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A B S T R A C T

Aptamers are single‐stranded oligonucleotide sequences capable of binding to specific ligands with high affi-
nity. In this manner, they are like antibodies but have advantages such as lower manufacturing costs, lower
immunogenicity, fewer batch‐to‐batch differences, a longer shelf life, high tolerance to different molecular
milieus, and a greater number of potential targets. Due to their special features, they have been used in drug
delivery, biosensor technology, therapy, and diagnostics. The methodology that allowed its production was the
“Systematic Evolution of Ligands by Exponential enrichment” (SELEX). Unfortunately, the traditional protocol
is time‐consuming and laborious. Therefore, numerous variants with considerable optimization steps have
been developed, nonetheless, there are still challenges to achieving real applications in the clinical field.
Among them, are control of in vivo activities, fast renal filtration, degradation by nucleases and toxicity testing.
This review focuses on current technologies based on SELEX, the critical factors for successful aptamer selec-
tion, and its upcoming biomedical and biotechnological applications.
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1. Introduction

Aptamers are oligonucleotide single‐stranded sequences, both DNA
and RNA, that have a mean length between 25 and 80 base pairs that
fold into stable three‐dimensional structures and recognize specific tar-
gets with high affinity.28,102 The first aptamers were selected from
RNA molecules in 1990 by different research groups in an independent
manner.33,123,160 Firstly, Tuerk & Gold160 isolated two RNA sequences
from a pool of 65,536 species that interacted with T4 DNA polymerase.
For his part, Ellington & Szostak,33 generated subsets of RNA from a
variety of 1014 random sequences that bound specifically to organic
dyes. Similarly, Robertson & Joyce123 developed a method for the
in vitro selection of RNA sequences with catalytic properties on DNA.
Overall, these studies laid the foundations for the Systematic Evolution
of Ligands by Exponential Enrichment (SELEX), which represents a uni-
versal method for aptamer selection.

Over the last few decades, significant progress has been made in
the medical field.44,116 As a result of their thermal stability, post‐
SELEX modifications, specificity, low immunogenicity, and wide spec-
trum of targets in vivo, aptamers have become essential components of
the development of more precise, accurate, and reproducible medical
toolsNi et al.103,166 Several innovative uses of aptamers should be
highlighted, including recognition of pathogenic microorganisms, bio-
marker detection, targeted drug delivery systems, and therapeutics for
diabetes, infectious diseases, and cancers.35,67,68,79,153 However, there
are still challenges to improving technologies in pathogen detection,
pharmacology, and treatments for cancer and other diseases.76

Despite its effectiveness, conventional SELEX is a time‐ and
resource‐intensive method. As a result, over the past three decades,
several alternatives and modifications have been made to the original
protocol.166 During this period, thousands of aptamers were produced
for the recognition of small metallic ions, inorganic molecules, pep-
tides, proteins, pathogens, whole cells, and numerous targets within
animals.182 This has enabled them to be used in various fields, such
as drug delivery, in vitro diagnostics, therapy, biomarker discovery,
and biosensor technology.28,166 This review discusses the latest tools
for the optimization of SELEX technology, as well as the critical factors
of aptamer selection, the challenges, and some prospects for their
application in therapy and diagnostics.
2. Conventional SELEX method

In the conventional SELEX method, a synthetic library is built with
ssDNA or ssRNA molecules, each containing a random central region
2

between 20 and 100 nucleotides. These oligonucleotides are flanked
by defined sequences at their 50 and 30 ends, providing the target for
primers used in PCR amplification throughout the selection rounds.
Usually, the pool consists of approximately 1 or 2 nmol, meaning
1015 different molecules, giving a generous amount of diverse possible
structures to select the aptamers with the highest affinity for a ligand
(Fig. 1A). SELEX starts with a mixture of the library and target, gener-
ating aptamer‐protein complexes (Fig. 1B). Afterward, non‐specific
sequences are removed, and candidate aptamers are eluted for PCR
amplification (Fig. 1C). Then, double‐stranded amplicons are sepa-
rated to obtain a new library with increasingly specific candidates at
the end of each cycle (Fig. 1D). After many rounds of selection, gener-
ally 2–15, the aptamers are subjected to cloning and sequencing for
their modeling and characterization (Fig. 1E).

DNA and RNA aptamers are manufactured with some differences.
In the former case, after the recovery step, conventional PCR is used,
while in the latter, RT‐PCR is required. RNA aptamers often exhibit
more diverse three‐dimensional structures and stronger intra‐strand
RNA‐RNA interactions, increasing the affinity and specificity139, while
DNA aptamers are more stable, and their production cost is lower.182
3. Crucial points to optimization of the aptamers selection

SELEX is a combination of different steps repeated several times
(Fig. 1). Each of these contributes to the success or failure of generat-
ing a specific and high‐affinity oligonucleotide.

Variables in the selection environment that affect aptamer affinity
and function include target‐library ratio, the size and type of aptamer
candidates (DNA or RNA), annealing regions, target molecules, PCR
amplification bias, sequencing method, and tools for modeling apta-
mer structure and predicting interaction with targets, pH, buffer com-
ponents, temperature, time, and binding force. Likewise, ligand
features are considered to design the experimental conditions, includ-
ing net charge, isoelectric point, and hydrophilicity.182 Before starting
the aptamer generation, it is necessary to obtain a wide and deep
knowledge of each step, especially in novel SELEX variants, to design
the most adequate protocol possible. Thus, some breakthroughs to
solve these specific drawbacks are presented.

3.1. Library design

A typical SELEX synthetic library contains large amounts of differ-
ent sequences with unique structures. The higher the number of
oligonucleotides, the greater the chance of selecting aptamers with



Fig. 1. Schematic representation of DNA aptamers and RNA aptamers selection through conventional SELEX methodology. A synthetic library of ssDNA or ssRNA
molecules with random sequences is created (A). These molecules are mixed with the target to form aptamer-target complexes (B). Non-specific sequences are
removed, and specific aptamers are isolated (C). The selected aptamers are amplified through PCR to enrich the library (D). This process is repeated in several
cycles to enhance specificity (D). Finally, the aptamers are sequenced and characterized (E).
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high affinity for the target. This is why libraries usually contain
1011–1016 DNA or RNA molecules. However, as was mentioned above,
in silico SELEX is a variant with the advantage of virtual screening of
candidates before the in vitro synthesis, being cost‐effective and elim-
inating time‐consuming processes.

Early studies on aptamer generation used RNA libraries33,123,160,
and this preference continued for about ten years. One of the reasons
was that RNA folds into intricate structures involving its 20‐hydroxyl
group.32 In the case of RNA SELEX, double‐stranded DNA is tran-
scribed to generate an initial RNA library, and reverse transcription
is performed after PCR step for each SELEX cycle.12,130 The obtained
DNA is transcribed for the next round until cloning and sequencing.
This process can introduce synthesis mistakes, affecting the desired
specific sequence, which becomes severe with RNA sequences of
around 100 nucleotides.74 Besides, the protection of RNA from
RNAases is required throughout the SELEX protocol.181 These concerns
increased the interest in DNA libraries. At the same time, strategies to
improve RNA stability, such as sugar modifications, base modifica-
tions, and truncation, were also being explored.12,42,130 As a result,
various alternatives have been developed to enhance both RNA and
DNA pools so that they are now widely used, achieving aptamers with
similar levels of affinity and specificity.137,150,157,177
3.2. Aptamer-target interaction

Optimization of the SELEX process involves elucidating the mecha-
nisms underlying the interaction between the aptamer and its target
molecule. Understanding these mechanisms is crucial for enhancing
the efficiency and specificity of aptamer selection. Several approaches
can be employed to optimize SELEX based on these interactions:
3

3.2.1. Systematic variation of selection conditions
By systematically varying selection conditions such as buffer com-

position, pH, temperature, and incubation time, the binding affinity
and specificity of aptamers can be optimized. This approach allows
for the identification of optimal conditions that favor the selection of
high‐affinity aptamers while minimizing non‐specific binding.

3.2.2. Structural characterization of aptamer-target complexes
Structural studies, such as X‐ray crystallography, nuclear magnetic

resonance (NMR) spectroscopy, or molecular modeling, can provide
insights into the binding interface and conformational changes associ-
ated with aptamer‐target interactions. This structural information can
guide the rational design of aptamers with improved binding
properties.

3.2.3. Mutagenesis and binding site mapping
Site‐directed mutagenesis coupled with binding assays can be used

to identify critical residues involved in aptamer‐target interactions.
This information can be utilized to engineer aptamers with enhanced
binding affinity or altered specificity through rational design or direc-
ted evolution approaches.

3.2.4. Kinetic analysis of binding interactions
Kinetic studies, such as surface plasmon resonance (SPR) or isother-

mal titration calorimetry (ITC), can provide quantitative information
about the association and dissociation rates of aptamer‐target com-
plexes. Optimization of SELEX conditions based on kinetic parameters
can lead to the selection of aptamers with optimal binding kinetics for
specific applications.

By integrating these approaches, the optimization of SELEX can be
tailored to the specific requirements of aptamer selection, leading to



D.J. Chinchilla-Cárdenas et al. Journal of Genetic Engineering and Biotechnology 22 (2024) 100400
the generation of high‐affinity and specific aptamers for various
biomedical and biotechnological applications.
4. Development of aptamers through different SELEX
technologies

The conventional SELEX requires several weeks or months, and
even so, the success ratio is low.28 Consequently, alternative methods
have been developed to enhance the efficiency of the selection and
affinity of the aptamers obtained. Methodologies based in SELEX selec-
tion are in silico SELEX, Capillary electrophoresis‐SELEX (CE‐SELEX),95

SELEX combined with fluorescent labels and magnetic beads (Flumag‐
SELEX),145 microfluidic‐based SELEX (M‐SELEX),89,119 SELEX assisted
by graphene oxide (GO‐SELEX),109 real‐time quantitative PCR coupled
to SELEX (qPCR‐SELEX),25 and SELEX using complete living cells (Cell‐
SELEX).6,39 Someones principles, advantages, and disadvantages of
SELEX variants are discussed.

4.1. In silico SELEX

It has been well‐documented that the classical SELEX and its vari-
ants can produce aptamers from a synthetic library of between 1011

and 1016 molecules through up to 15 cycles of selection,28,33 Ni et al.103

Nevertheless, computational tools have been extensively used to opti-
mize the process, resulting in an increased affinity of the evolved apta-
mers via a library of enhanced candidates.3,57,188

The first in silico SELEX research was developed by Chushak &
Stone,22 who designing a complete strategy for the selection of RNA
aptamers. The process implies the selection of RNA sequences based
on their secondary structure; the generation of a library of 3D struc-
tures and the virtual screening of the candidates to select aptamers
with binding affinity to desired targets. This methodology can reduce
the in vitro SELEX by 4–5 orders of magnitude, accelerating the exper-
imental steps and selection of final aptamers. Besides, in silico SELEX
has a lower cost than in vitro SELEX due to no need to invest in chem-
icals, laboratory equipment, or technical personnel.188 Rather than
this, hardware and software, selection of suitable programs and valida-
tion of computational process are required, with times and economic
costs affordable. Key features of the library design that are improved
with these tools include the length of the internal random sequence,
the values for randomization, chemical orientation, and affinity of
the constant regions for primers annealing.188

Currently, many computer‐based methods are used to model apta-
mer's 2D, 3D, and G4 quadruplex structures, as well as molecular dock-
ing for predicting optimal binding sites between the oligonucleotides
and targets.78 Both DNA and RNA aptamers can be studied using
online platforms since their designing processes are similar. Among
the most used in silico tools are including AptaSUITE,56,57 Apta‐
LoopEnc,176 SMART‐Aptamer,142 AptCompare136 and AptaNet.34 The
details of in silico design of both DNA and RNA aptamers through
computational‐based methods were studied by Lee et al.78

4.2. Capillary electrophoresis-based SELEX

The CE‐SELEX technique was introduced by Mendonsa & Bowser in
2004, who selected an anti‐IgE aptamer in only four days. In contrast,
classical SELEX procedures take anywhere from 3 weeks to a month to
complete. In CE‐SELEX, the binding step occurs in a free solution, elim-
inating fixed substrate and linker biases. Using CE, sequences with tar-
get affinity are separated from those not bound by the difference in
electrophoretic migration and collected as CE fractions. Thus, there
is no need to carry out a washing step as in a traditional SELEX. The
collected ssDNAs are enriched with PCR amplification for the next
round of screening. Nevertheless, the effective resolution depends on
the size of the target. For great molecules, such as proteins, the specific
4

change in the electrophoretic migration after complex formation is
easily reached. Nonetheless, the shift is not seen for small molecules,
or with similar charges.144

In recent years, CE‐SELEX has been used to develop aptamers with
strong binding affinity and possible clinical applications. An example
is the anti‐thyroglobulin (Tg) aptamer created by Zhu et al.184 in only
two selection rounds of CE‐SELEX. With further studies, this aptamer
could be useful for the detection of Tg, an important thyroid cancer
biomarker. Similarly, aptamers targeting proprotein convertase
subtilisin/kexin 9 (PCSK9) were successfully selected after 3 rounds
by Sattari et al.131 and could be used in therapeutics for hypercholes-
terolemia and cardiovascular disease. In addition, several approaches
of CE‐SELEX have been proposed to increase the yield of this method,
among others: nonequilibrium capillary electrophoresis of equilibrium
mixtures, equilibrium capillary electrophoresis of equilibrium mix-
tures, non‐SELEX, ideal‐filter capillary electrophoresis, and capillary
transient isotachophoresis.45
4.3. Fluorescence-Based SELEX

Fluorescence‐based SELEX is a pivotal advancement in the field of
aptamer selection, offering significant improvements in sensitivity and
specificity compared to traditional SELEX methods. The use of fluores-
cence allows for real‐time monitoring of the selection process, provid-
ing a highly sensitive means to detect and quantify aptamer‐target
interactions.8 This sensitivity is particularly advantageous when deal-
ing with low‐abundance targets or when high precision is required.146

The fluorescence‐based approach enhances the ability to distinguish
between specific and non‐specific binding events, thereby improving
the enrichment of high‐affinity aptamers.8,146 Furthermore, the inte-
gration of fluorescence facilitates high‐throughput screening, enabling
the rapid processing of large libraries and accelerating the overall
selection process.

