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Abstract

The innovative discovery of aptamers was based on target-specific treatment in clinical diagnostics and therapeutics. Aptam-
ers are synthetic, single-stranded oligonucleotides, simply described as chemical antibodies, which can bind to diverse targets
with high specificity and affinity. Aptamers are synthesized by the SELEX technique, and possess distinctive properties
as small size (10-50 kDa), higher stability, easy manufacture and less immunogenicity. These oligonucleotides are easily
degraded by nucleases, so require some important modifications like capping and incorporation of modified nucleotides.
RNA aptamers can be modified chemically on 2’ positions using -NHj;, -F, -deoxy, or -OMe groups to enhance their nuclease
resistance. Aptamers have been employed for multiple purposes, as direct drugs or aptamer—drug conjugates targeted against
different diseased cells. Different aptamer-conjugated nanovehicles (e.g., micelles, liposomes, silica nano-shells) have been
designed to transport diverse anticancer-drugs like doxorubicin and cisplatin in bulk to minimize systemic cytotoxicity.
Some drug-loaded nanovehicles (up to 97% loading capacity) and conjugated with specific aptamer resulted in more than
60% tumor inhibition as compared to unconjugated drug-loaded nanovehicles which showed only 31% cancer inhibition. In
addition, aptamers have been widely used in basic research, food safety, environmental monitoring, clinical diagnostics and
therapeutics. Different FDA-approved RNA and DNA aptamers are now available in the market, used for the treatment of
diverse diseases, especially cancer. These aptamers include Macugen, Pegaptanib, etc. Despite a good progress in aptamer
use, the present-day chemotherapeutics and drug targeting systems still face great challenges. Here in this review article,
we are discussing nucleic acid aptamers, preparation, role in the transportation of different nanoparticle vehicles and their
applications as therapeutic agents.
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Introduction

The approach of constant search for innovative pharma-
cological and diagnostic agents against different diseases
also led to the discovery of aptamers. The oligonucleotide
aptamers are relatively small single-stranded RNA, DNA or
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Fig.1 A schematic presentation of SELEX, aptamer folding and its binding with a final target protein. The aptamer folds into a specific three-
dimensional structure and binds with a target molecule (e.g., a protein) which results in the formation of a target-aptamer complex

Aptamers have several advantages over their competitors
like monoclonal antibodies, as they possess low toxicity,
less immunogenicity, easier synthesis and efficient stability
against harsh environmental conditions. These molecules
are cheaper and also possess a good shelf life, strong toler-
ance against surfactants, low batch to batch variation, and
their chemical modifications are easily performed (Chen and
Yang 2015). Unlike antibodies, which require animals or cell
lines for their production, the aptamers synthesis is fully
accomplished by in vitro environment which minimizes the
contamination risks by viruses or bacteria. These character-
istics of aptamers promote them as smart therapeutic agents
and efficient substitutes for antibodies (Osborne et al. 1997).
Due to some stability limits of native RNA and DNA aptam-
ers in cellular environments and biological fluids, a growing
interest has been focused on their backbone modifications,
which has resulted in the formation of xeno nucleic acids
(XNA). These modified nucleic acids are not readily recog-
nised and degraded by nucleases and, thus, are well-suited
for in vivo applications (Ma et al. 2016; Torres et al. 2018).

The oligonucleotide aptamers implement different three-
dimensional structures like hairpin (stem) loop, kissing

Fig.2 Aptamer three-dimen-
sional structures a hairpin
(stem) loop; b kissing complex;
¢ quadraplex (side by side); d
quadraplex (cross-over)
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complexes, and quadraplexes. These distinctive structures
help the aptamers to bind with diverse targets and enhances
their strong specificity and activity. (Miao and Westhof
2017) (Fig. 2).

The hairpin (stem) loop is formed when two portions
of the same nucleic acid strand are complementary to each
other and can form Watson—Crick nitrogenous base pairing.
A more advanced structure occurs by kissing complex for-
mation, which is obtained when a few unpaired nitrogenous
bases of one hairpin loop can base pair with the comple-
mentary unpaired nitrogenous bases in another hairpin loop.
This type of structure usually occurs in RNA aptamers. In
addition to these two structures, quadraplexes are formed
either side by side or in cross-over fashion, when a guanine-
rich sequence with four guanine nitrogenous bases associates
with each other through hydrogen bonding (Fig. 2) (Zhou
and Rossi 2017).

Aptamers are synthesized in vitro by a well-defined
technique known as Systematic Evolution of Ligands
by EXponential enrichment (SELEX) method (Turek
and Gold 1990). This procedure is used to generate both
single-stranded DNA and RNA aptamers that fold into a
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definite three-dimensional structures which can specifi-
cally bind to a target ligand (Figs. 1, 3).

The earliest reported SELEX procedures have been
difficult, laborious, and time-consuming methods. But
since the last three decades, the recent development in
this technology has been reported to reduce the process-
ing time from months to a few hours (Zhuo et al. 2017).
The comprehensive reduction of SELEX cycle timing has
drastically revolutionized the aptamer market and it is now
efficiently used in basic research, pharmaceutical indus-
tries and environmental monitoring. The overall striking
properties of aptamers have led them to be used as promis-
ing tools with great potential in biomedical applications,
including specific targeting ligands, diagnostics, biosens-
ing, biotechnology, therapy and biomarker discovery and
even genetic control devices (Radom et al. 2013). Globally
the aptamer market was expected to be at almost $107
million in 2015 which may touch roughly $244 million in
2020 (Zhu et al. 2015). In this review article, we are fully
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Fig. 3 Diagrammatic illustration of SELEX starting with ssDNA
or RNA library of random oligonucleotides. After binding with the
target of interest, the unbound oligonucleotides are washed from the

focusing on nucleic acid aptamers, types, preparation and
their role in clinical applications.

Oligonucleotide aptamers and its types

The primary choice in oligonucleotide aptamers selection
remains whether to take RNA, DNA or XNA aptamers for
further research (Ulrich et al. 2004). The earlier studies
about aptamers were mainly focused on RNA as it forms
more distinct and complicated three-dimensional structures
with a greater number of conformations as compared to
DNA aptamers.

Even though, both the DNA and RNA oligonucleotide
aptamers have been certified to be effective in different
applications, still there remains some basic differences
between them, which help us to decide for the selection
of each aptamer for a specific application. Functionally,
these two aptamers are similar but vary in accessibility
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and stability (Min et al. 2008). RNA aptamers are unstable
due to the reactive —OH group at the 2’ position of ribose
sugar (Prakash 2011). This group gets easily deprotonated
especially in an alkaline medium which further results in
the breakdown of phosphodiester linkage, leading to RNA
hydrolysis. In comparison to DNA aptamers, RNA aptamers
need extra chemical modifications to improve their chemical
durability (Wang et al. 2011a, b).

