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A B S T R A C T

Aptamers are short single-stranded oligonucleotides capable of binding to various targets with high specificity and
affinity. This study aimed to identify an aptamer against mouse interleukin-2 (mIL-2) as one of the most important
cytokines in autoimmune diseases for diagnostic and therapeutic purposes. For this purpose, 14 SELEX rounds
were performed on recombinant mIL-2 with high stringency. The dot blot and flow cytometry techniques were
conducted to determine affinity, dissociation constant (Kd), specificity, and SELEX rounds screening. The strin-
gency of rounds was considered based on aptamer/target incubation time, washing steps, and target proteins.
Finally, the aptamer's structure was mapped and predicted by M-fold and QGRS Mapper web-based software.
After 14 rounds, the flow cytometry analysis revealed that the 11th round was a proper round. The high-affinity
aptamers M20 and M15 were chosen for their ability to bind mIL-2. According to DNA folding software, M20 and
M15 aptamers had G-quadruplex and stem-loop structures, respectively. The M20 aptamer affinity was greater
than M15, and its predicted Kd was 91 nM. A simple SELEX protocol with round stringency was explained to
identify DNA aptamers against protein targets. The reported G-quadruplex aptamer might have potential diag-
nostic or therapeutic application in IL-2–related disorders.
1. Introduction

In the past few decades, the identification and detection of various
immune system proteins, including cytokines, has been particularly
noted. Besides the importance of identifying these proteins in the course
of diseases, it is also important to target them to treat diseases such as
allergies, autoimmune diseases, infectious diseases, and cancers [1, 2, 3].
Interleukin-2 (IL-2), as an autocrine growth factor of the activated T-cell,
is a promising target molecule in modulating immune response [4, 5],
and there is significant interest in the inhibition of IL-2 as a treatment
method [6]. For this purpose, antibodies (Abs) are well-known agents for
inhibiting cytokines. Despite their numerous applications, antibodies
have a number of limitations, including in vivo production, instability,
high toxicity, and immunogenicity [7, 8].

The necessity of new laboratory methods for identifying ligands with
high affinity has led to the creation of aptamers for new therapeutic and
diagnostic approaches [9, 10]. Aptamers are 3D (3-dimensional)-
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structured and in vitro-chemically synthesized of short oligonucleotides
of ssDNA or ssRNA, which could bind against many targets such as ions,
antibiotics, and amino acids, as well as large protein complexes, enzymes,
antibodies, and cell surface receptors with high affinity and specificity
[11, 12].

The selection of aptamers in vitro from a nucleic acid library of DNA or
RNA is performed during a repetitive process named SELEX (Systematic
Evolution of Ligands by Exponential Enrichment) [13, 14, 15]. The
SELEX process is a powerful combination chemistry process in which
aptamers with the maximum binding affinity and specificity are gener-
ated against the target [15]. Aptamer-based therapies have many ad-
vantages in comparison with protein-based ones such as Abs. For
example, lack of immunogenicity and accumulation in organs, small size,
and fast blood clearance. This study aimed to identify DNA aptamers with
high affinity and specificity against mIL-2 for diagnostic or therapeutic
purposes using a convenient and simple SELEX protocol with high
stringency.
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2. Materials and methods

2.1. Materials

mIL-2 cloning: The recombinant mIL-2 plasmid with a 23 kDa mo-
lecular weight was used in our previous study [4]. The plasmid extraction
kit and protein purification columns were purchased from Parstous Co.
(Mashhad, Iran).

DNA library and primers: The properties of the library were as follows:
79mer length, a regionwith 42 randomnucleotides, and twofixed-primer
sites (5’-GCTGTGTGACTCCTGCAA-42 random region -GCAGCTG-
TATCTTGTCTCC-3’). The 5’-biotinylated and fluorescent sense primer
were used to determination of aptamer binding affinity and screening of
pools (5’-Biotin or FAM-GCTGTGTGACTCCTGCAA-3’). To make single-
stranded aptamers from double-stranded forms with lambda exonu-
clease enzyme (ThermoScientific, Germany), 5’-phosphorylated antisense
primer (5’-phosphate-GGAGACAAGATACAGCTGC-3’) was used. All
primers and libraries were obtained from Bioneer Co. (Shanghai, China).

SELEX process: PCR reagents, Taq polymerase, Klentaq polymerase,
and silica nanobeads for ssDNA purification were purchased from Par-
stous Co. (Mashhad, Iran). The yeast tRNA and TA-clone PCR kit were
purchased from Sigma (Missouri, USA) and Fermentas (Wisconsin, USA),
respectively. The Ni-NTA agarose magnetic beads were obtained from
Qiagen Co. (Hilden, Germany).

SELEX rounds screening and binding affinity: To round screening, the
flow cytometry device FACSCalibur (BD Biosciences, CA, USA) was used.
The chemiluminescence substrate, polyvinylpyrrolidone (MW 40000
PVP), nitrocellulose membrane, and HRP-streptavidin conjugate were
purchased from Parstous Co. (Mashhad, Iran), Sigma-Aldrich Co.
(Darmstadt, Germany), Bio-Rad Co. (California, USA), and BD Phar-
mingen Co. (California, USA), respectively.