Despite these advantages, fluorescence‐based SELEX also presents
certain challenges such as the complexity and cost associated with
the method.101 The incorporation of fluorescent labels necessitates
specialized equipment, such as fluorescence microscopes or flow
cytometers, which can be expensive and require skilled operators.
Additionally, the process of labeling targets or aptamers with fluores-
cent tags can introduce biases or alter the native binding properties of
the molecules, potentially affecting the selection outcome. Moreover,
the photobleaching of fluorescent dyes over time can lead to signal
degradation, complicating the interpretation of long‐term experi-
ments.31 Despite these challenges, the benefits of enhanced sensitivity
and specificity make fluorescence‐based SELEX a valuable tool in the
selection of aptamers for diverse applications, ranging from diagnos-
tics to therapeutic development.18
4.4. Magnetic beads-based SELEX

Another promising approach broadly used involves the combina-
tion of magnetic beads (MBs) into SELEX procedures. For MB‐SELEX,
the target is immobilized on the surface of a compatible MB, and the
ssDNA or ssRNA library is incubated with magnetic nanoparticles
ligand‐coated. Then, magnetic separation (i.e., magnetic rack or bar
magnet) is used to remove unbound sequences from the target‐
bound aptamer candidates. The desired oligonucleotides are eluted
from the ligand for enrichment via PCR. As a result, a new double‐
stranded library is obtained and denatured by heating or alkali
treatment for subsequent SELEX rounds. In contrast to agarose and
sepharose beads, MBs require lower target amounts, which increases
the sequence competition for the ligand, and generates high‐affinity
aptamers. Furthermore, magnetic separation principles are simple,
low‐cost, and easier to apply.28
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4.5. SELEX combinated with fluorescent labels and magnetic beads

FluMag‐SELEX is a sophisticated variant of the SELEX technique
that integrates the use of fluorescent labels and magnetic beads to
enhance the selection and enrichment of aptamers with high speci-
ficity and affinity for their target molecules.145 This method leverages
the advantages of fluorescence for detection and magnetic beads for
efficient separation, making the SELEX process more effective and less
time‐consuming.29 The process begins with the preparation of a syn-
thetic oligonucleotide library containing a large diversity of sequences,
each typically including a central random region flanked by constant
regions for PCR amplification.111 The library is then incubated with
target molecules, which are often immobilized on the surface of mag-
netic beads such streptavidin for large protein.91,111 Fluorescent labels
can be attached either to the target or the aptamers to facilitate
detection.

In the magnetic field, the beads with bound aptamers are separated
from unbound sequences, ensuring that only aptamers with an affinity
for the target are retained.29 The magnetic beads are then washed to
remove any non‐specifically bound sequences, improving the speci-
ficity of the selected aptamers.29 Subsequently, the bound aptamers
are eluted from the target molecules on the magnetic beads, and these
eluted aptamers are amplified using PCR.91 The amplified pool serves
as the input for subsequent rounds of selection.94 Throughout the pro-
cess, fluorescence detection can be used to monitor the progress of
aptamer enrichment and to quantify binding efficiency.94

The primary advantages of FluMag‐SELEX include enhanced sensi-
tivity, as the use of fluorescent labels allows for highly sensitive detec-
tion of aptamer‐target interactions, facilitating the identification of
high‐affinity sequences.77 Additionally, magnetic beads enable rapid
and efficient separation of bound from unbound sequences, reducing
the time and labor required for the selection process.94 The combina-
tion of multiple washing steps and fluorescence detection also helps to
enhance the specificity of the selected aptamers.147 However, the inte-
gration of fluorescent labeling and magnetic bead separation adds
complexity to the SELEX process, requiring specialized equipment
and expertise.94 The use of fluorescent dyes and magnetic beads can
also increase the overall cost of the SELEX procedure. Furthermore,
the attachment of fluorescent labels or the use of magnetic beads
might introduce biases that could affect the selection of aptamers.94

This methodology has been applied to the design of aptamers tar-
geting drugs, organic pollutant, hazardous chemicals, bacteria and
hormonal and pregnancy biomarkers.64,72,90,92,148,173 These studies
underscore the significant advancements that FluMag‐SELEX repre-
sents in the field of aptamer selection, combining the strengths of flu-
orescent labeling and magnetic bead separation to achieve high
sensitivity and specificity. Despite the challenges associated with this
technique, its advantages make it a powerful tool in both research
and clinical settings.

4.6. Cell-SELEX

In Cell‐SELEX methodology, whole‐live cells are used to develop
aptamers. As native surface proteins are employed, is not require pre-
vious protein purification or a prior understanding of the target on the
cell. Besides, aptamers obtained can be applied in vivo without compli-
cations or bias of using proteins produced in vitro, such as the lack of
post‐translational modifications.187 In general, Cell‐SELEX is used for
selecting aptamers for identifying and discovering biomarkers on cells.
Thus, this technology has mostly been used to identify cancer cell
targets for biomedical purposes.138 In that sense, it has allowed the
evolution of aptamers against targets on many types of cancer,
including colorectal,81 breast,23 gastric,82 ovarian,51 lung,183 liver,172

prostate,124 and pancreatic cancer.59

Generally, Cell‐SELEX protocol includes the basic steps of conven-
tional SELEX, being binding, elution/recuperation, and enrichment.
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Differential steps are positive screening with cellular membrane com-
ponents rather than only one target, then negative screening with non‐
target cells.28 This additional step is necessary to remove DNA/RNA
oligomers that bind to normal cells and enhance the specificity of can-
didate aptamers.17

Despite the great potential of Cell‐SELEX, there are methodologic
limitations, such as dead cells in the initial suspension leading to
non‐specific binding candidates, with a negative impact on selection
rounds.181 Additionally, the whole process is time‐consuming and
more expensive than other variants and requires a high level of tech-
nical expertise.181 A technology termed “ligand‐guided selection”
(LIGS) was successfully coupled to a partially evolved Cell‐SELEX
library to develop aptamers against cell‐surface proteins.189 This
approach is promising for producing aptamers with high affinity and
therapeutic applications, as was shown by Zumrut et al.189 who
selected an aptamer that binds to the membrane of immunoglobulin
M‐expressing B‐cell neoplasms using LIGS. Besides, Cell‐SELEX linked
to LIGS can be applied to evolve multiple aptamers for multiple targets
expressed on a single cell.169 Deep details of Cell‐SELEX and LIGS tech-
nology have been recently reviewed.170

4.7. High-throughput sequencing-SELEX

While conventional SELEX needs PCR and cloning in the last round
to sequence by the Sanger method, High‐Throughput Sequencing
(HTS) SELEX integrates massively parallel sequencing technologies
to eliminate experimental biases and laborious processes. Therefore,
HTS‐SELEX gives the opportunity to analyze sequencing data obtained
from the libraries produced during and after aptamers isolation pro-
viding a deep basis for precise aptamer identification, modeling its
structure, and predicting binding sites.75

Frequently, the high‐affinity aptamer may be missed due to errors
generated during PCR. In consequence, the enriched sequences at the
final amplification cycle could be different or not necessarily the best
candidate aptamers.28 Besides, the limitations of insufficient clone
numbers and inefficient cloning cannot go unnoticed. Using HTS, also
called next‐generation sequencing (NGS), millions of sequences can be
read in one experiment, reducing clone and PCR bias. Additionally,
HTS‐SELEX allows the detection of changes within the pool of
sequences throughout the selection process. Thus, high‐affinity apta-
mers are identified much earlier, in other words, in fewer rounds of
SELEX.28,187

The first work of HTS‐SELEX was reported by Cho et al.21 using
microfluidic selection and HTS to discover aptamers recognizing the
platelet‐derived growth factor‐BB protein. After three rounds, they
selected aptamers with approximately 3–8‐fold higher affinity and
2–4 higher specificities compared to oligonucleotides developed
through conventional SELEX.21 In recent years, HTS‐SELEX has been
used to develop aptamers mainly targeting cancer biomarkers, pro-
teins, bacteria, and ligands that induce apoptosis.75,132,148,185

4.8. Biolayer interferometry SELEX

Several studies have used Biolayer interferometry (BLI) in combi-
nation with SELEX to examine aptamer affinity and binding proper-
ties.41,66,84,88 For this purpose, a Dip‐and‐Read approach is
implemented, in which aptamer coated‐biosensor are submerge into
microplate wells.88 BLI detection is based on an optical analytical tech-
nique sensitive to interferences between waves of light (interferome-
try) by using two surfaces or layers. The mechanism of detection is
composed of one internal layer ubicated inside an optical biosensor
and one layer that is biocompatible with aptamers at the interphase
between the fiber tip and a surrounding liquid phase (outer mem-
brane). Light is reflected towards both layers and each reflection gen-
erates interferences that oscillate in wavelength. Then, the changes are
detected by means of a charge‐coupled device (CCD) array.88,113
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In a typical BLI‐SELEX assay, the tip of the biosensor is dipped
into a 96‐well microplate that contains a target molecule, which
binds to immobilized candidate aptamers on the biosensor surface
depending on the affinity, and consequently, generating interferences
patterns being detected in real‐time.88,113 Finally, the monitoring of
these patterns provides information regarding kinetic data and
molecular interactions of proteins and aptamers. This novel approach
has been widely applied in aptasensors and has advantages over
other SELEX variants such as label‐free, simple principles of detec-
tion, rapid measurement, and real‐time sensitive lectures.66,113

Among targets used to develop aptamers through BLI‐SELEX are
found toxins, recombinant human proteins, disease biomarkers and
environmental pollutants.41,52,66,84,108,118

4.9. Droplet digital PCR-SELEX

Endpoint PCR could hinder the SELEX process due to the formation
of heteroduplexes hybridized in the common flanking sequences, PCR
products improperly extended, and the accumulation of aberrant non‐
desired sequences in the library during the screening rounds.5,107 In
response to the need to enhance the PCR enrichment of candidate
aptamers, digital PCR and droplet digital PCR (ddPCR) have been inte-
grated into the SELEX protocols.38,48 The library diversity is preserved,
and the loss of highly structural aptamer sequences is avoided with the
application of these methods. In this way, PCR bias and selection fail-
ure are eliminated from the process, increasing overall SELEX effi-
ciency and candidate aptamer efficacy.5,48

4.9.1. High-fidelity aptamer selection
ddPCR‐SELEX has led to the development of techniques such as the

high‐fidelity aptamer selection, Hi‐Fi‐SELEX, which introduces fixed‐
region blocking elements to improve the functional heterogeneity in
the starting library.5,107 Then, the partitioning used in ddPCR allows
for ultra‐high‐fidelity amplification of a selected pool of sequences,
ensuring that each amplicon exists as a fully complementary duplex.5

Furthermore, aptamers have speflf‐life, no batch‐to‐bath variation,
low or even no immunogenicity, reversible folding features, lower cost
and shorter manufacturing time, in vitro synthesis, chemical stability,
and the flexibility to incorporate modifications that improve their tol-
erance of nuclease degradation, serum half‐life and binding target
stability.182,103,166,187

4.10. CRISPR-SELEX

The CRISPR‐Cas system, renowned for its precise gene‐editing
capabilities, has been adapted for aptamer development, enhancing
the specificity, efficiency, and high‐throughput potential of traditional
SELEX techniques.125 By leveraging the RNA‐guided DNA targeting
ability of Cas proteins, particularly Cas9, CRISPR‐Cas allows for the
programmable targeting of specific DNA sequences.65,125 Guide RNAs
(gRNAs) direct the Cas proteins to these sequences, facilitating the iso-
lation and enrichment of aptamer sequences through iterative rounds
of selection and amplification.65

A notable application of this integration is in the development of
aptamers targeting pathogenic entities. The CRISPR‐Cas system has
been employed to identify aptamers that can bind and inhibit viral
proteins, presenting a novel approach to antiviral therapy.186 This
method significantly enhances the efficiency and precision of aptamer
development, reducing the time required by traditional SELEX proce-
dures and increasing the likelihood of identifying high‐affinity
aptamers.186

Moreover, the CRISPR‐Cas system has been incorporated into the
creation of aptamer‐based biosensors for pathogen detection.126,186

These biosensors combine the high specificity of aptamers with the
programmability of CRISPR‐Cas, enabling the detection of a wide
range of pathogens with remarkable sensitivity and specificity.125
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They are designed to recognize specific DNA or RNA sequences from
pathogens, triggering a detectable signal upon binding. This innova-
tion is particularly impactful for rapid and accurate pathogen detec-
tion in clinical diagnostics, food safety, and environmental monitoring.
5. Aptamers with medical applications

Several aptamers have been designed and evaluated for monitoring
viral and bacterial infections, and cancer types.