The initial decision about the selection of a nucleic acid
library provides a crucial starting point for SELEX. For
DNA aptamer requirements, the primary library should
be ssDNA and for RNA aptamer, a dsDNA library is tran-
scribed to generate the starting RNA library. So for RNA
aptamers, a reverse transcription step is mandatory in each
cycle of PCR and succeeding transcription for the following
cycles of SELEX. This interconversion step amid RNA and
DNA during SELEX cycles makes the task more expensive
and time-consuming for the preparation of RNA aptam-
ers (Bugaut et al. 2006). The DNA aptamers form larger
structures as compared to RNA aptamers, even bearing
the equal number of monomers. Recently, several two- and
three-dimensional structures have been evaluated, that assist
the stability and specific binding of DNA aptamers. These
include internal loop, bulge loop, hairpin, and G-quadruplex
folds (Sundaram et al. 2013) (Fig. 2). Herein, we summarize
the different properties of DNA, RNA and XNA aptamers
and their possible chemical modifications to improve their
varied features.

DNA aptamers

Native DNA aptamers are comparatively more stable and
less reactive as compared to RNA aptamers. The in vitro
half-life of DNA aptamer is reported to be 30-60 min in
plasma as compared to RNA aptamers which possess only
a few seconds half-life (White et al. 2000). In comparison
to RNA aptamers, DNA aptamers possess enhanced stabil-
ity against biodegradation, which brands them superior for
clinical applications (Orava et al. 2010).

The inherent advantage in stability of DNA aptamers over
its RNA counterparts is because of the C—H bonds at the 2’
position of the deoxyribose sugar of DNA nucleotide. For
the purpose of getting additional complicated structures, the
DNA aptamers are generally selected from the libraries of
longer randomized regions (Ravelet et al. 20006).

One of the biggest challenges which researchers face
during the applications of DNA aptamers is its less stabil-
ity when treated with complicated biological samples. The
degradation of nucleic acid aptamers by nucleases is still
a challenge that limits its use (Ma et al. 2015). A novel
strategy to enhance the stability of DNA aptamers against
nucleases is by capping at its one end (Shoji et al. 2007).
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The incorporation of some unusual nucleotides like locked
nucleic acids (LNA) is also a good approach to increase its
stability against nucleases. The synthesis of spiegelmers,
also known as mirror aptamers, is also a new approach to
overcome the nuclease attacks (Singh et al. 1998).

DNA aptamers have been found to be quite useful for
clinical purposes. These aptamers are easier to manufac-
ture and are comparatively stable in harsh conditions. These
aptamers can be conjugated to different nanomedicine-based
formulations including liposomes. In addition to this, the
concentration of DNA aptamers can be controlled by inhi-
bition with complementary DNA sequences to avoid their
overdose during drug delivery.

RNA aptamers

RNA aptamers are a class of oligonucleotides which bind
with high specificity and affinity with a definite target,
almost like antigen—antibody reaction. These aptamers are
thermodynamically more stable as compared to peptide
aptamers. Like antibodies, RNA aptamers possess a unique
three-dimensional structure that improves its specificity and
form more tighter binding with the target molecule (Ulrich,
2006).

Different types of RNA aptamers have been synthesized
and used as therapeutic, diagnostic and prognostic tools in
a broad range of applications like macular degeneration,
viral infections, cancer etc. (Kang et al. 2012). Due to their
smaller size as compared to DNA aptamers, even with the
same number of nucleotides, it becomes easier for it to enter
the cells of interest.

RNA aptamers are also synthesized by the method of
SELEX, but the method is longer than DNA synthesis. RNA
aptamers are manufactured in a good amount and possess
almost no immunogenicity as compared to antibody synthe-
sis. Besides this, the method of preparation works in a con-
trolled manner and the structure and stoichiometry remains
properly in order. In addition, RNA aptamers can be further
modified chemically on 2’ positions using -NH,, -F, -deoxy,
or -OMe groups. These modifications greatly improve the
stability against RNAases, commonly found in the blood
stream (Soukup et al. 2000; Wang et al. 2011a, b).

In plasma, the half-life of an RNA aptamer is only a few
seconds as compared to DNA aptamers, which possess
30-60 min life. Due to the presence of the 2'-OH group, the
RNA aptamer is unstable and this particular group makes
RNA prone to hydrolysis (Goringer et al. 2008). Further-
more, this group leads to RNA strand scission by endori-
bonucleases like RNase A. So for these limitation of RNA
aptamers, it becomes mandatory to chemically modify this
molecule to enhance its life time. Most RNA aptamers
are modified through pyrimidine present at 2'-position, to
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upgrade its chemical stability. Once modified, these RNA
molecules even surpass the DNA aptamer stability. How-
ever, the higher reactivity of RNA aptamers and certain non-
Watson—Crick base pairings, it leads the RNA aptamers to
form complex and more varied three-dimensional structures,
which is a good choice to have higher affinity and more spec-
ificity aptamers (Yan et al. 2004).

XNA aptamers

The practice of chemical modifications in pentose sugar
moieties in DNA and RNA oligonucleotides leads to their
outstanding resistance against enzymatic breakdown. These
chemically modified nucleic acids are known as xenobiotic
nucleic acids (XNA) (Pinheiro and Holliger 2012). XNAs
vary in their backbone structure significantly from natural
DNA and RNA structures. The enzymatic synthesis and
enrichment of XNA libraries has been practical, due to the
discovery of specialized XNA polymerases (Rangel et al.
2018). These XNA polymerases are capable of reading a
DNA template to synthesize XNA sequences. However, till
now, only a few chemical modifications have been successful
for in vitro synthesis of XNA (Eremeeva et al. 2019).

XNA have played a great role as aptamers to combat
some drastic diseases like cancer. The different modifica-
tions at the 2’-OH group of RNA pentose sugar led to the
generation of Pegaptanib, which is an anti-human VEGF ;5
aptamer. The backbone of this aptamer is chemically modi-
fied during or post-SELEX cycles with alternate 2'-OMe-
purine and 2'-F-pyrimidine nucleotides. The earliest report
of XNA manufacture and transcription of OMe-modified
aptamers with DNA polymerase, was engineered to bind
with neutrophil elastase (Barman 2015).

An innovative XNA aptamer showing high affinity with
HIV-1 reverse transcriptase was synthesized using 2’-deoxy-
2'-fluoroarabino nucleic acid (Ferreira-Bravo et al. 2015).
In addition to this, octahedron A and human thrombin were
found to have high affinity with threose nucleic acid (TNA)
aptamer. In addition to the modifications at the 2' position
of pentose sugar, the whole furanose ring has been replaced
with six-membered hexose sugar in DNA (Mei et al. 2018).
This led to the generation HNA (1,5-anhydrohexitol)
aptamer which has been found to form stable duplexes with
natural DNA or RNA. The HNA possesses minimal toxic-
ity in cell lines as well as remarkable alkaline, acidic, and
nuclease resistance. Random HNA libraries, were used to
make aptamers, with a dissociation constant in the nanomo-
lar scale, to bind with hen egg lysozyme and HIV trans-
activation response RNA (Lipi et al. 2016).

