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ABSTRACT: Aptamers are oligonucleotide sequences with a length of @ @ Extracellular
about 25—80 bases which have abilities to bind to specific target - ‘ '.lﬂ() o’
molecules that rival those of monoclonal antibodies. They are attracting | i :
. . . .. . . . Conjugate Modified aptamer
great attention in diverse clinical translations on account of their various Endocytosis _mo

advantages, including prolonged storage life, little batch-to-batch _.III() ® o 'J\_mo ,’ ' *

differences, very low immunogenicity, and feasibility of chemical ApDC

tamer
modifications for enhancing stability, prolonging the half-life in serum, c:‘v,ldldate = ¥ Targetcell
and targeted delivery. In this Review, we demonstrate the emerging | e M S -
aptamer discovery technologies in developing advanced techniques for Therapeutio ‘ g
. . 1 . . molecule g t : Nucleus
producing aptamers with high performance consistently and efficiently SELE’Q Aptamer modified
vehicle Target protein

as well as requiring less cost and resources but offering a great chance of ___---______________________ Ses.
success. Further, the diverse modifications of aptamers for therapeutic

applications including therapeutic agents, aptamer—drug conjugates, and targeted delivery materials are comprehensively
summarized.
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1. INTRODUCTION batch-to-batch differences, reversible folding features, and very
low immunogenicity compared to monoclonal antibodies
(Table 1).” Further, the most important property of aptamers
rests with the feasibility by which these oligonucleotide
sequences can be easily modified and engineered into
aptamer—drug conjugates (ApDCs)® and targeted delivery
materials,” which facilitates their clinical translation into

Aptamers are oligonucleotide sequences with a length of about
25—80 bases that mimic monoclonal antibodies. They generally
fold into diverse three-dimensional structures that bind to
specific targets. An aptamers selection process, named System-
atic Evolution of Ligands by Exponential Enrichment (SELEX),

was developed in 1990 by Tuerk and Gold," and Ellington and th u lications. Most i ¢ ) tant
Szostak.” A large number of aptamers targeting small metal ion, C1apetic appucations. Y ost recently, a grear many importan

. . . . : . applied paradigms have been demonstrated in the field of
amino acids, organic molecules, proteins, viruses, bacteria, whole PP P 8 3 . 7.
cells, and animals have been produced in recent years 3 therapeutic research.” First, similar to monoclonal antibodies,

, .

i, . . aptamers act as inhibitors that can interfere with the normal
However, conditional aptamer discovery techniques are function of a target protein and be applied as therapeutic agents
inefficient and laborious. Furthermore, these methods often §etp PP P &

. . D 1 directly after some chemical modifications in order to improve
fail to generate aptamers with enough binding ability compared 7 : . .
13 the ability to resist nuclease degradation and prolong the action
to monoclonal antibodies.” In the past few years, much research . . . . 10
. .. . ) time (as discussed in detail below).'” Second, some aptamers are
has been carried out toward developing innovative techniques

; 1 ) internalized after binding to receptors on the cell surface, which
for producing aptamers with high performance consistently and ) .
] . ; makes them valuable as targeting agents for microRNAs, small
efficiently, and at the same time with fewer resources and, above

interfering RNAs (siRNA: ional small-molecul
all, a greater chance of success.” The majority of efforts have interfering s (s s), conventional small-molecule drugs

focused on systematically altering every important step of the

aptamer-generating process—selection, analysis, and sequenc- Special Issue: Materials Applications of Aptamers
ing—Dby applying many cutting-edge technologies in biology, Received: March 31, 2020
physics, and chemistry, including microfluidic devices (M- Accepted: June 15, 2020
SELEX)® and high-throughput sequencing (HTS). Published: June 30, 2020
In practical applications, aptamers benefit from their

convenience of generation, low manufacturing cost, little
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Table 1. Comparison between Nucleic Acid Aptamers and Monoclonal Antibodies

stability

preparation

target potential

size

nucleic acid aptamers
withstand repeated rounds of denaturation/renaturation
temperature resistant: stable at room temperature
long shelf life (several years)
can be lyophilized
degradable by nucleases

resistant to proteases
in vitro SELEX takes only 2—8 weeks
no batch-to-batch variation

cheap to synthesize

from ions and small molecules to whole cells and live animals

small molecules

monoclonal antibodies

easily denatured

temperature sensitive and require refrigeration to avoid denaturation
limited shelf life

must be refrigerated for storage and transport

degradable by proteases

resistant to nucleases

produced in vivo, more than 6 months
batch-to-batch variations

laborious and expensive

targets must cause a strong immune response for antibodies to be
produced

relatively large by comparison

modifiability aptamers can be readily and easily modified without affinity ~modifications often lead to reduced activity
loss
affinity high and increased in multivalent aptamers dependent on the number of epitopes on the antigen
specificity single-point mutations identifiable different antibodies might bind the same antigen
tissue uptake/kidney fast slow
filtration
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Figure 1. Schematic of the selection process for DNA and RNA aptamer libraries. Starting with a randomized library incubated with the target (1),
bound species are partitioned and stringently washed (2), followed by elution of the desired species. For RNA selections, recovered material must be
reverse transcribed, followed by polymerase chain reaction (PCR) amplification (3) and transcription back into RNA to generate the library for the
next round. DNA selections, however, are ready for PCR amplification after elution (3), but afterward must be separated from the complement strand
before the resulting ssDNA pool can be used for the next round.
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Figure 2. Schematic illustration of the conventional SELEX processes (upper) and microfluidic SELEX (lower). All three major steps of aptamer
discovery (selection, analysis, and characterization) were optimized. The selection process with microfluidic devices allowed rapid and efficient
partitioning of aptamer candidates from random nucleic acid libraries. Next, rather than identifying aptamers by individually choosing clones for
sequencing, high-throughput sequencing (HTS) was utilized to analyze much larger pools of aptamers. Finally, the labor-intensive process of
individually measuring aptamer affinity and specificity was conducted by using DNA microarrays and automated analysis.

(ApDCs), and beyond."' ™" Lastly, attributed to their chemical
synthesis properties, aptamers are easy to couple with liposomes
and other carriers to form a smart delivery system, so that small
molecules, peptides, nucleic acids, and even the CRISPR/Cas9
system can achieve targeted delivery.'*

Although great improvements have been achieved, lags still
exist in the clinically successful use of aptamer-based
therapeutics compared to that of monoclonal antibody-based
agents. Pegaptanib (Macugen; Pfizer/Eyetech)" is the only
aptamer which has been approved by the U.S. FDA for clinical
use. Currently, aptamers have two main weak points, ie.,
susceptibility to the hydrolysis of nuclease and rapid clearance
through glomerular filtration, which give aptamers a very short
half-life in vivo.'® These pose significant problems, which have
hampered their clinical transformation. In order to increase the
circulation halflife (t;,,), a number of methods have been
attempted, focusing on either the chemical modification of the
aptamer’s nucleic acid chain or the conjugation of the aptamer
with coupling agents to achieve long-lasting action.'”