5.1. Aptamers applied in the microorganism detection and pathogen
inhibition

Similarly, a DNA aptamer was designed as a screening method for
human immunoglobulin G (IgG) Fc fragments, besides the fact that
several aptamers could be used for bacteria, parasite and virus detec-
tion, and thus as potential diagnostic tools (Table 1).40,71,80,175

Although they are promising, there are still several crucial points that
need to be addressed.

5.1.1. Aptamers targeting bacteria and parasites
Aptamers can detect bacteria and bacterial toxins.35,121 In the case

of bacterial species, early identification of important foodborne patho-
gens such as Salmonella enterica has been at the center of the latest
research. An aptamer binding to SipA protein from Salmonella Enteri-
tidis has shown inhibition of biofilms formation up to 26.81 %.135

Likewise, a DNA aptamer that targets Salmonella Typhimurium was
developed to detect 102 CFU/mL from agar plates and 103 CFU/mL
for samples artificially contaminated.104 Additionally, aptamers were
used to detect and decrease the growth levels of both Salmonella Enter-
itidis and Salmonella Typhimurium in vitro.47 Other recent studies have
successfully detected Salmonella Typhimurium using Cell‐SELEX46 and
aptamer‐based bioluminescent approaches.30,163

In addition, different aptasensors were successfully used to detect
methicillin‐resistant Staphylococcus aureus and alpha‐toxin from S. aur-
eus in human samples, described as simple, rapid, cost‐effective, and
reliable.114,167 Comparably, an important advance in bacteria inhibi-
tors was achieved by means of DNA aptamer against intracellular pro-
tein DevR from Mycobacterium tuberculosis, showing disruption in the
function of the cytosolic bacterial response regulator.15 Besides, DNA
and RNA aptamers were used to detect the LipL32 protein from Lep-
tospira, which represents a possible marker for leptospirosis diagno-
sis.137,177 It is necessary to highlight a recent work in which an
aptamer‐based enzyme‐linked oligonucleotide assay was developed
for sensitive and specific detection of the principal etiologic agents
of bacterial meningitis.115

On the other hand, aptamer‐coupled recognition methods have
been developed with a high rate of success for important protozoan
parasites, as well as Trypanosoma cruzi,99 Trichomonas vaginalis,36

Leishmania infantum,40 Cryptosporidium parvum,49 Plasmodium falci-
parum,87 and Toxoplasma gondii.24 A deeper review of the current
advances in aptamers as a diagnostic tool for human parasites was
recently published by Brosseau et al.13

5.1.2. Detection of mycotoxins and fungal cell components
Fungus‐contaminated food can cause disease and death in both

humans and animals. Therefore, the potential application of aptamers
as recognition elements for fungal pathogens has been explored, focus-
ing on their characteristic secondary metabolites produced as propaga-
tion mechanisms and cell wall components. The major mycotoxin in
nature, aflatoxin B1, is the principal target studied in recent studies,
including the development of label‐free aptamer assays7,62,174 and col-
orimetric and fluorometric aptasensors.20,168

Further, BLI‐SELEX was performed to evolve an aptamer that tar-
gets a non‐proteic toxin, the patulin produced by mold species, which



Table 1
Representative aptamers for detection of human pathogens and control of infectious diseases.

Pathogen Target Aptamer
type

SELEX method Binding Affinity (Kd) Reference

Pan-coronavirus N protein DNA Magnetic beads-based SELEX 1.31–135.36 nM 196
SARS-CoV-2 RBD DNA Magnetic beads-based SELEX 7 nM 86
Ebola Virus GP protein and NP protein DNA FluMag-SELEX 4.1 nM and 41.3 nM 197
Zika Virus Envelope protein DNA Magnetic beads-based SELEX 106.9 nM 198
Avian Influenza Virus Subtype H5N1 Whole Virus DNA Membrane Filtration Column-

SELEX
70 nM (Kim et al., 2020)

Dengue virus serotype 2 NS1 protein RNA ELISA plate-based SELEX 37.57 nM (Thevendran et al., 2023)
Hepatitis B E antigen DNA In silico-SELEX followed by

qPCR and ELISA validation
0.4 nM (Liu et al., 2020)

HIV HIV-1 Reverse Transcriptase DNA Capillary electrophoresis-
SELEX

75.10 nM (Ratanabunyong et al., 2021)

E. coli O157:H7 Whole bacteria DNA Whole cell-SELEX 41 nM (Renuka et al., 2018)
Salmonella Typhimurium Outer membrane usher

protein FimD
DNA Counter-SELEX/Cell- SELEX 76 nM 104

Staphylococcus aureus Alpha-Toxin DNA Counter-SELEX 93.7 (Hong et al., 2015); 114
Pathogenic Leptospira spp. Leptospiral major outer

membrane protein LipL32
DNA Magnetic beads-based SELEX 36.3–43.6 nM (Hsu et al., 2024)

Pathogenic Leptospira spp. Leptospiral major outer
membrane protein LipL32

RNA Hybrid SELEX 54.45 nM 137

Leishmania infantum LiH3 histone DNA SELEX/ELONA 0.52 nM 40
Toxplasma gondii SAG1 Protein DNA Magnetic beads-based SELEX 41.57 nM 24
Plasmodium falciparum Histidine-rich protein II DNA Magnetic beads-based

SELEX/Counter SELEX
51.84 nM 87
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resulted in aptamers with high affinity and potential uses in the screen-
ing of food samples.98 Moreover, aptamers and in situ fluorescence
imaging have been shown to be highly sensitive, specific, and promis-
ing tools for detecting (1,3)‐β‐d‐glucan from fungal cell walls.190

5.1.3. Isolation of aptamers for virus recognition and inhibition
Smith et al. (2021) discussed the application of FluMag‐SELEX for

the rapid detection of viral particles, demonstrating enhanced sensitiv-
ity and specificity compared to traditional methods.

SARS‐CoV‐2 pandemic, rapid, specific, and reliable tests have been
required for the epidemiological tracing of COVID‐19. Numerous stud-
ies have performed SELEX obtaining aptamers to detect domains of the
spike protein from the virus, providing DNA and RNA sequences that
could be used as diagnostic agents of COVID‐19 infection.10,60,79,143

In the same way, aptamers that bind with high affinity to the receptor
binding domain (RBD) protein and inhibit its interaction with the
angiotensin‐converting enzyme 2 (ACE2) receptors on human cells
could prevent the host infection (Fig. 2A).86,140,149 Another example
involving the selection of DNA aptamers against SARS‐CoV‐2 is the
use of biosensors, which can be used both to detect and differentiate
virus variants.16,110

Other studies achieved the detection of human immuno‐deficiency
virus‐1 (HIV‐1),120,122,134 hepatitis B and C virus genotypes
1–410,157,191,192,134, influenza A H1N1 virus,11 avian influenza
H5N2,70 ebola virus,155 dengue virus,69 and zika virus (Fig. 2B). Mor-
ais et al.,97 showing potential diagnostic and even therapeutic
applications.

5.2. Aptamers for cancer cell targets

Cancer is the second‐leading global cause of death.158 Detection of
biomarkers early and targeted therapy are crucial for treating the dis-
ease and increasing survival rates. In this scenario, the specificity and
affinity in target recognition provided by aptamers can improve the
efficiency of the diagnostic tools in clinical oncology (Table 2).

In silico SELEX has been used to cancer biomarkers.9,116,162 Addi-
tionally, Garcia et al. (2019) reviewed the use of FluMag‐SELEX in
identifying novel biomarkers for cancer diagnosis, emphasizing its
potential for clinical applications. Hi‐Fi SELEX was applied recently
to detect cancer biomarkers and could be used in the future in
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diagnostics and the development of biosensors.48 Similarly, HTS and
ddPCR was coupled to SELEX for RNA oligonucleotide sequences
selection against cell surface targets.152 In this respect, several
aptamers have been generated to detect different types of cancer cells,
including lung, breast, prostate, gastric, ovarian, pancreatic cancer,
and so on.23,51,59,82,124,183

In lung cancer, aptamers application has been focused on treatment
and therapy for the disease. An aptamer that binds to the histone
acetyltransferase 1 (HAT1) enzyme may reduce cell viability, induce
apoptosis, and cause cell cycle arrest in lung cancer cells.73 Similarly,
the aptamer apMNKQ2 has shown the capacity to arrest colony forma-
tion, migration, and epithelial‐mesenchymal transition processes in
non‐small cell lung cancer cells.14 In addition, an RNA aptamer to
TGF‐B1 have been used together with anti‐cancer drugs enhancing
the antitumor effect and to suppressing repopulation of lung cancer
cell lines.151 Likewise, Cell‐Selex was used to develop a DNA aptamer
that can recognize annexin A2 from the cancer stem cells, which could
be a therapeutic tool for lung cancer.171

For breast cancer, a SELEX strategy called Exo‐SELEX was pre-
sented by.37 They used exosomes as targets for aptamer selection;
these extracellular components are early biomarkers and regulators
of many cancers. The study shows an RNA molecule for specific exo-
some detection from breast cancer cells and patient serum samples.

The aptamer PDGC21‐T recognizes poorly differentiated cancer
cells and tumor tissues of triple‐negative breast cancer.19 In the same
work, aptamer‐engineered NK cells were tested in vitro, inducing apop-
tosis in targeted cancer cells.19 Different biosensors based on aptamers
also have been developed to detect biomarkers of breast
cancer.67,85,133 Interestingly, the aptamer apMNK2F used in therapy
for lung cancer, was used previously as anti‐tumor drug which pro-
duces inhibition of proliferation, migration, and colony formation of
breast cancer.112 According to these studies, the same aptamer
sequence could be used to target a variety of cancers in the future.

Regarding ovarian cancer, Hi‐Fi SELEX was performed recently to
evolve two aptamers that recognize the ovarian cancer biomarker
human epididymis protein 4 in urine samples, which is overexpressed
in this type of cancer.48 Thus, aptamers AHE1 and AHE3 could be use-
ful in diagnosing ovarian cancer by means of urine tests and biosen-
sors. In a similar way, Cell‐SELEX allowed the generation of four
specific aptamers for ovarian tumors, and molecular docking was



Table 2
Representative aptamers targeting cancer biomarkers for clinical applications.