For a quick comprehension about different oligonucleo-
tide aptamers, their comparative characteristics are presented
in tabular form (Table 1).

Preparation of nucleic acid aptamers

Aptamers have been synthesized in vitro by Tuerk and Gold
in 1990 by choosing RNA ligands for T4 DNA polymerase
and independently by Ellington and Szostak against organic
dyes in the same year (Du et al. 2015). The first group named
the technique as SELEX while the second group coined the
term aptamer. SELEX procedure is started with a randomly
sequenced desired library (10'*~10'°) of single-stranded
nucleic acid sequences (20-100 bases) (Stoltenburg et al.
2012). Each oligonucleotide consists of a fixed sequence
on both the terminals and a middle portion with a random
region (Fig. 3). These randomly sequenced oligonucleo-
tides are allowed to bind with a purified protein or other
compounds like small molecules, nucleic acids, peptides,
or even cells usually associated with diseased states (Gopi-
nath 2007). The bound nucleic acids are separated from the
one which do not show any binding activities by different
methods like chromatography (size-exclusion or affinity),
electrophoresis on polyacrylamide gels or by nitro-cellulose
binding (Ahirwar and Nahar 2015). The nucleic acids are
then separated from their bound counterparts and are further
amplified by PCR as DNA molecules.

The earliest SELEX technology was mainly focused to
synthesize RNA aptamers as these forms were supposed to
from more complex three-dimensional structures as com-
pared to DNA aptamers. The synthesis of RNA aptam-
ers can be started directly from ssRNA or ssDNA library,
which are directly incubated with the target. The unbound
complexes are separated from the bound complexes. The
target bound oligonucleotides are eluted and amplified RT-
PCR to synthesize RNA aptamers. It requires T7 RNA
polymerase, reverse transcriptase and protection from
RNAases before PCR cycle (Ouellet et al. 2015).

After several cycles of selection, the resulting oligonucle-
otides, known as an aptamer, possess a high specificity and
affinity, are enriched and sequenced. To generate superior
aptamers, several modifications are introduced in it as well,
which improve its binding capacity to different targets or
with the immobilization matrix (Tao et al. 2016) (Figs. 1, 3).

XNAs vary from their natural counterparts (DNA and
RNA) in at least one chemical constituent moiety: sugar,
phosphate, or nucleobase. The backbone modified XNAs
are not generally processed by natural DNA polymerase for
further processing. This hurdle has been solved by utilizing
Phi29 DNA polymerase, a replicative enzyme of B. subtilis
bacteriophage Phi29. This DNA polymerase has been effi-
ciently used for the production of various types of XNAs
carrying some backbone modifications like 2'-fluoro-2'-
deoxyribonucleic acid (2'-fluoro-DNA), 1,5-anhydrohexitol
nucleic acid (HNA), and 2'-deoxy-2'-fluoro-arabinonucleic
acid (FANA) (Pinheiro and Holliger 2014).
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Since the emergence of the SELEX technique, the
aptamer development has mainly focused on perfect-
ing the SELEX process further to develop optimized
aptamers that can compete with antibodies in all aspects
of the pharmaceutical industry. It has now been almost
30 years since then, and more than 25 different SELEX
processes have been developed which are briefly summa-
rized as in Table 2.

Role of aptamers in the transportation
of drugs

The use of specific native drugs for a particular disease con-
fronts different challenges before it reaches to its actual site
of action. Some of these challenges include early chemical
breakdown, complex biological barriers and lessening of
pharmacological activity while reaching the site of action
(Yang et al. 2017). Previously, these obstacles were being
resolved inappropriately using large doses of drugs either as
a single dose or by repetitive use. These tactics often lead
to increased healthcare cost, off-target toxicity, and delayed
cure (El-Say and El-Sawy 2017). All these problems have
forced the healthcare researchers, to design the drugs which
can be specially transported and properly targeted at the site
of action, while minimizing its build-up at non-targeted nor-
mal tissues. Aptamers have proven to be good candidates
as drug transporters, as they can be easily conjugated with
different drugs directly or by the use of a linker.

Aptamers are designed to recognize and attach with
high specificity and affinity with cognate targets like tumor
surface receptors (Hicke et al. 2001; Yin et al. 2012). The
novel approach of engineering aptamer—drug conjugates,
as an efficient drug delivery systems, briefly involves the
attachment of different drugs with specific aptamers, either
covalently or non-covalently. It may also involve the use of
some specific linkers between the drugs and the aptamer.
This system has been used to deliver general therapeutic and
chemotherapeutic agents, photosensitizer agents and even
protein/peptide molecules. Some of the examples of aptam-
ers attached to specific drugs and targeted against some dis-
ease sites are listed in Table 3.

Due to the unique intrinsic properties of aptamers, dif-
ferent aptamer-mediated nanovehicles have been designed
to transport in bulk diverse anticancer drugs against vari-
ous tumor cells to minimize systemic cytotoxicity (Fig. 4).
Despite a good progress in synthesis and selection of aptam-
ers to conjugate with different nano-vehicles, the present-day
chemotherapy and drug targeting systems still face a great
challenge (Zhou and Rossi 2017). Some of the most com-
mon nano-vehicles carrying the anticancer drugs which are
conjugated with different aptamers are discussed here.

Liposomes (Aptamosomes)

Liposomes are spherical lipid bilayer vesicles that have
been used as the most efficient drug nanocarriers (Khan
et al. 2020; Brandl 2001). Different types of liposomes
have been tagged with aptamers by direct conjugation or
by post-insertion of an aptamer attached to lipid anchor
(Cao et al. 2009). Liposomes conjugated with aptamers
are also known as aptamosomes, which are used to deliver
chemotherapeutic molecules like doxorubicin and cispl-
atin, imaging agents like Actinium derivatives (Ac**®) and
Gadolinium (Gd**), and nucleic acids like siRNA (Baek
et al. 2014).

The role of Anti-nucleolin aptamer (AS1411) has been
studied both as in vitro and in vivo, by conjugation with
doxorubicin-loaded liposomes. These aptamosomes have
been tested on MCF cells and a mouse model of xeno-
graft human breast cancer (Hua et al. 2013). It has been
observed that doxorubicin-loaded AS1411-aptamosomes
show higher cytotoxic effects as compared to control
liposomes, liganded with some other non-specific DNA
aptamer. Similarly, AS1411 aptamosomes carrying cis-
platin were used against NCL positive MCF-7 cells and
NCL negative LNCaP cells (Vandghanooni et al. 2018).
The cytotoxic activity was reported to be more in MCF-7
cells as compared to LNCaP cells. Some more examples
of aptamers, drug-loaded aptamosomes and the target cells
are given in Table 4.