Herein, we address the innovative technologies in aptamer
discovery, highlight the diverse modifications of aptamers for
therapeutic applications, and summarize the promising delivery
systems in aptamer-derived targeted materials. Despite the
limitations, great progress has still been made in aptamer
selection and modification, which may encourage researchers to
continue pursuing aptamer-based therapeutics. This Review
aims to provide a deeper understanding of the research and
development regarding aptamer-based clinical therapeutic
agents.
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2. APTAMER DISCOVERY TECHNOLOGIES

SELEX is still a gold-standard strategy for the generation of
nucleic acid aptamers. The selection cycle, whether for DNA or
RNA sequences, on proteins, on cellular levels, or in living
animals, requires three pivotal steps: (i) incubating a target with
a library containing randomized sequences, (ii) partitioning
bound sequences from non-bound sequences, and (iii)
recovering and PCR amplifying the bound sequences.'® The
selection cycle is then repeated until the sequence is enriched
with the desired affinity (Figure 1). Mostly, fundamental
methods in the discovery of aptamers have not changed.
However, several critical improvements have been meaningfully
innovated in the way that aptamers can be characterized from
the selection process, the target types that can be explored, and
the modifications in which aptamers can be applied, expandmg
the practical applications of aptamers both in vivo and in vitro.

It should be noted that aptamers selected in vitro may not be
functional in vivo.””*' SELEX based on living animals could be a
promising solution.”” In this approach, the oligonucleotide
library is first administered to the animal through intravenous
injection. Either a tissue or organ with specific research purpose
is then harvested, and the bound oligonucleotide chains are
extracted. The recovered sequences are then amplified by PCR
to make a new library for further selection processes. This
amazing methodology indicates the efficacy of SELEX based on
living animals as a direct selection method for producing
aptamers which are compatible with in vivo applications.

2.1. Conventional SELEX. Typically, a selection process
begins with a nucleic acid library containing a random region
with 20—60 nucleotides extended by fixed primer regions at
both 5" and 3 ends.'® Initially, a combinatorial oligonucleotide

https://dx.doi.org/10.1021/acsami.0c05750
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Figure 3. SELEX with modified nucleotide bases, sugar rings, or phosphates. (a) Modifications (R) are employed for the selection of SOMAmers
including benzyl, naphthyl, and indole (right). (b) Modifications (including F, NH,, OMe, LNA) on sugar rings can be incorporated into aptamers
during selection. (c) Increased stability can also be garnered though phosphorothioate (PS) and phosphorodiothioate (PS2) linkages.

pool consists of up to 10" unique oligonucleotide sequences
theoretically, ensuring adequate structural diversity to obtain
binders with high affinity. After repetitive selection cycles which
consist of binding, partitioning, recovery, and PCR-amplifica-
tion steps, aptamers with specific sequences are enriched and
form the dominant library species (Figures 1 and 2). Recent
progress in sequencing methodologies and computerized
analyses has provided greater insight into the dynamics of
aptamer generation during selections, enhancing the identi-
fication of effective sequences from earlier rounds of selection.”
Nowadays, a series of new polymerases are available to harvest
selection libraries with high stability to nuclease hydrolysis,
diminishing the need for laborious post-selection modification.
Stabilized derivatives with alterations on the sugar rings,
including 2'-fluoro (2'-F) ribose, 2’-amino (2’-NH,) ribose,
2/-O-methyl (2’-OMe) ribose, or locked nucleic acids (LNAs,
bridging the 2’- and 4’-ribose positions covalently) on the
nucleotide residues, have been applied for incorporating
unnatural nucleotides into oligonucleotides for several years
utilizing a mutant of T7 RNA polymerase.'” They are effective in
extending the serum half-life for further therapeutic applica-
tions.”*

2.2, SELEX with Modified Nucleotide Bases, Sugar
Rings, or Phosphates. Interestingly, through modifications on
the bases, aptamers with enhanced binding affinities are being
produced, which endows them with protein-like properties.” In
this field, Somalogic has made considerable progress by using
chemical modifications on bases to give aptamers more
structural diversity and stronger target binding ability. Their
“slow off-rate modified aptamers” (SOMAmers) demonstrate
enhanced binding affinities and kinetics compared to conven-
tional aptamers. Besides, the incorporation of these modifica-
tions on bases in their selection pool markedly increases the “hit
rate”.”® The advantage of this strategy arises from replacing the
dT bases within oligonucleotide libraries with a dU base
modified at the S-position of the heterocyclic base.”” With a
number of hydrophobic replacements at the S-position,
including simple benzyl, a bit bigger naphthyl, and the more
complicated indole, a great number of new aptamers have been
discovered for targets that were unselectable previously (Figure
3a). Of additional note, SomaLogic has now identified great
numbers of SOMAmers for more than 5000 diverse protein
targets that are essential for either normal or disease
conditions.”® The company is exploring varieties of SO-
MAmers-based array techniques, including SOMAscan and
SOMApanel, for disease-related proteomics and clinical
applications.”” Additionally, modifications on the sugar ring,
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including 2'-F-ribose, 2'-NH,-ribose, 2’-OMe-ribose, or LNAs
(bridging the 2" and 4'-ribose positions covalently) (Figure 3b),
have been introduced by incorporating unnatural nucleotides
into oligonucleotides using the mutational T7 RNA polymerase,
enzymatically. All these techniques are effective in improving the
stability to nucleases and prolonging serum half-life.”"~**

Phosphate linkage modifications can also be introduced into
aptamers for stabilizing the chains of nucleic acids by replacing
conventional phosphate (PO) backbones with sulfur-containing
phosphate ester bonds**~*, including phosphorothioate (PS)
bonds and more recently phosphorodiothioate (PS2) bonds™"**
(Figure 3c). It should be noted that the replacement of two non-
bridging oxygen atoms in one phosphate ester unit with sulfur
atoms (PS2) is achiral at phosphorus, which is similar to natural
DNA. However, in the case of PS linkages, substitution is chiral
(Sp or Rp configuration), which could adversely affect the
biological function.

Additionally, Kimoto et al.*” reported the incorporation of up
to three unnatural nucleotides with the 7-(2-thienyl)imidazo-
[4,5-b]pyridine (Ds base) nucleotides into an oligonucleotide
library. The selection experiments were carried out against two
protein targets, vascular endothelial cell growth factor-165
(VEGF-165) and interferon-y (IFN-y). The resulting DNA
aptamers had Kj values of 0.65 pM and 0.038 nM, respectively,
with more than a 100-fold improvement in affinities compared
to the aptamers containing natural bases. The group of Kimoto
et al.* further developed a newer version of genetic alphabet
expansion for SELEX (ExSELEX), applying a totally random-
ized sequences pool consisting of five components: one
unnatural hydrophobic base (Ds base) and four natural bases.
The hit rates of aptamers with high affinity were significantly
improved by the increased diversity of the novel randomized
library. With the improved library, a Ds base-containing aptamer
targeting von Willebrand factor Al-domain (vWF) with
significantly higher affinity was obtained. This new library
strategy is expected to discover more high-affinity aptamers
consistently.

Two new nucleotides,*’ 6-amino-5-nitro-3-(1'--p-2'-deoxy-
ribofuranosyl)-2(1H)pyridone and 2-amino-8-(1'-f-p-2'-
deoxyribofuranosyl)imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (Z
and P), were also added to the aptamer selection library used in a
laboratory in vitro evolution experiment. Recently, Tan et al.
introduced the artificial nucleotide to cell-based SELEX and
generated aptamers for the regulation of protein activity."”

