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Abstract

Traditional anticancer therapies can cause serious side effects in clinical treatment due to their
nonspecific of tumor cells. Aptamers, also termed as ‘chemical antibodies’, are short DNA or RNA
oligonucleotides selected from the synthetic large random single-strand oligonucleotide library by
systematic evolution of ligands by exponential enrichment (SELEX) to bind to lots of different targets,
such as proteins or nucleic acid structures. Aptamers have good affinities and high specificity with target
molecules, thus may be able to act as drugs themselves to directly inhibit the proliferation of tumor cells,
or own great potentialities in the targeted drug delivery systems which can be used in tumor diagnosis
and target specific tumor cells, thereby minimizing the toxicity to normal cells. Here we review the
unique properties of aptamer represents a great opportunity when applied to the rapidly developing fields
of biotechnology and discuss the recent developments in the use of aptamers as powerful tools for
analytic, diagnostic and therapeutic applications for cancer.
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Introduction

In recent years, many progresses have been
made in treating diseases including cancer due to
rapid development in many aspects. Globally, the
high mortality rate of malignant tumors still critically
endanger people's lives and health due to challenges
arising in the clinical management and diagnosis of
cancer [1, 2]. Traditional tumor treatment methods
include chemotherapy, radiotherapy and surgery, but
these therapies have their own limitations in practical
clinical applications. Surgical treatment is very
effective for early solid tumors, but it is less effective
for advanced tumors and unfortunately is not as good
as non-solid tumors such as leukemia. Chemotherapy
is currently an important method for treating tumors.
Generally, it is distributed throughout the body after
intravenous injection to achieve therapeutic effects.
However, this treatment method lacks selectivity and

will kill normal tissues while killing tumor tissues,
causing non-specific damage. In addition, long-term
use of chemotherapeutic drugs can cause patients to
develop drug resistance and reduce the effectiveness
of treatment. In radiotherapy, ionizing radiation is
used to treat malignant tumors. Systemic and local
radiotherapy often produces serious adverse
reactions, such as radiation osteonecrosis, radiation
pneumonia and systemic reactions [3, 4]. Therefore, it
is urgent to significantly reduce cancer mortality by
exploring effective methods for cancer diagnosis,
early detection and treatment strategies [5]. The
unique properties of aptamers that are compatible
with multiple platform designs in the growing field of
biotechnology have contributed to the rapid analysis,
diagnosis and treatment of cancer [6].
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Aptamers are single stranded DNA, RNA, or
altered nucleic acids sequences with a strong affinity
for specific target binding generated by the systematic
evolution of ligands by exponential enrichment
(SELEX) technology [7, 8]. Aptamers have a unique
three-dimensional spatial structure, which can bind to
the target with high specific and affinity. Some
aptamers have the function of regulatory proteins and
can regulate the function of target proteins by binding
to target proteins. Targets of aptamers are varied and
include proteins, ions, cells, etc. [9, 10]. Compared
with antibodies, aptamers have the following
advantages: stronger affinity with the target, higher
specificity, easy preparation and modification, and
good stability and easy to store [11]. So far, a variety
of aptamers targeting different targets have been
screened. Due to the unique characteristics of
aptamers, it has been widely used in detection,
diagnosis imaging analysis and drug targeted therapy
for tumor [12].

As synthetic molecules, aptamers modifications
occur regularly and toward a specific purpose. Up to
now, lots of modifications to aptamers have been
applied to make them more versatile, such as
modified with biotin, florescent dyes or radionuclides.
In generally, the physical and biochemical properties
of aptamer influence its biodistribution or
pharmacokinetics [13]. Therefore, to meet clinical
purposes and improve the characteristics of aptamer,
it is prerequisite to enhance aptamer’s bio-
compatibility, stability and biovailability by grafting
modification to improve its biochemical properties
[14, 15]. In addition, aptamers can efficiently deliver
proteins, drugs or nucleic acids into specific structures
in cells by conjugating to small interfering RNAs
(siRNAs), drug molecules or nanoparticles, thereby
reducing toxic and side effects [16-18].

