based SELEX (to monitor affinity
and to enrich the selected aptamers) for protein targets. For
experimental evaluation, staphylococcal interotoxin B was the
molecule chosen. The new combinatorial method enhanced
selection ability up to 51.20 % in comparison with individual
conventional procedures. Employing this method following
six rounds of selection, high-affinity aptamers with very dif-
ferent properties could be obtained with a dissociation con-
stant (Kd) value as low as 34.72±25.09 nM. The optimal
aptamers could be employed in fluorescence binding assay,
enzyme-linked oligonucleotide assays, and aptamer-based

Western blot assay for characterization and detection. These
results pave a potential path without using of any robotics for
high-throughput generation of aptamers with advantages in
terms of rapidity, simplicity, and ease in handling.

Keywords DNA aptamer . Combinatorial systematic
evolution of ligands by exponential enrichment . Asymmetric
polymerase chain reaction . Enterotoxin B . Enzyme-linked
oligonucleotide assay

Introduction

New-generation affinity molecules, namely, aptamers, have
became a very attractive class of targeting molecules in many
fields of application like medicine (as diagnostic, vaccine, and
therapeutic agents), pharmaceutics (for drug discovery and
validation), and environmental and food analytics (as biolog-
ical recognition elements) (Jayasena 1999; Rajendran and
Ellington 2002; Wilson and Szostak 1999; Cox et al. 2002a,
b; Keefe et al. 2010; Baines and Colas 2006; Becker and
Becker 2006; Kärkkäinen et al. 2011). Traditionally reported
affinity molecules, i.e., single-chain antibodies (scFv)
(Steinhauer et al. 2002), peptides displayed on protein domain
scaffolded surfaces (Li 2000), and peptides and peptoids (syn-
thetic peptides) (Humet et al. 2003), have drawbacks in terms
of stability in varying conditions (ionic strength, temperature,
and pH) and low affinity, making them ineffective for detect-
ing proteins under many conditions (Phizicky et al. 2003). In a
quest of finding ligand with less complexity and improved
functionality, small-length (20–80 mer) single-stranded
nucleic acids, i.e., aptamers, have been proposed. Aptamers
can be consistently synthesized through PCR, and it can fold
into unique three-dimensional structures in the presence of a
target with high affinity and specificity (Tuerk and Gold 1990;
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Ellington and Szostak 1990). Aptamers are generated by a
process that combines combinatorial chemistry with in vitro
evolution, known as Systematic Evolution of Ligands by
Exponential Enrichment (SELEX), following the incubation
of a protein with a library of DNA or RNA sequences, typi-
cally 1014 molecules in complexity. Finally, the protein–DNA
complexes are isolated, the DNA is amplified, and the process
is repeated until the sample is enriched with sequences that
display high affinity for the protein of interest (Ellington and
Szostak 1992).

SELEX appears to be technically a simple process, but
small alterations to protocol can have large impact on the
success of generating aptamers. The increasing number of
aptamer publications over the years describing their selection
and application shows the high interest in this research field.
One of the challenges in this area is the optimization of the
methodology to get new aptamers with outstanding binding
abilities for a certain target. Moreover, there is no standardized
SELEX protocol for universal application reported to date.
Perhaps this explains why, 13 years since its first citation in
the literature, only approximately 40 protein-detecting
aptamer sequences have been published and very few have
been well characterized and utilized (Stoltenburg et al. 2007).
The designing and the selection process of specific aptamer is
very complex and time consuming that limits its practical
applications (Cox et al. 2002a, b; Murphy et al. 2003).
Further, no proper method is available for checking the bind-
ing affinity and determination of the presence of specific
aptamer for target after every round of SELEX. All these
limitations necessitate evaluation and adaptation of novel
SELEX procedures to popularize the aptamer-based target
detection technology.

In this report, we describe an improved simplified combi-
natorial SELEX protocol for selection of DNA aptamer
against a protein target, i.e., enterotoxin B of Staphylococcus
aureus, a biowarfare agent [McBride et al. 2003; Homola et al.
2002]. The procedure allowed reliable synthesis and detection
of aptamer of high affinity and specificity. Such methodology
is a good alternative of current aptamer synthesis protocols
and can be implemented for synthesis of aptamers against
different targets.

Methods

Reagents and materials

The single-stranded DNA (ssDNA) library and the primers
were obtained from Xcelris Bioscience (Ahmadabad).
Unless otherwise mentioned, the following chemicals were
obtained from respective manufacturers: Luria–Bertani (LB)
broth, LB agar, Baird–Parker agar base, and egg yolk (EY)
tellurite enrichment from Himedia (India); trizma base,

potassium phosphate dibasic, glycine, sodium hydroxide, eth-
ylenediaminetetraacetic acid (EDTA), Dulbecco’s phosphate-
buffered saline with CaCl2 and MgCl2 (DPBS), bovine serum
albumin (BSA), albumin, skimmed milk powder, and all PCR
reagents from Sigma-Aldrich (India); PCR Purification Kit,
Plasmid Extraction Kit, and Gel Extraction Kit from Qiagen
(India); TMB/H2O2 from Bangalore Genie (India); TOPO TA
Cloning Kit and Streptavidin Conjugate from Invitrogen
(India); and 0.22 μm nitro cellulose membrane from
Millipore (India). All the solutions were prepared with ultra-
high-purity water (Milli-Q).

Bacterial cultures and growth conditions

For routine microbiological work, S. aureus strain
ATCC14458 and Escherichia coli strain BL21 (DE3) were
grown in Baird–Parker agar base with egg yolk (EY) tellurite
enrichment and LB medium and incubated at 28 and 37 °C,
respectively. Cultures were maintained on its respective agar
media and stored at 4 °C for short-term preservation, and for
long-term preservation, cultures were stored at −80 °C in 15%
glycerol.