2.3. Mirror Image Aptamers: Spiegelmers. To bypass
the degradation of nucleases in the body, the invention of mirror
image aptamers (or “spiegelmers”, Figure 4) is a very different

https://dx.doi.org/10.1021/acsami.0c05750
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RNA library
Natural target Mirror-transformed target
SELff/)
Spiegelmer Aptamer, Amplification
Spiegelmer (L-configuration) Natural aptamer (D-configuration)

binding to natural target binding to mirror-transformed target

Figure 4. Illustration showing the generation of an RNA-spiegelmer. As
a first step, a mirror image of the natural target is synthesized. RNA
oligonucleotides (aptamers) binding to the mirror-image selection
target are then identified by in vitro selection from a synthetic
oligoribonucleotide library in the natural p-configuration. The natural
D-configuration is required because stereoselective enzymes are used for
amplification, cloning, and sequencing of bound sequences. Identified
sequences are finally synthesized using enantiomeric (L-) ribo-
nucleotides. The resulting spiegelmer binds to the natural target.

and effective strategy.*’ Spiegelmers are oligonucleotide chains
composed of L-nucleotide, as opposed to the natural sequences
composed of p-nucleotides. They could form left-handed helices
instead of the conventional right-handed helices.** They exhibit
exceptional stability in serum, as they are recognized by
ubiquitous nucleases. SELEX of Spiegelmers starts with natural
sequences composed of D-nucleotides against mirror image
targets such as D-peptides to obtain the aptamers with natural
nucleotides.*” The expected Spiegelmers (mirror versions) are
then prepared in the inverted configuration as natural aptamers
by chemical synthesis, which recognizes the natural target (L-
peptide). The NOXXON company has filed a series of patents
for the discovery, preparation, and application of spiegelmers.
The company is taking advantage of the innovative discovery
platform in developing spiegelmer-based therapeutics.*® Cur-
rently, three spieglemers have been develo;)ed for therapeutic
applications: NOX-H94 (anti-hepcidin),”’ NOX-E36 (anti-
CCL2)," and NOX-A12 (anti-CXCL12)." In phase 1 studies,
all three candidates have exhibited good safety in healthy
volunteers. Moreover, both NOX-H94 and NOX-A12 have also
demonstrated exciting effectiveness in phase 2 studies. Extra
clinical trials are currently being conducted in evaluations, with a
number of other spiegelmers in the pipeline.

2.4. Microfluidic SELEX with High-Throughput Se-
quencing. Conventionally, SELEX begins with a randomized
library of single-stranded nucleic acid sequences with diverse
three-dimensional structures. The regions of randomized
nucleotides in nucleic acid sequences supply the unique
structure, supporting further biochemical properties. It employs
the three main processes (described above) to generate
aptamers that bind to a target specifically. Typically, a SELEX
process concludes with the sequencing analysis of fewer than
100 sequences. However, general SELEX is restricted to the
intrinsic inefliciencies in the separation steps. Irvine et al.
demonstrated that, in one round of SELEX, the maximum
enrichment that can be realized for a specified z_i(g)tamer relative
to another is equal to the ratio of their K, values.™ This indicates
that several cycles of the selection process (10 or more in
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common) are needed to achieve a manageable number of
candidates that can be characterized experimentally when
starting with ~1 nmol (6 X 10'*) of molecules in a typical
SELEX experiment. The requirement for multiple selection
cycles becomes a problem, which could inevitably bring
undesired biases, including the loss of rare binding sequences,
biases in PCR process, and the unexpected amplification of non-
target-specific sequences. As these biases continuously accumu-
late over multiple selection cycles, the chance of failed SELEX or
obtaining aptamers with poor binding affinity will increase. To
solve these problems and increase reproducibility, microfluidic
devices are now designed to allow researchers to maintain strict
experimental control over a small amount of target reprodu-
cibly.”" Within the microfluidic device, there are a series of
ferromagnetic items which are used to realize steady trapping of
paramagnetic beads with the target coated on them. After the
trapping of the bead, the washing buffer is passed through the
device tubes directly, and subsequently the beads are treated
with a highly stringent washing procedure. Benefiting from the
automatic advantages of microfluidic devices, the majority of the
unbound oligonucleotides are washed away within a few
minutes. By stringently and precisely controlling the washing
conditions, these studies exhibit that the use of automatic
microfluidic devices can screen aptamers with higher affinity
after fewer rounds of selection compared with general SELEX.>”
Typically, Sanger sequencing is applied when the candidate
aptamers are screened to a relatively small number of
oligonucleotides, and accordingly the most abundant oligo-
nucleotides containing “consensus motifs” can be confirmed in
general SELEX. However, the number of sequences that can be
realistically obtained is relatively small, and these enriched
oligonucleotides may not truly represent the best binders in a
starting library. In order to overcome the defect of inherent low
throughput of general sequencing and better analyze the
enriched aptamer candidates, HTS is applied in the selection
cycle together with microfluidic devices (Figure 2). HTS can
discriminate the highest-fold enrichment in the early rounds of
selection by monitoring the enrichment track of each selection
cycle.”® Many researchers have agreed that the aptamers with the
best affinity are usually those that bind to the target most rapidly
in the very early selection cycles. Accordingly, it is possible for
microfluidic SELEX together with HT'S to become an even more
universal technique for aptamer discovery.>>

3. LIMITATIONS OF UNMODIFIED APTAMERS FOR
THERAPEUTIC APPLICATIONS

Although nucleic acid aptamers have many merits, their intrinsic
physicochemical properties can lead to unsuitable pharmacoki-
netic curves caused by instability to nuclease degradation, rapid
renal clearance, rapid distribution from the plasma to the specific
tissues (the liver or spleen), polyanion effects, and non-specific
immune response.” All these hinder their in vivo therapeutic
potencies. To pave the way for the clinical application of
aptamer-based therapeutics, extensive modifications on aptamer
chains and conjugations with functional molecules are therefore
needed.

3.1. Sensitivity to Nucleases. Due to the innate properties
of oligonucleotides, aptamers suffer from rapid degradation
mediated by ubiquitous nuclease.”* The half-lives of unmodified
nucleic acids are commonly about S min in serum and no more
than 1 h in cells.”" An anti-thrombin DNA aptamer was shown
to have a half-life as short as 108 s in vivo,”> while an RNA
aptamer against keratinocyte growth factor was easily hydro-
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Figure S. Common strategies in the chemical modifications of nucleic acid aptamers and their purposes. Among modifications on the terminals of
nucleic acids, modifications on the phosphodiester linkage, modifications on the sugar ring, and modifications on the bases, 3" end-capping with
inverted thymidine and PEGylation has been the common strategy in the chemical modifications of nucleic acid aptamers for development of clinical
therapeutics. Novel techniques including circular aptamers and lipid-conjugated oligonucleotides utilizing endogenous serum albumin are also

reported.

lyzed within seconds in 90% human serum.’® Accordingly, a
series of techniques have been established to protect aptamers
from nuclease degradation. Generally, the modification sites
include (1) either end of the oligonucleotide, (2) the sugar ring,
and (3) the phosphodiester backbone. In addition, the majority
of the aptamers clinically applied are modified by capping the 3’
end with inverted thymidine (pegaptanib, ARC1779, ARC190S,
REG1, BAX499).”” A number of modifications are possible on
riboses, such as 2'-F, 2’-NH,, or 2’-OMe substitutions,
isonucleotide substitutions, and replacement of ribonucleotide
analogues with locked nucleic acid (LNA, linking 2’-O and 4'-C
of the ribose with a methylene bond).”® The application of
spiegelmers to prevent aptamers from nucleases degradation is
also an effective strategy.””