2.2. The first SELEX round step

The mIL-2 was expressed in our previous study [4]. Purified mIL-2
was dialyzed against phosphate buffer (with 300 mM NaCl, pH 7.4).
The purity and concentration of protein were evaluated by SDS-PAGE
analysis. Firstly, 10 μl of Ni-NTA beads was mixed with 100 pmol of
mIL-2 in 100 μl phosphate buffer (with 500 mM NaCl, pH 7.4) for 1 h
with shaking at room temperature. The bead/mIL-2 complex was washed
two times with 100 μl phosphate buffer (with 150 mM NaCl, pH 7.4).
Next, about 1 nmol of DNA library was added to the 200 μl of aptamer
binding buffer (50 mM Tris-HCl, 100 mM NaCl, 5 mM KCl, 1 mMMgCl2,
pH:7.4), and incubated at 95 �C for 10 min, then placed on quick
crash-ice for 10 min. A treated DNA library with BSA 1% was added to
the bead/mIL-2 complex and incubated for 1 h with shaking at room
temperature. The bead/mIL-2/aptamer complex was washed twice for 30
s with 100 μl of aptamer washing buffer (50 mM Tris-HCl, 100 mM NaCl,
1 mM MgCl2, 5 mM KCl, pH 7.4). Finally, elution of specific DNA
aptamers were performed with 50 μl of elution buffer (20 mM Tris-HCl,
250 mM Imidazole, pH 7.4).

2.3. Enrichment of pools by PCR step

To enrichment of aptamers in eluted pools, a PCR technique was
performed. Different PCR cycles were conducted in each round to
determine the desired cycles for pool enrichment. The PCR cycles con-
dition was as follow: 8, 10, 12, 15, 18, 20 and 25 with Klentaq poly-
merase (initial denaturation: 94 �C for 3 min, denaturation: 94 �C for 30
s, annealing/extension: 63 �C for 45 s, and final extension: 72 �C for 3
min).

2.4. The ssDNA purification and preparation step

In each round, eluted pools were phosphorylated by a 5’-phosphor-
ylated primer in suitable PCR cycles, then single-strand DNA was
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prepared for the next rounds. Next, the lambda exonuclease method was
performed to digest double-strand DNA pools. Finally, purification of
ssDNA was conducted with silica nanobeads. To start the next rounds,
total ssDNA aptamer pools were used.

2.5. Counter SELEX step and continue rounds

The round stringency was performed after the first round to reach the
specific aptamers. The round stringency was considered for mIL-2 con-
centration, incubation time of mIL-2/aptamer, and mIL-2/aptamer/bead
complex washing steps. The counter SELEX step was done on His-tagged
protein (recombinant mouse TGF-β1)/bead complex and naked mag-
netics beads to remove non-specific aptamers. This step was carried out
from the 3rd to the 9th round. Then, unattached aptamers in the super-
natantwere incubatedwith themIL-2/aptamer/bead complex. Also, yeast
tRNA (0.1 mg/ml ¼ 1%) was added to the 8 last rounds as a non-specific
competitor in the aptamer binding buffer, and in the last 5 steps, Tween-
20 (0.05%) was used for the elimination of weak aptamers in the aptamer
washing buffer. Finally, a total of 14 SELEX rounds were conducted. The
conditions of SELEX rounds are described in Table 1 and Figure 1.

2.6. The screening of rounds by flow cytometry

The flow cytometry technique was performed for roundmonitoring in
the present study. In the library, aptamers in the rounds of 9th, 11th, 12th,
and 14th were chosen to identify desired aptamers. To make fluorescent-
labeled aptamer pools, 5’-FAM primer was used. Briefly, about 100 nM
ssDNA of the mentioned rounds and library were incubated with the mIL-
2/bead complex in 100 μl of aptamer binding buffer for 20 min at room
temperature with shaking. Then, the mIL-2/bead complex was washed
with aptamer washing buffer, and the complexes were mixed in 300 μl of
aptamer binding buffer for flow cytometry analysis. Finally, the mean
fluorescence intensity (MFI) of all samples was measured using a flow
cytometry device with a 20,000 bead count.

2.7. Aptamers cloning, sequencing, and structure

Based on the highest MFI, the best round was selected. Briefly, the
ssDNA of the selected round was amplified with the unlabeled forward
and reverse primers. TA-cloning method was used for PCR products
cloning. Next, to confirm the insertion of aptamers, PCR was performed
with M13 and T7 primers on extracted recombinant plasmids. Then,
nucleotide sequencing was done on the recombinant plasmids with
proper insertion (Macrogen Co., Seoul, South Korea). Plasmids were
sequenced based on M13 and T7 primers by the Applied Biosystems
3730XL DNA Analyzer instrument. Aptamer sequences were analyzed
with BioEdit alignment software (version 7.2.5). Finally, aptamer struc-
tures were mapped and predicted by web-based software (M-fold: www
.unafold.rna.albany.edu; QGRS Mapper: www.bioinformatics.r
amapo.edu).