Disease Target Highlights SELEX method Aptamer
type

Binding
Affinity
(Kd)

Reference

Non-small cell lung cancer
(NSCLC)

WT EGFR and Mutant
EGFRvIII

Prevention of tumor cells proliferation, targeted
therapy and drug delivery development

Magnetic beads
SELEX

RNA 2,4 nM 79

NSCLC and breast cancer Mitogen-activated
protein kinase-
interacting kinase 1

Inhibition of proliferation, colony formation,
migration, and invasion in breast and lung cancer cells

Conventional
SELEX/ELONA

DNA 1.79 nM 14,112

Lung cancer Histone
acetyltransferase 1

Reduced cell viability, induced apoptosis and cell cycle
arrest, and inhibited colony formation in lung cancer
cell lines

Conventional
SELEX/ELONA

DNA 28.11 nM 73

Breast cancer HER2 Internalizes rapidly into breast cancer cells
overexpressing HER2 but shows no uptake in the
HER2 receptor-deficient breast cancer cell line,
potentially enabling selective delivery of therapeutic
agents or imaging for HER2-positive breast tumors

Cell-SELEX DNA 260 nM 193

Ovarian cancer HE4 protein Due to its binding affinity, it is a promising tool for
application in diagnostics and the future development
of urine tests or biosensors for ovarian cancer

Hi-Fi SELEX DNA 87 nM 48

Colorectal cancer Cell migration
inducing
hyaluronidase 2
(CEMIP2)

Development of an effective aptamer-based drug
delivery system. Treatments with this aptamer
carrying doxorubicin significantly reduced CEMIP2-
mediated tumorigenesis in vitro

Cell-SELEX DNA 93.80 nM 194

NSCLC, breast cancer, lung
adenocarcinoma and
pharyngeal squamous cell
carcinoma

Oncogenic mutant
p53

A specific aptamer carrying a PROTAC drug selectively
degrades p53-R175H via ubiquitin–proteasome
pathways while sparing wildtype p53, offering a novel
strategy to address oncogenic p53 mutations in various
cancer therapies

Iterative molecular
docking-guided
post-SELEX

DNA 290 nM 195

Fig. 2. Biomedical applications of aptamers in virus inhibition and detection. A. Inhibition of SARS-CoV-2 through the binding of an aptamer to the RBD (receptor
binding domain) protein, blocking its interaction with the ACE2 receptor on human cells and preventing viral infection. B. Detection of the Zika virus using an
aptamer-based biosensor that specifically binds to the virus, enabling rapid and accurate detection.
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applied to predict and demonstrate that it is possible to identify differ-
ent stages and subtypes of ovarian cancer.1 Other works have achieved
cancer cell line cytotoxicity in vitro and in xenograft models with
aptamer‐based therapeutics.54,127 The challenges and advances in the
treatment of cancer with the aptamers approach have been explained
by Jin et al.63 and Aller Pellitero et al.4
5.3. Aptamer-based drug delivery systems

The low yield of medicines in terms of pharmacodynamic, pharma-
cokinetic, tissue distribution, pharmaceutical, and pharmacotherapeu-
tic features with conventional delivery systems has led to the
development of targeted drug delivery systems (TDDS).156 Among
the ligand substances used in the current TDDS are vitamins, saccha-
rides, bile salts, lectins, oligopeptides, antibodies, and aptamers.44

Aptamers‐based targeted drug delivery could be used for treating
tumors, immunological disorders, genetic disorders, infectious
8

diseases, and cytopathic diseases, among others.44 Some of
these concerns include the physicochemical characterization, control
of in vivo activities, target interaction, tissue distribution and
pharmacokinetics.76

They have been demonstrated to be particularly useful as carriers
of several antitumor drugs for cancer treatment. Epirubicin has been
administered via poly‐aptamer nanocarriers for breast cancer in vivo
and in vitro, being safe, stable, efficient, and cytotoxic for target cells.96

Similarly, according to in vitro studies, doxorubicin immobilized on
mesoporous nanoparticles and covalently attached to aptamers is safe
and, in vivo, improves the antitumor effects of the drug.50 In another
example, different studies have created aptamer‐conjugated systems
for the delivery of doxorubicin used in colon cancer treatment and
breast cancer,58,83 so its use could be expected in the clinical manage-
ment of these types of cancer soon. Furthermore, the use of aptamer‐
functionalized nanomaterials is proposed for targeted therapy in sev-
eral types of tumors, including ovarian cancer, glioma, lung cancer,



D.J. Chinchilla-Cárdenas et al. Journal of Genetic Engineering and Biotechnology 22 (2024) 100400
breast cancer, liver cancer, colon cancer, pancreatic cancer, prostate
cancer and oral cancer.178

Pegaptanib, an aptamer anti‐vascular endothelial growth factor
(VEGF) for the treatment of age‐related macular degeneration, has
received the approval of the Food and Drug Administration (FDA).159

On the other hand, Ommen et al.106 tailored an aptamer‐
conjugated antibiotic system for local accumulation and administra-
tion of rifampicin and vancomycin. Their results indicate that apta-
mers facilitate the antibiotic‐loaded liposome accumulation around
S. aureus cells inside biofilms, with the subsequent elimination of the
bacteria after 24 h of treatment in vitro. Additionally, a multifunctional
aptamer‐navigated particulate delivery system (DPAP) for MgO target-
ing diabetic cells was tested by Tan et al.153 DPAP‐MgO formulations
show an encapsulation efficiency of 93.69 % and a loading capacity
of 0.03 mg MgO/mg PLGA, enhancing cellular uptake and insulin
resistance reversal in vitro.

Likewise, flow cytometry has been used in combination to digital‐
PCR to develop aptamers targeting drugs in a rapid, simple, and effi-
cient aptamer selection platform.38

Aptamer‐conjugates have also improved the delivery of antiobesity
drugs. Emodin‐loaded nanoparticles were coupled with DNA aptamers
(Ap‐EMO‐NPs) with high affinity for adipocytes. Using confocal micro-
scopy and flow cytometry, a significant increase in internalization of
the medicine was observed with the Ap‐EMO‐NPs, as compared to
emodin nanoparticles functionalized with nonspecific aptamers.179

Finally, some studies have explored the possible use of aptamers for
the oral delivery of macromolecules and as carriers of drugs for impor-
tant conditions such as epilepsy, brain damage, inflammation, viral
diseases, and neurodegenerative diseases.2,53,68,180
5.4. Aptamers and pesticides

5.4.1. Pesticides detection
Recent advancements in polymer‐based biosensors have further

extended the application of aptamers. For instance, polymer‐based
biosensors have been shown to effectively detect food contaminants
like pesticide residues, helping to prevent their accumulation in
humans and mitigate related health risks.165

Moreover, the integration of molecularly imprinted polymers
(MIPs) on screen‐printed electrodes (SPEs) has been explored for pes-
ticide detection. This approach offers a simple and affordable method
compared to traditional detection techniques, potentially broadening
the application of aptamer‐based sensors in various settings.100 For
instance, an electrochemical aptasensor based on carbon nanotubes
has been used for the detection of carbendazim (CBZ) in food samples,
demonstrating rapid, sensitive, and selective quantification capabili-
ties, essential for preventing adverse health effects caused by pesticide
residues.161

Similarly, aptamers have been employed in the development of a
universal method based on layer‐by‐layer assembly for the detection
of small molecules like glyphosate, a commonly used pesticide. This
method achieved a detection limit of 0.3 µM, showcasing its potential
application in food safety and environmental monitoring.128
5.4.2. Inhibition of adverse health effects
Aptamers role in mitigating adverse health effects is particularly

significant in ensuring that agricultural products contain pesticide resi-
dues within permissible levels. Aptamers can be utilized in the detec-
tion of organophosphate pesticides, thus helping to inhibit the health
effects associated with pesticide exposure.93

Additionally, aptasensors have been highlighted as effective tools
for determining organophosphorus pesticides (OPPs) in fruits and veg-
etables, which is crucial for environmental safety and human health.27
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6. Challenges in the therapeutic uses of aptamers

The limited availability of aptamers for diagnostic and biosensor
applications in biomedicine remains a significant challenge. Among
the reasons for this scarcity are aptamer degradation, rapid filtration
by the kidneys, low control of action time, off‐target activity, and
the lack of a standardized global aptamer production protocol.74,141

The short half‐life of aptamers is primarily due to degradation by
nucleases and other enzymes present in vivo, which are not encoun-
tered during in vitro selection, especially in the bloodstreamNi et al.103

To enhance the resistance and stability of aptamers in the physiologi-
cal milieu of the body, post‐SELEX modifications have been applied.
These modifications typically involve the addition of functional groups
at the 20‐position of the sugar and phosphate groups of nucleotides,
such as fluorine atoms (20‐F), O‐methoxy groups (20‐OMe), or amino
groups (20‐NH2).117 Additionally, large molecules like polyethylene
glycol (PEG) and cholesterol can be attached to the 50 end of
aptamers.74 However, these modifications could be counterproductive
because they may alter the negative charge of the phosphate groups,
reducing the stability of the G‐quadruplex structures of the aptamer.129

In the same way, additional modification of the sugar ring can be
achieved by the introduction of modified nucleotides, including 20‐F‐
ribose, 20‐NH2‐ribose, or 20‐OMe‐ribose, into oligonucleotides using
the mutational T7 RNA polymeraseNi et al.103

Other modifications can also be valuable tools to increase the target
specificity of aptamers. In this regard, Tanaka et al.154 focused on
developing aptamers with high affinity and enhanced internalization
through conjugation with cell membrane‐interacting molecule. They
demonstrated that hydrophobic modification of oligonucleotides sig-
nificantly improves aptamer internalization compared to normal
DNA libraries.154 Increasing the molecular weight of aptamers has
been recognized as a strategy to mitigate rapid kidney filtration. For
example, PEGylation, where Polyethylene glycol (PEG) is coupled to
proteins or nucleic acids, has been recently utilized to design an apta-
mer for treating osteogenesis imperfectaWang et al.164 In this study,
researchers employed PEG40k (PEG with a molecular weight of
40,000 Daltons) to enhance the serum stability and prolong the elim-
ination half‐life of an aptamer targeting sclerostin in vivo. As a result,
they demonstrated that the conjugated aptamer promoted bone forma-
tion, increased bone mass, and improved bone microarchitecture
integrityWang et al.163

Some researchers postulate that with the growing interest in SELEX
against live targets such as living cells, tissue samples, or even whole
organisms like bacteria or viruses, aptamers need to be developed in
a physiologically appropriate environment to ensure their therapeutic
success in vivo and subsequently in the clinic.141 This approach high-
lights the advantages of Cell‐SELEX, peptide SELEX, protein‐SELEX,
and whole organism/in vivo‐SELEX, making it an interesting and
promising direction. The strategies for modifying and conjugating
aptamers with other molecules have been thoroughly reviewed by
other works.74,105,117

Despite the remaining challenges, recent clinical trials have demon-
strated promising results with aptamers. For instance, Hernández‐Jimé
nez et al.55 reported the first clinical use of ApTOLL, an aptamer that
recognizes Toll‐Like receptor 4 and improves outcomes in models of
ischemic stroke and myocardial infarction. The study involved a Phase
I trial with 26 healthy adult volunteers to assess the effects of ApTOLL.
They found excellent safety and an adequate pharmacokinetic profile
that, along with the efficacy demonstrated in nonclinical studies, pro-
vide the basis to initiate clinical trials in patients.55 Similarly, a phase
I/II dose‐escalation trial combined radiotherapy with an aptamer that
neutralizes CXCL12, a chemokine promoting glioblastoma recurrence
post‐radiotherapy.43 The treatment was found to be well‐tolerated at
all tested doses, with no dose‐limiting toxicities or treatment‐related
deaths, indicating the safety of this novel aptamer‐based therapy.43
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Noteworthy, Avacincaptad Pegol is the second RNA aptamer to
receive FDA approval and is available for the treatment of geographic
atrophy (GA).61 In 2021, a phase 2/3 clinical trial involving 286 ran-
domized participants demonstrated a significant reduction in vision
loss over 12 months of treatment.61 Besides, Danzig et al.26 showed
that Avacincaptad Pegol administration could delay the progression
to persistent vision loss in a phase 3 trial over 12 months. These
advancements highlight Avacincaptad Pegol as one of the most recent
and promising tools in clinical applications.

7. Conclusions

Although aptamers offer numerous advantages over antibodies,
they are a tool not to replace them but to explore new approaches
and fields in which conventional antibodies are not effective. Both
DNA aptamers and RNA aptamers have applications in various fields,
particularly in pathogen detection and inhibition, drug delivery sys-
tems, and targeted therapy for conditions such as cancer, diabetes,
and cardiovascular diseases. Therefore, it is crucial to consider the
final application and the unique characteristics that each type of apta-
mer offers before initiating the selection process.

Additionally, each SELEX variant presents its own set of advantages
and disadvantages, emphasizing the importance of optimizing library
design, SELEX rounds, aptamer recovery, and validation of aptamer‐
target interactions across all variants. Also, post‐SELEX modifications
are essential to improve in vivo half‐life, resistance to nuclease degra-
dation, and avoidance of rapid kidney filtration. Finally, based on cur-
rent in vitro and in vivo evidence, targeted therapy using aptamer‐based
systems is poised to become a robust and widely adopted strategy for
treating various diseases.

