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Abstract

Nucleic acid aptamers are single-stranded DNA or RNA molecules that can bind to a target with high
specificity and affinity, as screened by Systematic Evolution of Ligands by Exponential Enrichment
(SELEX). In recent years, SELEX technologies have been significantly advanced for screening of
aptamers for a variety of target molecules, cells, and even bacteria and viruses. By integrating recent
advances of emerging technologies with SELEX, novel screening technologies for nucleic acid
aptamers have emerged with improved screening efficiency, reduced production costs and enhanced
aptamer performance for a wide range of applications in medical diagnostics, drug delivery and
environmental monitoring. Aptasensors utilize aptamers to detect a wide range of analytes, allowing
accurate identification and determination of small molecules, proteins, and even whole cells with
remarkable specificity and sensitivity. Further optimization of the aptasensor can be achieved by
aptamer truncation, which not only maintains the high specificity and affinity of the aptamer binding
with the target analytes, but also reduces the manufacturing cost. Predictive models also demonstrate
the powerful capability of determination of the minimal functional sequences by simulation of
aptamer-target interaction processes, thus effectively shortening the aptamer screening procedure
and reducing the production costs. This paper summarizes the research progress of protein-targeted
aptamer screening in recent years, introduces several typical aptasensors at present, discusses the
optimization methods of aptasensors by combining efficient SELEX with advanced predictive
algorithms or post-SELEX processes, as well as the challenges and opportunities faced by
aptasensors.

Keywords: nucleic acid aptamers; systematic evolution of ligands by exponential enrichment
(SELEX); aptasensors; post-SELEX optimization; aptamer truncation; predictive algorithms

1. Introduction

Aptamers typically are short, single-stranded DNA or RNA oligonucleotides that bind to
specific targets which include metal ions, small molecules, peptides, and even proteins expressed on
the surface of bacteria, virus, or human cells, and are difficult to obtain high-affinity antibodies [1-3].
This unique property has turned aptamers into versatile tools for target molecule identification and
detection in biological samples, playing an important role in synthetic biology and healthcare
industries [4-11]. While having similar binding affinity and specificity to antibodies, nucleic acid
aptamers can be chemically synthesized and demonstrate many advantages over antibodies, such as
easy chemical modification, better stability and low production costs. Moreover, due to smaller size
(typically 20-80 nucleotides in length or 10-20 kDa in weight), aptamers have good tissue
permeability, are easily accessible to cells and do not elicit an immune response from cells [12].
Aptamers also have the ability to flexibly fold to recognize the target modules which may be large or
small in the biological samples and need to be bonded with the aptamer sensing elements of
biosensors [13,14]. In addition, aptamers are easy to preserve and can be kept in a suitable
environment for a long time, which makes the application of aptamers as molecular recognition
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elements in bioassays. As such, aptamers have been extensively investigated for biosensors, as shown
in Figure 1. The publications found by searching PubMed with the keywords of either aptamer or
aptasensor have increased every year since 2014 up to 20 May 2025.
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Figure 1. The number of published research papers on aptamers or aptasensors each year in the past decade.
2. Nucleic Acid Aptamer

2.1. Nucleic Acid Aptamer

As aptamers are short, single-stranded DNA or RNA molecules, they can change shapes
dramatically. The binding of the nucleic acid aptamer to the target molecule is achieved through its
unique three-dimensional conformation, which is characterized by the shape of hairpins, inner loops,
pseudoknots, bulges or G-quadruplexes [15]. A binding between the nucleic acid aptamer and the
target molecule occurs through van der Waals forces, hydrogen bonding, and electrostatic forces
[16,17]. When a nucleic acid aptamer binds with a target molecule, if the target molecule is small, the
nucleic acid aptamer will cover the target molecule and wrap around the surface of its molecule
through its unique helical structure. If the target molecule is large, the nucleic acid aptamer will form
adaptive-like structures in the clefts and gaps on the surface of the large molecule. Nucleic acid
aptamers have a good folding ability, which allows the nucleic acid aptamer to fully adapt to the size
of the target molecule [18]. Nucleic acid aptamers can fully bind to target molecules and adapt to
numerous target molecules of different shapes. The targets of nucleic acid aptamers include, but are
not limited to peptides [19], proteins [20,21], small organic molecules [22], various metal ions [23],
and even molecules on the surface of bacteria [24], viruses [25] or human cells [26].