2.8. Assessment of aptamer Kd and specific affinity

In order to determine the aptamer Kd and specific binding, the dot blot
techniquewas performed as in the previous study [10]. Briefly, about 300
ng of mIL-2 was coated on nitrocellulose and blocked with PBS buffer
containing 0.002%Tween-20, 0.05%BSA, and 1%PVP for 2 h. Next, after
washing with PBS-Tween, a biotinylated-aptamer (300 nM) was added to
mIL-2 dots and incubated for 1 h at 25 �C, and then washed (PBS-Tween
containing 3 mM MgCl2). The streptavidin-HRP conjugate (1:15000
diluted in PBS) was added to dots, then incubated for 90 min at 25 �C.
Finally, nitrocellulose sheets were assessed by chemiluminescent sub-
strate, and chemiluminescent signals were detected by a chemilumines-
cent instrument (GBoxChemi HR, Cambridge, UK). His-tagged
recombinantmouse TGF-βwas used as a negative control in dot blot assay
to investigate the specificity of aptamer binding to the target. Likewise,
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Table 1. The condition of 14 SELEX rounds.

Rounds SELEX Counter SELEX Washing Yeast tRNA Desired PCR cycle

mIL-2 (pmol) Time** His-tag protein (pmol) Naked Beads (μl) Time** No. Buffer (μl) Time** Tween-20
0.05%

1 100 60 - - 60 2 100 0.5 - - 12

2 100 60 - - 3 100 1 - - 12

3 100 60 100 - 3 100 1 - - 12

4 100 45 - - 3 100 2 - - 13

5 83 45 100 - 3 100 2 - - 14

6 83 45 - 10 3 100 2 - - 14

7 83 30 100 - 3 100 3 - þ 14

8 66 30 - 10 3 100 3 - þ 16

9 66 30 100 - 3 100 3 - þ 16

10 50 20 - - 3 200 5 þ þ 16

11* 50 20 - - 3 200 5 þ þ 17

12 40 20 - - 3 200 5 þ þ 16

13 40 20 - - 3 200 5 þ þ 17

14 40 20 - - 3 200 5 þ þ 18

(*Appropriate round, ** Minute).

Figure 1. Schematic figure of the SELEX process: The mIL-2 was immobilized on magnetic beads and then shaped ssDNA library added to mIL-2/bead complex (Step
1). The unbound aptamers were removed (Step 2). Next, the mIL-2/aptamer complex was eluted, and specific aptamers were amplified by PCR (Step 3). The amplified
specific aptamers were digested by the lambda exonuclease enzyme (Step 4). The purified-ssDNA was added to the mIL-2/aptamer complex again and started the next
round (Steps 5 and 6). Finally, the aptamers from the proper round were chosen for cloning and sequencing (Step 7) (ChemDraw, v.17).
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the aptamer Kd was calculated. For this purpose, the mIL-2 was prepared
at a concentration of 300 ng/μl by dilution with PBS buffer and blotted on
nitrocellulose membranes. After blocking and washing, the membranes
were incubated with different concentrations of biotinylated-aptamer in
3

2-fold dilutions (7.5–300 nM), then washed and treated with
HRP-streptavidin. The chemiluminescence intensity was calculated using
ImageJ software. The Kd was determined with the Y ¼ Bmax X

KdþX equa-
tion based on a nonlinear regression as previously described [10, 16].
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2.9. Data interpretation

Data analysis was conducted using the Prism-GraphPad software
(Version 8.4.3, California, USA), and a P-value (P)< 0.05 was considered
statistically significant.

3. Results

3.1. Selection and enrichment of aptamers

Expressed mIL-2 protein with a His-tag domain was detected by SDS-
PAGE as a monomeric form (23 kDa) at a concentration of 300 μg/ml
(Supplementary 1). The gel electrophoresis results indicated that the
enrichment pools of each round occurred in different PCR cycles
(Figure 2, Table 1). To start the next round, dsDNAs converted into the
ssDNAs. The gel electrophoresis results of the preparation and purifica-
tion of ssDNA showed that the degradation of dsDNA with lambda
exonuclease enzyme is suitable with high efficacy for the SELEX rounds
(Supplementary 2).