Design of aptamer library and primer

A 76-bp oligonucleotide single-stranded DNA library was
constructed, consisting of a 40-nt randomized region flanked
by 17- and 19-nt-long primer binding regions at the end. The
naive library was resuspended in DNA storage buffer (10 mM
Tris–HCl, pH 7.4±0.2) to a concentration of 100 μM. The
primers for this study were designed by using gene runner
software version 3.05 (http://generunner.net/). The primers
were resuspended in DNA storage buffer to a concentration
of 10 μM. The library and the primers were stored at −20 °C
until further use. The gene sequences of the library and the
primers (normal, biotin-labeled, and FITC-labeled) are listed
in Table 1.

Amplification of single-stranded DNA library

In order to generate the ssDNA template, asymmetric poly-
merase chain reaction (PCR) (Berezovski et al. 2006) was
performed in a PCR reaction (40 μl) containing 4 μl of 10×
PCR buffer, 3.2 μl of 1.6 mMMgCl2, 2 μl of 2.0 mM dNTPs,
2 U μl−1 of 0.4 μl Taq DNA polymerase, 1 μl of the template
library, 27.4 μl of dH2O, and different ratios of forward to
reverse primer (1.1:0.9,1.2:0.8, 1.3:0.7, 1.4:0.6, 1.5:0.5,
1.6:0.4, 1.7:0.3, 1.8:0.2, 1.9:0.1, 2.0:0) to obtain desired am-
plification. PCR was performed (Biorad, India) with the fol-
lowing protocol: initial denaturation at 94 °C for 5 min,
followed by 30 cycles of denaturation at 94 °C for 45 s, an-
nealing at 56 °C for 45 s, extension at 72 °C for 30 s, and a
final extension at 72 °C for 5 min. Finally, PCR amplicons
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were separated by 2.5 % agarose gel electrophoresis, and PCR
product of desired size (76 bp) was eluted from the gel using
the Qiagen MiniElute Gel Extraction Kit following manufac-
turer’s protocol.

Cloning, expression, and purification of seb gene

seb encoding full mature peptide was amplified by PCR from
the genome of S. aureus strain ATCC14458. The gene along
with vector pET22b was digested with NcoI/XhoI restriction
enzymes and ligated in-frame with N terminal pelB signal
peptide and C terminal His6-tag of pET22b vector
(Novagen, Germany). E. coli BL21 (DE3) (Invitrogen,
Bangalore, India) transformed with recombinant plasmids
were selected on LB agar supplemented with 100 μg ml−1

ampicillin and further screened by PCR (Studier et al. 1990).
The recombinant clones were inoculated into LB broth and
grown until A600 reaches 0.6. Cells were then induced with
isopropylβ-D-1-thio galactopyranoside (IPTG) to a final con-
centration of 1 mM and pelleted after 5 h of induction.
Expression of recombinant proteins was examined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The localization of expressed recombinant proteins
in E. coli BL21 (DE3) was determined by sequential extrac-
tion of proteins from periplasmic space, cytosol, and inclusion
bodies (Gupta et al. 1999) and purified under native condition
by immobilized metal affinity chromatography using Ni-NTA
slurry (Qiagen, Germany) as per manufacturer’s protocol. The
purified protein was dialyzed against binding buffer (50 mM
Na2HPO4, pH 7.2±0.2, 150 mM NaCl, 2 mM MgCl2) and
stored at −80 °C. Homogeneity of purified protein was deter-
mined by SDS-PAGE, and the protein content was quantified
by Bradford method (Sambrook et al. 1989).

In vitro selection of aptamers

The SELEX protocol for the enrichment of aptamer pool
against target was done in the following order: Ni-NTA

affinity SELEX, nitrocellulose membrane SELEX, and micro-
titer plate based SELEX, considered as a single round of
SELEX (Fig. 1). The SELEX round was performed until the
affinity of selected pool enriched to optimum level. Counter
SELEX was introduced in this protocol after second and
fourth round of selection. All SELEX rounds and counter
SELEX round were performed by keeping target and aptamer
concentration constant, where bound and unbound aptamer
pooled DNAwas purified and suspended in the same volume
of water, and concentration was measured by Nano Drop-
2000 (Thermo Scientific, India). For comparison of the effi-
ciency of the combinatorial SELEX protocol, all three SELEX
methods were performed individually with equal number of
SELEX rounds, and affinity of the selected aptamers was also
determined. The details of protocol are as described below.

Ni-NTA affinity SELEX

Preparation of aptamer library and elimination of aptamers
specific to Ni-NTA Sepharose

Two microliters of Aptamer library (240 ng μl−1) was resus-
pended in 30 μl of 20 mM Tris–HCl, pH 7.4±0.2, in a
microcentrifuge tube, heated at 94 °C for 10 min, rapidly
cooled in ice for 15 min, and kept at room temperature for
10 min in 500 μl of selection buffer (2.5 mM CaCl2, 5 mM
MgCl2 in Dulbecco’s phosphate-buffered saline, pH 7.4±0.2).
Finally, it was passed through a Ni-NTA column (Qiagen,
India) pre-washed with selection buffer. The flow-through
was collected and used as a library for selection of aptamers
against the targets.