CRediT authorship contribution statement

Danny Jair Chinchilla‐Cárdenas: Writing – review & editing,
Writing – original draft, Visualization, Investigation, Funding acquisi-
tion, Formal analysis, Data curation, Conceptualization. Juan Sebas-
tian Cruz‐Méndez: Writing – review & editing, Writing – original
draft, Visualization, Investigation, Formal analysis, Data curation, Con-
ceptualization. Julieth Michel Petano‐Duque: Writing – review &
editing, Writing – original draft, Formal analysis, Data curation, Con-
ceptualization. Ramón Ovidio García: Conceptualization. Lyda R.
Castro: Conceptualization. María Jesús Lobo‐Castañón: Conceptual-
ization. Giovanni Orlando Cancino‐Escalante: Writing – review &
editing, Data curation, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Danny Jair Chinchilla Cardenas reports financial support was provided
by Laboratorio de genética animal MASCOLAB S.A.S. If there are other
authors, they declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

References

1. Abreu RS, Antunes D, Moreira AS, et al. Next generation of ovarian cancer
detection using aptamers. Int J Mol Sci. 2023;24(7). https://doi.org/10.3390/
IJMS24076315.

2. Aggarwal N, Choudhury S, Chibh S, Panda JJ. Aptamer-nanoconjugates as
emerging theranostic systems in neurodegenerative disorders. Colloid Interface
Sci Commun. 2022;46:100554. https://doi.org/10.1016/J.COLCOM.2021.100554.

3. Ahmad NA, Mohamed Zulkifli R, Hussin H, Nadri MH. In silico approach for Post-
SELEX DNA aptamers: a mini-review. J Mol Graph Model. 2021;105. https://doi.
org/10.1016/J.JMGM.2021.107872.
10
4. Aller Pellitero M, de-los-Santos-Álvarez N, Lobo-Castañón MJ. Aptamer-based
electrochemical approaches to meet some of the challenges in the fight against
cancer. Curr Opin Electrochem. 2023;39:101286. https://doi.org/10.1016/J.
COELEC.2023.101286.

5. Ang A, Ouellet E, Cheung KC, Haynes C. Highly efficient and reliable DNA aptamer
selection using the partitioning capabilities of ddPCR: the Hi-Fi SELEX method.
Methods Mol Biol (Clifton, NJ). 2018;1768:531–554. https://doi.org/10.1007/978-
1-4939-7778-9_30.

6. Ara MN, Hyodo M, Ohga N, Hida K, Harashima H. Development of a novel DNA
aptamer ligand targeting to primary cultured tumor endothelial cells by a cell-
based SELEX method. PLoS One. 2012;7(12):50174. https://doi.org/10.1371/
JOURNAL.PONE.0050174.

7. Asl GB, Arvand M, Habibi MF. High affinity aptamers for ultra-sensitive detection
of aflatoxin B1 in milk and groundnut samples with label-free photo-
electrochemical aptasensor. Food Chem. 2022;397:133829. https://doi.org/
10.1016/J.FOODCHEM.2022.133829.

8. Bakhtiari H, Palizban AA, Khanahmad H, Mofid MR. Novel approach to overcome
defects of cell-SELEX in developing aptamers against aspartate β-hydroxylase. ACS
Omega. 2021;6(16):11005–11014. https://doi.org/10.1021/acsomega.1c00876.

9. Bavi R, Liu Z, Han Z, Zhang H, Gu Y. In silico designed RNA aptamer against
epithelial cell adhesion molecule for cancer cell imaging. Biochem Biophys Res
Commun. 2019;509(4):937–942. https://doi.org/10.1016/J.BBRC.2019.01.028.

10. Behbahani M, Mohabatkar H, Hosseini B. In silico design of quadruplex aptamers
against the spike protein of SARS-CoV-2. Inf Med Unlocked. 2021;26. https://doi.
org/10.1016/J.IMU.2021.100757.

11. Bhardwaj J, Chaudhary N, Kim H, Jang J. Subtyping of influenza A H1N1 virus
using a label-free electrochemical biosensor based on the DNA aptamer targeting
the stem region of HA protein. Anal Chim Acta. 2019;1064:94–103. https://doi.
org/10.1016/J.ACA.2019.03.005.

12. Boussebayle A, Groher F, Suess B. RNA-based Capture-SELEX for the selection of
small molecule-binding aptamers. Methods. 2019;161:10–15. https://doi.org/
10.1016/J.YMETH.2019.04.004.

13. Brosseau NE, Vallée I, Mayer-Scholl A, Ndao M, Karadjian G. Aptamer-based
technologies for parasite detection. Sensors. 2023;23(2):562. https://doi.org/
10.3390/S23020562.

14. Carrión-Marchante R, Pinto-Díez C, Klett-Mingo JI, et al. An aptamer against
MNK1 for non-small cell lung cancer treatment. Pharmaceutics. 2023;15(4).
https://doi.org/10.3390/PHARMACEUTICS15041273.

15. Chauhan P, Datta I, Dhiman A, et al. DNA aptamer targets Mycobacterium
tuberculosis DevR/DosR response regulator function by inhibiting its dimerization
and DNA binding activity. ACS Infect Dis. 2022;8(12):2540–2551. https://doi.org/
10.1021/ACSINFECDIS.2C00414.

16. Chen C, Song X, Yu Y, et al. Aptamer-based nanointerferometer enables
amplification-free ultrasensitive detection and differentiation of SARS-CoV-2
variants. Anal Chim Acta. 2023;1260:341207. https://doi.org/10.1016/J.
ACA.2023.341207.

17. Chen M, Yu Y, Jiang F, et al. Development of cell-SELEX technology and its
application in cancer diagnosis and therapy. Int J Mol Sci. 2016;17(12). https://
doi.org/10.3390/IJMS17122079.

18. Chen Y, Wang J, Zhang Y, et al. Selection and characterization of a DNA aptamer
to crystal violet. Photochem Photobiol Sci. 2018;17(6):800–806. https://doi.org/
10.1039/c7 pp00457e.

19. Chen Z, Zeng Z, Wan Q, Liu X, Qi J, Zu Y. Targeted immunotherapy of triple-
negative breast cancer by aptamer-engineered NK cells. Biomaterials.
2022;280:121259. https://doi.org/10.1016/J.BIOMATERIALS.2021.121259.

20. Chi H, Liu G. A fluorometric sandwich biosensor based on molecular imprinted
polymer and aptamer modified CdTe/ZnS for detection of aflatoxin B1 in edible
oil. LWT. 2023;180:114726. https://doi.org/10.1016/J.LWT.2023.114726.

21. Cho M, Xiao Y, Nie J, et al. Quantitative selection of DNA aptamers through
microfluidic selection and high-throughput sequencing. PNAS. 2010;107
(35):15373–15378. https://doi.org/10.1073/PNAS.1009331107.

22. Chushak Y, Stone MO. In silico selection of RNA aptamers. Nucleic Acids Res.
2009;37(12). https://doi.org/10.1093/NAR/GKP408.

23. Civit L, Taghdisi SM, Jonczyk A, et al. Systematic evaluation of cell-SELEX
enriched aptamers binding to breast cancer cells. Biochimie. 2018;145:53–62.
https://doi.org/10.1016/J.BIOCHI.2017.10.007.

24. Cui W, Shen X, Wang C, et al. Direct enzyme-linked aptamer assay (DELAA) for
diagnosis of toxoplasmosis by detection of SAG1 protein in mice and humans. Acta
Trop. 2022;226. https://doi.org/10.1016/J.ACTATROPICA.2021.106255.

25. Damase TR, Miura TA, Parent CE, Allen PB. Application of the open qPCR
instrument for the in vitro selection of DNA aptamers against epidermal growth
factor receptor and drosophila C virus. ACS Comb Sci. 2018;20(2):45–54. https://
doi.org/10.1021/ACSCOMBSCI.7B00138.

26. Danzig CJ, Khanani AM, Kaiser PK, et al. Vision loss reduction with avacincaptad
pegol for geographic atrophy: a 12-month post hoc analysis of the GATHER1 and
GATHER2 trials. Ophthalmol Retina. 2024. https://doi.org/10.1016/J.
ORET.2024.04.023.

27. Ding R, Li Z, Xiong Y, Wu W, Yang Q, Hou X. Electrochemical (bio)sensors for the
detection of organophosphorus pesticides based on nanomaterial-modified
electrodes: a review. Crit Rev Anal Chem. 2023;53(8):1766–1791. https://doi.
org/10.1080/10408347.2022.2041391.

28. Dong Y. Aptamers for medical applications from diagnosis to therapeuticsAptamers
for medical applications. (Springer Nature). Springer; 2021. https://doi.org/
10.1007/978-981-33-4838-7.

https://doi.org/10.3390/IJMS24076315
https://doi.org/10.3390/IJMS24076315
https://doi.org/10.1016/J.COLCOM.2021.100554
https://doi.org/10.1016/J.JMGM.2021.107872
https://doi.org/10.1016/J.JMGM.2021.107872
https://doi.org/10.1016/J.COELEC.2023.101286
https://doi.org/10.1016/J.COELEC.2023.101286
https://doi.org/10.1007/978-1-4939-7778-9_30
https://doi.org/10.1007/978-1-4939-7778-9_30
https://doi.org/10.1371/JOURNAL.PONE.0050174
https://doi.org/10.1371/JOURNAL.PONE.0050174
https://doi.org/10.1016/J.FOODCHEM.2022.133829
https://doi.org/10.1016/J.FOODCHEM.2022.133829
https://doi.org/10.1021/acsomega.1c00876
https://doi.org/10.1016/J.BBRC.2019.01.028
https://doi.org/10.1016/J.IMU.2021.100757
https://doi.org/10.1016/J.IMU.2021.100757
https://doi.org/10.1016/J.ACA.2019.03.005
https://doi.org/10.1016/J.ACA.2019.03.005
https://doi.org/10.1016/J.YMETH.2019.04.004
https://doi.org/10.1016/J.YMETH.2019.04.004
https://doi.org/10.3390/S23020562
https://doi.org/10.3390/S23020562
https://doi.org/10.3390/PHARMACEUTICS15041273
https://doi.org/10.1021/ACSINFECDIS.2C00414
https://doi.org/10.1021/ACSINFECDIS.2C00414
https://doi.org/10.1016/J.ACA.2023.341207
https://doi.org/10.1016/J.ACA.2023.341207
https://doi.org/10.3390/IJMS17122079
https://doi.org/10.3390/IJMS17122079
https://doi.org/10.1039/c7pp00457e
https://doi.org/10.1039/c7pp00457e
https://doi.org/10.1016/J.BIOMATERIALS.2021.121259
https://doi.org/10.1016/J.LWT.2023.114726
https://doi.org/10.1073/PNAS.1009331107
https://doi.org/10.1093/NAR/GKP408
https://doi.org/10.1016/J.BIOCHI.2017.10.007
https://doi.org/10.1016/J.ACTATROPICA.2021.106255
https://doi.org/10.1021/ACSCOMBSCI.7B00138
https://doi.org/10.1021/ACSCOMBSCI.7B00138
https://doi.org/10.1016/J.ORET.2024.04.023
https://doi.org/10.1016/J.ORET.2024.04.023
https://doi.org/10.1080/10408347.2022.2041391
https://doi.org/10.1080/10408347.2022.2041391
https://doi.org/10.1007/978-981-33-4838-7
https://doi.org/10.1007/978-981-33-4838-7


D.J. Chinchilla-Cárdenas et al. Journal of Genetic Engineering and Biotechnology 22 (2024) 100400
29. Dong Y. Aptamers for medical applications: from diagnosis to
therapeuticsAptamers for medical applications: from diagnosis to
therapeutics. Springer Singapore; 2021. https://doi.org/10.1007/978-981-33-
4838-7.

30. Du H, Zhang X, Yao M, Yang Q, Wu W. Aptamer-guided luminous microsphere for
anchoring and lightening Salmonella enterica serovar Typhimurium. Sens
Actuators B. 2022;366:131938. https://doi.org/10.1016/J.SNB.2022.131938.

31. Eaton RM, Shallcross JA, Mael LE, et al. Selection of DNA aptamers for ovarian
cancer biomarker HE4 using CE-SELEX and high-throughput sequencing. Anal
Bioanal Chem. 2015;407(23):6965–6973. https://doi.org/10.1007/s00216-015-
8665-7.

32. Egli M, Manoharan M. Chemistry, structure and function of approved
oligonucleotide therapeutics. Nucleic Acids Res. 2023;51(6):2529–2573. https://
doi.org/10.1093/NAR/GKAD067.

33. Ellington AD, Szostak JW. In vitro selection of RNA molecules that bind specific
ligands. Nature. 1990;346(6287):818–822. https://doi.org/10.1038/346818a0.