Aptamers are polyanionic and cannot pass the cellu-
lar membranes independently, so this limitation has been
overcome by patch-clamp pipetting technique (Lennarz
et al. 2015). This method also does not require a special
delivery system like liposomes, nanoparticles, viral trans-
fection, so this technique is straightforward. Patch clamp
technique is a standard method to study the role of some
aptamers directly in neuronal cells to work out the varia-
tion in biological activities of the target molecules in real
time (Wolter and Mayer 2017).

Polymeric micelles

Micelles are self-assembled lipid nanoparticles with diam-
eters 5-100 nm, prepared from amphiphilic lipid mole-
cules. The hydrophilic heads stabilize the hydrophobic
core of the micelle, which is formed from the hydrocarbon
tails, and it acts as a reservoir for carrying hydrophobic
drugs or imaging agents (Leonhard et al. 2012). Micelles
are favourite drug carriers due to simple core manipulation
and simpler drug encapsulation. The hydrophobic anti-
cancer drugs, e.g., docetaxel and paclitaxel, have been
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Table 2 Brief summary of different SELEX methods and the principles developed with the year of the invention

S. no.

Year of invention

SELEX technique

Brief principle

References

1

10

11

12

13

15

16

19

20

21

22

1992

1994

1997

1997

1998

1999

1999

2000

2000

2001

2003

2004

2005

2006

2006

2007

2007

2010

2011

2014

2015

2016

Negative SELEX
Counter SELEX

Genomic SELEX

In vivo SELEX
Chimeric SELEX

Multi-stage SELEX

Cell-SELEX

Indirect SELEX

Photo-SELEX

Toggle SELEX

Tailored SELEX

CE-SELEX

FluMag-SELEX
TECS-SELEX

NECEEM (non-SELEX)
Nano selection-based SELEX

MonoLEX

Microfluidic SELEX

High-throughput SELEX

Particle display SELEX

Hi-fidelity SELEX

Isogenic cell SELEX

Exclusion of non-specific aptamers by mixing
the aptamer library with a matrix

Removal of cross-reactive species by mixing
with closely related species

An easy SELEX method that can identify
the genomic sequence binding motif of the
organism itself

Aptamer selection under in vivo conditions
made within the cell

Preparation of recombinant aptamers that binds
with two different targets

Aptamers designated against dissimilar targets
fused and reselected against such targets
through a multi-step process

Aptamer preparation targeting the markers of
the whole cell

Preparation of special aptamers directed to
bind with the native protein in the presence
of a metal ions

Light-sensitive nucleotide insertion to design
the aptamers targeted directly after UV
irradiation

The synthesis of cross-reactive aptamers while
targeting toggling during selective prepara-
tion

The short and primer free aptamer selection
sequences using cleavable primer-hybridiza-
tion sites

Aptamer selection by the application of elec-
trophoretic mobility shift standards

The use of fluorescence tagged targets that
allows cleaner aptamer selection

Recombinant proteins expressed on modified
cells used for aptamer selection

Aptamer selection based on non-equilibrium
electrophoresis

Atomic force and fluorescence microscopy
integration to purify aptamer in a single step

Specific sequence selection through chro-
matography column fragmentation and
pyrosequencing

The purification of aptamers with the help of
microfluidic chips integrating at different
steps on a single surface

The evaluation of high-throughput DNA
sequencing by the combination of bioinfor-
matic analysis

Flow cytometry-based selection of aptamer
particles

Digital PCR used to enhance the SELEX
progress by the inclusion of fixed sequence
blocking elements

The selection of overexpressed isogenic cell
line as SELEX target and downregulating
it by micro RNA-mediated silencing for the
counter selection

Ellington and Szostak (1992)
Jenison (1994)

Singer et al. (1997)

Coulter et al. (1997)
Burke and Willis (1998)

‘Wu and Curran (1999)

Homann and Goringer (1999)

Kawakami et al. (2000)

Golden et al. (2000)

Bianchini et al. (2001), White et al. (2001)

Vater et al. (2003)

Mendonsa and Bowser (2004)
Stoltenburg et al. (2005)
Ohuchi et al. (2006)
Berezovski et al. (2006)

Peng et al. (2007)

Nitsche et al. (2007)

Cho et al. (2010); Huang et al. (2010)

Hoon et al. (2011)

Wang et al. (2014a, b, c, d)

Ouellet et al. (2015)

Takahashi et al. (2016)

CE-SELEX capillary electrophoresis SELEX, FluMag fluorescent/magnetic beads, TECS target expressed on cell surface, NECEEM non-equilib-
rium capillary electrophoresis of equilibrium mixtures, MonoLEX affinity chromatography SELEX
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Table 3 Examples of some aptamers directly conjugated with different drugs and targeted to specific diseased sites

Aptamer and its type Drug Target sites References

DNA aptamer (P19) MMAE Anti-Pancreatic ductal adenocarci- Yoo et al. (2017)
noma

Long repetitive drug intercalating Doxorubicin antitumor efficacy in leukemia Zhu et al. (2013)

dsDNA mouse xenograft tumor model

NucA aptamers MMAE and MMAF Tf and EGF receptor binding on Kratschmer and Levy (2018)
pancreatic cancer cell lines

Nucleolin aptamer PTX Human ovarian cancer xenografted  Li et al. (2017)
mouse model

DNA aptamer sgc8 Doxorubicin protein tyrosine kinase 7 overex- Meng et al. (2010)

DNA sgc8 aptamer
plexes

DNA strand P19 5-fluorouracil

dsDNA/dsRNA Anthracycline drugs (Dox, Epiru-
sgc8, AS1411 bicin, Daunorubicin), cisplatin
RNA aptamer A10 Doxorubicin

Sgc8 +sgdSa Anticancer drug delivery

Phosphoramidite linker with sgc8 S-flurorouracil

N-heterocyclic carbene—gold com-

pressed on many types of cancers
CCRF-CEM leukemia cells Niu et al. (2016)

pancreatic cancer cell line PANC-1
cells

Kruspe and Hahn (2014)

Tumor growth, leukemia, liver
cancer xenograft,

Zhu et al. (2012a)

PMSA targeting, anticancer drug
delivery against cancer and leuke-
mia xenograft model

Bagalkot et al. (2006)

Cancer detection Zhu et al. (2012b)

Colorectal and pancreatic cancer Wang et al. (2014a, b, c, d)

treatment

MMAE monomethyl auristatin E, MMAF monomethyl auristatin F, Tf transferrin, EGF epidermal growth factor, PTX paclitaxel

efficiently encapsulated in the polymeric micelles. The
polymeric micelles are synthesized by enhancing their
concentration above the critical micelle concentration (Liu
etal. 2011).