Nano-sized particles or materials are made of
biocompatible and biodegradable materials. It can
efficiently deliver proteins, peptides or nucleic acids
into specific cells [19]. As a drug carrier, through the
enhanced permeability and retention effect (EPR, that
is, compared with normal tissues, molecules or
particles of a specific size are more likely to
accumulate in cancer tissues) of solid tumors, the
nanomaterial can be non-specifically accumulated in
the cancer tissue site [20-22]. However, the passive
targeting efficiency of the EPR effect is low. By
combining aptamers that can specifically recognize
antigens or biomarkers of tumor cell with
nanomaterials, active targeted aggregation of
nanomaterials in tumor tissue can be achieved and
toxicity to normal tissues can be reduced [23].
Recently, applications of aptamer-nanomaterial
conjugates for cancer diagnosis and therapy have

attracted increasing attention. Aptamers-
nanomaterial complex with high affinity to tumor
biomarkers are widely applied for the detection of
circulating tumor cells (CTCs), providing early
diagnosis and targeted therapy, opening a new choice
for personalized medicine of cancer [24-26]. Here, we
summarize the development and applications of
aptamers in cancer diagnostics and therapeutics and
discuss an outlook of current problems and future
perspectives in this field.

Structure and properties of aptamers

The term “aptamer”, derived from the Latin
‘aptus’ meaning ‘fit’, was first reported in 1990 by
Ellington et al. [27]. Aptamers are short-stranded
oligonucleotides, that is, single-stranded DNA or
RNA sequences, which can bind specific targets and
have great potential for targeted diagnosis and
treatment of tumors [28]. Aptamers usually fold into a
unique three-dimensional structure and can
specifically recognize targets such as small organic
molecules, proteins, and cells [29-31]. The three-
dimensional structure of an aptamer is characterized
by stem, inner ring, bulge, hairpin, pseudoknot,
triplicate or G-quadruplex structure. The combination
of aptamer and its target is due to the
complementarity of the combined geometry, the
stacking interaction of the aromatic ring with the
aptamer nucleobase, the electrostatic interaction
between the charged groups, the van der waals
interaction, and the hydrogen bond [32]. Aptamers
have received increasing attention since their
discovery and are used as diagnostic and therapeutic
targeting ligands [33-35]. Compared with antibodies,
it has a small molecular weight, stable structure,
plasticity of chemical groups, fast blood clearance,
and non-immunogenicity [36] (Table 1). Studies have
shown that the dissociation constant of some RNA
aptamer-target complexes can reach picomolar levels,
showing that the aptamers have stronger affinity for
binding targets than antibodies. Aptamers have high
specificity, and can strictly recognize the difference
between a target molecule and non-target molecules
or even a group and different amino acids [37].
Aptamers as therapeutic drugs and targeted ligands
for drug delivery, binding with cancer cells and
related protein targets can improve the efficacy of
tumor treatment and reduce toxic and side effects.

Screening of aptamer

Aptamers are selected by SELEX technology,
which begins with a chemically-synthesized
oligonucleotide library that contains 10'3-101¢ different
sequences [38]. The SELEX technology mainly
consists of three steps: First, construct a random
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screening library of DNA or RNA in vitro by
molecular biology technology, and then incubate the
random library with the target to isolate the binding
sequence. After that, the PCR amplification product
can be used for the next round of screening, which can
be enriched after several rounds of screening. A
nucleic acid library with high affinity to the target is
collected, and a specific aptamer sequence can be
obtained after cloning and sequencing [39, 40] (Figure
1). Although the conventional SELEX can effectively
screen aptamers in vitro, a typical SELEX process can
take weeks or even months. In recent years, with the
emergence of various new, efficient and high-
throughput screening methods, including automation
technology, capillary electrophoresis technology,
microfluidic chip technology, nanotechnology, high-
throughput sequencing technology, etc., there has
been significant development both in in screening
objects and screening efficiency [41-44]. For example,
capillary electrophoresis SELEX technology which has
the characteristics of reduced sample injection, high
separation efficiency, economy, and high degree of
automation. It is widely used for material separation
and analysis. In 2004, Bowser’s research group firstly
introduced capillary electrophoresis technology to the
screening of aptamers. Capillary electrophoresis
technology can efficiently separate the bound and
unbound aptamer molecules with only a few round
screening, which has greatly improved the screening
efficiency and greatly shortened the screening cycle
[45]. Berezovski et al. further improved capillary
electrophoresis SELEX by constructing a “non-
equilibrium capillary electrophoresis of equilibrium
mixtures (NECEEM)” for screening aptamers. The
biggest advantage of this method is the low
background, which is 100 ~ 1000 times lower than that
of the traditional method [46, 47]. Besides the capillary
electrophoresis SELEX that tailored or primer free
SELEX [43, 48], toggle SELEX [49], expression cassette
SELEX [42], photo SELEX [50] and automated SELEX
[51] have also greatly improved the selection and
screening of aptamers.