2.2. SELEX Technology

Most aptamers are discovered through a library selection process called Systematic Evolution of
Ligands by Exponential Enrichment (SELEX). The working principle of the SELEX is to chemically
synthesize a library of single-stranded oligonucleotides as a starting library to incubate with the
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desired target molecule in vitro to screen best aptamer-target binding [27]. The binding of the target
with the nucleic acid sequences in the mixture eliminates the nucleic acid sequences that are not
bound to the target. Nucleic acid sequences that bind to the target are isolated and amplified using
polymerase chain reaction (PCR) [28,29]. The PCR amplification creates a new pool of nucleic acid
sequences, which are then subjected to the subsequent round of the selection process. The initial
rounds of screening usually take longer time, and their screening conditions are more lenient
compared to later ones [30]. After the first few rounds of screening, the buffer conditions are usually
altered to control the volume of the target-aptamer complex and the binding time of the target to the
aptamer to achieve the conditions for creating an aptamer with high affinity for the target. In addition,
the presence of non-specific nucleic acid sequences in the mixture favors the selection of nucleic acid
aptamers with high affinity. At the same time, for some target molecules, the presence of monovalent
or divalent cations in buffer solutions can greatly reduce non-specific binding [31]. It is also important
to remove non-specific binding sequences from the library using pre-negative selection by incubating
the library with the selection matrix only in the absence of target molecules. After repeated screening
and amplification, some nucleic acids that do not bind or have low affinity for the target reactants are
eliminated, and the remaining nucleic acids with high affinity for the target are isolated. After several
rounds of SELEX processes, the purity of nucleic acids with high affinity for the target is enriched
until they occupy the majority of the nucleic acid pool (>90%). As shown in Figure 2, after 5 - 20
rounds of SELEX selection processes, the selected nucleic acid aptamers with high affinity to the
target were cloned into appropriate vectors and sequenced.

Repeating process and sequencing Oligonucleotides library
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Figure 2. Schematic procedure of the SELEX protocols.

Four factors are critical in selecting nucleic acid sequences that bind to target molecules: the type
of randomization, the length of the random sequence region, the chemistry of the nucleic acid library,
and the utility of the constant region [32]. During the selection process, the nucleic acid library is
processed with the target in the appropriate buffer and at a suitable temperature for the desired
application. In vitro SELEX procedures have been widely used to study the nature, function and
structure of nucleic acid aptamers. This technology plays an important role in studying molecular
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recognition and molecular evolution [33]. In order to quickly find residues in the target molecule that
cannot be changed without altering the function of the target, in vitro SELEX technologies using DNA
and RNA ligands has been proved as a good approach [34]. One of the most important steps in SELEX
technology is the strategies of separating the nucleic acid sequences that are not bound to the target
from the sequence library. Therefore, the advancement of the SELEX technologies predominantly
relies on the improvement of the efficiency and accuracy of separation (or partitioning) of target-
bound and non-binding nucleic acid sequences from the oligonucleotide library.

2.3. Separation of Target-Bonded and Non-Binding Aptamers

Main separation techniques for conventional aptamer screening technologies are capillary
electrophoresis (CE) SELEX, Cell-SELEX, nitrocellulose membrane filtration SELEX, microbead/
magnetic bead SELEX, microfluidic microarray SELEX, microcolumn SELEX and so on. In this part,
we will focus on CE-SELEX, Microfluidic SELEX, and Cell-SELEX technologies.

2.3.1. Capillary Electrophoresis SELEX Technology

Capillary electrophoresis SELEX technology is one of the most important methods applied to
screen high-affinity nucleic acid aptamers [35]. The principle of CE-SELEX technology is to incubate
anucleic acid library with a target protein and then pass it through a high-voltage electric field within
a capillary, causing the unbound nucleic acid sequence to separate from the bound nucleic acid-target
protein complex due to the difference in migration rates. Bound nucleic acid-target protein complexes
were collected as the end of the capillary, subsequently amplified by PCR to enrich the bound
aptamers for the subsequent screening round. Usually the CE-SELEX requires one to four rounds of
screening to obtain high-affinity nucleic acid aptamers, which significantly shortens selection process
from weeks to days and are much more effective than the routine SELEX that normally requires
several months for 8-15 or more rounds [36]. In CE-SELEX technology, the environment for target
proteins and nucleic acid libraries is more liberalized, thus creating a free environment for target
proteins and nucleic acid aptamers. This condition makes the probability of non-specific binding of
target proteins to nucleic acids lower and not affected by spatial site-blocking during their interaction.
CE-SELEX technology was subsequently improved, resulting in the non-equilibrium capillary
electrophoresis of equilibrated mixtures (NECEEM) SELEX technology, equilibrium capillary
electrophoresis of equilibrated mixtures (ECEEM) SELEX technology, and non-SELEX technology
[37,38]. Recently, one-round pressure controllable selection (OPCS) based on the conventional CE-
SELEX technology has also been developed [39]. OPCS-SELEX technology enables simultaneous
incubation of nucleic acid libraries with two target proteins, which can provide competitive pressure
on each other. Subsequently the complexes formed by these two proteins and the nucleic acid library
were separated and collected by high-resolution CE. The enhancement of the efficiency and
effectiveness of the OPCS-SELEX technology is achieved by adjusting the concentration ratio of target
proteins to improve the affinity and specificity of the nucleic acid aptamer. In addition, the
improvement can also be achieved by introducing high concentrations of predatory proteins. The
great advantage of OPCS-SELEX technology is that it simultaneously obtains nucleic acid aptamers
for two proteins with high affinity and high specificity in a single round, while CE-SELEX technology
requires three rounds under the same conditions for nucleic acid aptamers to each protein target [40].

