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Abstract: Aptamers are short, single-stranded DNA, RNA, or synthetic XNA molecules that can be
developed with high affinity and specificity to interact with any desired targets. They have been
widely used in facilitating discoveries in basic research, ensuring food safety and monitoring the
environment. Furthermore, aptamers play promising roles as clinical diagnostics and therapeutic
agents. This review provides update on the recent advances in this rapidly progressing field of
research with particular emphasis on generation of aptamers and their applications in biosensing,
biotechnology and medicine. The limitations and future directions of aptamers in target specific
delivery and real-time detection are also discussed.
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1. Introduction

Target-specific therapy was discovered by the inventor of chemotherapy, Paul Ehrlich [1]. The
ensuing development of hybridoma technology for generating monoclonal antibodies, which realized
Ehrlich’s vision [2], along with the therapeutic success of antibodies led to the development of a
number of novel antibody drugs. The examples of these drugs include trastuzumab targeting receptor
tyrosine-protein kinase 2 ERBB2 implicated in ovarian and breast tumors [3], anti-CD20 chimeric mAb
rituximab developed for treating B-cell non-Hodgkin lymphoma [4], and Vedolizumab inhibiting
integrin «47, which plays an important role in ulcerative colitis and Crohn’s disease [5].

The idea to use nucleic acids to recognize protein targets only emerged later as a result of HIV
research. It was shown that the trans-acting response element (TAR)-containing RNA sequences can
inhibit HIV replication with high affinity and specificity [6].

Aptamers are short, single-stranded oligonucleotides (DNA or RNA) that bind to targets with
high affinity and specificity by folding into tertiary structures [7,8]. Aptamers have been extensively
used in basic research, to ensure food safety and to monitor the environment. Furthermore, aptamers
have promising role in clinical diagnostics and as therapeutic agents. Although aptamers recognize
and bind targets of interest just like antibodies, they have a number of advantages, such as shorter
generation time, lower costs of manufacturing, no batch-to-batch variability, higher modifiability,
better thermal stability and higher target potential ranging from ions to live animals (Table 1). A
more thorough comparison of aptamers and antibodies was reviewed by Zhou and Rossi [9]. Our
review provides an update on recent advances in the field of aptamers with particular focus on the
methods of generating novel aptamers and the applications of aptamers in biosensing, biotechnology
and biomedicine.
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Table 1. Comparison between aptamers and antibodies. A comparison of critical features of aptamers

shows how aptamers can supplement monoclonal antibodies.

Aptamers

Antibodies

Withstand repeated rounds of
denaturation/renaturation.
Temperature resistant: stable at

Easily denatured.
Temperature sensitive and require
refrigeration to avoid denaturation.

Stabilit room temperature. Limited shelf life.
Y Long shelf life (several years). Must be refrigerated for storage and
Can be lyophilized. transport.
Degradable by nucleases. Degradable by proteases.
Resistant to proteases. Resistant to nucleases.
In vitro SELEX takes only Produced in vivo.
Svnthesis 2-8 weeks. More than 6 months.
y No batch-to-batch variation. Batch-to-batch variations.
Cheap to synthesize. Laborious and expensive.
Tareet potential From ions and small molecules to Targets must cause a strong immune
getp whole cells and live animals. response for antibodies to be produced.
Size Small molecules. Relatively large by comparison.
R Aptamers can readily and easily Modifications often lead to
Modifiability be modified without affinity loss. reduced activity.
. High and increased in multivalent =~ Dependent on the number of epitopes
Affinity .
aptamers. on the antigen.
e Single point mutations Different antibodies might bind the
Specificity - i .
identifiable. same antigen.
Tissue uptake/kidney filtration Fast. Slow.

2. Generation of Aptamers

A number of approaches were developed in recent years to generate aptamers more reliably

and efficiently. These include the systematic evolution of ligands by exponential Enrichment
(SELEX) approach and its variations, such as immunoprecipitation-coupled SELEX (IP-SELEX),
capture-SELEX, cell-SELEX, capillary electrophoresis-SELEX (CE-SELEX), atomic force microscopy-
SELEX (AFM-SELEX), and artificially expanded genetic information system-SELEX (AEGIS-SELEX),
which are herein reviewed. The key aspects, advantages, and disadvantages of each SELEX
method [9-12] are highlighted in Table 2.