Binding of target to Ni-NTA

Four hundred microliters of Ni-NTA sepharose beads was
washed three times with equal amount of binding buffer
(50 mM Na2HPO4, pH 7.2±0.2, 150 mM NaCl, 2 mM
MgCl2, 0.05 % Tween-20). It was separated by centrifugation

Table 1 Aptamer library, primers
used to amplify the ssDNA
library and subsequent aptamer
pools, biotin-labeled primer,
FITC-labeled primer, and cloning
primer sequences for
amplification of seb gene and
M13 forward and reverse primer
for selection of positive aptamer
clones

Name Oligonuclotide sequences

Aptamer library 5′-TAGCTCACTCATTAGGCACNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNG
CATAGTTAAGCCAGCC-3′

Normal aptamer forward primer 5′-TAGCTCACTCATTAGGCAC-3′

Normal aptamer reverse primer 5′-GGCTGGCTTAACTATGC-3′

Biotin-labeled aptamer forward primer BIOTIN 5′-TAGCTCACTCATTAGGCAC-3′

FITC-labeled aptamer forward primer FITC 5′-TAGCTCACTCATTAGGCAC-3′

SEB cloning primer forward 5′-CATGCCATGGATGAGAGTCAACCAGATCCTAA-3′

SEB cloning primer reverse 5′-CCGCTCGAGCTTTTTCTTTGTCGTAAGAT-3′

M13 forward primer 5′-CGCCAGGGTTTTCCCAGTCACGAC-3′

M13 reverse primer 5′-AGCGGATAACAATTTCACACAGGA-3′
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and incubated with SEB protein (1 mg ml−1) for 30 min at
room temperature for binding. Unbound SEB proteins were
removed from the bead-bound SEB following three times
washing with 400 μl of binding buffer. Finally, it was centri-
fuged at 6000 rpm for 20 s and used for further study.

Binding and recovery of aptamers specific to the target

For the selection of SEB aptamer, the pre-prepared aptamer
library was transferred to the bead-bound SEB and incubated
for 45 min for binding of aptamer to the SEB protein. After
incubation, the SEB-DNA complex was washed three times
with 900 μl of binding buffer to remove unbound aptamer
sequences and then centrifuged.

For recovery of the SEB-selected aptamers, 200 μl of
20mMTris–HCl (pH 7.4±0.2) was added to the pellet, heated
for 10 min at 85 °C, vortexed for 1 min, and centrifuged at 10,
000 rpm for 10 min, and the supernatant was transferred to a
fresh tube. This step was repeated and supernatants were com-
bined. The aptamer DNA from the supernatant was recovered
by PCR purification kit and dissolved in 30 μl of distilled

water, and the concentration was measured by Nanodrop-
2000 (Thermo Scientific, India). Finally, the DNAwas ampli-
fied with earlier standardized PCR conditions. This DNAwas
used as library for further round of selection. Two microliters
of aptamer library (240 ng μl−1) was resuspended in 30 μl of
20 mM Tris–HCl, pH 7.4±0.2, in a microcentrifuge tube,
heated at 94 °C for 10 min, and then rapidly cooled in ice
for 15 min.

Enhancing specificity of the selected aptamer pool
by nitrocellulose membrane SELEX

Purified rSEB protein (1 mg ml−1) was immobilized on a
nitrocellulose membrane and was blocked with 3 % bovine
serum albumin (BSA) in phosphate-buffered saline (PBS).
Then, the denatured ssDNA library was dissolved in 500 μl
of binding buffer and incubated with the immobilized proteins
on the membrane at room temperature for 1 h. The nitrocellu-
lose membrane was washed with 1 ml of binding buffer for
five times and cut into pieces. One hundred microliters of
elution buffer (7 M urea, 0.5 M NH4COOH, 7 mM SDS,

SELEX COMBINATION

1)Ni-NTA AFFINITY 
SELEX

2)MEMBRANE SELEX

3) MICROTITER PLATE 
BASED SELEX

Steps involved in each 
SELEX Method:
Binding of  Aptamer 
sequences to the target 
molecules

Partitioning of bound 
and unbound sequences

Amplification of bound 
aptamers

Cloning, Sequencing 
after six rounds of 
Selection

Fig. 1 Combinatorial SELEX
protocol. Combination of three
SELEX ((1) Ni-NTA affinity
SELEX, (2) membrane SELEX,
and (3) microtiter plate based
SELEX)
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1 mM EDTA, pH 8.0±0.2) was added to the pieces, heated at
94 °C for 10 min, and centrifuged at 7500 rpm for 10 min at
4 °C, and the supernatant was collected. The ssDNA was
extracted by chloroform and ethanol precipitation. The precip-
itated ssDNAwas suspended in 30 μl of de-ionized water, and
the concentration was measured by Nanodrop-2000 (Thermo
Scientific, India). Bound aptamer pool was amplified sepa-
rately using three different primer pairs, i.e., normal forward
and normal reverse, biotin-forward and normal reverse, and
FITC-forward and normal reverse, respectively, for next round
of selection and affinity determination. PCR amplification
was done with previously standardized conditions. Two mi-
croliter of each pool aptamer library (240 ng μl−1) was resus-
pended in 30 μl of 20 mM Tris–HCl, pH 7.4±0.2, in a
microcentrifuge tube, heated at 94 °C for 10 min, and then
rapidly cooled in ice for 15 min.