3.2. SELEX round screening and aptamer sequencing

In the current study, high-specific DNA aptamers were identified
against mIL-2 after 14 SELEX rounds. The enrichment of aptamer pools
was monitored by the flow cytometry method. The flow cytometry MFI
showed that the MFI of the eleventh round was higher compared to
rounds of 9th, 12th, 14th, and library (Figure 3A), with statistical differ-
ences (Figure 3B). The 11th round of aptamers was cloned, and 35 clones
were chosen. The gel electrophoresis results indicated that a few clones
had junk insertions (Supplementary 3). The junked insertion was
excluded, and 32 plasmids with proper insertion were included for
nucleotide sequencing.
Figure 2. The enrichment pools with different PCR cycles: The enrichment pools of e
were in the 12th and 16th cycles, respectively (A and B). After a determined des
DNA Ladder.
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3.3. Structures of aptamers and specific affinity

The sequences of 32 aptamers were aligned by BioEdit software and
divided based on similarities and differences (Supplementary 4). Then,
the two-dimensional structure of aptamers was analyzed with the online
M-fold software. The M-fold results predicted that 15 aptamers have
stem, loop, and stem-loop structures with sufficient stability Supple-
mentary 5), and other sequences did not have sufficient stability or
structure. These 15 aptamers were evaluated for binding affinity and
specificity based on the secondary structures. The results indicated that
five aptamers named M12, M13, M15, M20, and M23 had a higher af-
finity for mIL-2 (Figure 4A). Finally, the dot blot results showed that the
M15 and M20 aptamers bind to the target with high affinity compared to
other aptamers. Neither aptamer reacted with His-tagged recombinant
mouse TGF-β (Figure 4B). The M20 aptamer sequence had binary repe-
titions of guanine nucleotides and is probable to form into the G-quad-
ruplex structure. So, the structure and G-scores of M20 were calculated
and predicted through QGRS Mapper software (http://bioinformat
ics.ramapo.edu/QGRS). According to DNA folding software, M15 and
M20 aptamers had stem-loop and G-quadruplex structures, respectively
(Figure 5).

3.4. Aptamer Kd

In the current study, the Kd was calculated with the Y ¼ Bmax X
KdþX

equation from chemiluminescence intensities based on nonlinear
regression analysis as previously described [10, 16]. Briefly, [Y] is the
mean chemiluminescence intensity. The [Bmax] and [x] were considered
concentrations of each aptamer that saturates 100 and 50 percent of
binding sites, respectively. The results indicated that the affinity of the
M20 aptamer was greater than the M15, and its predicted Kd was 91 nM
(Figure 6).
ach round occurred in different PCR cycles. Desired cycles for 3th and 8th rounds
ired round, the ssDNA purification was performed. NC: Negative Control. L:

http://bioinformatics.ramapo.edu/QGRS
http://bioinformatics.ramapo.edu/QGRS


Figure 3. Round screening and MFI analysis: The flow cytometry MFI analysis of eluted pools showed that the MFI of the eleventh round was higher compared to
rounds of library, 9th, 12th, and 14th (A) with statistical differences (B).

Figure 4. Dot-blot assay of the selected aptamer: 15 aptamers were evaluated for binding affinity and specificity (A). Five aptamers named M12, M13, M15, M20, and
M23 had higher affinity to mIL-2. The M15 and M20 aptamers bound to the target with high affinity compared to other aptamers, and neither aptamer nonreacted
with His-tagged recombinant mouse TGF-β (B).
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Figure 5. M15 and M20 structures: The M20 aptamer sequence had binary repetitions of guanine nucleotides and is probable to form into the G-quadruplex structure.
So, its structure was predicted through QGRS Mapper software. According to DNA folding software, M20 and M15 aptamers had G-quadruplex (A) and stem-loop (B)
structures, respectively.

Figure 6. Anti-mIL-2 aptamer Kd: With increasing serial dilution, the M20 aptamer showed a higher affinity to mIL-2 than M15 (A). The calculation of the dissociation
constant predicted 91 and 600 nM Kd for M20 and M15, respectively (B).
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4. Discussion

This study identified a G-quadruplex aptamer M20 that binds to the
IL-2 cytokine with high affinity (Kd: 91 nM) and specificity. It can be used
to detect and recognize this cytokine in a variety of aptamer-based as-
says. Cytokines are among the most important immune system proteins
that activate and inhibit different cells. Various studies have targeted
these cytokines and their receptors with various molecules such as an-
tibodies and aptamers [17, 18]. Moreover, the chemical synthesis of
aptamers is very simple and cost-effective and can be used as an appro-
priate alternative to antibodies in antibody-based immune assays to
detect cytokines. Moreover, the production of aptamers could be per-
formed against a lower amount of target protein (in micrograms) in
comparison with antibodies, which need an amount of large protein (in
milligrams) [10]. Aptamer production is carried out in a variety of pro-
cesses with SELEX techniques against proteins [19] and peptides [20]
and with the Cell-SELEX technique against cell surface receptors or an-
tigens [21, 22, 23, 24].
6