2.1. Systematic Evolution of Ligands by EXponential Enrichment (SELEX)

SELEX is a standard method of generating aptamers, where the target of interest is first incubated
with a pool of 1014~10'° single-stranded random oligonucleotides. Oligonucleotides in the SELEX
library typically consist of 40~100 nucleotides, which harbor a random region in the middle and fixed
sequences on both ends. Subsequently, the target-binding oligonucleotides are separated from the
unbound ones. The bound DNA oligomers are then eluted and amplified by PCR. After several rounds
of selection, the resulting DNA sequences (aptamers) with high affinity and specificity are enriched in
the pool and sequenced (Figure 1) [7,8]. The most common modifications toward traditional SELEX
method aimed to simplify the SELEX procedure or to generate improved aptamers include changing
binding conditions, platform on which the selection is performed, type of target, library design and
immobilization matrix. Besides DNA libraries, RNA libraries have also been successfully used for
SELEX [9,13,14]. The differences in the majority of RNA SELEX protocols compared to DNA SELEX
include the requirement of the protection of RNA from RNAases, amplification by T7 RNA polymerase
and reverse transcription step before PCR. Consequently, the 5'-primer used for RNA SELEX usually
encodes a promoter for T7 RNA polymerase [13].
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Table 2. Key aspects, advantages, and disadvantages of the currently used SELEX methods.

Method Key Aspects Advantages Disadvantages
Includes Selects apta.mers. against Pl.”OtemS under More time-consuming than
IP-SELEX . R normal physiological conditions. Increased
immunoprecipitation. standard SELEX.

affinity and specificity.

Capture-SELEX

Oligonucleotide library
is immobilized on a
support instead of the
targets to identify
aptamers against small
soluble molecules.

Suitable for the selection of aptamers
against small molecules. Immobilization of
the target not required. Used for the
discovery of structure-switching aptamers.

Some oligonucleotides from the
library might be not
released /selected.

Utilizes whole live cells

Prior knowledge of the target not required.
Aptamers are selected against molecules in

Suitable for cell surface targets.
Requires high level of technical

Cell-SELEX as targets for selection their native state. Many potential targets  expertise. Costly. Time consuming.
of aptamers. available on the cell surface. Protein Post SELEX identification of the
purification not required. target required.
Involves separation of Fast. Only few (1-4) rounds of selection .
CE-SELEX ions based on required. Reduced non-specific binding. Not sg)l(ta:rlzi?er esrrllle;llrrr?e(ﬂfcules.
electrophoretic mobility. Target immobilization not required. P quip ’
. . Rapid. Very efficient (only small amounts .
M-SELEX Comblnes .SE.LEX witha of reagents needed). Applicable to small Low purlty/rec.(?ver.y of aptamers.
microfluidic system. Target immobilization required.
molecules. Automatable.
Employs AFM focreate 16 to isolate high affinity aptamers. Fast Expensn.]e. equipment required.
AFM-SELEX  three-dimensional image . Immobilization of target and
(only 3—4 rounds required). .
of the sample surface. aptamers required.
Utilizes libraries with the Poor recognition of the unnatural
AEGIS-SELEX artificially expanded High specificity of the selected aptamers. bases by natural DNA
genetic code. polymerases.

Animal-SELEX

Aptamers are selected
directly within live
animal models.

Selected aptamers bind the targets in their
natural environment. Prior knowledge of
the target not required. Minimal
optimization needed.

Time consuming (many
rounds required).

DNA or RNA libraries
(1%t round only)

Molecular target

Unbound DNA or RNA

aA e
oAty

Incubation and
partition

Selection of Ligands
by Exponential
Enrichment (SELEX)

Elution and

Repeat selection
(2 to 15" round)
using enriched
aptamers

.- Bound DNA
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@)

or RNA
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Figure 1. Schematic representation of SELEX (Systematic Evolution of Ligands by EXponential
Enrichment). The starting single-stranded DNA or RNA library (10'#~10'® random oligonucleotides)
is composed of sequences 20~100 nucleotides in length with a random region in the middle flanked by
fixed primer sequences. After incubation with the target of interest, the bound oligonucleotides are
partitioned from unbound sequences and amplified by PCR. The resulting enriched DNA pool is used
for the next round of selection.
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2.2. Immunoprecipitation-Coupled SELEX (IP-SELEX)

The affinity and specificity of aptamers largely depend on their targets’ three-dimensional
structures. As the three-dimensional targets of artificial, recombinant proteins can differ from their
native conformation, it is suggested that the in vitro selection of aptamers might not be the best
approach to select aptamers with the highest affinity and specificity under the standard physiological
conditions [15]. IP-SELEX was developed to address this issue. Although IP-SELEX is comparable to
the traditional SELEX method, it includes immunoprecipitation step to pull down the desirable targets
in their native form. This leads to the enrichment for aptamers that retain the ability to recognize
proteins under the normal physiological conditions. In the first round of IP-SELEX selection, cells
harboring the protein of interest are incubated with ssDNA library in the suitable buffer and condition.
Subsequently, cells are lysed, and the target protein is immunoprecipitated using antibody-coated
beads. Following several rounds of washing, the protein-aptamer complexes are eluted from the
beads and DNA sequences are PCR amplified for the next round of selection. The process of
selection for the oligonucleotides with the high specificity and affinity against a desired target is
repeated, thus leading to their final enrichment in the aptamer pool. The selected aptamers are then
identified by sequencing [16]. IP-SELEX has been successfully used for the identification of anti-CD8
aptamers [17,18].