2.3.2. Microfluidic SELEX Technology

Microfluidic technology enables precise manipulation and control of small fluid volumes within
microfabricated devices, making it possible to develop highly efficient and sensitive analytical
screening platforms. Integrating microfluidics with aptamer selection technology, Microfluidic
SELEX, can precisely control fluids and temperature and complete mixing, incubation and
partitioning from starting aptamer library to subsequent round on a single microdevice. It offers
advantages over conventional SELEX like reduced sample volume, improved target-binding
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capacity, enhanced selection stringency and automated processing for improved throughput These
advantages have led to various microfluidic-based SELEX techniques that further improve efficiency
and speed of aptamer screening. Further information can be found in latest review articles [41,42].
Despite these, some great challenges remain for microfluidic SELEX, such as technical complexity of
integration of microfluidic platforms and its scaleup and standardization for real-world applications.

2.3.3. Cell-SELEX Technology

Cell surfaces have proteins or glycans, which allows nucleic acid aptamers to be screened with
purified proteins to recognize target proteins in living cells. Cell-SELEX technology typically uses
cells with characteristic protein expression as target cells, while cells with no or less expression are
used for negative selection [43-47]. Cell-SELEX is easy to perform in most biological labs and does
not require specialized tools. Cells can be easily partitioned by centrifugation, leaving unbound
aptamers in suspension. The cell-bound aptamers are eluted by incubating at high temperatures then
separating by centrifugation. Aside from its simple protocol, cell-SELEX is advantageous because of
its authentic target presence on the cell surface and variety of targets (e.g. cancel cells, T cells, bacteria,
and viruses). However, the nucleic acid aptamers screened by Cell-SELEX usually do not meet the
requirements due to the low specificity of the nucleic acid aptamers. The reason for this is that such
cells used for positive and negative screening usually differ in addition to the target protein. To
address this, great efforts have been made to improve cell-SELEX technology. Among them, an
approach method proposed by Pleiko et al [48] is particularly remarkable. They utilized the
functional genomics FAST Aptamer toolbox and the bioinformatics tool edgeR to investigate binding
variability between nucleic acid libraries and positive and negative screening cells. Based on the
informative metrics about the selection process achieved with the toolbox FASTAptamer and the tool
edgeR, all the sequences in the final nucleic acid library interact with the live cells were selected for
cell-SELEX to realize a fast and high-throughput aptamer screening protocol against live cells..

3. Aptasensors

3.1. Aptasensors

In general, a conventional biosensing device can be broadly defined as a device that converts
physical, chemical or biological events into measurable signals. Biosensors consist of three main
components: the biomolecular recognition element, the sensor, and the signal processing and data
analysis system. A biomolecular recognition (sensing) element, usually borne by aptamers,
antibodies, enzymes, proteins, cellular receptors, tissues, microorganisms, etc., is a biologically
derived material or biomimetic element that provides selectivity for a target molecule or a target
substance. Sensors can convert molecular recognition events into measurable signals through
different transduction mechanisms. After receiving these measurable signals, electronic data analysis
systems process the signals accordingly and visualize the data obtained from these processes [49].
Aptasensors act as molecular recognition elements through aptamers because aptamers selectively
bind to target molecules [50-52]. As shown in Figure 3, when a target molecule in a sample binds to
an aptamer, this binding process is converted into a detectable signal through various mechanisms,
which is then quantified by the sensor element. Subsequently the presence of the target molecule in
the sample or its specific concentration can be determined [53].
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Figure 3. Schematic diagram of the working principle of the aptasensor.

In aptasensors, molecular recognition is a key step in their functioning. The recognition elements
for the aptasensors at the early stages were obtained by natural isolation from the biological system.
With advances in SELEX technology, molecular recognition elements for aptasensors can be
synthesized in the laboratory [54]. The use of aptamers as probes in biosensing devices makes
aptasensors uniquely suited for applications, such as blood testing and pathogen detection [55].

Aptasensors have better properties than traditional biosensors that use antibodies as recognition
elements [56]. Aptasensors have higher affinity and specificity for target molecules and target
substances. Aptamers can be chemically modified with conformational changes in the target
molecule [57]. In addition, some aptamers can be used to obtain specific target molecules by adding
specific substances to change their properties. The unique advantage that aptamers can undergo
multiple changes in properties allows aptamers to be used in a wider range of applications without
compromising high affinity at the same time [58-63]. Aptamers can be easily chemically modified
and labelled, enabling aptasensors to be widely used in clinical medicine and medical diagnostics
and mass-produced and reused [64]. Aptasensors are extremely stable compared with antibodies,
and can be used for multiple times when specific substances are added to regenerate the functionality
of immobilized biological components [65]. In addition, aptasensors can be developed for a wide
range of target molecules or target substances, and multiple transduction mechanisms can be applied.
By applying different transduction mechanisms, aptasensors can be classified into optoelectronic [66—
72], field-effect transistor (FET) [73-83], electrochemical [84-94] aptasensors, and other types of
sensors. Aptasensors based on optical, field-effect transistor, and electrochemical transduction
mechanisms will be discussed in the following section.