In the present study, after performing 14 rounds of SELEX, we
selected high affinity and specific aptamers against mIL-2 protein from
the 11th round. To this aim, a protein-SELEX method was performed with
increased-successive through rounds stringency, and after eleven rounds,
Fifteen specific aptamers were selected. After more analysis, it was found
that only two aptamers named M15 and M20 were bound to the mIL-2
with high affinity. The round stringency was applied to identify highly
specific aptamers after a few rounds. In terms of round stringency, Pro-
deus et al. reached the two specific aptamers named M49 and M52 with
high affinity against CD200R1 after 15 rounds. They considered round
stringency on the slow reduction of target concentration [25]. In another
study by Hui et al. for the identification of anti-DC-SIGN aptamers, 4
particular aptamers were identified after eleven rounds, one of which
with a high affinity (about Kd: 22 nM) was able to inhibit DCs interactions
with ECs [26]. Like our results, they considered round stringency on
aptamer/target incubation time and the amount of target proteins. In
addition to the mentioned items, we performed counter SELEX on
His-tagged protein and naked magnetic beads to eliminate non-specific
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aptamers and used Tween-20 to eliminate weak aptamers in the aptamer
washing buffer. In the current study, the aptamer/protein ratio was 4:1 at
the first SELEX round, and the mILL-2 concentration decreased gradually
in SELEX progress. These strategies result in selected high-specific and
-affinity aptamers in early SELEX rounds [27, 28, 29, 30].

We noticed that the number of cycles was increased with round
progress, so enrichment of the pool occurred with fewer PCR cycles in
early rounds. It seems that this result demonstrated decreasing non-
specific aptamers in the SELEX process. In this regard, Hui et al. found
that increasing PCR cycles from 8 to 24 occurred while identifying anti-
DC-SIGN aptamers [26]. Also, in our previous study for identifying
anti-human TNF-α aptamer, the increasing PCR cycles were observed
from 12 to 22 cycles [10]. Moreover, the PCR cycles were increased from
12 to 18 cycles in our study. Also, we used the lambda exonuclease
method to prepare single-strand aptamers in each round. This protocol,
in comparison with other methods such as biotinylation [31] or asym-
metric PCR [32], has high efficacy and is easy to use [33]. Furthermore,
the number of SELEX rounds should be monitored in the SELEX process
because with increasing SELEX process, due to the Taq-polymerase er-
rors, which result in the identification of unspecific aptamers [34, 35,
36]. This event was observed in the 12th and 14th rounds, which caused
decreasing MFI along with round progress (Figure 3). Also, we observed
this event in two of our previous studies that were performed to identify
anti-DC and anti-human TNF-α aptamers [10, 24, 37]. For this purpose,
several methods are employed to monitor SELEX rounds, such as ELONA
[38], dot blot [39], real-time PCR [10], and flow cytometry [24].

G-quadruplex aptamers constitute a unique class of G-rich and short
single-stranded oligonucleotides capable of binding to various targets
with high specificity and affinity. These aptamers are stabilized through
stacking interactions of four guanines, which are assembled into a planar
arrangement by Hoogsteen hydrogen bonding. These small molecules are
highly polymorphic structures with various folding topologies, which
could be considered a suitable alternative for antibodies to target bio-
molecules. These unique properties of G-quadruplexes’ aptamers depend
on their structural and chemical nature, ease of chemical modification,
increased cellular uptake, resistance to numerous serum nucleases, high
stability, and convenient storage [40, 41]. The G-quadruplex aptamer
was first reported in NMR studies on anti-thrombin aptamer [42]. The
presence of cations such as Mg2þ, Ca2þ, Naþ, and Kþ in the SELEX pro-
cess, could increase the chance of G-quadruplex aptamer identification
[43]. We used various cations in aptamer binding and washing buffers to
preserve G-quadruplex aptamers through the SELEX process. The M20
aptamer sequence has binary repetitions of guanine nucleotides and is
possibly formed into the G-quadruplex structure. The QGRS Mapper
software predicted M20'd folding as a G-quadruplex structure. Also, the
dot blot analysis revealed that the M20 is more stable compared to the
M15 with a stem-loop structure.

The selection and production of this aptamer with high specificity
and sensitivity for IL-2 is an important step in the development of
aptamer immune-assay methods, which are more cost-effective, simple,
faster, and more reliable than antibody-based immune-assay methods.
According to a study by Low et al., the aptamer production cost is 10–50
times lower than the antibody. Therefore, the future perspective is
more toward the use of aptamers for diagnosis or therapy in different
diseases [9].

5. Conclusion

In this study, a simple SELEX protocol with high stringency was
explained for the identification of DNA aptamers against protein targets,
which resulted in the selection of high-specific and -affinity aptamers.
The most critical factors in round stringency are aptamer/target incu-
bation time, washing steps, and the amount of target proteins. Accord-
ingly, we identified an anti-IL-2 G-quadruplex aptamer that binds to IL-2
with high affinity. An anti-IL-2 aptamer reported here has potential
diagnostic and/or therapeutic application for IL-2-related disorders.
7

Declarations

Author contribution statement

Mohsen Momeni: Performed the experiments; Analyzed and inter-
preted the data; Contributed reagents, materials, analysis tools or data;
Wrote the paper.

Kazem Mashayekhi, Jamshid Gholizadeh Navashenaq: Analyzed and
interpreted the data; Wrote the paper.

Mojtaba Sankian: Conceived and designed the experiments;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Funding statement

Dr. Mojtaba Sankian was supported by Mashhad University of Med-
ical Sciences [941436].