SKOV3 ovarian cancer cells, present in mice, have been
found to have enhanced cytotoxicity due to the higher uptake
of paclitaxel, both in vivo and in vitro. Similar results have
been found in a xenograft model of human ovarian can-
cer with enhanced cytotoxicity, tumor growth reduction
and myelosuppression (Zhou et al. 2007). The efficacy of
active targeting has been further enhanced using polymeric
micelles tagged with aptamers, e.g., AS1411 aptamer,
which is docked on the surface of composite micelle. This
micelle is made up of poloxamer and p-cyclodextrin-linked
poly(lactide)-copoly(ethylene glycol) (PLA-PEG), which is
used to encapsulate doxorubicin. The anti-PMSA aptamer
covers the surface of the micelle loaded with doxorubicin.
The micelle is made from hyperbranched (H40 polymer)
polymer molecules and the shell arms are made from PLA-
PEG (Alizadeh et al. 2020).

Some examples of micelle-based transportation vehicles
are NK105® (paclitaxel encapsulate), SP1049C® (doxo-
rubicin encapsulated, pluronic® based polymeric micelle)
NK911® (doxorubicin encapsulated), and Genexol®-PM
NKO911(paclitaxel-encapsulated) which is in phase II stage
of approval (Tsukioka et al. 2002; Wang et al. 2016). The
enhancement of these transportation strategies is further

achieved by aptamer conjugation, to further improve the
drug efficacy. This includes TDOS aptamer, produced by
cell SELEX method and it binds receptor of antibody heavy
p chain, present on B-cell lymphoma ramose cells (Phillips
et al. 2008). This aptamer was effectively conjugated with lipid
PEG linker micelles. Further, two cell lines were selected to
test these aptamer-conjugated micelles as HL60 cells (nega-
tive cells) and ramose (target cells). The binding affinity con-
stant was observed to be 750 times more for TD05-conjugated
micelles as compared to free TDOS aptamer. This illustrates
the significance of multivalent interactions on general affinity
for the target cells. In addition to this, 80-fold internalization
was observed by aptamer-TD05-micelles by ramose cells as
compared to unconjugated micelles (Wu et al. 2010).
AS1411 aptamer has also been used to generate more
complexed pH-sensitive polymeric micelles having p-a-
tocopheryl polyethylene glycol-block-poly-(f-amino ester)
(TPGS-b-PBAE, TP), encapsulated with paclitaxel. At pH 7.4,
this micelle possessed higher stability and efficiently released
paclitaxel at lower pH (pH 5.5) (Zhang et al. 2015a, b, c).

Polymeric nanocarriers

Polymeric nanocarriers are constructed from polymers like
polyesters, poly(lactic-co-glycolic acid) (PLGA), poly(lactic
acid) (PLA), and polyalkylcyanoacrylate. Polymeric
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Fig.4 Some common examples
of nanocarriers loaded with
specific drugs and conjugated
with definite aptamers to
enhance their targeted delivery
to minimize their non-specific
cytotoxicity

Silica

Inorganic
Nano-carrier

nanocarriers can also be synthesized from cationic polymers
like polyethyleneimine (PEI). Further, polymeric nanocar-
riers can also be synthesized from natural polymers, such
as polysaccharides (dextran, chitosan) or proteins (collagen,
albumin) (Plapied et al. 2011; Rytting et al. 2008). These
particles are routinely used as drug carriers and usually
display size ranging from 50 to 200 nm. Different methods
are involved to deliver their payloads like diffusion through
polymer and bulk erosion and swelling procedures (Fleige
et al. 2012). Polymeric nanocarriers usually comprise (i)
nanospheres, generally formed by hydrophobic core of poly-
ester, which is enclosed by a hydrophilic PEG layer, and (ii)
polyelectrolyte-based nanocarriers, which are formed by the
association of anionic and cationic macromolecules (Beloqui
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et al. 2016). Different aptamer conjugation strategies are
used to enhance its transportation and delivery efficiency.
These strategies are commonly based on PLGA-b-PEG
copolymer, as PLGA is easily biodegradable. These nano-
particles entrap different types of small molecules, which
are mostly hydrophobic (Ho et al. 2015).

Anti-PSMA A10 aptamer has been conjugated by carbo-
diimide coupling to PLGA-b-PEG nanoparticles. This has
resulted in improved docetaxel anticancer activity found in
xenograft pancreatic cancer models (Zhou and Rossi 2009).
A similar strategy of aptamer-conjugation, PLGA-based
nanocarriers have been utilized for the drug delivery in
different types of cancers using various types of aptamers
like anti-NCL aptamer (AS1411), anti-MUCI1 aptamer and
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Table 4 Application of different types of aptamosomes loaded with specific drugs and liganded with varied aptamers

S.no. Aptamer Drug used

Application of aptamosome

References

1 DNA (sgc8) FITC-dextran

2 DNA (AraHHOO1) Anti-angiogenesis drugs

3 DNA (anti-PMSA) doxorubicin
4 DNA (AS1411) siRNA
5 RNA aptamer siRNA
6 RNA (Aptl) siRNA

DNA (AS1411)
8 DNA (AS1411)

AS1411 and Anti
MUC-1 (S2.2)

Doxorubicin and ammonium bicarbonate
Doxorubicin
Docetaxel and ammonium chloride

Used against CEM-CCRF acute leukemia
cells targeting the protein tyrosine kinase
receptor

Used against mouse tumor endothelial cells
(mTEC) cells

PMSA-+cell line (LNCaP), a mouse model of
xenograft human prostate cancer

B-Raf oncoproteins for the treatment of
malignant melanoma

Human transferrin expressing cells

CD44+ receptor cancer cell line, (MDA-
MB-231 breast cancer cells and A549 lung
cancer cells)

Breast cancer cells (MCF-7/MDR)
MDA-MB 231 breast cancer cell line
Dual targeting and tumor suppression

Kang et al. (2010)

Ara et al. (2012)
Baek et al. (2014)
Liet al. (2014a, b)
Wilner et al. (2012)

Alshaer et al. (2015)

Liao et al. (2015)
Zhang et al. (2015a, b, ¢)
Zhao et al. (2017)

CEM-CCRF leukemia lymphoblasts, PMSA prostate-specific membrane antigen, LNCaP androgen-sensitive human prostate adenocarcinoma

cells, siRNA small interfering RNA

EpCAM aptamer (D’Avino et al. 2016). Generally, PLGA-
b-PEG nanocarriers have been encapsulated with doxoru-
bicin with efficient loading capacity (~90%), conjugated
with EpCAM aptamer. These nanocarriers showed tumor
inhibition up to~61% as compared to uncoupled PLGA-b-
PEG nanocarriers (~31%), when used in mouse xenograft
model of human small lung cancer (Alibolandi et al. 2015).

A15 is a well-known RNA aptamer, used to bind CD133
cancer stem cell (CSC) markers, which has been efficiently
conjugated with PLGA-b-PEG nanocarriers carrying the
salinomycin. This is a hydrophobic antibiotic that effi-
ciently kills CSCs. This aptamer-conjugated nanoparti-
cle presented almost fivefold higher in vitro cytotoxicity
against CD133+ Saos-2 osteosarcoma CSCs as compared
to free salinomycin and non-conjugated nanoparticles which
showed only about twofold cytotoxicity (Long et al. 2008).