Table 1. Comparison the characteristics of aptamers and
antibodies

In addition, cancer cells are characterized by cell
surface molecules that are over-expressed or altered
due to multiple oncogenic mutations, so scientists
have further developed cell-SELEX aptamer screening
technology [52, 53] (Table 2). The cell-SELEX
screening process is similar to traditional SELEX,
including incubation, isolation, and amplification.
Unlike traditional SELEX targeting individual target
molecules, the target of cell-SELEX is intact living
cells, retaining the natural conformation of cell surface
proteins, and the screened aptamers are more suitable
for biological applications. Since there is no need to
first detect the molecular markers on the cell surface,
it brings great convenience to the aptamer selection
process [54, 55].

Table 2. Aptamers targeting markers of cancer cells

Aptamers Targets Target cells References
SYL3C EpCAM MCEF?7 (breast cancer) [159]
Al5 CD133 Hep3B (liver cancer) [160]
Apt928 CD70 SKOV-3 (ovarian cancer) [161]
A10 PSMA LNCaP (prostate cancer) [162]
GBI-10 Tenascin-C U251 (glioblastoma) [163]
Aptl CD44 A549 (lung cancer) [164]
KH1C12 aptamer KH1C12 HL-60 (leukemia) [165]
CD24 aptamer CD24 HT-29 (colon cancer) [166]
TDO05 IGHM Ramos (Burkitt’s lymphoma) [167]

Characteristics Aptamers Antibodies

Targets Widely ~ Mostly immunogenic macromolecular
targets

Size 15~30 kD 50~100 kD

Affinity High High

Immunogenicity Low High

Tissue penetration Fast Slow

Production process Chemical In vivo production

Stability High Low

Toxicity Low High

Cost Low Expensive

Modification of aptamer

Considering the wild-type aptamer molecules
have very short half-life due to the clearance from the
body by kidney and nuclease-mediated degradation,
which limited their application under physiological
conditions. Therefore, a number of modified aptamers
through biochemistry approaches have been used to
overcome aptamer’s instability and optimize the
pharmacokinetic and pharmacodynamic properties of
aptamer [56] (Figure 2). Specific modifications
facilitate the delivery aptamers into target cells with
precised specificity. Some modifications of aptamers
by functional optimization, multimerization or
truncation have been shown to enhance the stability
and binding efficacy. Various modification designs,
conjugation strategies and linkage approaches are
prevalent in aptamer technology [56]. Chemical
modification of aptamers is common to enhance its
stability and functionality. A strategy is to use a pool
of oligonucleotides with the chemical substitutions
already exist in SELEX process. When amplified,
aptamers can be generated which are partially or
completely substituted with one or more
modifications, including 5°-bromide [57], 2’-amino
[58, 59], 2’-fluoro [18, 60, 61], 2’-O-methyl nucleotides
[62, 63], cholesterol [64, 65] and polyethylene glycol
(PEG) [66] etc.
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Figure 1. A schematic representation of the SELEX strategy of aptamer selection. The targets are used to screen and enrich the random DNA oligonucleotide
library pools, and cloning and sequencing are performed to obtain the fittest aptamers.
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Figure 2. Chemical modifications of aptamers. Figure represents the various modifications of aptamer to increase its stability and potential applications.

In recent years, chimeric aptamers have become  protein, enzyme, biomacromolecules, drug, imaging
an insight because of their greater stability and  agents or dyes [67]. The aptamers chimerization, with
nuclease resistance. Chimerization of aptamers refers two or more different chemical or biological
to its combination with another aptamer, siRNA, components, provides great plausibility for
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engineering new multifunctional aptamers-based
structures [68].

With the progress of research in this field, it is
very clear that chimeric aptamers are not only highly
stable and efficient but are also able to deliver drugs.
For instance, The anticancer aptamers chimera
systems are able to specifically bind to tumor cells and
deliver their drugs to the target cells [69]. Aptamers
chimera systems also can be designed with the
capability of concurrent binding to cancer cells and
lymphocytes, which can induce an enhanced
antitumor and cellular immunity by simultaneous
targeting of cancer cells and the immune cells [70].

Applications of aptamers in cancer

Most of the traditional anti-tumor drugs are not
selective and have caused serious toxic and side
effects in clinical treatment [71]. Aptamers are a class
of small nucleic acid ligands that have high affinity
and specificity for their targets [7]. Aptamers screened
by using biomarkers closely related to the
development of cancer as targets can be used as drugs
themselves, and can also act as a targeted drug
delivery system by conjugating with drugs, siRNA,
nanoparticles, etc. to form a targeted drug delivery
system which can target specific tumor cells, thus
minimizing the toxicity to normal cells, reducing the
dose needed for treatment and enhancing therapeutic
efficacy.