Data availability statement

Data will be made available on request.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2022.e09721.

Acknowledgements

This study was supported byMashhad University of Medical Sciences,
Mashhad, Iran (Grant No. 941436). We acknowledge the vice chancellor
for the research and Immunology Research Center at Bu'ali Research
Institute of Mashhad University of Medical Sciences, Mashhad, Iran. Also,
the authors would like to thank Malihe Moghadam and Ali Ganji for their
technical assistance.

References

[1] P.J. Barnes, Targeting cytokines to treat asthma and chronic obstructive pulmonary
disease, Nat. Rev. Immunol. 18 (7) (2018) 454–466.

[2] P. Berraondo, M.F. Sanmamed, M.C. Ochoa, I. Etxeberria, M.A. Aznar, J.L. P�erez-
Gracia, et al., Cytokines in clinical cancer immunotherapy, Br. J. Cancer 120 (1)
(2019) 6–15.

[3] C.R. Zamecnik, E.S. Levy, M.M. Lowe, B. Zirak, M.D. Rosenblum, T.A. Desai, An
injectable cytokine trap for local treatment of autoimmune disease, Biomaterials
230 (2020) 119626.

[4] A. Abdi, M. Hosseinpour, K. Mashayekhi, M.J. Mousavi, S.E. Badiee Kheirabadi,
M. Sankian, Optimization of cloning conditions for high-level production of
recombinant mouse interleukin-2 in escherichia coli, Res. Mol. Med. 7 (1) (2019)
16–25.

[5] T. Wang, Y. Hu, E. Wangkahart, F. Liu, A. Wang, E. Zahran, et al., Interleukin (IL)-2
is a key regulator of T helper 1 and T helper 2 cytokine expression in fish: functional
characterization of two divergent IL2 paralogs in salmonids, Front. Immunol. 9
(2018) 1683.

[6] M. Castillo-Salazar, F. S�anchez-Mu~noz, R. Springall del Villar, G. Navarrete-
V�azquez, A. Hern�andez-DiazCouder, C. Mojica-Cardoso, et al., Nitazoxanide exerts
immunomodulatory effects on peripheral blood mononuclear cells from type 2
diabetes patients, Biomolecules 11 (12) (2021) 1817.

[7] J. Hidding, A therapeutic battle: antibodies vs. Aptamers, Nanosci Master Progr 109
(2017) 1–20.

[8] S. Arshavsky-Graham, K. Urmann, R. Salama, N. Massad-Ivanir, J.G. Walter,
T. Scheper, et al., Aptamers vs. antibodies as capture probes in optical porous silicon
biosensors, Analyst 145 (14) (2020) 4991–5003.

[9] S. Devi, N. Sharma, T. Ahmed, Z.I. Huma, S. Kour, B. Sahoo, et al., Aptamer-based
diagnostic and therapeutic approaches in animals: current potential and challenges,
Saudi J. Biol. Sci. (2021).

[10] K. Koushki, A.-R. Varasteh, S.K. Shahbaz, M. Sadeghi, K. Mashayekhi, S.H. Ayati, et
al., Dc-specific aptamer decorated gold nanoparticles: a new attractive insight into
the nanocarriers for allergy epicutaneous immunotherapy, Int. J. Pharm. (2020)
119403.

https://doi.org/10.1016/j.heliyon.2022.e09721
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref1
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref1
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref1
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref2
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref2
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref2
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref2
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref2
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref3
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref3
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref3
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref4
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref4
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref4
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref4
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref4
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref5
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref5
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref5
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref5
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref6
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref7
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref7
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref7
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref8
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref8
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref8
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref8
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref9
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref9
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref9
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref10
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref10
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref10
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref10


M. Momeni et al. Heliyon 8 (2022) e09721
[11] A. Ruscito, M.C. DeRosa, Small-molecule binding aptamers: selection strategies,
characterization, and applications, Front. Chem. 4 (2016) 14.

[12] C.H. Su, H.L. Chen, S.P. Ju, T.D. You, Y.S. Lin, T.F. Tseng, Exploring the most stable
aptamer/target molecule complex by the stochastic tunnelling-basin hopping-
discrete molecular dynamics method, Sci. Rep. 11 (1) (2021) 11406.

[13] T. Wang, W. Yin, H. AlShamaileh, Y. Zhang, P.H. Tran, T.N. Nguyen, et al.,
A detailed protein-SELEX protocol allowing visual assessments of individual steps
for a high success rate, Hum. Gene Ther. Methods 30 (1) (2019) 1–16.

[14] Q. Liu, W. Zhang, S. Chen, Z. Zhuang, Y. Zhang, L. Jiang, et al., SELEX tool: a novel
and convenient gel-based diffusion method for monitoring of aptamer-target
binding, J. Biol. Eng. 14 (2020) 1.