3.2. Elimination by Renal Filtration. In addition to the
fast nuclease-mediated degradation, aptamers could also be
eliminated through renal clearance rapidly.”” The molecular
weights of aptamers range from 6 to 30 kDa, and their average
diameter is less than 5 nm." Small aptamers are excreted rapidly
through renal filtration when they are administered into the
bloodstream in the non-formulated form, even adopting
stabilizing modifications (described above). Accordingly,
formulation with a bulky moiety is an effective way to prevent
aptamers from being cleared by renal filtration and prolong the
circulation half-lives. The main bulky moieties to enlarge the size
of aptamers are polyethylene glycol (PEG),” proteins,”
cholesterol,** liposomes,” and organic or inorganic nano-
materials.”° Of all the moieties, PEG has been most widely
applied in prolonging circulation half-life and improving the in
vivo pharmacokinetic characterizations of aptamer candidates.’”
Aptamers formulated with high-molecular-mass PEG create
covalent molecules with a molecular wei§ht above 30—50 kDa
(the cutoff value of the renal filtration).® Multimerizing single
aptamers together is another method to increase the molecular
weight of the aptamer. By coupling multiple aptamers into a
complex, an increased retention time in circulation has been
reported.®’

3.3. Toxicity of Aptamer-Based Therapeutic Agents.
The toxicity of aptamer-based therapeutic agents is also one of
the influential factors for their clinical transformation. The use of

unnatural nucleotides may cause chemical toxicities or non-
specific immune responses. It was reported that LNA-modified
nucleic acids showed severe hepatotoxicity,”” and 2'-F-modified
RNAs affected the activation of pattern recognition receptors.”'
Consequently, modifications should be used with caution, and
the actual application environment of the aptamers should be
considered. The formulation of therapeutic aptamers is another
origin of adverse responses that should be of concern. PEG
moieties have been reported to cause serious immune reactions
in the phase III study of aptamer-based therapy. Obviously,
safety concerns are raised about the adoption of high-molecular-
mass PEG moieties in aptamer modifications.”” Accordingly, it is
still desirable to seek a low-molecular-weight coupling agent
without allergic responses to develop long-acting efficient
therapeutic aptamers.

4. APTAMER MODIFICATIONS FOR TRANSLATING
INTO CLINICAL CANDIDATES

The applications of chemical modifications to protect nucleic
acid aptamers from being degraded by endogenous, ubiquitous
nucleases and from being cleared by resisting renal filtration
have been valuable to get deeper into the development of already
existing aptamers, or aptamers currently under clinical trials.
Without the diversified modifications, the overall serum half-
lives of DNA (2'-H) and RNA (2'-OH) are only mere minutes
(described above), and therapeutic applications of aptamers
would be at a far distant date (Figure S, Table 2).

4.1. Modifications for Protecting Aptamers from
Being Degraded by Nuclease. 4.1.1. Internucleotide Link-
age with 3’-3" and 5’-5’ Capping in the Terminus. The 3'-3’
and 5'-5 capping methods with an inverted nucleotide in the
terminus were reported by Seli7gser to protect aptamers from
being degraded by exonuclease.”” Nowadays, it is common to
modify aptamers with inverted thymidine in the 3’-terminus for
aptamer-based therapy in either completed or ongoing clinical
trials.”” Through 3'-inverted thymidine, aptamers have a
significantly increased stability and resistance to exonuclease
in circulation (Figure S).

4.1.2. 2'-Substitutions and Phosphodiester Linkage Re-
placement. RNA aptamers are commonly modified in 2’-OH
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Table 2. Summary of Aptamer Modifications for Clinical Translation

drug name

Macugen
(pegaptanib sodium)

ARC1905

E-10030

REG1

ARC1779

NU172

ARC19499 (BAX499)

AS1411 (AGRO001)

NOX-A12

NOX-E36

NOX-H94

target
VEGF

CSs

PDGF

coagulation factor IXa

Al domain of von Willebrand
factor

thrombin

TFPI

nucleolin

CXCL12

CCL2

hepcidin peptide hormone

circulation half-life
modifications (h) phase ref

27-nt RNA

2'-fluoropyrimidines

18 (human plasma)  approved 15
2’-O-methylpurines

3'-inverted dT

40 kDa PEG

ARSI ol

38-nt RNA

2’-fluoropyrimidines

>300 (rat serum) 2 156

2'-O-methylpurines
3'-inverted dT
40 kDa PEG

ARSI o

29-nt DNA
2’-O-methylpurines
3'-inverted dT

40 kDa PEG

8 (rat serum) 3 157

Bl

RB006 (drug): — 2 158
1. 37-nt RNA aptamer

2. 2'-ribopurine or 2'-fluoropyrimidine

RBO0O07 (antidote): -

1. 17-nt

2.2'-O-methyl

3. 40 kDa PEG

1. 39-nt DNA
2. 3'-inverted dT

. 2'-O-methyl with a single phosphorothioate
linkage

4.20 kDa PEG

63 (human plasma) 2 92

w

—

. 26-nt DNA - 2 159

unmodified

»

32-nt RNA
2'-30-methylpurine
3'-inverted dT

40 kDa PEG

>72 (human serum) 1 160

Bl

—

. 26-nt DNA - 2 161
G-rich DNA
. PEGylated

w P

. 26-nt DNA
G-rich DNA
. PEGylated

—

>60 (human serum) 2 162

w

—

. 40-nt RNA (Spiegelmer)
L-ribonucleic acid
. PEGylated

>60 (human serum) 2 163

w

—_

. 44-nt RNA (Spiegelmer) >60 (human serum) 2 164
L-ribonucleic acid

3. PEGylated

[

positions with 2'-F, 2’-NH,, 2’-OMe, and LNAs.”* Mostly,
aptamers in clinical studies are chemically modified by fluorine
or methoxy in the 2" position. LNA is a sugar ring modification
linking the 2’-O and 4'-C of the ribose with a methylene bond.
LNAs are promising candidate materials for nucleic acid drugs

due to their high nuclease resistance and excellent thermo-
stability.”® It was reported that a chimeric LNA/DNA aptamer
targeting HIV-1 trans-activating response protein could remain
intact for more than 20 h in serum.”” Replacement of the
phosphodiester bonds of aptamers with phosphorothioate or
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methylphosphonate analogues is also a conventional strategy.”®
To enhance the stability of the phosphodiester backbone in the
anti-thrombin aptamer, replacements with thiophosphoryl at
different nucleotide sites were evaluated. An aptamer holding
the sequence of d(GGSTSTSGGTGTGGSTSTSGG) was
modified by thio substitutions at the loop regions, which
resulted in a high stability against nucleases and a low hydrolysis
rate in circulation while the anti-thrombin potency remained.
Recently, Wang et al. introduced phosphorodiothioate (PS2)
substitutions to stabilize phosphodiester bonds.”” PS2 mod-
ifications could also improve the binding between aptamers and
their targets. PS2-modified aptamers possess a 1000-fold
improved target binding affinity compared with an unmodified
original aptamer (Figure 5).