Biomimetic nanocarriers

Biomimetic nanocarriers have been used quite efficiently
for biomedical applications, as they can help in precise
drug delivery, specific to diseased cells. These nanoparti-
cles are hybrid structures with the outer most layer similar
to a cell membrane. The bacterium, E. coli is engineered
to produce bacteriophage MS2 genome-free protein coat,
which consists of 180 sequences of identical monomers,
arranged as a sphere. This MS2 viral capsid nanostructure
is non-toxic, robust and biodegradable, with pores ena-
bling to trap active drugs and imaging molecules (Mastico
et al. 1993). An aptamer known as sgc8c which targets

PTK-7, has been fused to this genome-free MS2 product.
Porphyrins have been used to modify the interior of the
capsid and after conjugation with sgc8c aptamer, it has
been used to target Jurkat leukemia T cells. Further, almost
76% of the cancer cells were killed after the illumination
with UV irradiation of porphyrins (Leitner et al. 2017).

Self-assembled DNA monomers make efficient nano-
structures that are biocompatible and biodegradable. These
biomimetic nanocarriers have controlled size, shape, and
position of functional groups which conjugate with spe-
cific targeting ligands (Sun et al. 2016). Aptamers, such
as AS1411, have been successfully conjugated with
these DNA biomimetic nanocarriers. The conjugation of
AS1411 to these DNA pyramids has led to aptamer-dec-
orated nanocarriers, which possessed enhanced nucleases
resistance (Ai et al. 2014). In addition, this aptamer-con-
jugated nanocarrier displayed increased selective uptake,
depending upon the number of conjugated aptamers. In
this regard, six anti-MUCI1 aptamers have been liganded
to icosahedral 3D DNA nanostructures for specific target-
ing to MCF-7 breast cancer cells to deliver doxorubicin
(Rui et al. 2017). In parallel, anti-PMSA aptamer (A9) has
also been liganded to unmethylated CpG motifs, and has
been used to functionalize dendrimers. This system was
followed by doxorubicin docking which showed improved
prostate cancer chemotherapy (Levy-Nissenbaum et al.
2008). In addition to this, a construct has been made with
multiple copies of anti-PTK7 aptamers (sgc8) to three-
armed Y-DNA, which has been found to enhance the bind-
ing as compared to the monovalent aptamer.
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Other nanocarriers

Metal and silica-based nanocarriers have also been inves-
tigated as aptamer-guided drug delivery systems. Even
though such nanocarriers are concerned with their bio-
degradation and toxicity complications, they have a proper
degree of control over their physicochemical properties.
One of the major concerns with the metallic nanocarri-
ers is their difficulty in elimination from circulation and,
therefore, normal tissues suffer from their long-term
toxicity.

A promising strategy has been reported by these nano-
particles liganded with aptamers, for the delivery of imag-
ing molecules and drugs (Mody et al. 2010). In an experi-
ment, twelve cancer cell lines have been checked by gold
nanoparticles complexed with AS1411 aptamer. Overall,
almost 17% of increased cell death has resulted from
these conjugated gold nanoparticles as compared to free
AS1411 aptamers. In addition to this, the active trafficking
of AS1411-conjugated gold nanoparticles possessed active
transportation across the nuclear membrane and induced
apoptosis accordingly (Dam et al. 2014).

The aptamer complexed to metallic nanocarriers
increases the binding affinity of these particles. This bind-
ing affinity has been checked on CCRF-CEM cells, using
Au-Ag nanoparticles, complexed with sgc8c aptamer. This
complexing of aptamer has enhanced the binding affinity
by 26 times as compared to the dye-labelled aptamer alone
(Huang et al. 2008).

Silica nanoshells have also been reported to be con-
jugated with several aptamers to achieve different goals.
In this regard, HER2 aptamer (HBS5) conjugated with sil-
ica—carbon nanoparticles were loaded with doxorubicin,
which has been used for chemo-photothermal therapy of
HER2" breast cancer cells. The outcome demonstrated a
greater synergistic cytotoxicity by this combined therapy
as compared to individual photo- or chemotherapy alone
(Wang et al. 2015).

A redox sensitive, mesoporous nanocarrier was loaded
with doxorubicin and was sealed with cytochrome and con-
jugated with AS1411 aptamer for specific targeting. This
type of nanoparticle was found to exhibit triple therapeutic
effects to tumors as cytochrome helps in protease activation,
doxorubicin enhances the apoptosis and AS1411 stabilizes
the anti-apoptotic protein BCL-2 (Zhu et al. 2014).

In addition to the above-discussed nanoparticles, it is
worth mentioning that carbon-nanotubes are non-biode-
gradable. An aptamer (hnRNP) has been conjugated with
carbon nanotubes, and has been used to bind with multiple
tumor cell lines. These hnRNP-nanotubes minimize the
tumor proliferation by inhibiting heterogenous nuclear rib-
onucleoprotein (hnRNP) A2/B1 (Zhang et al. 2015a, b, c).
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Diagnostic applications of oligonucleotide
aptamers

Applications of DNA aptamers

In 1992, the first ssDNA aptamer was obtained from
human thrombin and since then DNA aptamers have been
applied in various fields, especially in the diagnosis and
treatment of various diseases (Tucker et al. 2012; Xing
et al. 2014). The DNA aptamers have been utilized inde-
pendently for the diagnosis of cardiovascular complica-
tions, infectious diseases and mainly cancer (Wang et al.
2011a, b). The major convenience of cell-SELEX has led
to the utilization of DNA aptamers, which are selected
against cancer cells of breast, colon, gastric, and liver
etc., directly without the requirement of preparation and
purification of disease-specific biomarkers. Generally, it
requires positive selection with tumor cells and negative
selection with normal cells (Fang and Tan, 2010; Sefah
et al. 2010).

The DNA aptamers are typically selected from the
libraries with longer and randomized sequences to achieve
more complicated structural variations. To study the role
of different DNA-based aptamosomes against many types
of cancer cells, several researchers are engaged in this
modern and innovative field. An aptamosome was syn-
thesized with guanosine rich 26-mer DNA aptamer called
AS1411. This aptamer showed a robust binding affinity
with nucleolin (bcl2 mRNA-stabilizing protein), which
is overexpressed on the cell surface of different types of
malignant cells, including breast cancer and leukemia
(Soundararajan et al. 2008, 2009). This aptamer or its apta-
mosome is quite resistant against nuclease degradations.
In addition, this aptamosome has been used to cargo cis-
platin, which is used as a cytotoxic agent for MCF-7 cells
(Vandghanooni et al. 2018). In comparison to this, no such
activity was found by liposomes without this aptamer, or
the liposomes liganded with a non-aptameric DNA strand.