[15] C. Tuerk, L. Gold, Systematic evolution of ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA polymerase, Science 249 (4968) (1990) 505–510.

[16] M. Wongphatcharachai, P. Wang, S. Enomoto, R.J. Webby, M.R. Gramer,
A. Amonsin, et al., Neutralizing DNA aptamers against swine influenza H3N2
viruses, J. Clin. Microbiol. 51 (1) (2013) 46–54.

[17] A. Rajagopalan, A. Berezhnoy, B. Schrand, Y. Puplampu-Dove, E. Gilboa, Aptamer-
targeted attenuation of IL-2 signaling in CD8(þ) T cells enhances antitumor
immunity, Mol. Ther. J. Am. Soc. Gene Ther. 25 (1) (2017) 54–61.

[18] E. Trotta, P.H. Bessette, S.L. Silveria, L.K. Ely, K.M. Jude, D.T. Le, et al., A human
anti-IL-2 antibody that potentiates regulatory T cells by a structure-based
mechanism, Nat. Med. 24 (7) (2018) 1005–1014.

[19] Y. Wang, Z. Li, H. Yu, Aptamer-based western blot for selective protein recognition,
Front. Chem. 8 (2020) 570528.

[20] C. Izzi-Engbeaya, A. Abbara, A. Cass, W.S. Dhillo, Using aptamers as a novel method
for determining GnRH/LH pulsatility, Int. J. Mol. Sci. 21 (19) (2020).

[21] K. Pleiko, L. Saulite, V. Parfejevs, K. Miculis, E. Vjaters, U. Riekstina, Differential
binding cell-SELEX method to identify cell-specific aptamers using high-throughput
sequencing, Sci. Rep. 9 (1) (2019) 8142.

[22] H. Bakhtiari, A.A. Palizban, H. Khanahmad, M.R. Mofid, Novel approach to
overcome defects of cell-SELEX in developing aptamers against aspartate
β-hydroxylase, ACS Omega 6 (16) (2021) 11005–11014.

[23] H. Kaur, Recent developments in cell-SELEX technology for aptamer selection,
Biochim. Biophys. Acta Gen. Subj. 1862 (10) (2018) 2323–2329.

[24] M. Moghadam, M. Sankian, K. Abnous, A. Varasteh, S. Taghdisi, M. Mahmoudi, et
al., Cell-SELEX-based selection and characterization of a G-quadruplex DNA
aptamer against mouse dendritic cells, Int. Immunopharm. 36 (2016) 324–332.

[25] A. Prodeus, M. Cydzik, A. Abdul-Wahid, E. Huang, I. Khatri, R. Gorczynski, et al.,
Agonistic CD200R1 DNA aptamers are potent immunosuppressants that prolong
allogeneic skin graft survival, Mol. Ther. Nucleic Acids 3 (2014) e190.

[26] Y. Hui, L. Shan, Z. Lin-Fu, Z. Jian-Hua, Selection of DNA aptamers against DC-SIGN
protein, Mol. Cell. Biochem. 306 (1) (2007) 71–77.

[27] A. Sett, B.B. Borthakur, J.D. Sharma, A.C. Kataki, U. Bora, DNA aptamer probes for
detection of estrogen receptor α positive carcinomas, Transl. Res. 183 (2017), 104-
20. e2.

[28] K. Fukuda, D. Vishnuvardhan, S. Sekiya, J. Hwang, N. Kakiuchi, K. Taira, et al.,
Isolation and characterization of RNA aptamers specific for the hepatitis C virus
nonstructural protein 3 protease, Eur. J. Biochem. 267 (12) (2000) 3685–3694.
8

[29] N. Mencin, T. �Smuc, M. Vrani�car, J. Mavri, M. Hren, K. Gale�sa, et al., Optimization
of SELEX: comparison of different methods for monitoring the progress of in vitro
selection of aptamers, J. Pharm. Biomed. Anal. 91 (2014) 151–159.

[30] A. Sett, B. Borthakur, U. Bora, Selection of DNA aptamers for extra cellular domain
of human epidermal growth factor receptor 2 to detect HER2 positive carcinomas,
Clin. Transl. Oncol. 19 (8) (2017) 976–988.

[31] G. Mayer, T. H€over, In vitro selection of ssDNA aptamers using biotinylated target
proteins, Methods Mol. Biol. 535 (2009) 19–32.

[32] A. Nehdi, N. Samman, V. Aguilar-S�anchez, A. Farah, E. Yurdusev, M. Boudjelal, et
al., Novel strategies to optimize the amplification of single-stranded DNA, Front.
Bioeng. Biotechnol. 8 (2020) 401.

[33] M. Citartan, T.-H. Tang, S.-C. Tan, S.C. Gopinath, Conditions optimized for the
preparation of single-stranded DNA (ssDNA) employing lambda exonuclease
digestion in generating DNA aptamer, World J. Microbiol. Biotechnol. 27 (5) (2011)
1167–1173.