Affinity determination and enhancing aptamer pool spec-
ificity by microtiter plate based SELEX SEB protein
(1 mg ml-1) was coated onto a microtiter plate (Nunc) in
100 μl of carbonate-bicarbonate buffer (pH 9.6±0.2) and in-
cubated at room temperature for 60 min. The plate was
washed three times with binding buffer. Unbound sites were
blocked with 3 % BSA and incubated for 1 h, followed by
thorough washing. Thirty microliters of each pre-denatured
aptamer pool (240 ngμl−1) was added to each well of the plate
and incubated for 60 min at room temperature. After thorough
washing, 100 μl of boiling water was added wells to break
protein–DNA interaction. The solution was transferred to a
fresh 1.5-ml tube. Biotin-labeled pool was used in enzyme-
linked oligonucleotide assay (ELONA) for checking affinity
of the pool. Fluorescence intensity was checked for FITC-
labeled aptamer pool by Infinite M1000 spectrophotometer
(TECAN, India). Normal aptamer pool was recovered by
PCR purification kit and dissolved in 30 μl of distilled water,
and the concentration was measured by Nanodrop-2000
(Thermo Scientific, India). The DNAwas amplified with ear-
lier standardized PCR conditions. This aptamer pool was used
as library for further selection. Two microliters of aptamer
library (240 ng μl−1) was resuspended in 30 μl of 20 mM
Tris–HCl, pH 7.4±0.2, in a microcentrifuge tube, heated at
94 °C for 10min, and then rapidly cooled in ice for 15min and
was further proceeded for next SELEX rounds to remove
aptamer having cross-reactivity with closely related and other
proteins. Binding affinity in each round was alsomonitored by
fluorescence microscopy (Nikon, India) by using drop of
FITC-labeled aptamer pool targets bound on glass slide.

Counter SELEX by nitrocellulose membrane method

Purified rSEC, rSEA, skimmed milk and BSA, albumin
(1 mg ml−1) were immobilized on a nitrocellulose membrane.
The membrane was blocked with 3 % bovine serum albumin

(BSA) in phosphate-buffered saline (PBS). The denatured
ssDNA library (240 ng μl−1) was dissolved in 500 μl of bind-
ing buffer and incubated with the immobilized proteins on the
membrane at room temperature for 1 h. Afterward, the nitro-
cellulose membrane was washed with 1 ml of binding buffer
for five times; all wash solutions were collected in a single vial
and recovered by PCR purification kit and dissolved in 30 μl
of distilled water, and the concentration was measured by
Nanodrop-2000 (Thermo Scientific, India). Finally, the DNA
was amplified and used as library for further round of SELEX.

TOPO cloning, sequencing, and analyzing for identification
of consensus aptamer sequences

The selected aptamer pools from sixth round of combinatorial
SELEX was amplified with standardized PCR conditions
using normal aptamer forward and reverse primers with Taq
DNA polymerase and subsequently cloned by using TOPO
TA cloning Kit (Invitrogen/Life Technologies, India) as per
manufacturer’s protocol. The ligated vectors were trans-
formed into One Shot Top10 chemical competent E. coli cells
(provided with TOPO TA cloning Kit). Positive transformants
were analyzed by colony PCR using a combination of a
vector-specific primer (M13 forward and reverse primer) and
aptamer-specific primer (normal aptamer forward and reverse
primer, Table 1). The plasmid DNA of positive clones were
isolated using the Gene Elute Plasmid Miniprep Kit (Qiagen,
India), and the inserted aptamer DNA of each clone was se-
quenced by custom sequencing facility provided by Xceleris,
Bangalore. The obtained sequences were analyzed and
aligned by using the web-based tool ClustalW provided by
the EBI web server (http://www.ebi.ac.uk/Tools/msa/
clustalw2/) (Larkin et al. 2007; Thompson et al. 1994). The
selected ssDNA molecules were subjected to secondary
structure prediction using the M-fold software (http://mfold.
rna.albany.edu/?q=mfold/DNA-Folding-Form) at 26 °C in
150 mM (Na+) and 1 mM (Mg++) for determination of free
energy (Zuker 1989, 2003).

Aptamer binding assay

Fluorescence-labeled ssDNA binding assay was performed to
monitor the enrichment of each SELEX round and to evaluate
binding affinity of aptamer. In brief, fluorescence-labeled
ssDNAwas thermally denatured in 200 μl of selection buffer
and incubated in the dark with SEB-coated 96-well microtiter
plates (Nunc) at 37 °C for 1 h on a shaking platform. After
incubation, unbound ssDNA was collected and SEB-bound
ssDNA was eluted by adding 200 μl of pre-heated selection
buffer. The fluorescence intensity of unbound and eluted
ssDNA was measured following excitation at 492 nm and
emission at 532 nm using Infinite M1000 spectrophotometer
(TECAN, India). All binding assays were repeated three
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times. To monitor the enrichment of each SELEX round and
to evaluate binding affinity of aptamer, fluorescence intensity
of ssDNA aptamer (200 nM) with SEB (20 μM) was
measured.

For evaluation of cross-reactivity among different related
toxins and other proteins, the binding assays were repeated
using rSEA, rSEC, BSA, skimmed milk, and albumin.

Determination of Kd of selected aptamers

To determine the binding kinetics of a selected aptamer, the
binding assay was performed as described earlier in
BDetermination of specificity of SEB2 aptamer by ELONA^
section but with increasing amounts of FITC-labeled ssDNA
aptamer (0 to 350 nM), and a constant amount of SEB
(20 μM) for each assay was used. To calculate the dissociation
constants (Kd) of the aptamers, the aptamer quantity bound to
targets was plotted and data points were fitted to the equation
Y=BmaxX/(Kd+X) via non-linear regression analysis, using
GraphPad Prism 6.