4.1.3. Spiegelmers. Incorporating unnatural nucleotides into
the oligonucleotide chain to improve aptamer stability is another
feasible strategy.*’ Aptamers with the introduction of unnatural
nucleotides are less susceptible to nuclease-mediated hydrolysis.
Conventionally, the nucleases are chiral and accordingly
recognize the substrate in a stereospecific way. Natural nucleic
acids are made with Dp-nucleotides, while an oligonucleotide
containing L-nucleotides avoids recognition and degradation by
ubiquitous enzymes. These target-recognizing L-oligo-
nucleotides (the mirror version of natural oligonucleotides)
are called “spiegelmers”. D-Adenosine was the first target used to
screen spiegelmers. The resulting L-RNA spiegelmer indeed
exhibited considerable bio-stability. No detectable degradation
in human serum was found, even after incubation at 37 °C for 60
h. NOX-125S (targeting anti-gonadotropin realizing hormone,
GnRH) is the first developed therapeutic spiegelmer which was
generated with an increased affinity to the target (Figures 4 and
S).

4.1.4. Modifications with p-/l-Isonucleoside. Isonucleosides
are nucleoside analogues in which the bases on the nucleosides
are transferred to the 2’ or 3’ position (Figure 6). The

Base Base
o) OH HO O
*g R*
OH OH
L-iso D-iso

Figure 6. Chemical structure of D-/L-isonucleoside.

oligonucleotides assembled with isonucleosides possess an
enhanced stability to nuclease-mediated hydrolysis.”® Yang et

al.>*77% reported the application of D-/L-isonucleoside in the

modification of three aptamers (TBA, GBI-10, and AS1411).
The replacement of some specific sites (like the loop areas) with
D-/L-isonucleoside demonstrated a positive effect on stabilizing
spatial conformation and improved the chemical stability.
Additionally, it was also demonstrated that the modified
aptamers had an enhanced resistance against biodegradation.
Interestingly, the modifications with L-isonucleoside increased
the biological activity of aptamers more significantly than
modifications with D-isonucleoside.

4.1.5. Nuclease-Resistant Circular Aptamers. More re-
cently, the emergence of circular aptamers was reported to
overcome the key limitation of metabolic instability.®'
Cyclization of nucleic acids by linking 5'- and 3'-termini allows
them to escape the primary degradation caused by exonucleases,
serving as an easy and reproducible strategy to enhance the
resistance of aptamers to nucleases.*” King and colleagues®’
designed a kind of multivalent circular aptamer acting as an anti-
coagulant. The cyclization of oligonucleotides can also increase
their thermal stability, which ensures the conformational
uniformity. Tan et al. reported that three aptamers, ie.,
Sgc8,** TD05,* and XQ-2d* (targeting live cancer cells),
were selected to establish bivalent circular aptamers. The
cyclization method provides a feasible and efficient way to
facilitate applications of the aptamer in diagnosis and therapy
through improving their stability to nuclease and binding ability
(Figure 7).87

4.2, Long-Acting Modifications of Aptamers. 4.2.1. 5'-
End with Cholesterol. Cholesterol has a strong affinity to low-
density lipoprotein (LDL). It was introduced to the 5'-end of an
aptamer chemically to form a cholesteryl-oligonucleotide
(cholODN) and, further, the complex of cholODN-LDL
compactly. This complex is highly resistant to nuclease
hydrolysis in serum, resulting a 10-fold prolonged half-life
compared to the unmodified version.”* A RNA aptamer
modified with 2’-F-pyrimidine was reported to be linked to
cholesterol to form a chol-aptamer which can be absorbed into
the cell and inhibit the replication of Hepatitis C virus RNAs.**
No measurable toxicity of the chol-aptamer was observed in vitro
or in vivo. Chol-aptamer also has no significant impact on the
gene expression profile, especially the most common immune-
related genes. In addition, no obvious abnormalities were
detected in mice after in vivo administration of the chol-aptamer.
Excitingly, compared to the unmodified aptamers, chol-aptamer

Curr + Ourr—22 . Ogoor s

Figure 7. Schematic illustration of circular bivalent aptamers. The circular bivalent aptamers demonstrated improved in vivo stability and efficient

accumulation and retention compared to “monoaptamers”.
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had a much longer half-life and a 9 times lower plasma clearance
rate (Figure 8).

H
Mo, onemy
o} R
o~ 0
chol-aptamer

Figure 8. Structure of cholesterol—oligonucleotide conjugates.

4.2.2. Dialkyl Lipid Modifications at the 5'-End. Willis and
co-workers®® developed a diacylglycerol (DAG)®*’-conjugated
aptamer targeting VEGF. The lipid tail of the DAG—aptamer
conjugate was embedded in the lipid bilayer of a liposome,
resulting in the improved activity. Compared to the unmodified
aptamer, this DAG—aptamer—liposome complex possessed a
much longer retention time in plasma (Figure 9).

OH

(0]
C18H370/\/\OJ\H/\/(O\/)§O/\)
OC4gH o._ 0
187137 O\,_P\\O%

DAG-aptamer

Figure 9. Structure of the dialkylglycerol*-modified VEGF aptamer.

4.2.3. 5'-End PEGylation. Pegaptanib (marketed as Macu-
gen), with a PEG chain at the $'-end, is the first therapeutic
aptamer approved by the U.S. FDA.” It specifically binds to
extracellular VEGF16S with a high affinity. By binding to the
VEGF16S, pegaptanib interrupts the interaction between
VEGF165 and VEGF receptors and is used to treat age-related
macular degeneration (AMD) by inhibiting VEGF-mediated
biological functions on pathological vascular endothelial cells.
The 5'-PEGylation modification contributes to the therapeutic
activity and prolonged half-life of pegaptanib. Zimura, an
aptamer against complement component S (anti-CS), is also
modified with the same 5’-PEGylation as pegaptanib for further
application. ARC1779 is another PEGylated aptamer targeting
thrombin. It was developed to target the Al domain of vWF
(activated von Willebrand factor), exerting its anti-thrombotic
activity.”"” Although PEG modification seems to have been the
general strategy for long-acting aptamer modification, the high-
molecular-mass PEG component possesses a very large
molecular weight proportion, making it a serious limitation in
increasing subcutaneous dosage to maximize therapeutic
potential. Furthermore, it should be noted that serious or fatal
immunoreactions to the PEG moieties have been reported in the
clinical study, resulting in safety concerns with respect to the
PEGylated agents in clinical application. Thus, it is still desirable
to seek a new coupling agent without allergic responses to
develop long-acting efficient therapeutic aptamers (Figure 10).

4.2.4. N-Acetylgalactosamine (GalNAc) Modification.
GalNAc is a very good hepato-targeting group and has been

extensively applied in the study of targeted delivery of siRNAs
and antisense oligonucleotides (ASOs).”>~% Givosiran is the
first GalNAc-conjugated nucleic acid drug approved for the
treatment of acute hepatic porphyria.”” In addition, many
clinical nucleic acid therapies also use GalNAc modification
strategies, like DCR-HBVS, DCR-PHXC, and IONIS APOC-
III-LRx (www.ClinicalTrials.gov), which are still under clinical
trials and have great prospects for listing.”” GalNAc-ASO
conjugates show 20- to 30-fold improved potency compared to
unconjugated ASOs.” In addition, GalNAc modification can
also reduce the dose to prolong the elimination half-life due to
the decrease in the distribution of the off-target tissues of the
drug and the increase in the concentration in the liver tissue.”
Jayaprakash et al.”’ constructed two different siRNAs con-
jugated with GalNAc, and they found that the target gene
MTTR was silenced for a considerably long period of time.
Thus, GalNAc is also a promising candidate in the research on
long-acting aptamer modification (Figure 11).