An aptamer (AS1411) containing liposomes carrying
doxorubicin drug was synthesized, which showed efficient
internalization and better cytotoxicity to MCF-7 breast
cancer cells (Zhang et al. 2017). In addition, A DNA
aptamer sgc8 was created, possessing great affinity with
CEM-CCRF leukemia cells. Using this oligonucleotide,
joined with PEG as a spacer arm, an aptamosome was gen-
erated for fluorescein isothiocyanato-dextran as a model
drug (40°’Donoghue 2010). In 2006, Macugen was used
as the first very popular aptamer-based therapeutics, for
the treatment of macular degeneration, and approved by
FDA (Lee et al. 2008; Deissler et al. 2008). The role of
some special DNA aptamers in different diseases, targeted
against specific ligands is represented in Table 5.
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Table 5 DNA aptamers and their role in different diseases, targeted against specific ligands

Length (mer) Ligand/target

References

Disease DNA aptamer name

Infectious diseases 2008a 35
Sequence (2) 74
4C6 45

LmWC-25R and LmHSP-7b/11R 36

Cancer 32 30
Aptamer BC15 111
DNA aptamer HB5 19
DNA aptamer A and C 32
SYL3 DNA aptamer 38
MUCI1 DNA aptamer 33
AGC 03 40
C-2 50
Cy-apt20 52
JHIT2 25
GMB128 45
GMT3 42
LXL-1 45
SYL3-C 40
Vea5 (SL2-B) 30
Wy-5a 45
XL-33 45
XQ-2d 42
y119 40

Cardiovascular disease Hcy8 60
Myo040-7-27 40

Food borne disease DNA aptamer 20

Plasmodium falciparum LDH (PfLDH)
HA protein (H5N1)

Truncated murine prion protein
(H-MoPrPy »3,)

Leishmania promastigote and hydro-
philic surface protein (HSP)

Glioblastoma multiforme cells (U87A)
epidermal growth factor receptor vari-
ant III (EGFRVIII)

Heterogenous nuclear ribonucleoprotein  Li et al. (2009)
Al (hnRNP Al)

Her 2 (human EGFR 2)

TTF1 (a member of the NK homeodo-
main transcription factor)

EpCAM (epithelial cell adhesion
molecule)

MUCI! peptide
Gastric cancer cells (HGC-27)
Liver cancer cells (HepG2)

Cheung et al. (2013)
Wang et al. (2013)
Xiao et al. (2012)

Bruno et al. (2014)

Tan et al. (2013)

Liu et al. (2012)
Murphy et al. (2003)

Song et al. (2013)

Ferreira et al. (2006)
Zhang et al. (2014)
Ninomiya et al. (2013)
Cao et al. (2014)

Xu et al. (2015)
Lietal. (2014a, b)
Bayrac et al. (2011)
Urata et al. (1992)

Gastric carcinoma cells (AGS)

Liver cancer cells (HepG2)
Glioblastoma cells (U118-MG)
Glioblastoma multiforme cells (A172)

Metastatic breast cancer cells (MDA-
MB-231)

Solid cancer
Cancer cells biomarker: VEGF165)

Song et al. (2013)

Kaur and Yung (2012);
Hasegawa et al. (2008)

Wang et al. (2014a, b, c, d)
Li et al. (2015)
Wu et al. (2015)

Prostate cancer cells (PC-3, metastatic)
Metastatic colon cancer cells (SW620)

Pancreatic ductal adenocarcinoma
(PDAC) cells (PL45)

Cholangiocarcinoma cells (QBC-939)
L-homocysteine

Wan et al. (2015)
McKeague et al. (2013)
Wang et al. (2014a, b, c, d)
Han et al. (2013)

Myoglobin
OmpC

Applications of RNA aptamers

Recently, a good momentum has been found in RNA
aptamer technology because of approval by food and drug
administration (FDA) (Stein and Castanotto 2017). Differ-
ent RNA aptamers have been synthesized against intra- and
extracellular components of signaling pathways, in addition
to cell surface markers. The therapeutic applications of dif-
ferent RNAs include, short hairpin RNA (shRNA), antisense
oligonucleotides (AS OGNs), siRNA, micro RNA, ribozyme
and RNA aptamers (Sundaram et al. 2013).

RNA aptamers possess unique advantages as compared
to other types of RNAs, as they can directly bind to extra-
cellular targets, to either activate or inhibit their functions.

RNA aptamers are efficient therapeutic agents in the blood
stream, cell surface proteins and ocular divisions (Shigdar
etal. 2011; Ng et al. 2006). In addition to binding with cell
surface proteins, RNA aptamers are used as aptamosomes
to deliver different therapeutic items including small mol-
ecules, antioxidants or peptides.

In 2004, Pegaptanib, was the first RNA aptamer synthe-
sized against VEGF, for the therapeutic use against age-
related macular degeneration. As we now clearly know that
VEGF plays a major role in angiogenesis, through binding
with its receptor, VEGF-R1 and -R2. By some alternate
splicing, the VEGF gene expresses four main isoforms at
different amino acid residues, like 121, 165, 189 and 206.
During diabetic macular edema and age-related macular
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degeneration, an unusual neovascularization occurs due to
overexpression of VEGF 45 isoform. The RNA aptamers
have been synthesized precisely, targeted against VEGF 45,
with enhanced affinity and efficient specificity. The pre-
clinical trials have clearly shown that these aptamers pos-
sess great inhibitory activity against VEGF 45 functions for
vascular permeability and endothelial mitogen promotion.

Recently, an innovative antitumor drug-encapsulated
liposome was engineered against prostate-specific mem-
brane antigen and conjugated with RNA aptamer. This
RNA-aptamosome was synthesized by the post-insertion
method, involving the attachment of RNA-aptamer-con-
jugated micelles. These nanosomes (~100 nm) aptamer-
liganded liposomes possessed specificity for LNCaP pros-
tate epithelial cells expressing PMSA. The expression of
PMSA significantly increased the possibility of such tar-
geted RNA—-aptamosomes binding and uptake as compared
to liposomes lacking PMSA aptamer.

The RNA-aptamosomes carrying the anticancer drug
doxorubicin were notably more cyto-toxic against LNCaP
cells as compared to non-targeted tumor cells. To further
clarify the efficiency of the anticancer activity of doxoru-
bicin and the role of PMSA aptamosome, LNCaP adminis-
tered xenograft nude mice were selected. It has been demon-
strated that upon the administration of such liposomes, there
occurs regression of tumor size in LNCaP xenograft mice.
These experiments clearly reveal the importance of such
aptamosomes in clinical practice and the minimal toxicity
of such chemotherapeutics. At present, there are many RNA
aptamers under preclinical and clinical trials for the treat-
ment of different diseases like diabetes and cancer. The role
of some special RNA aptamers with varied size in different
diseases, targeted against different ligands is represented in
Table 6.