2.3. Capture-SELEX

In comparison to most SELEX methods, which require immobilization of targets on a solid
surface, Capture-SELEX is used for a soluble small molecule targets. Capture-SELEX utilizes a
special DNA library harboring fixed domain in the center flanked by two random domains, each of
which is flanked by primer-binding sequences. As the fixed domain in the center is designed to be
complementary to a biotinylated antisense oligonucleotide, this allows immobilization of the DNA
library onto avidin-coated beads by hybridization. Aptamers that are able to form complexes with
their targets detach from beads and solubilize, which allows their collection and PCR amplification [19].
Capture-SELEX strategy has been used successfully to select both DNA and RNA aptamers against
small organic molecules in solution [20]. Furthermore, Capture-SELEX has been used recently to select
aptamers against furaneol [21], penicillin [22], fluoroquinolone antibiotics [23], tobramycin, and other
aminoglycoside antibiotics [24,25].

2.4. Cell-SELEX

In Cell-SELEX, live cells are used to select aptamers [26]. Cell-SELEX is considered to have
practical applications particularly in oncology, as this approach can select aptamers specific for the
cancer cell targets. Employing Cell-SELEX, aptamer-based probes have been developed for a number of
cancers, including cervical cancer [27,28], ovarian cancer [29,30], liver cancer [31], prostate cancer [32],
breast cancer [33,34], glioma, [35], colorectal carcinoma [36], and lung carcinoma [37]. A number of
cell-SELEX variants have been developed in the last years. These include cell-internalization SELEX
where aptamers are transported intracellularly and internalized by the analyzed cells, 3D cell-SELEX
which involves development of 3D laboratory cell cultures to develop aptamers and cross-over SELEX
which utilizes both the cells and the purified protein to increase the selection efficiency [38,39] (Table 2).
Ligand-guided selection (LIGS) is another interesting variant of Cell-SELEX which selects aptamers
specifically binding known cell surface proteins [11]. LIGS is therefore particularly useful for the
generation of aptamers with high specificity and has been utilized also for the selection of aptamers
with high specificity against membrane-bound immunoglobulin M (mIgM) [40-42]. Furthermore, flow
cytometry has been successfully integrated into the Cell-SELEX approach to isolate aptamer-bound
cells and eliminate dead cells [15,43]. The main disadvantage of Cell-SELEX and its variants is that the
whole process is time consuming and requires a certain level of technical expertise [11] (Table 2). The
main advantages of cell-SELEX and its variants are the abundance of molecules on the cell surface
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with the potential to become targets and their native conformation which is important for diagnostic
and therapeutic applications [31,44]. Furthermore, as the whole cells are applied to the selection, there
is no need to have the prior knowledge of the biomarkers. In cell-SELEX, the successful selection leads
to the generation of aptamers against unknown biomarkers which can be subsequently identified by
purification and analysis of the aptamers [11] (Table 2).

2.5. Capillary Electrophoresis-SELEX (CE-SELEX)

CE-SELEX exploits capillary electrophoresis, an analytical technique for separating ions based
on their electrophoretic mobility, to generate aptamers with high affinity and specificity in as few as
one to four rounds of selection compared to more than 15 selection rounds required for traditional
SELEX [12,45]. Capillary electrophoresis in CE-SELEX separates bound DNA molecules from unbound
ones in a solution, thus eliminating linker and kinetic bias by stationary support preparation and
washing. CE-SELEX was first used to generate aptamers against neuropeptide Y and IgE [46,47]. A
number of aptamers have been successfully generated employing CE-SELEX, including those against
alpha-fetoprotein and activated protein C [48,49]. Furthermore, a fraction collection approach has
been integrated into CE-SELEX for the partition of a bound DNA-target complex in order to generate
the target specific binding aptamers in a single round of selection [50]. Recently, CE-SELEX has been
successfully used to generate aptamers against glypican-3, a tumor biomarker for the early diagnosis of
hepatocellular carcinoma [51]. However, capillary electrophoresis is restricted to the selection against
high molecular weight targets. In addition the diversity of the libraries that are handled in CE-SELEX
is largely reduced compared to SELEX (Table 2).