4.2.5. Serum Albumin as a Carrier for the Long-Acting
Modification of Aptamers. Serum albumin is the most
important carrier protein in serum, with an abundance of 40
mg/mL. It acts as a natural transporter of a series of active
pharmaceutical molecules due to their attractive circulation
halftime (t;/,) of about 20 days. Tan et al."®° utilized a lipid with
two octadecyl tails to delivery floxuridine homomeric oligo-
nucleotide (LFU20), which “hitchhikes” the endogenous serum
albumin. After being administered intravenously, LFU20
inserted into the hydrophobic cave of albumin to form an
LFU20/albumin complex, which accumulated in the tumor by
the enhanced permeability and retention (EPR) effect and
internalized into the lysosomes of cancer cells. In brief, LFU20
non-covalently bonded with albumin, forming the LFU20/
albumin complex which had a longer circulation time (Figure
12). Utilizing the specific binding between serum albumin and
its corresponding ligands, Evans Blue (EB) should be noted as a
valuable molecule. EB dye binds to serum albumin compactly
and has a considerably prolonged half-life in blood. These
characteristics make the EB molecule a promising carrier to
extend the half-lives of aptamers by chemical conjuga-
tion.'”"~'%* Notably, it has been reported that EB—aptamer
conjugates improved the delivery efficiency and retention time
of aptamers to the tumor site by forming the long-acting
aptamer/HSA complex.'”> As an endogenous substance, serum
albumin exhibits considerable biological safety compared with
most artificial carriers. In summary, adopting serum albumin as
the carrier to prolong the circulation half-life is an alternative for
improving the targeted performance of aptamers, which could
facilitate their clinical translation.

5. APTAMER-BASED TARGETED THERAPEUTICS

Aptamers are applied either as stand-alone therapeutics or as
adjuvants for another therapeutic. Due to the ability to bind
target molecules at an expected position, aptamers often serve as
an excellent material for targeted delivery. They are superior
components of targeted systems for drug delivery because of
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Figure 10. Reaction scheme of aptamer—polyethylene glycol (PEG) conjugate at the 5'-termini.
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Figure 11. Schematic illustration of N-acetylgalactosamine (GalNAc)-mediated targeted delivery.
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Figure 12. Illustration of the preparation of LFU20, self-assembly of LFU20 to a micellar nanostructure, non-covalent interaction of LFU20 with

endogenous albumin after intravenous injection, and the subsequent cancer therapy of LFU20.
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desirable characteristics including high affinity and specificity in
target recognition, feasibility for chemical modifications, and
low immunogenicity. According to the systems that have been
modified, aptamer-guided drug delivery can be divided into
three major categories: aptamer—drug conjugates (ApDC),
aptamer—macromolecule conjugated systems, and aptamer—
nanomaterial delivery systems. Nanomaterials possess several
excellent characteristics, including a large surface-area-to-mass
ratio, ultra-small size, and high reactivity. The relatively large
surface area allows the materials to incorporate multiple
targeting ligands or secondary therapeutic reagents, which
makes them promising carriers for drug delivery. Nanoparticles,
such as liposomes and hydrogels, also exhibit unique advantages,
including high water solubility, enhanced accumulation at the
tumor cells, prolonged circulation time in the blood, and
inherent biocompatibility.'***%”

5.1. Aptamer—Drug Conjugates (ApDCs). One of the
limitations of traditional chemotherapeutic drugs is the lack of
selectivity, which may lead to severe side effects. Daunorubicin
and doxorubicin (Dox) are representative anthracycline anti-
biotics used in clinical for treating various kinds of cancers.
However, severe side effects occur commonly because of the
non-selective intercalation within the double-stranded nucleic
acid of all cells. Nowadays, intensive advancements have been
achieved in designing modified doxorubicin with targeted
properties.'%*~"'% Bagalkot and colleagues''' designed an
aptamer—doxorubicin physical conjugate using a 2’-F RNA
aptamer that binds to the prostate-specific membrane antigen
(PSMA) with high affinity and specificity. It was reported that
this conjugate could bind to the PSMA-expressing LNCaP cells
specifically. Huang et al.''> coupled doxorubicin with the sgc8c
DNA aptamer using a covalent bond, which targeted T-cell acute
lymphoblastic leukemia cells specifically. As a result, the non-
target cells were not affected by sgc8c-Dox conjugates. In
addition, Deng et al.'” prepared a doxorubicin-functionalized
aptamer complex (TLS11a-GC-Dox) which recognized HepG2
cells. Our group designed and synthesized a nucleolin aptamer—
paclitaxel conjugate (NucA-PTX) that specifically delivered
PTX to the tumor cells.'"’ By coupling a tumor-targeting
nucleolin aptamer (NucA) to the 2’-hydroxy of PTX via a
cathepsin B sensitive linker, NucA-PTX remains intact in the
bloodstream. Once tumor cells uptake the conjugates, the
dipeptide bond linker of NucA-PTX is cleaved by cathepsin B,
and then the free PTX is released for action. The conjugation of
NucA facilitates the selective retention of the conjugated PTX in
tumor tissue, further resulting in dramatically increased anti-
tumor activity and decreased toxicity (Figure 13). Obviously,
ApDCs demonstrate significant superiorities in many aspects
compared with antibody—drug conjugates (ADCs). In the

Figure 13. Illustration of NucA-PTX conjugate. PTX and aptamer are
coupled by a cleavable dipeptide linker.

9510

generation of the targeting ligand, aptamers can be screened
within several days via an efficient SELEX procedure instead of
the complicated in vivo screening process involved in antibody
discovery. Besides, aptamers can target a wide spectrum of
molecules, including those with weak immunogenicity, which
cannot be recognized by antibodies. Furthermore, in the process
of preparations, aptamers can be chemically synthesized like
common chemical entities under good manufacturing practice
(GMP) conditions. The involvement of a series of cell colonies
and living animals in the production of antibodies may cause an
increase in contaminations and high batch-to-batch variation. In
addition, in the process of application, ADCs could induce the
body to produce antibodies against them, thus reducing the
therapeutic effect. As low-molecular-weight molecules, ApDCs
can barely induce antibodies, so they can be applied in the
clinical over a much longer period. Currently, the preparation of
ApDC mainly follows the methods developed for ADCs. As an
alternative, automated modular synthesis of ApDCs had been
proposed and developed, which may become a characteristic of
ApDC.""* Importantly, automated and modular technology may
dramatically reduce the production difficulties and costs of
ApDCs.