34. Emami N, Ferdousi R. AptaNet as a deep learning approach for aptamer–protein
interaction prediction. Sci Rep. 2021;11(1):1–19. https://doi.org/10.1038/
s41598-021-85629-0.

35. Escamilla-Gutiérrez A, Córdova-Espinoza MG, Sánchez-Monciváis A, Tecuatzi-
Cadena B, Regalado-García AG, Medina-Quero K. In silico selection of aptamers for
bacterial toxins detection. J Biomol Struct Dyn. 2022. https://doi.org/10.1080/
07391102.2022.2159529.

36. Espiritu CAL, Justo CAC, Rubio MJ, et al. Aptamer selection against a Trichomonas
vaginalis adhesion protein for diagnostic applications. ACS Infect Dis. 2018;4
(9):1306–1315. https://doi.org/10.1021/ACSINFECDIS.8B00065.

37. Esposito CL, Quintavalle C, Ingenito F, et al. Identification of a novel RNA aptamer
that selectively targets breast cancer exosomes. Mol Ther Nucleic Acids.
2021;23:982–994. https://doi.org/10.1016/J.OMTN.2021.01.012.

38. Fang X, Li W, Gao T, Ain Zahra QU, Luo Z, Pei R. Rapid screening of aptamers for
fluorescent targets by integrated digital PCR and flow cytometry. Talanta.
2022;242:123302. https://doi.org/10.1016/J.TALANTA.2022.123302.

39. Fang X, Tan W. Aptamers generated from cell-SELEX for molecular medicine: a
chemical biology approach. Acc Chem Res. 2010;43(1):48–57. https://doi.org/
10.1021/AR900101S.

40. Frezza V, Pinto-Díez C, Fernández G, et al. DNA aptamers targeting Leishmania
infantum H3 protein as potential diagnostic tools. Anal Chim Acta.
2020;1107:155–163. https://doi.org/10.1016/J.ACA.2020.02.012.

41. Gao S, Li Q, Zhang S, et al. One-step high-throughput detection of low-abundance
biomarker BDNF using a biolayer interferometry-based 3D aptasensor. Biosens
Bioelectron. 2022;215:114566. https://doi.org/10.1016/J.BIOS.2022.114566.

42. Gao S, Zheng X, Jiao B, Wang L. Post-SELEX optimization of aptamers. Anal
Bioanal Chem. 2016;408(17):4567–4573. https://doi.org/10.1007/S00216-016-
9556-2.

43. Giordano FA, Layer JP, Leonardelli S, et al. L-RNA aptamer-based CXCL12
inhibition combined with radiotherapy in newly-diagnosed glioblastoma: dose
escalation of the phase I/II GLORIA trial. Nat Commun. 2024;15(1). https://doi.
org/10.1038/S41467-024-48416-9.

44. Guan B, Zhang X. Aptamers as versatile ligands for biomedical and pharmaceutical
applications. Int J Nanomed. 2020;15:1059. https://doi.org/10.2147/IJN.
S237544.

45. Guo X, Chen GH. Capillary electrophoresis-based methodology for screening of
oligonucleotide aptamers. Biomed Chromatogr: BMC. 2021;35(7). https://doi.org/
10.1002/BMC.5109.

46. Gupta R, Singh V, Sarawagi N, et al. Salmonella typhimurium detection and
ablation using OmpD specific aptamer with non-magnetic and magnetic graphene
oxide. Biosens Bioelectron. 2023;234:115354. https://doi.org/10.1016/J.
BIOS.2023.115354.

47. Hameed SS, Al-Ogaili AS, Noori N. Single-stranded DNA aptamer-based rolling
circle amplification as anti-chicken Salmonella bacteriostatic. Vet World. 2022;15
(5):1171–1176. https://doi.org/10.14202/VETWORLD.2022.1171-1176.

48. Hanžek A, Ducongé F, Siatka C, Duc ACE. Identification and characterization of
aptamers targeting ovarian cancer biomarker human epididymis protein 4 for the
application in urine. Cancers. 2023;15(2). https://doi.org/10.3390/
CANCERS15020452/S1.

49. Hassan EM, Dixon BR, Sattar SA, Stalker A, Örmeci B, DeRosa MC. Highly sensitive
magnetic-microparticle-based aptasensor for Cryptosporidium parvum oocyst
detection in river water and wastewater: effect of truncation on aptamer
affinity. Talanta. 2021;222:121618. https://doi.org/10.1016/J.
TALANTA.2020.121618.

50. Hazeri Y, Samie A, Ramezani M, et al. Dual-targeted delivery of doxorubicin by
mesoporous silica nanoparticle coated with AS1411 aptamer and RGDK-R peptide
to breast cancer in vitro and in vivo. J Drug Delivery Sci Technol. 2022;71:103285.
https://doi.org/10.1016/J.JDDST.2022.103285.

51. He J, Wang J, Zhang N, et al. In vitro selection of DNA aptamers recognizing drug-
resistant ovarian cancer by cell-SELEX. Talanta. 2019;194:437–445. https://doi.
org/10.1016/J.TALANTA.2018.10.028.

52. He XQ, Luo L, Guo L, Xie JW. An aptameric biolayer interferometric assay for
detection of recombinant human erythropoietin-α. Chin J Anal Chem. 2020;48
(5):670–675. https://doi.org/10.1016/S1872-2040(20)60023-8.

53. He Y, Huang Y, Xu H, et al. Aptamer-modified M cell targeting liposomes for oral
delivery of macromolecules. Colloids Surf B Biointerfaces. 2023;222:113109.
https://doi.org/10.1016/J.COLSURFB.2022.113109.

54. Henri JL, Nakhjavani M, McCoombe S, Shigdar S. Cytotoxic effects of aptamer-
doxorubicin conjugates in an ovarian cancer cell line. Biochimie.
2023;204:108–117. https://doi.org/10.1016/J.BIOCHI.2022.09.005.
11
55. Hernández-Jiménez M, Martín-Vílchez S, Ochoa D, et al. First-in-human phase I
clinical trial of a TLR4-binding DNA aptamer, ApTOLL: safety and
pharmacokinetics in healthy volunteers. Mol Ther Nucleic Acids.
2022;28:124–135. https://doi.org/10.1016/J.OMTN.2022.03.005.

56. Hoinka J, Backofen R, Przytycka TM. AptaSUITE: a full-featured bioinformatics
framework for the comprehensive analysis of aptamers from HT-SELEX
experiments. Mol Ther Nucleic Acids. 2018;11:515. https://doi.org/10.1016/J.
OMTN.2018.04.006.

57. Hoinka J, Przytycka TM. The bioinformatics of aptamers: HT-SELEX analysis with
AptaSUITE. Methods Mol Biol (Clifton, NJ). 2023;2570:73–83. https://doi.org/
10.1007/978-1-0716-2695-5_6.

58. Hosseini NF, Amini R, Ramezani M, Saidijam M, Hashemi SM, Najafi R. AS1411
aptamer-functionalized exosomes in the targeted delivery of doxorubicin in
fighting colorectal cancer. Biomed Pharmacother. 2022;155:113690. https://doi.
org/10.1016/J.BIOPHA.2022.113690.

59. Huang X, Zhong J, Ren J, Wen D, Zhao W, Huan Y. A DNA aptamer recognizing
MMP14 for in vivo and in vitro imaging identified by cell-SELEX. Oncol Lett.
2019;18(1):265–274. https://doi.org/10.3892/OL.2019.10282.

60. Israels B, Bednarz A, Valero Molero J, et al. Single-molecule studies of RNA
aptamers binding to SARS-CoV-2 spike proteins expressed on virus-like particles.
Biophys J. 2023;122(3):429a–430a. https://doi.org/10.1016/J.
BPJ.2022.11.2325.

61. Jaffe GJ, Westby K, Csaky KG, et al. C5 inhibitor avacincaptad pegol for
geographic atrophy due to age-related macular degeneration: a randomized
pivotal phase 2/3 trial. Ophthalmology. 2021;128(4):576–586. https://doi.org/
10.1016/J.OPHTHA.2020.08.027.

62. Jia M, Yu L, Li X, et al. An aptamer-functionalized photonic crystal sensor for
ultrasensitive and label-free detection of aflatoxin B1. Talanta. 2023;260:124638.
https://doi.org/10.1016/J.TALANTA.2023.124638.

63. Jin B, Guo Z, Chen Z, et al. Aptamers in cancer therapy: problems and new
breakthroughs. J Mater Chem B. 2023;11(8):1609–1627. https://doi.org/10.1039/
D2TB02579E.

64. Joeng CB, Niazi JH, Lee SJ, Gu MB. ssDNA aptamers that recognize diclofenac and
2-anilinophenylacetic acid. Bioorg Med Chem. 2009;17(15):5380–5387. https://
doi.org/10.1016/J.BMC.2009.06.044.

65. Kadam US, Cho Y, Park TY, Hong JC. Aptamer-based CRISPR-Cas powered
diagnostics of diverse biomarkers and small molecule targets. Applied biological
chemistry, Vol. 66, Issue 1. Springer Science and Business Media B.V; 2023.
https://doi.org/10.1186/s13765-023-00771-9.

66. Kaur H, Shorie M, Sabherwal P. Biolayer interferometry-SELEX for Shiga toxin
antigenic-peptide aptamers & detection via chitosan-WSe2 aptasensor. Biosens
Bioelectron. 2020;167. https://doi.org/10.1016/J.BIOS.2020.112498.

67. Kaushal A, Kaur N, Sharma S, et al. Current update on biomarkers for detection of
cancer: comprehensive analysis. Vaccines. 2022;10(12). https://doi.org/10.3390/
VACCINES10122138.

68. Khan S, Hussain A, Fahimi H, et al. A review on the therapeutic applications of
aptamers and aptamer-conjugated nanoparticles in cancer, inflammatory and viral
diseases. Arab J Chem. 2022;15(2):103626. https://doi.org/10.1016/J.
ARABJC.2021.103626.

69. Khoris IM, Nasrin F, Chowdhury AD, Park EY. Advancement of dengue virus NS1
protein detection by 3D-nanoassembly complex gold nanoparticles utilizing
competitive sandwich aptamer on disposable electrode. Anal Chim Acta.
2022;1207:339817. https://doi.org/10.1016/J.ACA.2022.339817.

70. Kim SH, Lee J, Lee BH, Song CS, Gu MB. Specific detection of avian influenza
H5N2 whole virus particles on lateral flow strips using a pair of sandwich-type
aptamers. Biosens Bioelectron. 2019;134:123–129. https://doi.org/10.1016/J.
BIOS.2019.03.061.

71. Kim TH, Lee SW. Aptamers for anti-viral therapeutics and diagnostics. Int J Mol Sci.
2021;22(8). https://doi.org/10.3390/IJMS22084168.

72. Kim YS, Hyun CJ, Kim IA, Gu MB. Isolation and characterization of
enantioselective DNA aptamers for ibuprofen. Bioorg Med Chem. 2010;18
(10):3467–3473. https://doi.org/10.1016/J.BMC.2010.03.074.

73. Klett-Mingo JI, Pinto-Díez C, Cambronero-Plaza J, et al. Potential therapeutic use
of aptamers against HAT1 in lung cancer. Cancers. 2022;15(1). https://doi.org/
10.3390/CANCERS15010227.

74. Kohlberger M, Gadermaier G. SELEX: critical factors and optimization strategies
for successful aptamer selection. Biotechnol Appl Biochem. 2022;69(5):1771–1792.
https://doi.org/10.1002/BAB.2244.

75. Komarova N, Barkova D, Kuznetsov A. Implementation of high-throughput
sequencing (HTS) in aptamer selection technology. Int J Mol Sci. 2020;21
(22):1–22. https://doi.org/10.3390/IJMS21228774.

76. Kulabhusan PK, Hussain B, Yüce M. Current perspectives on aptamers as
diagnostic tools and therapeutic agents. Pharmaceutics. 2020;12(7):1–23.
https://doi.org/10.3390/PHARMACEUTICS12070646.

77. Lam SY, Lau HL, Kwok CK. Capture-SELEX: selection strategy, aptamer
identification, and biosensing applicationBiosensors. MDPI; 2022. https://doi.
org/10.3390/bios12121142.

78. Lee SJ, Cho J, Lee B-H, Hwang D, Park J-W. Design and prediction of aptamers
assisted by in silico methods. Biomedicines. 2023;11(2):356. https://doi.org/
10.3390/BIOMEDICINES11020356.

79. Li D, Liu L, Huang Q, et al. Recent advances on aptamer-based biosensors for
detection of pathogenic bacteria. World J Microbiol Biotechnol. 2021;37(3):1–20.
https://doi.org/10.1007/S11274-021-03002-9.