Enzyme linked oligonucleotide assay (ELONA)

ELONAwas performed to demonstrate the affinity and spec-
ificity of aptamer sequences to SEB protein with modifica-
tions. One hundred microliters of rSEB protein (50 μg ml−1)
in carbonate–bicarbonate buffer (pH 9.6±0.2) was coated on
microtiter plate (Nunc). The unbound sites were blocked by
overnight incubation with 3 % bovine serum albumin (BSA)
in phosphate-buffered saline (PBS). Each well was washed
thoroughly with PBS-T followed by 45-min incubation with
pre-denatured 100 μl biotinylated SEB2 aptamers (1 ng μl−1).
The unbound biotin aptamers were removed by three times
washing with 1.5 % Tween-20 in binding buffer. Finally,
100 μl of a 1:2500 dilution of streptavidin-HRP conjugate
solution was added and mixed properly. Following 30-min
incubation at room temperature on a shaking platform, the
plate was washed three times with binding buffer and devel-
oped using TMB/H2O2 (Bangalore Genie) according to the
manufacturer’s instructions. The reaction was inhibited with
the addition of 150 μl of 1 MH2SO4. Protein-bound aptamer–
streptavidin-HRP conjugate complex was quantified by deter-
mining the absorbance at 490 nm using Infinite M1000 spec-
trophotometer (TECAN, India). For evaluation of cross-reac-
tivity, among different related and other proteins, the binding
assays were repeated using rSEA, rSEC, BSA, skimmed milk,
and albumin.

Aptamer-based Western blot analysis

Protein samples were separated in 15 % polyacrylamide gels
under denaturing conditions using the mini-Protean 3 system
(Bio-Rad, India). The proteins were electro-blotted onto

nitrocellulose membrane (Millipore, India). It was blocked
by overnight incubation with 5 % BSA in PBS-T and then
probed with biotinylated aptamer diluted to 1 μg ml−1 in
5 ml of PBS-T for 2 h at room temperature with rotation.
The blots were washed three times with 10 ml of PBS-T and
then probed with streptavidin–HRP conjugate diluted to
1:2500 in PBS-T. The blots were washed, and the positive
bands were detected by immersing it in a developing solution
of TMB/H2O2 (Bangalore Genie) at room temperature for
5 min. The enzyme reaction was terminated by washing the
blot in water. For evaluation of cross-reactivity in presence of
different related and other proteins, the assay was repeated
using rSEA, rSEC, BSA, and albumin.

Statistical analysis

All experiments were repeated independently three times with
similar conditions. Results were presented as the mean value±
standard deviation (SD). Statistical differences between treat-
ments were analyzed by univariate (ANOVA) and Tukey’s
test assuming P value (P<0.05, P<0.01, and P<0.001) pre-
sented using GraphPad Prism 6.

Results

Asymmetric PCR

In this study, asymmetric PCR was performed for amplifica-
tion of aptamer library. The number of PCR cycles was also
optimized to avoid over-amplification, which is evidenced by
mis-annealed products. Asymmetric PCR preferentially in-
creased the target ssDNA and decreased the primer dimers
as well as non-specific amplification (Supplementary
Fig. S2). Optimization reactions showed a sharp band of ex-
pected base size (agarose gel analysis) with 0.45 pmol tem-
plate DNA and primer ratio at 1.6:0.4 (forward/reverse) after
30 cycles.

Cloning, expression, and purification of SEB protein

The rSEB amplicons were cloned into E. coli BL21 (DE3)
using pET22b vector, and the integrity of cloned genes in
recombinant plasmid pET22b-rSEB was confirmed by se-
quencing analysis. The rSEB chimeric gene was of 719 bp
in length, and E. coli host cells harboring the recombinant
plasmid pET22b-rSEB, and the nucleotides which are on in
silico translation matched with amino acid sequences of the
selected SEB mature peptide (Gene Bank accession
M11118.1). E. coli host cells harboring the recombinant plas-
mid pET22B-rSEB expressed proteins with apparent molecu-
lar weight of 28.37 kDa, upon 5-h induction with 1 mM IPTG
at 37 °C. The molecular mass of expressed recombinant
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proteins as seen in 12 % SDS-PAGE correlated with the esti-
mated molecular mass (Supplementary Fig. S1a). The soluble
recombinant proteins were purified from 500 ml induced cul-
tures by immobilized metal affinity chromatography using Ni-
NTA column under native conditions (Supplementary
Fig. S1b). The presence of C terminal His6-tag in polypeptide
was confirmed by Western blot analysis (Supplementary
Fig. S1c).

In vitro selection of ssDNA aptamers

Six rounds of in vitro selection were used to isolate aptamers
that could favorably bind to SEB. The enrichment of target-
specific aptamers was monitored during the selection process.
An increasing amount of binding ratio (Fig. 2a), fluorescence
intensity (Fig. 2b), and enzyme-linked oligonucleotide assay
absorbance (Fig. 2c) was observed with increasing number of
selection rounds and then remained nearly in a steady state in
the fifth and sixth rounds. This suggested that SEB binding
aptamers with good binding affinity were enriched, and the
binding ability of selection pools plateaued after about the
fifth round of selection. The fluorescence was observed on
the toxin-immobilized glass slide after washing. The glass
slide was washed with extensive amounts of binding buffer.
Presence of highly localized fluorescent dots and the absence
of background smear provide an indication of successful se-
lection (Supplementary Fig. S3). The stringency of the

selection was controlled by adjusting the target protein con-
centrations, the incubation times, and the washes during the
course of optimizing our protocol; we have observed enrich-
ment of sequences that were not unique to target protein and,
therefore, we have incorporated counter-selection after the
second and fourth round against closely related and other pro-
teins to prevent enrichment of aptamers showing affinity to
proteins other than the target. Binding percentage was in-
creased up to 51.20 % after the sixth round of selection which
proves the efficiency of the newly described protocol com-
pared to other methods. However, by following individual
conventional SELEX, even after six rounds of selection, the
binding percentage of Ni-NTA affinity SELEX, membrane
SELEX, and microtiter SELEX was as low as 8, 6.95, and
9.50 %, respectively (Fig. 3a). Binding ratio in combinatorial
SELEX with increasing number of selection rounds is also
higher compared to individual SELEX protocol used here
(Fig. 3b).