2.6. Microfluidic-SELEX (M-SELEX)

M-SELEX based on microfluidics system capable of handling small volumes of fluid was employed
to obtain high affinity aptamers against diverse protein targets recently, including influenza A
nucleoprotein (infA NP), ovarian cancer and cardiovascular biomarkers [52-55]. M-SELEX is a
universal and automatable approach for rapid generation of aptamers with high affinity and specificity
at the microscale level. The most notable improvements to M-SELEX include a micro-magnetic
separation device to increase the efficiency of separation [56,57], sol-gel technique [58,59], bead-based
acoustophoresis technique [60], and microarray-integrated microfluidic chip technique [12,61].

2.7. Atomic Force Microscopy-SELEX (AFM-SELEX)

AFM-SELEX exploits a high resolution atomic force microscopy (AFM) with cantilever as
a probe to measure the weak force between the sample surface and the probe to create the
three-dimensional images of the sample surface. AFM-SELEX approach utilizing AFM dynamic
affinity force measurement has been developed recently to obtain aptamers with increased affinity [62].
Furthermore, AFM-SELEX has been also successfully applied to develop aptamers against human
serum albumin recently [63]. In this study, aptamers against human serum albumin could be selected
in the fourth round, based on the measuring of the DNA-duplex interactions by AFM [63].

2.8. Artificially Expanded Genetic Information System-SELEX (AEGIS-SELEX)

AEGIS-SELEX utilizes modified libraries with the artificially expanded genetic code. This includes
incorporation of hydrophobic base 7-(2-thienyl) imidazo (4,5-b) pyridine (Ds) nucleotides into a
random natural nucleotides sequence library to obtain aptamers with the increased affinity [64].
AEGIS-SELEX has also been used to incorporate four natural and two synthetic nucleotides (commonly
referred to as P and Z) [65]. Rearranging donor and acceptor of hydrogen bond on nucleobases by
incorporating unnatural base pairs was shown to significantly increase the functional diversity of
aptamers. Furthermore, AEGIS-SELEX has been used successfully for the laboratory evolution of
artificially expanded DNA to generate aptamers targeting toxic form of Bacillus anthracis protective
antigen [66]. Current applications of AEGIS-SELEX are limited mainly by the poor recognition of the
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unnatural base by the naturally occurring DNA polymerases. However, this obstacle can be overcome
by the direct evolution of polymerases able to recognize unnatural bases [67].

2.9. Animal-SELEX

In the whole animal in vivo SELEX, mouse cancer models or pathogen-infected mice can serve
as a positive target. Here, aptamer libraries are first injected into the target mice (Figure 2A) and,
following inoculation, the organs of interest harvested (Figure 2B). Next, the selected aptamers are
isolated and amplified by PCR (Figure 2C). After selection, counter selection can be introduced by
inoculating the aptamer pool into the healthy mouse tissues (Figure 2D). The resulting sequences
of the disease-specific aptamers with high affinity and specificity to target tissues can be enriched
and identified by sequencing (Figure 2E). Aptamers penetrating the blood-brain barrier (BBB) were
successfully developed using this selection strategy against brain tissue from mice [68].

Sacrifice mice and harvest
organs of interest

)

Isolate positively selected
aptamers via PCR

Remove non-specific aptamers
using healthy controls as
negative selection

Inject aptamers into infected
rodents or murine cancer
models

Identify sequences of
enriched aptamers via DNA
sequencing

Figure 2. Flowchart of animal SELEX. Animal SELEX can be used to generate aptamers specific to
target tissues. (A) Aptamer libraries are first injected into the target mice. (B) After inoculation, the
organs of interest are harvested. (C) The selected aptamers are isolated and amplified by PCR. (D)
After rounds of selection, counter selection can be performed by inoculating aptamer pool into the
healthy mouse tissues. (E) The aptamer sequences with high affinity and specificity to the target tissues
of interest are selected and identified by sequencing.

Animal-SELEX was employed recently to identify bone targeting aptamer in a mouse model
with prostate cancer bone metastasis [69], Toll-like receptor 4 (TLR4) blocking aptamers for use as
acute stroke treatment [70], aptamers with the potential to be used as biomarkers for neurological
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disorders [71]. Furthermore, animal-SELEX in a murine model of lymphoma has been used recently to
screen DNA aptamers with homing specificity to lymphoma bone marrow involvement [72].

3. Applications of Aptamers

Analogically to monoclonal antibodies, aptamers can specifically recognize and bind to their
target [73]. Therefore, following their isolation, aptamers can be utilized for molecular recognition of
their targets. Consequentially, aptamers have a number of diagnostic and therapeutic applications,
such as biosensors and target inhibitors. Due to simple preparation, easy modification, and
stability, aptamers have been used in the diverse areas within molecular biology, biotechnology,
and biomedicine.