80. Li J, Zhang Z, Gu J, et al. Diverse high-affinity DNA aptamers for wild-type and
B.1.1.7 SARS-CoV-2 spike proteins from a pre-structured DNA library. Nucleic
Acids Res. 2021;49(13):7267–7279. https://doi.org/10.1093/NAR/GKAB574.

https://doi.org/10.1007/978-981-33-4838-7
https://doi.org/10.1007/978-981-33-4838-7
https://doi.org/10.1016/J.SNB.2022.131938
https://doi.org/10.1007/s00216-015-8665-7
https://doi.org/10.1007/s00216-015-8665-7
https://doi.org/10.1093/NAR/GKAD067
https://doi.org/10.1093/NAR/GKAD067
https://doi.org/10.1038/346818a0
https://doi.org/10.1038/s41598-021-85629-0
https://doi.org/10.1038/s41598-021-85629-0
https://doi.org/10.1080/07391102.2022.2159529
https://doi.org/10.1080/07391102.2022.2159529
https://doi.org/10.1021/ACSINFECDIS.8B00065
https://doi.org/10.1016/J.OMTN.2021.01.012
https://doi.org/10.1016/J.TALANTA.2022.123302
https://doi.org/10.1021/AR900101S
https://doi.org/10.1021/AR900101S
https://doi.org/10.1016/J.ACA.2020.02.012
https://doi.org/10.1016/J.BIOS.2022.114566
https://doi.org/10.1007/S00216-016-9556-2
https://doi.org/10.1007/S00216-016-9556-2
https://doi.org/10.1038/S41467-024-48416-9
https://doi.org/10.1038/S41467-024-48416-9
https://doi.org/10.2147/IJN.S237544
https://doi.org/10.2147/IJN.S237544
https://doi.org/10.1002/BMC.5109
https://doi.org/10.1002/BMC.5109
https://doi.org/10.1016/J.BIOS.2023.115354
https://doi.org/10.1016/J.BIOS.2023.115354
https://doi.org/10.14202/VETWORLD.2022.1171-1176
https://doi.org/10.3390/CANCERS15020452/S1
https://doi.org/10.3390/CANCERS15020452/S1
https://doi.org/10.1016/J.TALANTA.2020.121618
https://doi.org/10.1016/J.TALANTA.2020.121618
https://doi.org/10.1016/J.JDDST.2022.103285
https://doi.org/10.1016/J.TALANTA.2018.10.028
https://doi.org/10.1016/J.TALANTA.2018.10.028
https://doi.org/10.1016/S1872-2040(20)60023-8
https://doi.org/10.1016/J.COLSURFB.2022.113109
https://doi.org/10.1016/J.BIOCHI.2022.09.005
https://doi.org/10.1016/J.OMTN.2022.03.005
https://doi.org/10.1016/J.OMTN.2018.04.006
https://doi.org/10.1016/J.OMTN.2018.04.006
https://doi.org/10.1007/978-1-0716-2695-5_6
https://doi.org/10.1007/978-1-0716-2695-5_6
https://doi.org/10.1016/J.BIOPHA.2022.113690
https://doi.org/10.1016/J.BIOPHA.2022.113690
https://doi.org/10.3892/OL.2019.10282
https://doi.org/10.1016/J.BPJ.2022.11.2325
https://doi.org/10.1016/J.BPJ.2022.11.2325
https://doi.org/10.1016/J.OPHTHA.2020.08.027
https://doi.org/10.1016/J.OPHTHA.2020.08.027
https://doi.org/10.1016/J.TALANTA.2023.124638
https://doi.org/10.1039/D2TB02579E
https://doi.org/10.1039/D2TB02579E
https://doi.org/10.1016/J.BMC.2009.06.044
https://doi.org/10.1016/J.BMC.2009.06.044
https://doi.org/10.1186/s13765-023-00771-9
https://doi.org/10.1016/J.BIOS.2020.112498
https://doi.org/10.3390/VACCINES10122138
https://doi.org/10.3390/VACCINES10122138
https://doi.org/10.1016/J.ARABJC.2021.103626
https://doi.org/10.1016/J.ARABJC.2021.103626
https://doi.org/10.1016/J.ACA.2022.339817
https://doi.org/10.1016/J.BIOS.2019.03.061
https://doi.org/10.1016/J.BIOS.2019.03.061
https://doi.org/10.3390/IJMS22084168
https://doi.org/10.1016/J.BMC.2010.03.074
https://doi.org/10.3390/CANCERS15010227
https://doi.org/10.3390/CANCERS15010227
https://doi.org/10.1002/BAB.2244
https://doi.org/10.3390/IJMS21228774
https://doi.org/10.3390/PHARMACEUTICS12070646
https://doi.org/10.3390/bios12121142
https://doi.org/10.3390/bios12121142
https://doi.org/10.3390/BIOMEDICINES11020356
https://doi.org/10.3390/BIOMEDICINES11020356
https://doi.org/10.1007/S11274-021-03002-9
https://doi.org/10.1093/NAR/GKAB574


D.J. Chinchilla-Cárdenas et al. Journal of Genetic Engineering and Biotechnology 22 (2024) 100400
81. Li WM, Bing T, Wei JY, Chen ZZ, Shangguan DH, Fang J. Cell-SELEX-based
selection of aptamers that recognize distinct targets on metastatic colorectal
cancer cells. Biomaterials. 2014;35(25):6998–7007. https://doi.org/10.1016/J.
BIOMATERIALS.2014.04.112.

82. Li W, Wang S, Zhou L, Cheng Y, Fang J. An ssDNA aptamer selected by Cell-SELEX
for the targeted imaging of poorly differentiated gastric cancer tissue. Talanta.
2019;199:634–642. https://doi.org/10.1016/J.TALANTA.2019.03.016.

83. Li W, Zhou T, Sun W, et al. A conjugated aptamer and oligonucleotides-stabilized
gold nanoclusters nanoplatform for targeted fluorescent imaging and efficient
drug delivery. Colloids Surf A Physicochem Eng Asp. 2023;657:130521. https://doi.
org/10.1016/J.COLSURFA.2022.130521.

84. Li Z, Hu B, Zhou R, et al. Selection and application of aptamers with high-affinity
and high-specificity against dinophysistoxin-1. RSC Adv. 2020;10(14):8181.
https://doi.org/10.1039/C9RA10600F.

85. Liu W, Wang Y, Zhang Y, Yu T, Ge J. Analysis of breast cancer biomarker HER2
based on single stranded DNA aptamer and enzyme signal amplification. Int J
Electrochem Sci. 2023;18(4):100056. https://doi.org/10.1016/J.
IJOES.2023.100056.

86. Liu X, Wang Y, Wu J, et al. Neutralizing aptamers block S/RBD-ACE2 interactions
and prevent host cell infection. Angew Chem Int Ed Engl. 2021;60
(18):10273–10278. https://doi.org/10.1002/ANIE.202100345.

87. Lo Y, Cheung YW, Wang L, et al. An electrochemical aptamer-based biosensor
targeting Plasmodium falciparum histidine-rich protein II for malaria diagnosis.
Biosens Bioelectron. 2021;192:113472. https://doi.org/10.1016/J.
BIOS.2021.113472.

88. Lou X, Egli M, Yang X. Determining functional aptamer-protein interaction by
biolayer interferometry. Curr Protoc Nucleic Acid Chem. 2016;67
(1):7.25.1–7.25.15. https://doi.org/10.1002/CPNC.18.

89. Lou X, Qian J, Xiao Y, et al. Micromagnetic selection of aptamers in microfluidic
channels. PNAS. 2009;106(9):2989–2994. https://doi.org/10.1073/
PNAS.0813135106.

90. Lu C, Liu C, Zhou Q, et al. Selecting specific aptamers that bind to ovine
pregnancy-associated glycoprotein 7 using real serum sample–assisted FluMag-
SELEX to develop magnetic microparticle–based colorimetric aptasensor. Anal
Chim Acta. 2022;1191:339291. https://doi.org/10.1016/J.ACA.2021.339291.

91. Lyu C, Khan IM, Wang Z. Capture-SELEX for aptamer selection: a short review.
Talanta, Vol. 229. Elsevier B.V.; 2021. https://doi.org/10.1016/
j.talanta.2021.122274.

92. Mann D, Reinemann C, Stoltenburg R, Strehlitz B. In vitro selection of DNA
aptamers binding ethanolamine. Biochem Biophys Res Commun. 2005;338
(4):1928–1934. https://doi.org/10.1016/J.BBRC.2005.10.172.

93. Melo JS. Overview on biosensors for detection of organophosphate pesticides. Curr
Trends Biomed Eng Biosci. 2017;5(3). https://doi.org/10.19080/
ctbeb.2017.05.555663.

94. Mencin N, Šmuc T, Vraničar M, et al. Optimization of SELEX: comparison of
different methods for monitoring the progress of in vitro selection of aptamers. J
Pharm Biomed Anal. 2014;91:151–159. https://doi.org/10.1016/j.
jpba.2013.12.031.

95. Mendonsa SD, Bowser MT. In vitro evolution of functional DNA using capillary
electrophoresis. J Am Chem Soc. 2004;126(1):20–21. https://doi.org/10.1021/
JA037832S.

96. Moradi E, Zavvar TS, Alibolandi M, Ramezani M, Abnous K, Taghdisi SM. Targeted
delivery of epirubicin to breast cancer cells using poly-aptamer DNA nanocarriers
prepared by the RCA method with multiple repeats of aptamers of FOXM1 and
AS1411. Drug Dev Ind Pharm. 2023;49(3). https://doi.org/10.1080/
03639045.2023.2199075.

97. de Morais LM, Chaves TS, Medeiros MA, et al. Selection and characterization of
single-stranded DNA aptamers of diagnostic potential against the whole zika virus.
Viruses. 2022;14(9). https://doi.org/10.3390/V14091867.

98. Mukherjee M, Appaiah P, Sistla S, Bk B, Bhatt P. Bio-layer interferometry-based
SELEX and label-free detection of patulin using generated aptamer. J Agric Food
Chem. 2022;70(20):6239–6246. https://doi.org/10.1021/ACS.JAFC.2C01591.

99. Nagarkatti R, de Araujo FF, Gupta C, Debrabant A. Aptamer based, non-PCR, non-
serological detection of Chagas disease biomarkers in Trypanosoma cruzi infected
mice. PLoS Negl Trop Dis. 2014;8(1):25. https://doi.org/10.1371/JOURNAL.
PNTD.0002650.

100. Nageib AM, Halim AA, Nordin AN, Ali F. Recent applications of molecularly
imprinted polymers (MIPs) on screen-printed electrodes for pesticide detection. J
Electrochem Sci Technol. 2023;14(1):1–14. https://doi.org/10.33961/
JECST.2022.00654.

101. Narayan C, Kwon J, Kim C, Kim SJ, Jang SK. Virus-based SELEX (viro-SELEX)
allows development of aptamers targeting knotty proteins. Analyst. 2020;145
(4):1473–1482. https://doi.org/10.1039/c9an01943j.

102. Ni S, Zhuo Z, Pan Y, et al. Recent progress in aptamer discoveries and
modifications for therapeutic applications. ACS Appl Mater Interfaces. 2021;13
(8):9500–9519. https://doi.org/10.1021/ACSAMI.0C05750.

103. Ni S, Zhuo Z, Pan Y, Yu Y, Li F, Liu J, Wang L, Wu X, Li D, Wan Y, Zhang L, Yang Z,
Zhang BT, Lu A, Zhang G. Recent progress in aptamer discoveries and
modifications for therapeutic applications. ACS applied materials and interfaces,
Vol. 13(8). American Chemical Society; 2021:9500–9519. https://doi.org/
10.1021/acsami.0c05750.

104. Nikam PS, Palachandra S, Kingston JJ. In vitro selection and characterization of
ssDNA aptamers by cross-over SELEX and its application for detection of S.
Typhimurium. Anal Biochem. 2022;656:114884. https://doi.org/10.1016/J.
AB.2022.114884.
12
105. Odeh F, Nsairat H, Alshaer W, et al. Molecules. 2020;25(1). https://doi.org/
10.3390/MOLECULES25010003.

106. Ommen P, Hansen L, Hansen BK, Vu-Quang H, Kjems J, Meyer RL. Aptamer-
targeted drug delivery for Staphylococcus aureus biofilm. Front Cell Infect
Microbiol. 2022;12. https://doi.org/10.3389/FCIMB.2022.814340.

107. Ouellet E, Foley JH, Conway EM, Haynes C. Hi-Fi SELEX: a high-fidelity digital-
PCR based therapeutic aptamer discovery platform. Biotechnol Bioeng. 2015;112
(8):1506–1522. https://doi.org/10.1002/BIT.25581.