Cloning and sequence analysis of aptamer pools

Aptamer pools from the sixth round of SELEX displayed the
highest affinity for the target protein. Hence, after cloning and
transformation of the selected aptamer pool, 39 E. coli clones
were further examined. Of these, 28 positive transformants
were determined, and the contained plasmid DNA was pre-
pared for sequencing the inserted aptamer DNA of each clone.

a b c

Fig. 2 a Enrichment of SEB-specific aptamers during the combinatorial
SELEX. Comparative enrichment of binding percentage of SEB-specific
aptamers during the combinatorial SELEX. The bar graph shows a
significant increasing eluted aptamer concentration in each selection
round and nearly kept a steady state from rounds 5 and 6. Counter
selection step (CS) was introduced to remove ssDNA non-specifically
bound to the related toxin (after each round, DNA was purified and
dissolved in 30 μl of water). b Comparative enrichment of fluorescence
intensity during combinatorial SELEX. Comparative enrichment of
fluorescence intensity of bound and unbound SEB-specific aptamers
during the combinatorial SELEX. The bar graph shows significant
increasing bound aptamer pool fluorescence intensity in each selection
round of SELEX and remained nearly a steady state in rounds 5 and 6.

Counter selection step (CS) was introduced to remove ssDNA non-
specifically bound to the related toxin (after each round, DNA was
purified and dissolved in 30 μl of water). The experiment was repeated
for three times. c Monitoring of SEB-specific aptamers during the
combinatorial SELEX by enzyme-linked oligonucleotide assay
(ELONA). Enrichment of SEB-specific aptamers during the
combinatorial SELEX in enzyme-linked oligonucleotide assay
(ELONA). The bar graph shows a significant increasing signal over
background observed in each selection round and remained nearly a
steady state in the fifth round and sixth round. Counter selection step
(CS) was introduced to remove ssDNA non-specifically bound to the
related toxins. The experiment was repeated for three times
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The 76-bp sequence in each aptamer was unambiguously
identified. Multiple sequence alignments using ClustalW and
phylogenetic analysis revealed that four groups of sequences
were enriched modestly and accomplished according to their
sequence similarity (Fig. 4).

The first group is the one with the largest number of
aptamers comprising of 12 sequences (4 identical sequences).
Group 2 with its eight sequences (two identical sequences) is
much more homogeneous than group 1. Group 3 consist of
five sequences (two identical sequences). Group 4 consist of
three sequences (data not shown). The secondary structure
analysis of these candidate aptamers was assessed using the
Mfold software which yielded one potential secondary struc-
ture in the empirical condition of selection (Fig. 5 and
Table 2). As it can be observed, all sequences show complex
typical stem–loop structure. We anticipate that the stem–loop
region might play a particularly crucial role during aptamer–
epitope interactions, thus leading to higher selectivity in these
aptamers. We take into consideration the Gibbs free energy

(dG) value and two representatives from each group of
aptamers having the lowest Gibbs free energy (dG) considered
for characterization (Table 2). Multiple sequences alignment
(Fig. 4), Jalview (Supplementary Fig. S4), and phylogenetic
analysis (Supplementary Fig. S5) of these selected eight se-
quences share homology between 60 and 96 % and few nu-
cleotide conserved sequences.

Aptamer binding assay

The binding affinity of the candidate aptamers was measured
using fluorescein isothiocyanate (FITC)-labeled aptamers.
After binding analysis of each aptamer, the specificity of
aptamers was assessed toward closely related and other pro-
teins (Fig. 6). It was observed that the fluorescence intensity of
SEB1, SEB2, and SEB 27 aptamers was higher toward SEB
protein. It is noteworthy that the random DNA sequence li-
brary pool did not show any significant binding toward the
target molecule. This result suggested that the binding of

a b

Fig. 3 a Comparative binding percentage of SEB-specific aptamers
during combinatorial SELEX and individual conventional SELEX. The
bar graph shows the binding percentage of ssDNA aptamer pool in each
selection round. Counter selection step (CS) was introduced to remove
ssDNA non-specifically bound to the related toxin (after each round,
DNA was purified and dissolved in 30 μl of water). The result shows
that the binding percentage is significantly higher in combinatorial
SELEX in comparison to individual SELEX method in each round. b

Comparison enrichment of SEB-specific aptamers during combinatorial
SELEX and individual conventional SELEX. The bar graph shows the
amounts of ssDNA eluted from each selection round. Counter selection
step (CS) was introduced to remove ssDNA non-specifically bound to the
related toxin (after each round, DNApurified byDNApurification kit and
dissolved in 30 μl of water). The result shows that the binding percentage
is significantly higher in combinatorial SELEX in comparison to
individual SELEX method in each round

Fig. 4 Multiple sequence
alignment ClustalW software.
Multiple sequence alignment of
selected aptamer sequences
having higher free energy (dG)
from each group. Multiple
sequence alignment of selected
aptamer sequences shows
60–96 % homology
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identified aptamers was sequence specific and not due to non-
specific polyanionic effect.