Currently, a variety of aptamers targeting tumor
cells have been screened by SELEX; for example, A10,
anti-prostate-specific membrane antigen (PSMA)
aptamer [72], AS1411, anti-nucleolin aptamer [73, 74],
EpCAM, anti-epithelial cell adhesion molecule
aptamer [75, 76], Sgc8, anti-protein tyrosine kinase 7
(PTK?) aptamer [77, 78], MUC1, anti-mucinl aptamer
[79], etc. Moreover, for these aptamers, a variety of
drug delivery systems have been developed for
targeted treatment of specific tumor cells.

Roles of aptamers for biosensors

In recent years, aptasensors, a biosensors that
use aptamers as bio-receptors, have been attracted
noticeable attention for cancer biomarker detection
[80]. Most biosensors are designed based on the
principle of antibody-antigen binding [81]. Two
different types of antibodies are used to detect target
molecules. However, due to the different affinity of
these antibodies, the use of biosensors for disease
diagnosis has caused problems. Compared with
antibodies, aptamers have many excellent properties,
the conformation of the aptamer changes after
binding to the target molecule, which provides the
possibility to design unique and variable sensors.
Therefore, aptamers, as a promising biosensor, have

been used in the design of tumor-related biomarker
sensors, including aptamer-based optical sensors,
electrochemical sensors, etc. [82-85].

Aptamer-based optical sensors had made great
improvements in a variety of fields such as life
science, medicine and environmental monitoring [86].
Among aptamer-based optical techniques, mainly
including colorimetric based biosensors [87], surface
enhanced raman scattering (SERS) based optical
biosensors [88], fluorescent based optical biosensors
[89], luminescent based optical biosensors [90],
chemiluminescence based optical biosensors [91] and
electrochemiluminescence based optical biosensors
[92]. For example, Hu et al. used fluorescein
isothiocyanate (FITC) labeled aptamer as energy
donor to construct a highly sensitive fluorescence
resonance energy transfer (FRET) aptasensor for
sensing immunoglobulin E (IgE) [84].

Aptamer-based electrochemical sensors, as an
important sub-group of sensors, are highly attractive
and applicable for diagnosis of cancer and use in
point-of-care tools, in addition to multi-analyte
detection [93]. Among aptamer-based electrochemical
techniques, mainly including amperometric,
impedance, surface charge wusing field-effect
transistors (FETs) and voltammetric sensors based on
electrochemical transduction [94]. For example, Liao
et al. used nanomaterials as a sensing probe for
construction of an electrical impedance spectroscopy
(EIS) electrochemical aptasensor for the detection of
platelet-derived growth factor (PGDF), which is an
important protein biomarker of cancer. They
synthesized Co3(PO4)2-based nano-complex through
a simple self-assembly method aided by aptamer and
BSA. These composite could detect efficiently PDGF
concentrations as low as 3.7 pg/mL [95].

Roles of aptamers in cancer diagnostics

Cancer is the second leading cause of death
worldwide [96, 97]. Accurate tumor diagnosis
technology has positive clinical significance, which
can help doctors to propose treatment strategies early,
evaluate treatment effects, monitor tumor recurrence
and metastasis, and assess prognosis. At present,
antibodies are widely used in clinical diagnosis of
tumors, such as flow cytometry, tumor marker
detection, immunohistochemistry, in vive imaging,
etc. [98]. However, due to the shortcomings of
antibodies such as high immunogenicity, poor
stability, difficult chemical modification, limited
production methods and expensive production costs,
their clinical applications have been limited to a
certain extent. Compared with antibodies, aptamers
also have the ability of high affinity, high specificity to
bind to targets, and have obvious advantages in
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chemical modification, stability, and production cost.
It has been widely used in various fields of tumor
diagnosis, such as circulating tumor cells (CTCs)
detection, immunohistochemical analysis, and in vivo
imaging.