3.1. Aptamers as Diagnostics

The high affinity and specificity of aptamers make them ideal diagnostic agents with the potential
to replace conventional antibodies in clinical diagnosis, environmental protection, and food safety. Like
monoclonal antibodies, aptamers can be used for the molecular recognition of their respective targets.
Aptamers have been successfully used for pathogen recognition, cancer recognition, monitoring
environmental contamination, and as stem cell markers.

3.1.1. Pathogen Recognition

The fluorescence resonance energy transfer (FRET)-aptamers were developed as a novel
high-throughput screening tool against Escherichia coli outer membrane proteins to detect
enterotoxaemia E. coli (ETEC) K88 [74]. Furthermore, aptamers were utilized to detect surface
proteins of Campylobacter jejuni [75]. In addition to using purified bacterial proteins as targets,
the whole bacterium-based SELEX procedure was applied to detect E. coli [76], Lactobacillus
acidophilus [76], Staphylococcus aureus [77], the virulent strain of Mycobacterium tuberculosis [78], Vibrio
parahemolyticus [79], Shigella sonnei [78], and C. jejuni [80]. This led to development of aptamers with
increased affinity and specificity. SELEX-based approaches can be also used to generate molecular
probes for detecting viral infections, such as vaccinia virus [81], herpes simplex virus [82], hepatitis C
virus [83,84], hepatitis B virus [83,84], human immunodeficiency virus [85], influenza virus [86], and
Severe Acute Respiratory Syndrome (SARS) coronavirus [87]. Furthermore, SELEX has been used
successfully to generate aptamers for the detection of a number of parasites, such as Trypanosoma
spp. [88], Leishmania spp. [89], Plasmodium spp. [90-99], Cryptosporidium parvoum [100], Entamoeba
histolytica [101]. A more thorough overview of the recent advances on aptamers as diagnostics of
protozoan parasites was reviewed by Ospina-Villa et al. [73].

3.1.2. Cancer Recognition

Development of aptamers for a reliable and timely cancer diagnosis and prognosis evaluation
is of the highest importance. To address this issue, aptamers have been developed for the detection
of a number of cancer-related biomarkers [102], including multiple tumor-related proteins in living
cancer cells, such as MUC1 (mucin 1), HER2 (human epidermal growth factor receptor 2), and estrogen
receptor [102]. Aptamers for the detection of the MCF-7 breast cancer cells [103] and leukemia
CCRF-CEM cells were also developed recently [104]. In addition, aptamers have been successfully
used for the detection of a number of tumor-related soluble biomarkers, including carcinoembryonic
antigen (CEA), prostate specific antigen (PSA) [105,106]. Fluorescently labeled aptamers showed high
detection rates of the metastatic tumor tissues [107]. Furthermore, aptamers were successfully used
also for the in vivo imaging of lymphoma, adenocarcinoma, leukemia, glioblastoma and other cancer
types [102,108]. The current developments in the application of aptamers for the molecular recognition
of cancer have been summarized in a recent review by Sun et al. [109].
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3.1.3. Stem Cell Recognition

Progress in developing aptamers against stem cells has been slow. There are only a few aptamers
against stem cells markers such as cancer stem cells (CSCs), including cancer cell surface biomarkers:
Epithelial cell adhesion molecule (EpCAM), CD133, CD117, and CD44 [110], and those for mouse
embryonic stem cells [111].

3.1.4. Monitoring Environmental Contamination

Aptamers have the potential to monitor and to minimize the environmental pollutants and the
resulting illnesses. Antibiotics, heavy metals, toxins, and pathogens can be toxic to nervous, endocrine,
and reproduction systems. Antibiotics used for farm animals may accumulate in the animal tissues
and transmit to human upon ingestion. To address this issue, aptamers have been developed against
some antibiotics, such as chloramphenicol [112] and tetracycline [113].

Furthermore, aptamers for a number of environmental toxins have been developed recently. These
include aptamers against ochratoxin A (OTA) [114], bacterial endotoxins [115], and bisphenol A [116].
Aptamers against mercury [117,118], arsenic [119-121], copper [122], and lead [123] have also been
generated to identify heavy metal contamination.

Aptamers for the detection of various pesticides in the environment have been also
developed recently, such as fungicide carbendazim [124], acetamiprid and atrazine [125,126], and
chlorpyriphos [127].

In addition, aptamers have been generated against various types of herbicides [128] and
insecticides [129], which may cause reproductive damage in humans. Abraham et al. reported on the
identification and characterization of an ssDNA aptamer against herbicide atrazine, recently [130].