[34] M.B. Murphy, S.T. Fuller, P.M. Richardson, S.A. Doyle, An improved method for the
in vitro evolution of aptamers and applications in protein detection and
purification, Nucleic Acids Res. 31 (18) (2003) e110-e.

[35] R. Wang, J. Zhao, T. Jiang, Y.M. Kwon, H. Lu, P. Jiao, et al., Selection and
characterization of DNA aptamers for use in detection of avian influenza virus
H5N1, J. Virol. Methods 189 (2) (2013) 362–369.

[36] I.C. Elle, K.K. Karlsen, M.G. Terp, N. Larsen, R. Nielsen, N. Derbyshire, et al.,
Selection of LNA-containing DNA aptamers against recombinant human CD73, Mol.
Biosyst. 11 (5) (2015) 1260–1270.

[37] K. Mashayekhi, M. Sankian, S.M. Haftcheshmeh, R.A. Taheri, K. Hassanpour,
G. Farnoosh, A Cross-Linked anti-TNF-α aptamer for neutralization of TNF-
α-induced cutaneous Shwartzman phenomenon: a simple and novel approach for
improving aptamers’ affinity and efficiency, Biotechnol. Prog. (2021) e3191.

[38] R. Mohammadinezhad, S.A.H. Jalali, H. Farahmand, Evaluation of different direct
and indirect SELEX monitoring methods and implementation of melt-curve analysis
for rapid discrimination of variant aptamer sequences, Anal. Methods 12 (30)
(2020) 3823–3835.

[39] M. Sypabekova, A. Bekmurzayeva, R. Wang, Y. Li, C. Nogues, D. Kanayeva,
Selection, characterization, and application of DNA aptamers for detection of
Mycobacterium tuberculosis secreted protein MPT64, Tuberculosis 104 (2017)
70–78.

[40] W. O Tucker, K. T Shum, J.A. Tanner, G-quadruplex DNA aptamers and their
ligands: structure, function and application, Curr. Pharmaceut. Des. 18 (14) (2012)
2014–2026.

[41] C. Roxo, W. Kotkowiak, A. Pasternak, G-quadruplex-forming
aptamers—characteristics, applications, and perspectives, Molecules 24 (20) (2019)
3781.

[42] K.Y. Wang, S. McCurdy, R.G. Shea, S. Swaminathan, P.H. Bolton, A DNA aptamer
which binds to and inhibits thrombin exhibits a new structural motif for DNA,
Biochemistry 32 (8) (1993) 1899–1904.

[43] C.C. Hardin, A.G. Perry, K. White, Thermodynamic and kinetic characterization of
the dissociation and assembly of quadruplex nucleic acids, Biopolym. Orig. Res.
Biomol. 56 (3) (2000) 147–194.

http://refhub.elsevier.com/S2405-8440(22)01009-X/sref11
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref11
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref12
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref12
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref12
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref13
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref13
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref13
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref13
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref14
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref14
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref14
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref15
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref15
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref15
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref16
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref16
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref16
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref16
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref17
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref17
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref17
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref17
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref17
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref18
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref18
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref18
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref18
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref19
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref19
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref20
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref20
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref21
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref21
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref21
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref22
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref22
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref22
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref22
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref23
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref23
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref23
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref24
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref24
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref24
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref24
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref25
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref25
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref25
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref26
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref26
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref26
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref27
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref27
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref27
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref27
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref28
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref28
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref28
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref28
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref29
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref30
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref30
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref30
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref30
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref31
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref31
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref31
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref31
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref32
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref32
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref32
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref32
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref33
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref33
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref33
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref33
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref33
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref34
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref34
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref34
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref35
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref35
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref35
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref35
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref36
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref36
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref36
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref36
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref37
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref37
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref37
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref37
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref37
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref38
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref38
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref38
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref38
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref38
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref39
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref39
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref39
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref39
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref39
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref40
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref40
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref40
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref40
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref41
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref41
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref41
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref41
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref42
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref42
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref42
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref42
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref43
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref43
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref43
http://refhub.elsevier.com/S2405-8440(22)01009-X/sref43

	Identification of G-quadruplex anti-Interleukin-2 aptamer with high specificity through SELEX stringency
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. The first SELEX round step
	2.3. Enrichment of pools by PCR step
	2.4. The ssDNA purification and preparation step
	2.5. Counter SELEX step and continue rounds
	2.6. The screening of rounds by flow cytometry
	2.7. Aptamers cloning, sequencing, and structure
	2.8. Assessment of aptamer Kd and specific affinity
	2.9. Data interpretation

	3. Results
	3.1. Selection and enrichment of aptamers
	3.2. SELEX round screening and aptamer sequencing
	3.3. Structures of aptamers and specific affinity
	3.4. Aptamer Kd

	4. Discussion
	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