Determination of Kd values

Kd values of selected aptamers were determined by
performing fluorescence-based affinity assays. The quantity
of the targets in each binding assay was consistently main-
tained using the same volume of toxin suspensions. Binding
curves were plotted using the relative fluorescence intensity
(the difference between the fluorescence intensity of the 5 -
FITC-labeled aptamers measured from SEB-coated microtiter
well and uncoated well) against the gradient concentration (0–
350 nM). The experimental aptamers showed varying degrees
of affinity for the SEB (Fig. 7). From the results (Table. 2), we
concluded that SEB1 and SEB 2 and SEB 27 aptamers are
able to detect SEB protein in a concentration-dependent man-
ner with Kd=49.55±11.33, 36.34±11.23, and 34.72±
25.09 nM, respectively. Hence, SEB2 aptamer was considered
for further characterization and development of aptamer-based
detection assay.

Determination of specificity of SEB2 aptamer by ELONA

Enzyme-linked oligonucleotide assay (ELONA) was per-
formed for determination of specificity of SEB2 aptamer.
Results obtained from ELONA assay in order to prioritize the
SEB2 aptamers for further characterization revealed highest
affinity and specificity of SEB2 aptamer for the purified native
rSEB toxin (confirmed by kinetic studies), and no cross-reac-
tivity/spurious signals were observed with exerted closely re-
lated toxins and negative control (BSA, skimmed milk, and
albumin) (Fig. 8 and Supplementary Fig. S6). Employing the
colorimetric detection system (TMB/H2O2) for streptavidin
peroxidase conjugated to a significant (100×) signal over back-
ground was observed with purified native rSEB toxin.

Specificity determinations of the SEB2 aptamer using
protein blot analysis

The results of the enzyme-linked assay suggested that the SEB2
aptamer exhibited specificity for SEB protein. In order to verify
the specificity and determination of the ability to detect the

SEB1
dG = -4.94 kcal/mol

SEB2
dG = -7.45 kcal/mol

SEB9
dG = -12.42 kcal/mol

SEB15
dG = -10.34 kcal/mol

Fig. 5 Possible secondary structure prediction of selected aptamer sequences and their free energy (dG) calculation by using Mfold software. All
selected aptamer sequences were analyzed using Mfold software. The resultant secondary structures with the lowest free energy folding are shown
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SEB19
dG = -7.16 kcal/mol

SEB24
dG = -9.52 kcal/mol

SEB27
dG = -12.19kcal/mol

SEB27
dG = -10.41kcal/mol

Fig. 5 (continued)

Table 2 Selected aptamer sequences and their free energy (dG) and dissociation constants (Kd)

Aptamer number Sequence dG value (kcal/mol) Kd value (nM)

SEB1 TAGCTCACTCATTAGGCACCCGTAGTGTGTTCTTATTCG
TGTCTGTGTGTGTTCTGTCGGCATAGTTAAGCCAGCC

−4.94 49.55±11.33

SEB2 TAGCTCACTCATTAGGCACGGGTAGGCCATAATATCTTA
TTAGCGTAATTCTGCGATTGGCATAGTTAAGCCAGCC

−7.45 36.34±11.23

SEB9 TAGCTCACTCATTAGGCACCGGACGACGGTATGGTCAG
GTGACCTGGCCTCCGTAAGGTGCATAGTTAAGCCAGCC

−12.42 56.24±49.26

SEB15 TAGCTCACTCATTAGGCACGGGGGGTTGTGCCATTTAA
GGATGACCGGTTGCCAAGATGGCATAGTTAAGCCAGCC

−10.34 70.03±60.23

SEB19 TAGCTCACTCATTAGGCACATGCACCGAGGTCAGAAGTG
GCCTGTATACACACCCCTCGGCATAGTTAAGCCAGCC

−7.16 54.80±45

SEB24 TAGCTCACTCATTAGGCACCAGCCGGAAGGACCAGGCTG
CTAGGCGACCGAAGTGTGAGGCATAGTTAAGCCAGCC

−9.52 40.79±35.36

SEB27 TAGCTCACTCATTAGGCACATGGCAAGGTTGCCTGTGGCC
GAGGCTGGATGAGCGCGCGGCATAGTTAAGCCAGCC

−12.19 34.72±25.09

SEB28 TAGCTCACTCATTAGGCACGGGGGGTTGTGCCATTTAAGA
TGACCGGTTGCCGCGATTGGCATAGTTAAGCCAGCC

−10.41 54.66±50.14
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denatured form of SEB protein, as well as to investigate further
the potential uses of the aptamer, protein blot analysis was
performed. The SEB2 aptamer was indeed able to bind to both
native and denatured SEB protein on the blot, and no cross-
reactivities in terms of chemiluminescent signal intensity were
observed with exerted closely related toxins and negative con-
trol (BSA, albumin) (Supplementary Fig. S7). The performance
of aptamer was similar to the anti-6X His antibody (Sigma,
India) in terms of chemiluminescent signal intensity and spec-
ificity (Supplementary Fig. S1c).