3.2. Aptamers Used in Biosensors

The ease of which different aptamer structures can be generated together with their ability to bind
specific targets by forming stable tertiary structures has led to widespread applications of aptamers in
biosensors [123,131-133] (Figure 3).

Besides monitoring environmental contamination described above, examples of the recently
developed biosensors include the following: (1) Aptamer-based biosensors to target disease biomarkers,
such as platelet-derived growth factor BB (PDGF-BB), a cancer related protein, to help early diagnosis
and prognosis of cancer development [134]. (2) Biosensors for the azole class of antifungal drugs with
application in the therapeutic drug monitoring of patients with invasive fungal infections [135]. (3)
Biosensors harboring DNA aptamers targeting B-lactoglobulin for the detection of milk allergen [124].
(4) Highly sensitive biosensors for the detection of human epidermal growth factor receptor 2 with
application in real-time detection of breast cancer cells [136]. (5) Biosensors for the detection of
bisphenol A [137].

Biosensors can be enhanced by using different nanomaterials (Figure 3). A good example of this
is the graphene-based biosensor targeting B-globulin for the detection of milk allergen [124] and the
biosensor for the detection of human epidermal growth factor receptor 2 [136] described above. In the
latter, ultrafine graphene nanomesh, a continuous 2D graphene nanostructure with a high density of
holes punched in the basal plane, has been created to improve the signal on/off ratio [136]. Biosensors
can be further enhanced by using biomaterials, such as antibodies to form a "sandwich" structure. In
the biosensor developed by Wiedman et al. for the azole class of antifungal drugs, two aptamers were
combined to form a "sandwich" structure [135].
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T

Aptamer-based biosensor

Figure 3. Aptamers used in biosensors. Aptamer-based biosensors are used to detect disease
biomarkers, monitor environmental contaminants, or to ensure food safety. Aptamers can be further
enhanced by different nanomaterials or biomaterials. The signal of detection in the most of the recently
developed aptamer-based biosensors is based on electric or optic/fluorescent signal.

Currently, change in the biosensor’s electric signal (current and resistance) upon binding to
analytes is the major principle of detection, while the electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) are usually used to monitor aptamer-ligand complexes occurring on electrode
surface [133]. DNA-based electrochemical biosensors have been widely used for the detection of heavy
metal ions, including mercury, lead, and copper [138]. Fluorescence-labeled aptamer probes have
also been widely used in biosensors (Figure 3). A novel label-free aptasensor for acetamiprid through
fluorescence resonance energy transfer (FRET) involves the conformational change taking place after
the aptamer binds to acetamiprid and its effect on the stability of the gold nanoparticles in solution. In
this biosensor, dual-colored Au NCs (gold nanoclusters) excitable by single-wavelength excitation were
used as energy donors to achieve simultaneous detection of multiple tumor markers [139]. Another
recent example of the fluorescent biosensor is the biosensor for the detection of bisphenol A based on
the adsorption ability of a nano-sized iron metal-organic framework (Fe-MIL-88B-NH2) to a DNA
aptamer [137].

To further enhance the affinity of detection, recent studies have focused on three aspects:
reconstructing aptamers, modifying electrodes and exploiting the inter-substance interactions. It
has been demonstrated that removing the non-binding domain of aptamers could increase the
binding affinity and specificity of the aptamer-target complex by improving the density of the binding
domains [140]. Furthermore, the rolling circle amplification increases the length of the aptamer, thus
increasing the number of binding domains. Electrochemical roughening approach also enhanced the
signaling of electrochemical sensors by increasing the microscopic surface area of gold electrodes [141].
This simple method does not require pretreatment compared to the conventional electrochemical
deposition to increase the electrode surface [141]. Signal amplification was also achieved via synergetic
catalysis using DNAzyme-decorated AuPd nanoparticles. The signal was amplified by synergistic
catalysis of G-quadruplex/hemin/HRP/AuPd/poly(o-phenylenediamine) bioconjugates, thus greatly
enhancing the sensitivity of the biosensor [142]. Jeddi and Saiz presented the first approach to
predict three-dimensional structures of aptamers from sequences by focusing explicitly on ssDNA
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hairpins [143]. Different 3D aptamer configurations resulted in different affinities, thus highlighting
the role of 3D configuration of aptamers in their sensitivity, specificity, and reliability.