3.2. Optical Aptasensors

Optical aptasensors are new types of biosensors based on the use of nucleic acid aptamers as
recognition elements, combined with the development of optical detection technology. Optical
aptasensors work by capturing signals generated by the interaction of a biometric element with a
target molecule and converting the signals into optical signals that are subsequently detected and
analyzed [95]. Optical aptasensors use an optoelectronic transduction which allows for rapid and
highly sensitive detection, and have been widely used in the fields of clinic diagnosis, environmental
monitoring, and food safety [96-99]. Below will be focused on fluorescent aptasensors, colorimetric
aptasensors and surface plasmon resonance (SPR) aptasensors.

3.2.1. Fluorescent Aptasensors

Fluorescence-based optical aptasensors are constructed in such a way that when a nucleic acid
aptamer binds specifically to a target molecule or a target substance, the aptamer-the target binding
causes a change in fluorescence intensity of the fluorescent material, which is used for monitoring
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the interactions between the aptamer and the target analytes. Fluorescence-based detection is easy to
implement among other optical detection techniques. One of the common fluorescence techniques is
Forster resonance energy transfer (FRET). The principle of FRET involves a radiationless energy
transfer process in which an energy-excited fluorophore (donor) transfers energy to another molecule
(acceptor) over long distance of typically Inm and up to 10nm via dipole-dipole interaction [100].
FRET is particularly effective in the detection of interacting membrane proteins and has been used to
monitor dynamic process of protein-protein interactions in living organisms, which is not possible
with other conventional monitoring methods. FRET has also been used with monoclonal antibodies,
which has led to better understanding of protein structures in solution, biofilms and cell surface
mapping on immune cells [101]. Moreover, FRET has been widely exploited in DNA sequencing and
polymerase chain reaction [102] together with a variety of novel materials for sensing. Among the
most widely used materials in fluorescent aptasensors, graphene oxide (GO) has a strong light
quenching ability, good dispersion and biocompatibility [103,104]. GO-based aptasensors has
demonstrated great sensitivity and selectivity for DNA analysis by effectively quenching the
fluorescence of quantum dots (QDs) when interacting with single-stranded DNA [105,106]. Because
of simple operation, high sensitivity, and non-destruction of the target substance, fluorescent
aptasensors have been widely used in a variety of detection and analysis of DNAs and proteins, such
as the quantitative analysis of protein biomarkers [107].

3.2.2. Colorimetric Aptasensors

Colorimetric aptasensors are a type of aptasensors based on colorimetric bioassay and have
received more attention in recent years. The principle of colorimetric bioassay is the detection of the
target substances by a color change using the naked eye and simple instruments. Colorimetric
aptasensors have demonstrated rapid diagnostic capabilities without complicated instrumentation
[108]. Colorimetric bioassays are widely used in point-of-care diagnostics and field testing because
of their simplicity, low-cost and effectiveness [109,110]. With the advances of microfabrication and
electronic technologies, applications of colorimetric aptasensors have been dramatically expanded
with the advent of smart electronic devices, and color detection of aptasensors has been successfully
integrated with commonly used devices such as smartphones, digital cameras and flatbed scanners
[111-113]. However, colorimetric aptasensors still face some challenges. For example. colorimetric
aptasensors are not sensitive and accurate as other detection methods in the detection of cancer cells
in blood samples [114,115]. In addition, colorimetric aptasensors are highly influenced by the
background illumination of the sample matrix and take a long time to be fabricated [116,117]. In
clinical diagnostics, colorimetric aptasensors are currently difficult to perform simultaneous multiple
targets assays [118].

3.2.3. Surface Plasmon Resonance Aptasensors

The surface plasmon resonance (SPR) aptasensors measure any change in a refractive index
proportional to the amount of the target analyte over the process of its binding with the aptamer. The
principle of SPR technology is to monitor the change of resonance angle at the metal surface caused
by the specific binding between the substance (e.g. aptamers) fixed on the metal surface and the target
molecule in a sample for biological characterization [119]. Evanescent waves are formed when light
waves travelling in a medium undergo total internal reflection at the interface of the metal and
medium, and free electrons (so-called surface plasmons) are generated on the surface of the metal.
When the frequency and wave number of two waves are equal, the two resonate, the incident light is
absorbed, and the energy of the reflected light decreases sharply, and a resonance peak will appear
on the reflection spectrum. When the number of target molecules adsorbed on the metal surface or
the configuration of the target molecule changes, the change of the peaks on the reflectance spectra
can be used for the detection and real-time monitoring of intermolecular interactions without
labelling [120-123]. SPR aptasensors are now widely used in biological research, environmental
monitoring, food safety, and clinical diagnosis [124-128]. However, SPR aptasensors also have the
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disadvantage of being more expensive to manufacture, as a layer of metallic gold usually needs to be
deposited to cover the surface of the device [129]. SPR aptasensors is also highly affected by
temperature changes.