108. Ouyang S, Hu B, Zhou R, et al. Rapid and sensitive detection of nodularin-R in
water by a label-free BLI aptasensor. Analyst. 2018;143(18):4316–4322. https://
doi.org/10.1039/C8AN00567B.

109. Park JW, Tatavarty R, Kim DW, Jung HT, Gu MB. Immobilization-free screening of
aptamers assisted by graphene oxide. Chem Commun. 2012;48(15):2071–2073.
https://doi.org/10.1039/C2CC16473F.

110. Park KS, Choi A, Kim HJ, et al. Ultra-sensitive label-free SERS biosensor with high-
throughput screened DNA aptamer for universal detection of SARS-CoV-2 variants
from clinical samples. Biosens Bioelectron. 2023;228:115202. https://doi.org/
10.1016/J.BIOS.2023.115202.

111. Pfeiffer F, Mayer G. Selection and biosensor application of aptamers for small
molecules. Frontiers in chemistry, Vol. 4(JUN). Frontiers Media S. A; 2016. https://
doi.org/10.3389/fchem.2016.00025.

112. Pinto-Díez C, Ferreras-Martín R, Carrión-Marchante R, et al. An optimized MNK1b
aptamer, apMNKQ2, and its potential use as a therapeutic agent in breast cancer.
Mol Ther Nucleic Acids. 2022;30:553–568. https://doi.org/10.1016/J.
OMTN.2022.11.009.

113. Plach M, Schubert T. Biophysical characterization of aptamer-target interactions.
Adv Biochem Eng Biotechnol. 2020;174:1–15. https://doi.org/10.1007/
10_2019_103.

114. Poudineh M, Poudineh S, Jalalifar T, et al. Aptamer-functionalized localized
surface plasmon resonance sensor for the rapid and affordable detection of
Staphylococcus aureus alpha-toxin. Optik. 2022;270:169902. https://doi.org/
10.1016/J.IJLEO.2022.169902.

115. Pourdadashi A, Rezaei Adriani R, Mousavi Gargari SL. Aptamer-based enzyme-
linked oligonucleotide assay for specific detection of clinical bacterial strains
isolated from cerebrospinal fluid samples. J Biosci Bioeng. 2022;134(5):441–449.
https://doi.org/10.1016/J.JBIOSC.2022.07.009.

116. Poustforoosh A, Faramarz S, Nematollahi MH, Hashemipour H, Negahdaripour M,
Pardakhty A. In silico SELEX screening and statistical analysis of newly designed
5mer peptide-aptamers as Bcl-xl inhibitors using the Taguchi method. Comput Biol
Med. 2022;146:105632. https://doi.org/10.1016/J.COMPBIOMED.2022.105632.

117. Qi S, Duan N, Khan IM, et al. Strategies to manipulate the performance of
aptamers in SELEX, post-SELEX and microenvironment. Biotechnol Adv. 2022;55.
https://doi.org/10.1016/J.BIOTECHADV.2021.107902.

118. Qi X, Zhang L, Wang X, Chen S, Wang X. A label-free colorimetric aptasensor
based on an engineered chimeric aptamer and Au@FeP nanocomposites for the
detection of kanamycin. Food Control. 2023;149:109700. https://doi.org/
10.1016/J.FOODCONT.2023.109700.

119. Qian J, Lou X, Zhang Y, Xiao Y, Tom Soh H. Generation of highly specific aptamers
via micromagnetic selection. Anal Chem. 2009;81(13):5490–5495. https://doi.
org/10.1021/AC900759K.

120. Qin L, Lou F, Wang Y, Zhang Y, Liu S, Hun X. CRISPR/Cas12a coupled with
enzyme-DNA molecular switch photoelectrochemical assay for HIV nucleic acid.
Microchem J. 2023;190:108713. https://doi.org/10.1016/J.MICROC.2023.
108713.

121. Rasouli Jazi HR, Zeinoddini M, Arab SS. A novel in silico SELEX method to screen
and identify aptamers against vibrio cholerae. Curr Comput Aided Drug Des.
2023;19. https://doi.org/10.2174/1573409919666230126101635.

122. Rizvi AS, Murtaza G, Zhang W, Xue M, Qiu L, Meng Z. Aptamer-linked photonic
crystal hydrogel sensor for rapid point-of-care detection of human immuno-
deficiency virus-1 (HIV-1). J Pharm Biomed Anal. 2023;227:115104. https://doi.
org/10.1016/J.JPBA.2022.115104.

123. Robertson DL, Joyce GF. Selection in vitro of an RNA enzyme that specifically
cleaves single-stranded DNA. Nature. 1990;344(6265):467–468. https://doi.org/
10.1038/344467a0.

124. Rodríguez-Dorantes M, Cortés-Ramírez SA, Cruz-Burgos JM, et al. Cell-
internalization SELEX of RNA aptamers as a starting point for prostate cancer
research. Methods Mol Biol (Clifton, NJ). 2021;2174:245–254. https://doi.org/
10.1007/978-1-0716-0759-6_15.

125. Rosch JC, Neal EH, Balikov DA, Rahim M, Lippmann ES. CRISPR-mediated
isogenic cell-SELEX approach for generating highly specific aptamers against
native membrane proteins. Cell Mol Bioeng. 2020;13(5):559–574. https://doi.org/
10.1007/s12195-020-00651-y.

126. Roueinfar M, Templeton HN, Sheng JA, Hong KL. An update of nucleic acids
aptamers theranostic integration with CRISPR/cas technology. Molecules, Vol. 27,
Issue 3. MDPI; 2022. https://doi.org/10.3390/molecules27031114.

127. Ruan L, Han L, Li X, et al. Computable structured aptamer for targeted treatment
of ovarian cancer. Front Genet. 2023;14. https://doi.org/10.3389/
FGENE.2023.1170260.

128. Rukhlyada KA, Matytcina VV, Baldina AA, et al. Universal method based
on layer-by-layer assembly for aptamer-based sensors for small-molecule
detection. Langmuir. 2023;39(31):10820–10827. https://doi.org/10.1021/ACS.
LANGMUIR.3C00822/SUPPL_FILE/LA3C00822_SI_001.PDF.

129. Saccà B, Lacroix L, Mergny JL. The effect of chemical modifications on the thermal
stability of different G-quadruplex-forming oligonucleotides. Nucleic Acids Res.
2005;33(4):1182–1192. https://doi.org/10.1093/NAR/GKI257.

https://doi.org/10.1016/J.BIOMATERIALS.2014.04.112
https://doi.org/10.1016/J.BIOMATERIALS.2014.04.112
https://doi.org/10.1016/J.TALANTA.2019.03.016
https://doi.org/10.1016/J.COLSURFA.2022.130521
https://doi.org/10.1016/J.COLSURFA.2022.130521
https://doi.org/10.1039/C9RA10600F
https://doi.org/10.1016/J.IJOES.2023.100056
https://doi.org/10.1016/J.IJOES.2023.100056
https://doi.org/10.1002/ANIE.202100345
https://doi.org/10.1016/J.BIOS.2021.113472
https://doi.org/10.1016/J.BIOS.2021.113472
https://doi.org/10.1002/CPNC.18
https://doi.org/10.1073/PNAS.0813135106
https://doi.org/10.1073/PNAS.0813135106
https://doi.org/10.1016/J.ACA.2021.339291
https://doi.org/10.1016/j.talanta.2021.122274
https://doi.org/10.1016/j.talanta.2021.122274
https://doi.org/10.1016/J.BBRC.2005.10.172
https://doi.org/10.19080/ctbeb.2017.05.555663
https://doi.org/10.19080/ctbeb.2017.05.555663
https://doi.org/10.1016/j.jpba.2013.12.031
https://doi.org/10.1016/j.jpba.2013.12.031
https://doi.org/10.1021/JA037832S
https://doi.org/10.1021/JA037832S
https://doi.org/10.1080/03639045.2023.2199075
https://doi.org/10.1080/03639045.2023.2199075
https://doi.org/10.3390/V14091867
https://doi.org/10.1021/ACS.JAFC.2C01591
https://doi.org/10.1371/JOURNAL.PNTD.0002650
https://doi.org/10.1371/JOURNAL.PNTD.0002650
https://doi.org/10.33961/JECST.2022.00654
https://doi.org/10.33961/JECST.2022.00654
https://doi.org/10.1039/c9an01943j
https://doi.org/10.1021/ACSAMI.0C05750
https://doi.org/10.1021/acsami.0c05750
https://doi.org/10.1021/acsami.0c05750
https://doi.org/10.1016/J.AB.2022.114884
https://doi.org/10.1016/J.AB.2022.114884
https://doi.org/10.3390/MOLECULES25010003
https://doi.org/10.3390/MOLECULES25010003
https://doi.org/10.3389/FCIMB.2022.814340
https://doi.org/10.1002/BIT.25581
https://doi.org/10.1039/C8AN00567B
https://doi.org/10.1039/C8AN00567B
https://doi.org/10.1039/C2CC16473F
https://doi.org/10.1016/J.BIOS.2023.115202
https://doi.org/10.1016/J.BIOS.2023.115202
https://doi.org/10.3389/fchem.2016.00025
https://doi.org/10.3389/fchem.2016.00025
https://doi.org/10.1016/J.OMTN.2022.11.009
https://doi.org/10.1016/J.OMTN.2022.11.009
https://doi.org/10.1007/10_2019_103
https://doi.org/10.1007/10_2019_103
https://doi.org/10.1016/J.IJLEO.2022.169902
https://doi.org/10.1016/J.IJLEO.2022.169902
https://doi.org/10.1016/J.JBIOSC.2022.07.009
https://doi.org/10.1016/J.COMPBIOMED.2022.105632
https://doi.org/10.1016/J.BIOTECHADV.2021.107902
https://doi.org/10.1016/J.FOODCONT.2023.109700
https://doi.org/10.1016/J.FOODCONT.2023.109700
https://doi.org/10.1021/AC900759K
https://doi.org/10.1021/AC900759K
https://doi.org/10.1016/J.MICROC.2023.108713
https://doi.org/10.1016/J.MICROC.2023.108713
https://doi.org/10.2174/1573409919666230126101635
https://doi.org/10.1016/J.JPBA.2022.115104
https://doi.org/10.1016/J.JPBA.2022.115104
https://doi.org/10.1038/344467a0
https://doi.org/10.1038/344467a0
https://doi.org/10.1007/978-1-0716-0759-6_15
https://doi.org/10.1007/978-1-0716-0759-6_15
https://doi.org/10.1007/s12195-020-00651-y
https://doi.org/10.1007/s12195-020-00651-y
https://doi.org/10.3390/molecules27031114
https://doi.org/10.3389/FGENE.2023.1170260
https://doi.org/10.3389/FGENE.2023.1170260
https://doi.org/10.1021/ACS.LANGMUIR.3C00822/SUPPL_FILE/LA3C00822_SI_001.PDF
https://doi.org/10.1021/ACS.LANGMUIR.3C00822/SUPPL_FILE/LA3C00822_SI_001.PDF
https://doi.org/10.1093/NAR/GKI257


D.J. Chinchilla-Cárdenas et al. Journal of Genetic Engineering and Biotechnology 22 (2024) 100400
130. Santana-Viera L, Dassie JP, Rosàs-Lapeña M, et al. Combination of protein and cell
internalization SELEX identifies a potential RNA therapeutic and delivery platform
to treat EphA2-expressing tumors. Mol Ther Nucleic Acids. 2023;32:758–772.
https://doi.org/10.1016/J.OMTN.2023.05.003.

131. Sattari R, Palizban A, Khanahmad H. Single-strand DNA-like oligonucleotide
aptamer against proprotein convertase Subtilisin/Kexin 9 Using CE-SELEX: PCSK9
targeting selection. Cardiovasc Drugs Ther. 2020;34(4):475–485. https://doi.org/
10.1007/S10557-020-06986-Y.

132. Scoville DJ, Uhm TKB, Shallcross JA, Whelan RJ. Selection of DNA aptamers
for ovarian cancer biomarker CA125 using one-pot SELEX and high-
throughput sequencing. J Nucleic Acids. 2017;2017. https://doi.org/10.1155/
2017/9879135.

133. Senel M, Dervisevic M, Kokkokoğlu F. Electrochemical DNA biosensors for label-
free breast cancer gene marker detection. Anal Bioanal Chem. 2019;411
(13):2925–2935. https://doi.org/10.1007/S00216-019-01739-9.

134. Sepehri Zarandi H, Behbahani M, Mohabatkar H. In silico selection of Gp120
ssDNA aptamer to HIV-1. SLAS Discov: Adv Life Sci R & D. 2020;25(9):1087–1093.
https://doi.org/10.1177/2472555220923331.
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