3.3. Aptamers as Therapeutics

Due to their ability to compete with small molecules and protein ligands and to inhibit their
targets [144], aptamers are considered to be promising therapeutics. Furthermore, aptamers can
activate the function of the target receptors or act as carriers for the delivery of therapeutic agents
to the target cells or tissue [9]. For example, aptamers have the potential to act as antiviral agents.
Previous work suggests that RNA aptamers against a synthetic derivative of gp120 can neutralize
HIV-1 [145]. Furthermore, RNA aptamers against RIG-I can inhibit Newcastle disease virus (NDV),
vesicular stomatitis virus (VSV), and influenza virus replication [144]. RNA aptamers able to efficiently
inhibit protease and helicase activities were developed which target hepatitis C virus (HCV) NS3
helicase domain, thus inhibiting HCV [146-148]. Other aptamers in discovery and preclinical stages
include those targeting cancer, such as those binding different growth factors (e.g. VEGF, bFGF,
PDGF, KGF), NOX-A12 RNA aptamer binding the chemokine ligand CXCL12 [149] and NAS-24 DNA
aptamer targeting vimentin involved in maintaining cell shape, cytoplasm integrity, and cytoskeleton
stability [150]. Furthermore, aptamers in discovery and preclinical stages include those against bacterial
infections, such as those caused by E. coli, S. aureus, M. tuberculosis, and Salmonella spp. [151,152].
A number of aptamers for immune disorders are in the preclinical stages too, including ssDNA aptamer
BCO007 targeting betal-adrenoreceptor autoantibodies [153]. Furthermore, aptamers in the preclinical
stages of development include those targeting neurodegenerative diseases, immune disorders, and
inflammation [151].

A number of aptamers have entered clinical trials, such as for ocular diseases [154], haematologic
diseases [155], and cancer [156]. Pegaptanib, a vascular endothelial growth factor (VEGF)-specific
aptamer, was approved for therapeutic use for age-related macular degeneration. Pegaptanib blocks
VEGF which plays a key role in pathological angiogenesis, for example, in ocular neovascular diseases,
such as age-related macular degeneration (AMD) and diabetic macular oedema [157]. AS1411, a G-rich
DNA aptamer against nucleolin, is undergoing phase II clinical trial for acute myeloid leukemia. The
anti-tumor activity of AS1411 stems from its ability to bind cell surface nucleolin, thereby inhibiting
DNA synthesis, preventing cell growth signaling, and inducing apoptosis [156]. AS51411 was shown
to be efficient against a variety of cancer cells, including lung cancer [156], colorectal cancer [158],
breast cancer [159], and hepatocellular carcinoma [160]. NOX-E36, I-RNA aptamer with 3’-PEG against
chemokine (C-C motif) ligand 2, is in phase I clinical trial for Type 2 diabetes and diabetic nephropathy.
NOX-E36 binds and neutralizes human chemokine CCL2 and related chemokines. This prevents
infiltration of pro-inflammatory cells into the kidney and allows resolving of the existing inflammation
over time [161,162]. Aptamers as therapeutics, including those in clinical trials, have been summarized
in Table 4. The current list of the therapeutic aptamers in clinical trials which is being constantly
updated can be found at the Clinical Trials website of the NIH U.S. National Library of Medicine
(https:/ /clinicaltrials.gov/) and in the recent review by Ismail and Alshaer [151].

Aptamers have been used successfully for the delivery of a variety of therapeutic reagents
into the target cells and tissues [9]. Aptamer-based delivery systems include the aptamer-
therapeutic oligonucleotide conjugates [163], aptamer-drug conjugates [164], and aptamer-decorated
nanomaterials [9,165]. Examples of aptamers used for targeted drug delivery are shown in Table 3.


https://clinicaltrials.gov/
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Table 3. Aptamers for the targeted drug delivery.

Target Name Aptamer Selection Target Delivery/Application
Epidermal growth factor Purified extracellular . .
receptor (EGFR) RNA domain of EGFR Nanoparticle delivery
Immunoglobin heavy Micelle nanoparticles for
chain (IGHM) DNA Cell drug delivery
Mucinl (MUC-1) DNA Recombinant peptides Phot.odyna.mm th.erapy,
radionuclide delivery
Prostate—speqflc Purified extracellular siRNA dellv?ry,
membrane antigen RNA domain of PSMA Chemotherapeutic drug
(PSMA) delivery
Protein tyrosine kinase-7 Chemotherapeutic drug
(PTK?) DNA Cell delivery
Table 4. Aptamer as therapeutics.
Target Aptamers References
VEGF-165 SL (2)-B (DNA), RNV66 (DNA) [166]
Nucleolin FCL-II [167]
CXCL12 NOX-A12 [168]
EGFR TuTu2231, KDI130 [32]
Vimentin NAS-24 [150]
E-selectin ESTA [169]
PD-1 MP7 [170]
CTLA-4 AptCTLA-4 [171]
Cbha AON-D21 I-aptamer [172]
CD44/EpCAM CD44-EpCAM aptamer [173]
Thrombin Anti-Thrombin aptamer [174]

4. Conclusions and Future Directions

As described in this review, aptamers have a number of biotechnologically and medically-relevant
applications; however, the main limitations for their in vivo therapeutic applications are target specific
delivery. Cell-SELEX and whole animal in vivo SELEX can be employed to address these issues.