Aptamers for cancer detection

Sensitive detection of cancer cells plays an
important role in in cancer diagnosis and prognosis
[99]. At various stages of tumorigenesis and
development, some specific tumor markers, such as
CTCs, produced or secreted by tumor cells into the
blood system are good targets for liquid biopsy [100].
Accurate and efficient detection of CTCs in the early
stages of cancer when the concentration of CTCs is
low will significantly help monitor the patient’s
condition and progression of cancer [101]. However,
CTCs detection is highly challenging field due to very
few cancer cells in blood compared to very majority
blood cells [102, 103]. In recent years, a series of
analysis methods based on aptamers have been
applied to CTCs detection by combining or
conjugating different signal reporting technologies
such as fluorescence, colorimetric, magnetic, and
electrochemical technologies [104-107]. For example,
Karnik et al. developed a platform to isolate and
capture CICs using a DNA network comprising
repeating adhesive aptamer domains [108]. Kashefi-
Kheyrabadi et al. established an -electrochemical
technique for liver cancer HepG2 cell-specific aptamer
conjugated to a gold plane electrode for CTCs
detection of liver cancer [105]. Fan et al. developed a
platform linking multivalent DNA  aptamer
nanomaterials with microfluidic devices for isolating
of cancer cells from blood [109]. Aptamer-
functionalized nanostructures have also been
developed for cell catch and isolate. Wang et al.
established a dual-aptamer-targeted high-sensitivity
CTCs detection platform, conjugating VEGF aptamers
with magnetic beads for capturing and concentrating
CTCs, and then using MUC1 aptamer-conjugated
Pt-Au nanoparticles. The nanoparticles were
incubated with concentrated CTCs. In the presence of
TMB (3, 3’, 5, 5'-tetramethylbenzidine) and hydrogen
peroxide (H20:), Pt-Au nanoparticles quickly
catalyzed the colorimetric reaction and transmit a
sensitive signal. The system has a detection limit of 10
cells/mL and a linear range of 10 to 10° cells/mL
[107].

Aptamers for cancer imaging

Molecular imaging is of great significance in
disease detection, surveillance and prognosis [110]. By
combining fluorescent molecules [111, 112], radio-
nuclides [113] or other imaging molecules [114],

aptamers are becoming important tool for cancer
diagnosis. In vivo imaging technologies for tumor
diagnosis include luminescence imaging, computed
tomography (CT), magnetic resonance imaging (MRI),
radionuclide-based positron emission tomography
(PET), and single photon emission computed
tomography (SPECT). For example, IRD800CW
labeled CD30 aptamer is used for in vivo imaging of
lymphoma [115], Cy5 labeled pancreatic cancer-
specific aptamer is used for in vivo imaging of
pancreatic cancer [116], AS1411 aptamer coupled with
blood-brain barrier targeting peptide for in vivo
imaging of gliomas [117]), etc. All of them show fast
and specific tumor targeting ability, high signal-to-
noise ratio and good pharmacokinetic properties. In
addition to imaging with fluorescent molecules,
aptamers can be conjugated to magnetic beads to
enhance MRI [114]. Such as vascular endothelial

growth factor receptor 2(VEGFR2) aptamer
conjugated with magnetic nanomaterials for glioma
MRI imaging [118].

Epidermal adhesion molecule (EpCAM) aptamer
conjugated with magnetic nanomaterials for MRI
imaging of gastric cancer [119], etc. All significantly
improve the tumor-targeted imaging capability,
sensitivity and biocompatibility, and reduce
cytotoxicity, further improving the clinical application
potential of MRI.

Aptamers for immunohistochemical
(IHC)

In recent years, aptamers have been widely used
in IHC analysis of tumor tissues, and have shown
some application characteristics superior to
antibodies. Zu's group performed IHC analysis of
formalin-fixed-paraffin-embedded lymphoma
samples and found that the CD30 aptamer showed
almost the same staining pattern as the CD30
antibody, but its reaction conditions were simpler
than antibody. Such as antigen retrieval temperature
is 37 °C (CD30 antibody is 95 °C), incubation time is 20
minutes (CD30 antibody is 90 minutes). In addition,
unlike antibodies, aptamers do not cause non-specific
staining of necrotic areas in tissue samples when
applied to IHC [120]. In addition, Li X et al. screened a
group of aptamers that can specifically identify
metastatic lymph node tissues of colon cancer, that is,
using aptamers as probes, immunohistochemical
analysis of different type of tumor tissue samples and
found that aptamers can specifically identify colon
cancer tissues with lymph node metastasis and lymph
node tissues with colon cancer metastasis, but no
signal was reported in non-metastatic colon cancer
tissue samples or other control tissues, suggesting that
the that the target recognized by the aptamer is
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related to the process of colon cancer metastasis and
can be used as an early diagnostic tool for colon
cancer [121].