3.3. Field-Effect Transistor Aptasensors

Field-effect transistor aptasensors are aptasensors constructed based on field-effect transistor.
The FET is a semiconductor device that uses the electric field effect of the input loop to control the
output loop current. The source and drain are connected by semiconductor channels to form a typical
FET aptasensors. Any adsorption behavior of a target molecule located on the surface of a channel
causes a change in the electric field. Adjusting the gate potential at this point can cause the drain
current in the FET channel to change. FET aptasensors are used to detect and analyze target molecules
by monitoring changes in drain current [130-138]. FET aptasensors are inexpensive to manufacture
compared to aptasensors for other transduction mechanisms, especially SPR aptasensors, and can be
integrated with existing manufacturing processes on a large scale. In addition, FET aptasensors have
other advantages, such as the ability to operate at low power, the ever-shrinking design size, the lack
of labelling and the rapid detection, which makes them promising [139]. Although FET aptasensors
have been rapidly optimized over the past few years, there are still significant challenges in
improving their detection sensitivity as they can be affected by various factors [140].

In FET aptasensors, aptamer functionalization methods are essential, and can be categorized into
physical and chemical appraaoches. The aptamer physical functionalization approach is based on
physical processes of non-covalent interactions such as hydrogen bonding, van der Waals forces,
electrostatic interactions and hydrophobic interactions. The aptamer chemical functionalization
methods are based on chemical processes of covalent interactions, such as covalent bonding and
crosslinking [141-143]. In the physical functionalization method of aptamers, the aptamers directly
adsorb onto the surface of the channel and then combine with the target molecules. The operation
process is relatively simple, which reduces the possibility of aptamer denaturation and maintains the
electrical properties of the channel material. However, in the physical functionalization method of
aptamers, the binding force between aptamers and channel materials is relatively weak and could be
difficult to control, which can lead to aptamer dissociation and reduce the detection repeatability and
long-term stability of FET aptasensors. When FRT aptasensors are chemically functionalized, the
channel surfaces normally need to be activated at first with carboxylation, hydroxylation [144],
amination, or gold deposition [145]. Subsequently, one end of the linker molecule is covalently
bonded to the channel, and the other end of the linker molecule is covalently bonded to the aptamer.
During the chemical functionalization, aptamers are immobilized onto channel surfaces through
covalent bonds which are strong and can improve the detection repeatability and long-term stability
of FET aptasensors. However, the aptamer chemical functionalization methods require additional
sequence design and purification based on specific target molecules and target substances.
Furthermore, during the chemical functionalization process of aptamers, the conformational stability
of aptamers could be subject to unpredictable interference [146]. Therefore, it is necessary to select
the appropriate aptamer functionalization method based on the specific circumstances. Because of
high selectivity, good portability and low manufacturing cost, FET aptasensors have been well
developed, and will be further exploited in more fields with better standardization and
commercialization [147].

3.4. Electrochemical Aptasensors

Electrochemical aptasensors use the electrode surface as a platform to immobilize the biosensing
aptamer, convert the aptamer recognition event into an electrical signal, and detect changes in
current, potential, or impedance to achieve rapid detection of target molecules or target tissues
[148,149]. The advantages of the electrochemical transduction mechanism are the simplicity of its
conversion phenomenon and the possibility of using label-free and reusable detection systems.
Electrochemical transduction is extremely sensitive and can be enhanced in practice by amplifying
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the detection signal by attaching a biocatalytic tag to the aptamer-target complex. In practical
applications, electrochemical aptasensors are produced at low cost and are universally applicable
[150,151]. The following section will focus on electrochemical impedance spectroscopy (EIS)
aptasensors, voltammetric aptasensors and amperometric aptasensors.

3.4.1. Electrochemical Impedance Spectroscopy Aptasensors

EIS is a label-free and non-destructive monitoring techniques, and achieved by applying a small
amplitude sinusoidal perturbation signal to the system in equilibrium [152,153]. EIS has excellent
performance in measuring the molecular interactions of electrochemically inactive compounds
occurring at the electrode surface [154]. It can detect any subtle changes at the interface induced by
the interaction between the nucleic acid aptamer and the target molecule. EIS is commonly used to
determine organic compounds, such as protein biomarkers, and can also be used to determine
electrochemical changes occurring on the surface of modified electrodes due to biorecognition.
Various biomolecules such as enzymes, antibodies, nucleic acids and cells are immobilized on the
surface of the electrodes and used as detection elements to develop EIS aptasensors [155,156].
Moreover, EIS aptasensors are inexpensive to manufacture and can be mass produced and reused.