Target site-specific delivery is a crucial problem in the therapeutic use of oligonucleotides, which
can be overcome by employing aptamers in the form of a “nanorocket”. An aptamer-tethered
multistage “nanorocket” is a complex of two or more aptamers, each of which contains its own
functional oligonucleotide. Serial stages of aptamers are mounted on top of another to build a
carrier “nanorocket” for payload drug, allowing delivery into selected tissues, cell types or even
subcellular organelles (Figure 4A). To design and engineer the multistage “nanorocket”, whole
animal-SELEX, tissue-SELEX, cell-SELEX and fractionation-SELEX can be used. This involves selection
of the oligonucleotides pool for different targets. After incubation and isolation of the fraction of
interest, such as specific animal tissues, cell types or subcellular fractions, those containing the binding
complex (targets and oligonucleotide sequences) are partitioned from the unbound sequences and
amplified by PCR. The process can be repeated until the pool is enriched for target-specific sequences.
To increase the specificity, counter selection can be introduced.
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Figure 4. Aptamer-tethered multistage “nanorocket” for target-specific delivery. (A) An aptamer-
tethered multistage “nanorocket” is a complex of two or more aptamers, each of which contains its own
functional oligonucleotide. Serial stages of aptamers are mounted on top of another to build a carrier
“nanorocket” for the target specific recognition and delivery. With appropriate linkages, each stage of
aptamer “nanorocket” can freely rotate and perform its function. (B) The selected aptamers can be used
in different stages of “nanorockets”, designed for tissue penetration, cell target recognition and cellular
internalization. After reaching target, the recognition and delivering stages of the “nanorockets” can be
cleaved and degraded by the cell leaving only the cargo oligos. Aptamers in multi-stage “nanorockets”
can be used as tissue-, cell-type-, and cellular compartment-specific delivery systems.

Prior knowledge of the delivery mechanism, binding targets and delivery pathway through the
tissue or cell surface barrier is unnecessary. Crucial are the types of tissues, cells and organelles used in
the process, as they will be specifically recognized and targeted by the generated aptamers. The selected
aptamers can be used in different stages of “nanorockets”, designed for tissue penetration, cell target
recognition and cellular internalization. With appropriate linkages, each aptamer stage can freely rotate
and perform its function. With cytosolic cleavable linkers, such as N-succinimidyl-4-(2-pyridyldithio)
pentanoate (SPP) and N-succinimidyl-4-(2-pyridyldithio) butyrate (SPDB) or acid-cleavable hydrazone
linkers for lysosome-specific release, the recognition and delivering stages of the “nanorockets” can be
removed at the desired time point. After reaching the target, the recognition and delivering stages of
the “nanorockets” can be cleaved and degraded by the cell leaving only the cargo oligos chemically
modified to be resistant to the degradation. Modified aptamers in multi-stage “nanorockets” can be
used as tissue-, cell-type-, and cellular compartment-specific delivery systems (Figure 4B).

In term of diagnostics, a number of analytic devices were introduced to in the past years to improve
performance and simplify the diagnostic procedure. AFM, microfluidic, and capillary electrophoresis
were employed to couple with aptamers for high specific detection. AFM permits assessing of aptamer
binding affinities during interaction by visualizing aptamer-target complexes and is considered a step
forward towards real-time aptamer monitoring. In the future, a nanopore sensor (nano-scale pore with
voltage applied across it) can be incorporated into the procedure, thus allowing real-time observation
of binding. Single-molecule detection can be achieved by measuring the current disruption caused
by molecules electrophoretically driven through the pore. The aptamer-protein target binding can be
characterized by ion blockade level, and the binding evaluated in real-time (Figure 5).
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Channel current
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~ Aptamers
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Figure 5. Flowchart of nanopore-based aptamer assaying. Nanopore sensors can be used to detect
aptamer binding and selection in a real-time. Aptamer and target interaction can be detected by
measuring the current disruption caused by molecules electrophoretically driven through the pore.
(A) An ionic current is passed through the nanopore. The current changes as molecular target (B),
aptamer (C), or aptamer—target complex (D) passes through the nanopore.

Aptamers are cheap to manufacture, thermally stable and non-immunogenic. They specifically

target harmful cells or tissues with minimal toxicity to the healthy ones, and can be chemically modified
to facilitate their visualization, absorption, and delivery. Due to their specificity, stability, and versatility,
aptamers embody the future of diagnostics and therapy.
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