5.2. Aptamer as an Escorting Material for the Targeted
Delivery of Therapeutic RNAs. The RNA interference
(RNAI) strategy is a promising technique extensively applied
for disease treatment. However, the individual RNA molecule
may lack selectivity and specificity in systemic drug delivery,
hindering the therapeutic translation of RNAi agents” broader
application. Aptamer—RNA conjugated complexes have been
widely researched for targeted delivery of bioactive RNA
molecules, including small interfering RNA (siRNA), micro-
RNA (miRNA), and small hairpin RNA (shRNA), to the target
location." "¢

McNamara and colleagues developed the first aptamer—
siRNA conjugates. The aptamer against human PSMA was
covalently coupled to therapeutic siRNAs.""” The conjugates
targeted prostate cancer cells with PSMA expression and
inhibited the target gene of siRNA, and consequently the
tumor volume in a xenograft model of prostate cancer was
diminished."'® Our group reported aptamer-modified lipid
nanoparticles (LNPs) containing siRNAs of osteogenic
pleckstrin homology domain-containing family O member 1
(Plekhol) (CH6-LNPs-siRNA).""” The introduction of an
aptamer enhanced the knockdown efficiency of Plekhol siRNA
in in vitro determinations. In addition, CH6-LNP-siRNAs
colocalized the siRNAs with cellular markers of osteoblasts
and accordingly increased the bone anabolism in the test animal
model. Nowadays, the aptamer—siRNA conjugating strategy for
the targeting delivery of siRNA is being actively studied.'*"~"**

Another representative RNA modified by aptamers for
therapeutic applications is miRNA. It is mostly the deregulation
of miRNA that is the cause of disease. The recovery of miRNA
levels by efficient delivery is an attracting strategy. Esposito and
colleagues reported an aptamer—miRNA conjugate which
targeted the oncogenic receptor tyrosine kinase Axl and silenced
the human let-7g miRNA in target cells.””> Recently, a
conjugated aptamer—miRNA-based targeted therapeutic was
further reported to treat glioblastoma cells.'** Anti-Axl aptamer
and anti-PDGFRJ aptamer were designed as the carriers for
anti-miR-10b and miR-137, respectively. These two aptamer
carriers delivered therapeutic miR-137 and anti-miR-10b
molecules to the glioma cell cluster, which inhibited the
proliferation of glioblastoma cells.
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5.3. Bi-specific Aptamer Systems. Bi-specific aptamers are
bivalent aptamers formed by the interaction or bridging of two
aptamers. Due to their double-targeting advantages, bi-specific
aptamers can stimulate or regulate the immune response
between functional molecules and target cells.'*® Bi-specific
aptamers can consist of two distinct aptamers which target two
drug sites, or one therapeutic aptamer with the other one as a
targeting moiety, or a bi-specific T-cell engager guiding cytotoxic
T lymphocytes to malignant cells."** Gilboa and colleagues'”’
reported a bivalent 4-1BB aptamer acting as a co-stimulant
activated by T-cells in the fight against infection, and it was
inactivated by the microenvironment after it entered into the
tumor cell. PSMA is highly expressed in most prostate cancer
cells, making it a significant biomarker for diagnosis and
treatment. T'o avoid unwanted toxicities caused by non-targeting
activation, a bi-speciﬁc aptamer containing anti-PSMA aptamer
and anti-4-1BB aptamer was constructed to promote immune
response to tumor tissues in model animals successfully. VEGF
is widely expressed in most tumors and is the core protein in
tumor angiogenesis. Schrand and colleagues'*® further reported
a bi-specific aptamer covalently combining 4-1BB agonistic
aptamer with VEGF targeting aptamer. This approach blocks
VEGF expression in tumor cells and facilitates lymphocytes
infiltrating tumor tissues through anti-4-1BB aptamer simulta-
neously. In another study, Soldevilla et al.'*’ successfully
suppressed the expression of Multidrug-Resistant-associated
Protein 1 (MRP1) and simultaneously activated T-cells by
stimulating CD28 receptor by constructing a MRP1-CD28
bivalent aptamer. This bi-specific aptamer promoted the
suppressive effect in chemotherapy-resistant tumors. A sig-
nificant proliferation of T lymphocytes in C57BL6 mice was
observed, and meanwhile the aptamer showed little toxicity, thus
prolonging the animals’ survival (Figure 14).

5.4. Aptamer—Peptide Conjugated Systems. In recent
years, the clinical progress of immunotherapy has developed
rapidly. Up to now, there have been a variety of immune-
checkpoint inhibitors, including anti-PD-1 molecules, anti-PD-
L1 molecules, and anti-CTLA-4 molecules."*® However, the

b
? PSMA aptamer
4-1BB
aptamer

MRP1
aptamer

4-1BB aptamer CD28 aptamer

Figure 14. Schematic illustration of a bi-specific aptamer. (a) A bi-
specific aptamer usually consists of two independent aptamers with a
dsDNA linker; it can also serve as a small-molecule drug carrier in bi-
specific drug delivery. (b) PSMA-dimeric 4-1BB aptamer conjugates.
(c) VEGF-dimeric 4-1BB aptamer conjugates. (d) MRP1-dimeric
CD28 aptamer conjugates.

Aptamer 1

Therapeutic molecule
P P

c d

VEGF
aptamer

existing immunotherapies have some problems in reaching the
target tissue and penetrating the cell membrane of the target
tumor. Aptamers provide an alternative to solve this problem,
attributed to their biocompatiblity and low immune toxic-
ities.">" Applications of aptamers for the targeted delivery of
cytokine or peptide antigens have been widely studied.'**~"*
The effectiveness of antigen presentation and the immuno-
modulation of vaccines play the core roles in the development of
subunit vaccines. These studies have demonstrated efficient and
specific ways for the delivery of peptide antigens toward antigen
presenting cells (APCs).'*® Wengerter et al.'** reported an
aptamer-SIINFEKL chimera which achieved an upgraded level
of T-cell proliferation and IFN-y and IL-2 production, and
caused significant growth inhibition of the OVA-expressing
B16F10 cells in mice. The aptamer was selected for targeting
murine DEC205, a C-type lectin that is over-expressed on
CD8a+ dendritic cells (DCs), which is essential in antigen
cross-presentation and activation of T-cell. The ovalbumin
peptide SIINFEKL is an MHC-I-restricted antigen epitope
targeting CD8+ DCs (Figure 15).

Linkage

" Peptide

~,_Aptamer

Aﬁtigen /!

’
-

Figure 1S. Schematic illustration of aptamer—peptide conjugated
systems.

5.5. Aptamer—Gold Nanoparticle Conjugated Sys-
tems. There are a lot of advantages in gold nanoparticles
(AuNPs), including biocom};atibility, non-toxicity, easy mod-
ification, and high stability.">”"*® Luo et al."*” designed a smart
aptamer-based drug delivery system. The DNA aptamer sgc8c,
serving as a targeting moiety against protein tyrosine kinase 7
(PTK?7), was functionalized onto the surface of AuNPs.
Additionally, hpDNA with a repeated CGATCG deoxyribo-
nucleic acid unit was also assembled on the AuNP surface used
as the delivery carrier for the chemotherapy drug doxorubicin.
The system indicated a high loading ability and the ability to
target CCRF-CEM (T-cell acute lymphoblastic leukemia) cells
efficiently. Dam and colleagues *” reported a nanoparticle
composed of a gold nanostructured core and an anti-nucleolin
aptamer (AS1411). No signs of significant toxicity were found at
the highest tested dose (up to 48 mg/kg), and the tumor-specific
accumulation was reported to be S times higher in invasive
breast cancer tumors than in fibrosarcoma tumors (Figure 16).