In EIS aptasensors, the total impedance can be divided into real component and imaginary
component, corresponding to resistivity component and capacitance component respectively. The
resistivity component is caused by the obstruction of the electrode surface to the current flow, while
the capacitance component reflects the storage of electric charge in the system when the voltage is
applied [157]. EIS applications in aptasensors can be classified into two types depending on the
nature of the measured signal: Faraday and non-Faraday types. In Faraday-type EIS aptasensors, the
electrode surface is partially or completely covered by a non-insulating layer or partially covered by
an insulating layer. Impedance is generated when electrons are transferred to the electrodes through
redox reactions. In non-Faraday type EIS aptasensors, the electrode surface is completely covered by
a dielectric layer and the entire electrode assembly behaves as an insulator. The generation of
impedance is based on direct current impedance, at which point no charge is transferred to the
electrode surface, but current can still flow, so the system behaves like a capacitor [158,159].
Therefore, the non-Faraday type EIS aptasensors are also known as the capacitive EIS aptasensors.
Faraday-type EIS aptasensors are generally considered to have higher sensitivity than capacitive
ones, so they can be used for determination of target molecules, rather than simply detecting their
presence [160]. Moreover, Faraday type EIS aptasensors can produce a more pronounced signal
change at the same concentration of the target, thus having a better sensitivity.

Unlike other conventional biosensors, the EIS aptasensors directly use aptamers as the core,
which come into contact with the electrolyte. Therefore, if EIS aptasensors are to be more widely
applied in other fields, the aptamer-based electrodes selected must have long-term stability.
Compared with other biosensors, EIS aptasensors have better stability, higher sensitivity, and are
applicable to multiple media rather than a single medium, which requires complex and efficient
electrode designs to immobilize the aptamer on the electrode surface [161]. This is to ensure that the
aptamer and the electrode can be effectively connected, utilizing the characteristics of aptamers as
recognition elements, which can generate stable signals for detection purposes. How to better
construct and optimize EIS aptasensors is also one of the main research directions in the future.

3.4.2. Voltammetric Aptasensors

In addition, there are electrochemical aptasensors based on voltammetry. Voltammetry is the
oldest and one of the most commonly used electrochemical techniques. The voltammetric
transduction mechanism involves scanning the potential on the working electrode from one preset
value to another and recording the electrochemical current as a function of the applied potential [162].
The use of voltammetry for electrochemical aptasensors has been made more widespread with the
continuous advancement of computerized techniques for controlling and measuring potentials and
currents in constant potentiostats [163]. Voltammetric aptasensors are widely used for the detection
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of protein biomarkers because of their extreme sensitivity and the ease with which the experiments
can be performed and reproduced [164,165].

Voltammetric aptasensors obtain information about target molecules by measuring the changes
in current signals within a variable potential range, and simultaneously detect changes in potential
and current [166,167]. Voltammetry methods applied in aptasensors can be classified as cyclic
voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry (SWV),
alternating current voltammetry (ACV), linear sweep voltammetry (LSV), based on different
technical principles [168]. These different voltammetric techniques, when combined with
aptasensors, can detect various types of target molecules, thereby increasing the selectivity and
application range of voltammetric aptasensors. Voltammetry generally uses a standard three-
electrode system (working electrode, counter electrode and reference electrode) by applying a certain
form of electrical potential which triggers the redox reaction of the electroactive substance on the
working electrode and then recording the current changes within a specified time range.
Voltammetric method reflects the electrochemical characteristics of target molecules from different
angles through potential, current, and time functions. The voltammogram records the current curves
of the oxidation and reduction processes of the detected target substance with the electroactive
substances in the working electrode at a specific potential. In the voltammogram, data such as the
peak value, peak potential, and peak width of the curve reflect the electrochemical characteristics of
the target molecules or target substances.

Voltammetric aptasensors have low noise characteristics during operation and can detect
multiple target substances with different peak potentials in a single scan. Voltammetric aptasensors
can also characterize multiple target molecules as a whole and can be integrated into the sensing
system to form a voltammetric detection system [169]. Even in the presence of some interfering
substances, the voltammetric aptasensors can still detect single or multiple groups of target
substances simultaneously. In voltammetric aptasensors, the limit current is affected by testing
temperature, so it should be kept at a constant temperature during detection to ensure the accuracy
of the results obtained [170]. Voltammetric aptasensors have great commercial potential due to their
low manufacturing cost in addition to their high sensitivity.

3.4.3. Amperometric Aptasensors

Amperometric detection is another commonly used transduction mechanism for electrochemical
aptasensors. The amperometric aptasensors is a relatively self-contained electrochemical device. It
works by converting the biorecognition changes that occur as a result of oxidation or reduction of an
electroactive substance into a current signal, which is subsequently detected and quantitatively
analyzed [171].

Amperometric aptasensors obtain information about target molecules by measuring the changes
in current signals at a constant potential. The magnitude of the current generated by oxidation or
reduction reactions can enable accurate quantitative analysis by the amperometric aptasensors. The
main difference between amperometric and voltammetric aptasensors is that amperometric
aptasensors applied a constant potential. In amperometric aptasensors, the potential is directly
adjusted to the specific value and maintained, only allowing the target substance to be reacted on the
surface of the electrodes, after which the output current is recorded and used for detection and
analysis. The higher output current of the amperometric aptasensors represents the higher
concentration of the electroactive substance in the target substance sample being detected [172-174].