Discussion

Antibodies with high affinity and specificity are still at the
heart of many pathogen diagnostic systems, but their

predominance has been challenged by various nucleic-acid-
based methods. Although most of these approaches aim at
identification of pathogens via determination of their nucleic
acid composition, since the advent of aptamers, oligonucleo-
tides could be exploited for direct detection of the protein
components of a given microbe. In this report, we presented
straightforward selection protocol and application of the nu-
clease resistance protein–specific DNA aptamers. The
SELEX procedure used comprises Ni-NTA affinity SELEX
(based on affinity between His-tag and Ni-NTA), membrane
SELEX (based on adherence of protein on nitrocellulose

Fig. 6 Fluorescence intensity of selected aptamers. Binding assays with the
individual SEB aptamer to test their ability to bind to SEB protein. In each
assay, proteins were incubated with 250 pmol fluorescence-labeled aptamer
in a volume of 200 μl according to the SELEX conditions. The unselected,

fluorescence-labeled ssDNA library (BLANK) was used as the negative
control. After several washing steps, the bound aptamers were eluted by
heat treatment and quantified by fluorescence analysis. The results are
shown as a bar graph. The experiment was repeated for three times

Fig. 7 Binding kinetics of selected aptamer sequences. Determination of
the dissociation constants (Kd) for selected aptamer sequences with
increasing amounts FITC-labeled ssDNA aptamer (0 to 350 nM) and a
constant amount of SEB (20 μM) for each assay. On the basis of the
amount of aptamers eluted, saturation curves were obtained and the
dissociation constants (Kd) were calculated by non-linear regression
analysis

Fig. 8 Specificity of SEB 2 aptamer by ELONA. Determination of
specificity of SEB2 aptamer using enzyme-linked oligonucleotide
assay. Results show little or no cross-reactivity observed with exerted
closely related toxins and negative control (BSA, skimmed milk,
albumin). We employed the colorimetric detection system (TMB/H2O2)
for streptavidin peroxidase conjugated to a significant (100×) signal over
background observed with purified native rSEB toxin
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membrane), and microtiter plate based SELEX (to monitor
affinity and to enrich the selected aptamers) for individually
purified protein targets. Additionally, we have utilized the ad-
vantage of the highly specific and strong streptavidin–biotin
interaction for several approaches for detection. Single-
stranded DNA generated by employing asymmetric PCR after
each round of selection reduced the additional single-strand
separation. Most of the published protocols describe relatively
a complex method for selection and enrichment. Moreover, for
checking the binding affinity and determination of presence of
specific aptamer for target after every round of SELEX, a de-
fined proper method is also not available. In the presently de-
scribed SELEX protocol, this aspect appears to get overruled
by the fluorescence binding assay step that determines the af-
finity after every round of SELEX. More so, the functional
versatility of aptamers could also be analyzed by the tested
assays such as enzyme-linked oligonucleotide assay and
Western blot analysis wherein biotinylated aptamers were
employed. Supremacy of this combinatorial method was prov-
en adequately as it reduced the number of selection rounds and
provided improved selection efficiency of more than 51.20 %
higher than what was achieved with conventional individual
selection method. Once subjected to ClustalWand phylogenet-
ic analysis, the selected aptamer sequences revealed a very high
homology. The selected aptamers also had the affinity which
was comparable to what was achieved in earlier published re-
ports, and it could well recognize the target protein with an
affinity constant in very low nanomolar range (Liu et al. 2013).

By this combinatorial method, one round of SELEX can be
completed within 9 h and needs only six rounds of selection to
obtain high-affinity aptamers. On the other hand, the reported
SELEX protocol might take 5 h or less for completion of each
round and definitely needs more than 15 rounds for achieving
the desired results of obtaining high-affinity and specific
aptamers following the manual operation. However, automated
aptamer acquisition platformwith a throughput of 120 aptamers/
month for eight proteins has been described in the literature
(Cox et al. 2002a, b). The presently developed combinatorial
SELEXprotocol also has the capability of high-throughput yield
without the need of any automation and robotics therebymaking
it more cost-effective in terms of utility. Another high-
throughput SELEX protocol using 96-well microtiter plates
has been described but still is robotic dependent (Drolet et al.
1999). This particular protocol relied on hydrophobic immobi-
lization of proteins on microtiter plates, and the authors
commented that the four proteins tested adhered to the wells
with varying efficiency, thereby relatively making it difficult to
control the amount of protein needed for each experiment.

The key virtue of the proposed method also lies in its ability
to be easily modified according to the target and condition, little
to no changes to the selection conditions, or the library design,
but the approach may definitely require a certain level of stan-
dardization to customize the SELEX process. This SELEX

protocol has the additional flexibility to introduce the desired
change for selection of aptamer not only based on His-tag pro-
tein targets but also for any purified protein targets. Although
the described method amply demonstrated for obtaining
aptamers from DNA library, the same protocol should be appli-
cable for obtaining RNA aptamers from RNA libraries as well.

However, it is adequately proven that the newly described
combinatorial SELEX protocol has edge over the existing
methods with a test example of making use of rSEB as a target
protein. The procedure needs to be evaluated on other target
protein molecules of varied type and size along with incorpo-
rating few basal modifications to suit the optimal desired ap-
plication. Probably, only then can the real virtues of the pro-
posed method be merited for a possible universal application.

The findings of combinatorial SELEX method presented
here provide an optimized and improved method for success-
ful enrichment of tight-binding aptamers within a SELEX
library for generating ssDNA aptamers for protein targets
without the need of expensive robotics. The protocol de-
scribed here is very efficient compared to the traditional
SELEX which takes more time and reagents. The SELEX
process provides assessment and characterization of the prog-
ress of each SELEX round selection by direct comparison
between the background elution and the target binding and
monitors the enrichment of target-specific aptamer during se-
lection by use of FITC-labeled ssDNA and biotin-labeled
ssDNA aptamers. The configuration of the combinatorial
SELEX process has the additional flexibility to introduce the
desired change for selection of aptamer not only based on His-
tag protein targets but also for any purified protein targets. We
have provided methodological background for successful se-
lection of aptamers for SEB toxin of S. aureus (a biowarfare
agent). The selected aptamers had the affinity which was com-
parable to what was achieved in earlier published reports, and
it could well recognize the target protein with an affinity con-
stant in very low nanomolar range proves protocol efficiency.
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