5.6. Aptamer—Liposome Delivery Systems. Liposomes
are broadly applied in the research focused on drug delivery.
Their amphiphilic characteristics make them available for
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Figure 16. Schematic diagrams of nanoplatforms based on aptamer-
conjugated gold nanoparticles for targeted drug delivery. The aptamer—
AuNP complexes are usually composed of gold nanoparticles, aptamers
targeting protein, and hpDNA serving as a drug cargo, while other
targeting molecules are optional.

encapsulating a wide range of drug molecules.'*>'*" Addition-
ally, the surface of the liposome can be modified by different
agents, such as high-molecular-weight PEG moieties, prolonging
plasma half-lives and leading to efficient accumulation at the
target positions.'*> Actually, there have been several liposome-
based therapeutics approved by the U.S. FDA for clinical
applications.'**'** Currently, a number of studies have been
reported to introduce aptamers for the application of liposomes.
Cao and colleagues reported an aptamer-based liposome
delivery system first in 2009.'* They extended a 12-thymine
sequence at the 3’-end of the nucleolin aptamer. Then a
cholesterol tail for immobilization on the hydrophobic part of a
PEGylated liposome was coupled to the 12-thymine linker, and
the chemotherapeutic drug and the hydrophilic dye were
encapsulated into the liposome. This combined system was
demonstrated to deliver cisplatin to the target in a cell-specific
manner. Alshaer et al."*° incorporated an RNA aptamer with 2'-
F-pyrimidine modification to the PEGylated liposomes which
recognized CD44 receptor protein. This system was reported to
demonstrate significantly enhanced ability to bind to cancer cells
expressing CD44 compared with unmodified liposomes. Stuart
etal."*” developed an aptamer-modified liposome for delivering
the zinc chelator specifically to prostate cancer cells. They
reported that the zinc chelator was delivered to the prostate
cancer cells specifically both in vitro and in vivo and inhibited
tumor cell growth. Li et al.*’ developed an aptamer-modified
liposome for the specific delivery of the anti-BRAF siRNA
(siBraf) for treating malignant melanomas. The aptamer
AS1411, bonded to nucleolin, was conjugated to PEG-DOPE
as a targeting moiety. Increased siRNA accumulation was
observed in melanomas with this strategy.

Our group discovered an aptamer (LCO09) targeting
osteosarcoma (OS) cells specifically and further prepared an
LC09-modified PEG-PEI-cholesterol (PPC) lipopolymer.
CRISPR/Cas9 plasmids encoding VEGFA gRNA and Cas9
were then encapsulated in the system.'* The results indicated
that aptamer LCO09 facilitated the selective delivery of CRISPR/
Cas9 in both orthotopic OS and lung metastasis, utilizing
effective genome editing of VEGFA for tumor treatment without
obvious toxicity. The combined system restrained both
autocrine and paracrine signaling of VEGFA in tumor cells,
facilitating the clinical translation of the CRISPR/Cas9 strategy
into cancer therapies (Figure 17). Plourde et al."** demon-
strated that aptamers were able to act as multifunctional
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Figure 17. Schematic illustration of an aptamer-conjugated liposome.

excipients for liposomal formulations in addition to the targeting
moieties. Ma et al.'*” designed a kind of neutral lipids that can
interact with oligonucleotides via hydrogen bonding and 7—x
stacking, which demonstrated superior properties over general
commercial cationic transfection reagents. Nucleoside-based
lipid headed with cytidine can deliver aptamer AS1411 with high
transfection efficiency and low toxicity, which indicates that
nucleoside-based lipids are promising carriers for transfecting
therapeutic G4-aptamers and other kinds of oligonucleotides.
5.7. Other Aptamer-Conjugated Systems. To achieve
the targeted delivery and efficient release of therapeutic
molecules, other aptamer-conjugated systems have also been
developed. Li et al.'>’ constructed DNA nanohydrogels
composed of three moieties, i.e., YMA (Y-shaped monomer A
with three sticky ends), YMB (Y-shaped monomer B with one
sticky end), and LK (DNA linker with two sticky ends).
Hydrogels are cross-linked structures with hydrophilic materials
that contain a large volume of water or biological liquids
internally. Hydrogels with targeting functions were developed
for a number of biomedical and pharmaceutical applica-
tions.”'~'** By constructing corresponding building blocks of
different functional molecules, such as aptamers, sulfur-
containing linkages, and therapeutic nucleic acids, the chemi-
cally prepared aptamer-functionalized nanohydrogels (Y-gel-
Apt) were applied in targeted and stimuli-responsive therapy.
The aptamer-functionalized nanohydrogels remarkably in-
hibited cell proliferation and migration in test AS49 cells,
while the control cells were unaffected. They are promising
carriers for the targetED delivery of genes and drugs due to their
superior advantages including simple and feasible self-assembly,
efficient cellular uptake, and excellent biocompatibility. In
addition, an oligonucleotide-based system containing ferro-
cene'” was designed to solve the incompatibility in the
enhanced permeability and retention effect (EPR). These
nucleic acid assembly systems released highly reactive hydroxyl
radicals into the microenvironment of a malignant tumor,
realizing increased in vivo efficiency for cancer treatment.

6. CONCLUSIONS

Nucleic acid aptamers are chemically synthesized analogues
(chemical antibodies) of conventional antibodies that exhibit a
great many advantages in therapeutic applications. Aptamer
technology demonstrates great potential in producing candidate
bio-active agents and plays a dramatically important role in the
subsequent therapeutic field. However, the discovery of
aptamers with high performance is still a limit for aptamer-
based research and industrial transformation. Fortunately, the
introduction of new technologies including microfluidic devices
and high-throughput sequencing has improved the hit rate of
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SELEX. There have been great advances in material sciences and
analytical methods in the past several years. Significant
optimization has been made in the key processes of SELEX,
including the design of a starting sequence pool (e.g.,
modifications on nucleic acid chains), automatic operation
(e.g, microfluidic devices), and aptamer identifications (e.g,,
HTS). Presently, researchers have an ever-growing toolkit for
aptamer discovery, and new technologies are being developed to
increase selection hit rate and reduce the time and resources
needed to generate new aptamers.

In addition, chemical modifications overcome the innate
shortcomings of functional oligonucleotides, which is an
attractive and efficient solution. As described in this Review,
diverse strategies can be applied in aptamer modification to
achieve a prolonged circulation half-life in the serum either
directly in the SELEX process or by post-SELEX chemical
preparation. Notably, hydrophobic fatty acid and amphiphilic
PEG components have been widely used as long-lasting
coupling agents in modifications of drug candidates. However,
the high-molecular-mass PEG component possesses a very large
molecular weight proportion, which is a serious limitation in
subcutaneous dosage increase to maximize therapeutic
potential. Furthermore, it should be noted that serious or fatal
immune responses to PEG moieties have been reported in
clinical studies. Accordingly, safety concerns are raised about the
adoption of high-molecular-mass PEG moieties in aptamer
modifications. Considering this, we expect that a small-molecule
coupling agent utilizing serum albumin as the carrier to prolong
the acting time could be an alternative to enhance the clinical
translational value of nucleic acid aptamers.

As an attractive class of targeted moieties, aptamers can act as
small molecules with superior flexibility and infiltrate target
positions that may not be accessible to large-volume antibody
molecules. Meanwhile, aptamers can also be applied in targeted
therapy that cannot be realized by small-molecule drugs due to
their dramatically high binding specificity, which is comparable
to that of antibodies. These superior properties could give
aptamers a niche in the therapeutic field between small-molecule
drugs and high-molecular-mass antibodies. It is highly expected
that innovative therapeutic applications will emerge through
rational design and development to achieve a great pharmaco-
kinetic profile and excellent clinical performance.
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