One of the most crucial aspects in development of amperometric aptasensors is selection of the
strategies to improve their selectivity, sensitivity, and detection range. For example, to address
issues with disparity of the concentrations of the targets existed in different conditions, great efforts
have been made to optimize the designs of amperometric aptosensors. It has been observed that the
affinity of the aptamers has an influence on the detection range of the amperometric aptasensors, that
the aptamers with stronger affinity possess a larger detection range than those with weaker affinity
[175]. Therefore, improving the affinity of the aptamer is proposed to an effective approach to extend
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the detection range of the amperometric aptasensors. Aptamer affinity can be improved for
amperometric aptasensors through sequence optimization, aptamer structure stabilization and the
introduction of hydrophobic groups [176]. In addition, a multi-aptamer strategy can also be adopted
by incorporating two or more aptamers with different affinities to simultaneously measuring the
concentrations of different target substances for the purpose of expanding the detection range [177].
The properties of the linkers between the aptamer and the electrode also influences the detection of
the amperometric aptasensors, affecting the sensitivity and detection range of the amperometric
aptasensors. Generally, the rigid linkers are used as flexible linkers can comprise sensing
performance of amperometric aptasensors under certain circumstances [178]. However, when a rigid
linker and a flexible linker are simultaneously introduced into multi-aptamer amperometric
aptasensors, it is interestingly noticed that the multi-aptamer sensors exhibited higher sensitivity,
greater selectivity and broader detection range than either single-aptamer amperometric aptasensors
or multi-aptamer sensors using a single linker approach [179]. In addition, a passivation layer can be
added to the electrode surface to suppress background noise from the electrode itself [180].

4. Post-SELEX Optimization Process of Aptamers

In recent years, there has been a rapid development of nucleic acid aptamers, which has led to a
wide range of applications in a variety of fields such as biosensors, medical diagnostics, food safety
and environmental monitoring [181-187]. However, the overall performance of nucleic acid aptamers
screened by SELEX still needs further improvement. One of the key reasons for the limited
performance of nucleic acid aptamers is their poor stability and reproducibility [188]. Nucleic acid
aptamers screened by various SELEX technology have drawbacks that limit their use in the target
molecule monitoring under complicated conditions [189]. In addition, for the real-world applications,
nucleic acid aptamers have to fulfil other requirements such as reduced production costs, integration
with existing manufacturing processes and sufficient bioavailability [190]. In order to achieve
performance improvement and cost reduction of nucleic acid aptamer applications, a variety of post-
SELEX optimization methods have been developed. As shown in Figure 4, the commonly used post-
SELEX optimization methods include truncation, mutagenesis, extension, chemical modification and
bivalent or multivalent aptamer construction. With the advances of machine learning and Al tools,
predictive models and computational tools are also being adopted for aptamer screening. These
predictive models and computational tools incorporating machine learning and deep learning are
essential in the post-SELEX optimization process to simulate the affinity of a nucleic acid aptamer for
a target molecule, to simulate the dynamic binding process, and to determine the minimum sequence
that binds to the target with high affinity and specificity [191-194]. In this section, we will focus on
truncation methods and their associated prediction algorithms and computational tools.
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Figure 4. Commonly used post-SELEX optimization methods.

4.1. Truncation

The truncation method is based on the principle of partial nucleotide removal to improve
aptamer performance and reduce manufacturing costs. Nucleic acid aptamers screened by SELEX
typically consist of a random region of 30 to 50 nucleotides with constant primer sequences on both
ends and are used for PCR amplification [195]. However, not all nucleotides will interact directly
with the target molecule or the target substance, and those that are not necessary will instead lead to
a more efficient and less costly synthesis of nucleic acid aptamers. Typically, the key nucleotides of
the constant primer sequence and the aptamer binding site are retained, and nucleotides outside the
constant primer sequence and the aptamer binding site are truncated.

The structure of the nucleic acid aptamer has a great impact on the effectiveness of the truncation
technique, so if the secondary structure of the nucleic acid aptamer can be predicted, it can make the
truncation optimization more effective [196,197]. Computational tools such as Mfold, NUPACK and
RNAstructure have been developed to predict the secondary structure of nucleic acid aptamers [198—
200]. After the secondary structure of the nucleic acid aptamer is predicted by these computational
tools, the information on the secondary structure is used to perform truncation optimization, thus
maximizing the nucleotide length to improve the affinity of the nucleic acid aptamer. In a subsequent
study, the structures of the aptamers is analyzed using Mfold and optimized the truncation based on
the predicted structures, ultimately screening three aptamers from cancer cells. Upon further
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analysis, it was found that several of the aptamer primer sequences obtained were structurally similar
and that the truncated primer sequences had a greater affinity than the original primer sequences
[201]. In 2017, stepping libraries were created and SPR was used as an effective screening and
evaluation method to obtain the minimized aptamer In27 in only 35 sequences. The aptamer In27 has
only one loop but retains full binding affinity, which demonstrates that efficient post-SELEX
truncation strategies are gradually being adopted [202]. a novel aptamer truncation method has also
been demonstrated using molecular docking technology, which help successfully obtain aptamer
primer sequences that bind to the target molecules with increased affinities [203].