Roles of aptamers for cancer therapy

At present, many chemical drugs can effectively
kill cancer cells, but also destroy normal tissue cells
and cause serious adverse reactions. Therefore,
targeted drug delivery is the key to current tumor
treatment. Aptamers have become a new direction for
tumor-targeted drug therapy and an ideal tool for
therapeutic applications due to their unique physical
and chemical properties [35, 122]. Such as therapeutic
aptamers, aptamer-drug conjugates (AptDC),
aptamer-functionalized nanoparticles, and aptamer-
mediated immunotherapy (Figure 3).

Therapeutic aptamers for cancer therapy

With development of aptamers selected from
Cell-SELEX, an increasing number of aptamers are
capable for use as therapeutic drugs for disease
(Table 3). For example, the first aptamer targeted to
human VEGEF for the treatment of age-related macular
degeneration was approved by food and drug
administration (FDA) in 2004 [123]. Recently,
aptamers were also developed as therapeutic agents
for cancer treatment. The aptamer AS1411 (developed
by Antisoma) [124, 125] and olaptesed pegol (also
known as NOX-A12, developed by NOXXON Pharm)
[126, 127] are currently in the phase II clinical research
stage. AS1411, an unmodified DNA aptamer with

Aptamer—siRNA

conjugates
Aptamer—chemotherapy
drugs conjugates
Aptamer %
/ Receptor Receptor
Receptor
Cytoplasm
Nucleus

G-quadruplex structure known as a non-SELEX
aptamer that binds to nucleolin, was discovered
serendipitously by Bates et al. [124]. AS1411 has
shown growth-inhibitory functions against a broad
range of cancer cells in vitro [128]. AS1411 could also
link with nuclear factor-xB (NF-xB) to inhibit its
activity and destabilize BCL-2 mRNA that all can
suppress cell proliferation [129]. Compared with
monovalent aptamers, multivalent aptamers have
stronger antitumor activity because of they can
further increase the affinity with the target, multi-
merize the receptor, and activate downstream signals.
Recently, Mahlknecht et al. screened a HER2 aptamer
and constructed its trivalent structure. The results
showed that the trivalent HER2 aptamer had 2 times
higher antitumor activity than the HER2 antibody
[130]. The results of Parekh et al. also showed that the
trivalent CD30 aptamer has stronger anti-tumor
proliferation ability [131].

Table 3. Application of aptamers in clinical trials

Aptamers Targets Phase References
Macugen VEGF Approved  [168]
E10030 PDGF Phase III [169]
AS1411 Nucleolin Phase II [124]
ARC1779 vWF Phase II [170]
NU172 Thrombin Phase I [171]
NOX-A12 SDF-1 Phase II [172]
NOX-E36 MCP-1 Phase II [172]
NOX-H9%4 Hepcidin Phase I [173]
ARC1905 Complement component 5 (C5) ~ Phase II [174]
REG1 Coagulation factor IXa Phase III [175]
ARC19499 Hemophilia Phase I [176]

Aptamer-functionalized
nanoparticles conjugates

o o *
e® o
 ruy
Nanomaterials
chemotherapy
drugs
Receptor
: : Aptamers
siRNA
B 5 % Linker

Figure 3. Applications of aptamers-based for cancer therapy. The figure shows that in addition to being used as a therapeutic drug, aptamers can also be congujated with

siRNA, chemotherapy agents and nanopaticles to kill cancer cells.
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Aptamer-based conjugates for cancer
therapy

Besides the direct therapeutic effect of aptamers
for cancer, most of the aptamer-based investigations
for cancer treatment focus on the specific targeting
ability to different cancer cells. As a result, A series of
aptamer-drug conjugates (AptDC) models have also
been successfully established in recent years and are
undergoing extensive preclinical evaluation [132].

Aptamer-siRNA conjugates

Gene drugs such as siRNA and microRNA also
have important clinical application value. However,
the lack of targeting and inability to effectively enter
tumor cells has greatly reduced the feasibility of its
clinical application. Conjugating with aptamers can
increase many application advantages of gene drugs,
such as making it obtain tumor targeting ability, and
improving the efficiency of entering cells by
receptor-mediated internalization pathways. In recent
years, many aptamer-conjugated gene drug models
have been established, and extensive preclinical
evaluations have confirmed their feasibility for tumor
treatment, such as PSMA aptamer conjugated with
PIk1 or Bcl2 siRNA for prostate cancer treatment [18],
HER2 aptamer conjugated with Bcl2 siRNA and
cisplatin for breast cancer treatment [133], MUC1
aptamer conjugated microRNA-29b for ovarian
cancer treatment [134] et al.