Limitations and future prospects
of aptamers

The use and selection of an aptamer is relatively a challeng-
ing task, as there are several factors that need to be addressed
before a fruitful selection of an experiment can be man-
aged. First, the fine purification of a target protein is a must,
and in addition to this, the library design and its amplifica-
tion are also keys to get a satisfactory result. The nucleic
acid aptamers have certain limitations as compared to pep-
tide aptamers, as the limited set of nucleotides as building
blocks of nucleic acid library. The four nucleotides, either
in RNA or DNA in conjunction with ribose or deoxyribose,
have a limited chemical diversity in comparison with 21
proteogenic amino acids which facilitate different types of
molecular interactions and chemical bonds. Furthermore, the
in vitro experiments for the selection of a specific aptamer
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have uncertain predictions of success as a specific combina-
tion of the nucleic acid library with a target protein. How-
ever, these limitations of aptamer use have been overcome
recently by the introduction of at least an additional chemi-
cal entity by one nucleotide modification at the C5 position
of uridine. The new aptamer variants are known as clickmers
and SOMAmers (Tolle and Mayer 2013; Rohloff et al. 2014;
Tolle et al. 2015).

One more limitation in applicability of the aptamers is
their inability to cross the plasma membrane by passive dif-
fusion. However, several strategies are applied to overcome
this challenge like the use of nanoparticles (Ryou et al.
2011), transfection with liposomes (Hwang et al. 2012), or
by viral or plasmid delivery (Choi et al. 2006). In addition
to this, the patch-clamp technique is a sophisticated and
straightforward method, especially, for the investigation of
neuronal the cells (Lennarz et al. 2015).

While the initial stages in any research and technology
have limitations and doubts, and are hardly green-signaled,
in contrast, the aptamer science has made substantial
advances over the last two decades. The limitations and
challenges of aptamers are based on issues of cost and man-
ufacture, route of administration, efficiency, and applicabil-
ity (Bruno 2015). Nevertheless, the overall advantages and
vivid future outlooks of aptamers outweighs their most of
the limitations. Aptamers have extraordinary target sensitiv-
ity and specificity, opportunities for substitute formulations,
the scale of preparation, compatible biophysical and phar-
macokinetic properties, program of administration, and labo-
ratory economics. So aptamers have professionally found
themselves a commanding niche, and are well known as a
promising new class of super medication.

The proof-of-concept trials, which illustrate that aptamers
can precisely bind and control the functioning of different
biomedically important proteins, promise us very well for
upcoming aptamer-based diagnostics and drugs develop-
ment. Our prescient expectation is that the next phase of
aptamer development and their clinical applications will rev-
olutionize the proper drug discovery and efficiently targeted
delivery processes, as well as the way of diagnosis, treatment
and prevention of diseases (Rozenblum et al. 2016).

Conclusion

The advancement of nucleic acid aptamers and their broad
range applications in diverse human disease diagnosis and
therapy, have led these compounds a mighty potential to be
employed as an alternative to antibodies. Even though anti-
bodies are magnificently and comprehensively used in the
treatment of different human diseases, these antibodies are
still expensive in all parameters. Nucleic acid aptamers are
anticipated to reach a parallel success to antibodies in near
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Table 6 RNA aptamers targeted against different ligands and their role in different diseases

Length (mer) Target

References

Disease RNA aptamer name
Oncogenic protein RNA aptamer G4 139
Hepatocellular carcinoma AFP aptamer 33
Breast cancer (human breast Class III GSH aptamer 8.17 41.8
adenocarcinoma cell line,
MCF-7)
Breast and lung cancer Anti-EGFR aptamer (E07) 2.4
Cancer 2'F RNA and 2'NH2 aptamer  na
Cancer and inflammation RNA aptamer 54
Prostate cancer Anti-PMSA chimera na
Colon cancer Aptamer number 5 100
Glioblastoma breast cancer TTA1 5
Ovarian cancer RNA aptamer 1
Wilm’s tumor RNA aptamer 22 700
Colon cancer RNA aptamer 5
Carcinogenic and DNA damag- MDA aptamer M1 450
ing agent
HIV RNA aptamer 19-36
RNA aptamer S66A-C6, 406
RNA aptamer S69A-C15 637
Anti-gp120 aptamer chimera  na
Neuromuscular disorder Class 1 and Class I AChR 2 and 12
aptamer
Antiviral activity via modulat- RNA aptamer 37
ing IFN a/p production
Malaria DBL1a-specific RNA aptamer 33
Inflammation RNA aptamer 17
Age-related macular degenera- Pegaptanib sodium, NX 1838  0.05
tion
Alzheimer’s disease RNA aptamer 2948
Alzheimer’s disease RNA apt TH14 280

K-Ras-derived protein
AFP (fetal protein)
Glutathione

Epidermal growth factor
receptor

Human keratinocyte growth
factor

NF-xB p50 homodimer

Prostate-specific membrane
antigen

T cell factor 1

Tenascin-C

TGFp type III receptor

WT1

p-Catenin

MDA (4,4'methylene-dianiline)

Rev peptide

V3 loop of gp120
HIV-1IRT

Glycoprotein 120 (gp120)
Acetylcholine receptor

RIG1 (1-925aa)

Erythrocyte membrane protein
1 (PfEMP1)

L-selectin
VEGF 165

Amyloid beta-peptide A4
1-40)

Beta-Secretase BACE1 (B1-
CT)

Gilbert et al. (1997)
Lee and Lee (2012)
Bala et al. (2011)

Lietal. (2011)
Pagratis et al. (1997)

Huang et al. (2003)
McNamara et al. (2006)

Lee et al. (2005a, b)

Hicke et al. (2001, 2006)
Ohuchi et al. (2006)
Bardeesy and Pelletier (1998)
Lee et al. (2006)

Brockstedt et al. (2004)

Xu and Ellington et al. (1996)
Gronewold et al. (2009)
Gronewold et al. (2009)

Zhou et al. (2008)

Ulrich et al. (1998)

Hwang et al. (2012)
Barfod et al. (2009)

O’Codnnell et al, (1996)
Lee et al. (2005a, b)

Ylera et al. (2002)

Rentmeister et al. (2006)

future. Because of their good stability, lower cost of produc-
tion and easy manipulation, nucleic acid aptamers are very
promising to be comprehensively reviewed and applied in
human disease management.

Although, the modified nucleic acid aptamers have
improved stability, the higher expenditure of chemically
modified RNA production might limit their study and
applications to some extent. However, these RNA aptam-
ers have a good advantage in presenting additional com-
plex and varied 3D structures, which is very advantageous
for selecting such aptamers with greater affinity for highly
complex targets required for specific disease therapy. In this
aspect, DNA aptamers may possess extra promising clinical
applications in disease diagnosis and in vivo imaging, while

the extra modified RNA aptamers may retain more assuring
applications in disease therapy. In this period of personal-
ized medicine, nucleic acid aptamer-based diagnostics and
therapeutics is assumed to have a greater potential for broad
range applications, as the aptamers possess a good flexibility
to bind specifically to broad range of molecular targets and
generally cancer cells. Some of the limitations of aptamers
like nuclease breakdown, fast renal elimination and cross-
reactivity of some aptamers needs are analyzed in future
research. Even though aptamers have wide applications,
there are still so many limitations that continue to be tackled.
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