4.2. Other Post-SELEX Optimization Methods

The principle of mutagenesis starts from the existing aptamer primer sequences and uses
predictive models and computational tools to accelerate aptamer optimization through modifying
nucleotides at key positions [204]. Site-directed mutagenesis is the process of changing the nucleotide
composition of an aptamer by mutating a single or multiple nucleotides to obtain an optimized
aptamer with better specificity as well as affinity for the target molecule. Mutagenesis method can
also change the spatial structure of the aptamer to achieve enhanced performance [205]. The extension
method is to extend the aptamer primer sequence to introduce some nucleotide fragments with
special structure into the aptamer, to achieve improved performance of the aptamer. This method
enhances the originally weaker properties of the aptamer and turns the disadvantage of the original
aptamer into an advantage, allowing the aptamer to be used in a wider range of applications
[206,207]. Chemical modification technology is used to modify nucleotides by adding chemical
groups to enhance the interaction between the aptamer and the target molecule and to improve the
properties of the aptamer. Chemical modifications can be classified as modifications of the sugar ring,
modifications of bases and modifications of the linkage [208]. Bivalent or multivalent aptamer
construction methods combine multiple aptamers through covalent bonds to overcome the short
retention time and lack of cross-linking of monovalent aptamers on target molecules [209].
Multivalent aptamers have many advantages over monovalent aptamers, such as higher sensitivity,
higher conformational stability and higher binding affinity [210-212]. In addition, multivalent
aptamer construction methods can link different kinds of aptamers together, even if these aptamers
recognize different target molecules or target substances [213-215]. The multivalent aptamers
constructed by this method can recognize target substances containing different ligands and can also
recognize multiple different target substances simultaneously [216-219].

5. Conclusion and Outlook

This review provides a detailed description of nucleic acid aptamers and SELEX technologies
for in vitro screening of nucleic acid aptamers, and it also describes the principles and advantages
and disadvantages of three main SELEX technologies developed based on separation and partition
of target-bound sequences from non-binding ones. In addition, the working principle and design
concept of aptasensors were also summarized with their limitations and remaining challenges
discussed for three important aptasensors namely optical aptasensors, field-effect transistor (FET)
aptasensors and electrochemical aptasensors. Finally, this review details post-SELEX optimization
methods that combine advanced prediction algorithms and computational tools with efficient SELEX
techniques on the basis of practical applications, describing their methodological principles and
technical features.

Research on nucleic acid aptamers has continued since the development of SELEX technology
and efficient SELEX technologies and their optimization methods are constantly being advanced.
With the development of machine learning and Al technology, predictive models and computational
tools will be adopted for shortening aptamer discovery while enhancing their affinity and specificity
simultaneously. With the increasing specificity and sensitivity of nucleic acid aptamers and the
improvement of SELEX technology, low-cost and high-performance aptasensors can be achieved for
medical diagnostics, environmental monitoring, and food safety applications. The research of nucleic
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acid aptamers and aptasensors is still of great significance in advancing the development of

innovative diagnostic tools in nucleic acid aptamer-based bioassays.

Although remarkable achievements have been made in nucleic acid aptamers and aptasensors,
some limitations and great challenges are to be addressed:.

(1) Itis more difficult to screen aptamers for small molecule targets than for large ones. It is
worthy of highlighting a new type of SELEX technology, named as Capture-SELEX, can be
used in the field of screening aptamers for small molecule targets, despite that few SELEX
technologies applied in this field [220].

(2) Point-of-care (POC) diagnostic systems become more and more demanded in healthcare and
clinical diagnosis, aptamer-based biosensing systems have proven their feasibility, but they are
still in their infancy. There is still a significant gap in affordability, standardization and
commercialization [221-223].

(3) Wearable aptasensors are a brand-new field that combines flexible materials, artificial
intelligence, machine learning and aptasensors, but it is still in its infancy at present. In the
future, there are still huge challenges ahead in improving the consumption of wearable
devices, collection of detection data and storage of wearable aptasensors under various
physiological conditions and in complex external environments [224].

(4) Besides aptamers, some emerging nanomaterials also demonstrated promising for enhanced
performance of aptasensors., in spite of some condition limitations observed in [225,226].

(5) The discovery of aptamers and their applications in sensing have become an interdisciplinary
research field across physics, chemistry, biology, materials science and computer science, and
several recent aptasensors designs have demonstrated that deep learning and predictive
models can effectively enhance the performance of aptasensors while significantly shorten the
discovery time of the aptamers as well as running costs [227-233]. In the future, the
development and adoption of advanced predictive algorithms and computational tools are
expected to play significant impact on the development of high-performance and low-cost
aptasensors,

In conclusion, as evidenced by the aforementioned, there are still some great challenges for wide
exploitation of nucleic acid aptamers for sensing applications. With the aid of emerging machine

learning and Al tools, better understanding of aptamer-molecule target interaction and configuration
changes in real time would enable us to fully exploration of nucleic acid aptamers and aptasensors.
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