Aptamer-chemotherapy drugs conjugates

Chemotherapy is primary approach for cancer
treatment. However, the shortcomings of
chemotherapeutic drugs are inevitable owing to
serious toxic side effects, such as their poor water
solubility, nonspecific distribution and systemic
toxicity greatly reduce delivery efficiency, which
limits their use in clinicc Up to now, targeted
chemotherapy is vital to avoid its side effects and
enhance its therapeutic efficiency [135]. Aptamers
conjugated with chemotherapeutic drugs as a kind of
targeted therapeutic mean would increase drugs
delivery effect and reduce cytotoxicity of drugs in
normal tissue. For instance, Bagalkot et al. specifically
delivered doxorubicine (Dox) into LNCaP cells
through aptamers’ binding capability to the
prostate-specific membrane antigen (PSMA) on
LNCaP cells [16]. CD117 aptamer covalently coupled
with methotrexate for the treatment of acute myeloid
lymphoma [136]. Protein tyrosine kinase 7 (PTK?)
aptamer covalently coupled with Dox for treatment of
lymphocytic leukemia via an acid-sensitive linker
[137], etc. These conjugates have shown good
specificity of tumor targeting ability, fast drug release

efficiency, significantly reduced off-target effects, and
significantly improved therapeutic effects in both in
vivo and in vitro studies. In addition to covalent
coupling, for some aptamers containing consecutive
paired GC/CG sequences in a three-dimensional
structure, anthracycline antitumor drugs (such as
Dox) can be incorporated by non-covalent binding in
the GC/CG structure of aptamers, forming a simple
and effective AptDC model, such as epidermal
adhesion molecule (EpCAM) aptamer coupled with
doxorubicin for the treatment of retinoblastoma [138]
and ligand-coupled doxorubicin for the treatment of
breast cancer [139].

Aptamer-functionalized nanoparticle
conjugates

Due to the small molecular weight of the
aptamers, the half-life in the blood circulation is short,
which seriously affects the efficacy. Nanomaterials
with a certain range of diameters can target to tumor
cells via the enhanced permeability and retention
(EPR) effect. However, this way of increasing drug
enrichment through the EPR effect is still a “passive”
targeting mode, which is susceptible to some factors
such as structural differences in new blood vessels,
blood pressure, and the pathological type and
location of tumors, resulting in significant individual
effects difference [140]. Combining aptamers with
nanomaterials can not only effectively extend the
half-life in blood circulation, but also the large specific
surface area of nanomaterials can also increase the
load of drugs and aptamers, and the uniform
morphology also makes them exhibit good biological
distribution. Therefore, aptamer-nanoparticles are a
targeted drug delivery system with promising
applications [141-146]. In recent years, different
inorganic or organic nanomaterials have been
developed including gold nanomaterials, magnetic
nanomaterials, single-walled carbon nanotubes, silica
nanoparticles (MSNs), quantum dots, liposomes,
copolymers, and nucleic acid-based and protein-
based nanomaterials. A series of aptamer-targeted
nanodrug models have been successfully constructed
[147] (Table 4).

Due to the special photothermal effect of
gold-silver nanoparticles, Huang et al. conjugated it
with the aptamer sgc8c that specifically recognizes
CCCRF-CEM cells to form an Apt-NPs complex,
which can be used for photothermal treatment. The
results show that the Apt-NPs complex can not only
target tumor cells, but the temperature of AuNPs will
continue to increase under near-infrared light to kill
tumor cells, but it will not cause damage to normal
cells (survival rate is 87%), reduced required laser
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exposure, and greatly reduce the amount of laser
irradiation required [148].

Table 4. Aptamer-based nonodrug delivery systems on targeted
therapy of cancer cells

Aptamers Nanomaterials  Target Drugs References
AS1411 Carbon Nucleolin (gastric cancer) DOX [177]
nanotubes
AS1411 PLGA NPs Nucleolin (lung cancer)  Gemcitabine [178]
EpCAM  Silica NPs EpCAM (colon cancer) DOX [179]
A10-3-J1  Super para- PSMA (prostate cancer) DOX [180]
magnetic iron
oxide NPs
Sgc8c Gold NPs PTK?7 (leukemia) Daunorubici [181]
n
TSA14 Liposome TUBO breast cell line DOX [182]
5TR1 PLGA NPs MUCT1 (breast cancer) Epirubicin [183]
Endo28 RNA NPs Annexin A2 (ovarian DOX [184]
cancer); EGFR (cervical
cancer)
EGFR Albumin NPs PSMA (prostate cancer)  Cisplatin [185]
A10 PLGA NPs TFO [186]

Zhang et al. established an aptamer-targeted
nanodrug co-delivery system. In this system, a PSMA
aptamer containing a GC/CG repeat is used to
assemble the hydrophilic drug doxorubicin and a
polylactic acid-glycolic acid copolymer (PLGA) is
used to encapsulate the hydrophobic drug docetaxel.
After the drug assembly is completed, the aptamer
and PLGA nanoparticles are coupled by PEG
molecules. In vitro, the drug co-delivery system can
specifically target PSMA-expressing prostate cancer

IL-10

/ CTLA-4 g

PD1
0X-40
TIM-

CD28;

T cell

.

e IL-6R Tumor cell

cells and show significantly higher tumor killing
activity than single drugs [143].

Pala et al. constructed dextran-encapsulated
magnetic nanomaterials, which were combined with
DNA aptamer that specifically recognized HER2 for
magnetic hyperthermia of tumor cells. The results
show that this system can highly specifically target
SK-BR3 cells over-expressed by HER2, and 50% of
SK-BR3 cells can be killed by magnetic hyperthermia.
The therapeutic effect is 90 times that of magnetic
nanomaterials alone. Moreover, the survival rate of
HER2-negative U-87MG cells is close to 100%, which
greatly reduces the dose of magnetic nanomaterials
required for traditional magnetic hyperthermia and
further reduces the side effects of treatment [149].

Aptamer-based immunotherapy

As a relatively novel method for cancer therapy,
cancer immunotherapy has become increased
attention due to its high specificity and low side
effects, even rivaling other standard treatments [150].
There are many cancer immunotherapy strategies,
such as vaccine-based therapies, cell-based therapies
and cytosine-guanine oligodeoxynucleotide (CpG)-
based therapies [151, 152]. In recent years, many
aptamer constructs have been described that can
regulate the immune response against cancer [153]
(Figure 4). They provide a similar or even superior
ability to that of the corresponding monoclonal

Aptamer

Natural killer
cell

E CD40 DEC205

Dendritic cel.

Figure 4. Applications of aptamers in cancer immunotherapy. The figure shows that specific aptamers that target molecular markers on the surface of tumor cells,
dendritic cells, T cells, natural killer cells and macrophage cells can be used for tumor immunotherapy.
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antibody, and their superior targeted delivery ability
confers on them less off-target side effects [154].
Herrmann et al. used CTLA-4 aptamer conjugated
gene drug STAT3 siRNA (CTLA4apt-STAT3 siRNA)
to establish an innovative immune checkpoint gene
therapy method. The results show that this method
can significantly activate anti-tumor immunity and
suppress tumors growth and metastasis [155].
CTLA4apt-STAT3 siRNA can lead to internalization
into tumor-associated CD8+ T cells and inhibit the
expression of STAT3, which can activate the tumor
antigen-specific T cells. Furthermore, CTLA4apt-
STAT3 siRNA can dramatically reduce tumor-
associated Tregs. In addition, Zhang et al. used nature
killer (NK) cells as anti-tumor immune cells to
eliminate residual tumor cells after photothermal
therapy (PTT), and the NK cells were modified by
TLS11la aptamer against hepatocellular carcinoma
(HCC) cells on the cell surface to enhance immuno-
therapy efficiency [156]. PD-1 is expressed in some
cell types including T cells, specifically in CD8
tumor-infiltrating lymphocytes (TILs) which are
responsible for killing tumor cells [157]. Prodeus et al.
screened a mouse-derived PD-1 aptamer that can
specifically block the binding of PD-1 and PD-L1,
thereby reversing the immunosuppressive state of the
tumor and activating anti-tumor immunity. In the
tumor-bearing models of PD-1 positive colon cancer,
PD-1 aptamers can significantly inhibit tumor growth,
and the treatment effect is similar to that of PD-1
antibodies [158].

Conclusion and perspectives

Aptamer, a novel specific combining tool to
various types of target, has attracted an increasing
attention for cancer diagnosis and therapy. In this
review, we review recent advances in this promising
field of aptamer, including the screen of aptamer by
SELEX process, modification of aptamers and
applications of aptamenr for biosensing, bioimaging
and therapy in cancer. Although aptamers have made
great progress in tumor application research, they still
need to continue to improve of drug loading rate,
targeting efficiency, circulation time, and affinity, etc.
The combination of aptamers and drugs and the
modification of nanocarriers by aptamers still need to
be improved. With the continuous advancement of
SELEX technology and chemical modification
methods, we believe that aptamers will definitely play
a more and more important role in future oncology
applications.
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