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ABSTRACT Aptamer nanomedicine, including therapeutic aptamers and aptamer

nanocomplexes, is beginning to fulfill its potential in both clinical trials and preclinical

studies. Especially in oncology, aptamer nanomedicine may perform better than conven-
tional or antibody-based chemotherapeutics due to specificity compared to the former and
stability compared to the latter. Many proof-of-concept studies on applying aptamers to
drug delivery, gene therapy, and cancer imaging have shown promising efficacy and
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impressive safety in vivo toward translation. Yet, there remains ample room for

improvement and critical barriers to be addressed. In this review, we will first introduce

the recent progress in clinical trials of aptamer nanomedicine, followed by a discussion of
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the barriers at the design and in vivo application stages. We will then highlight recent advances and engineering strategies proposed to tackle these

barriers. Aptamer cancer nanomedicine has the potential to address one of the most important healthcare issues of the society.
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n aptamer is a short oligonucleotide

that can fold into a unique tertiary

structure that recognizes a specific
target ranging from small organic mol-
ecules to proteins to cells.' It is generated
from an evolutional selection method, sys-
tematic evolution of ligands by exponential
enrichment (SELEX), first established in the
1990s.* Since then, the aptamer has be-
come a notable class of targeting ligand for
both diagnostics® ® and therapeutics.” "
In general, the aptamer acts in a manner
similar to that of an antibody, but it may
have advantages in therapeutic applica-
tions, especially in the field of oncology.
Compared with an antibody, the aptamer
does not have an Fc region, which interacts
with soluble Fc receptors'? or Fc receptors
expressed on immune cells and other cer-
tain types of cells.'>'* This obviates unde-
sired interaction in systemic administration,
which may result in immune stimulation or
other unforeseen side effects. Also, for the
treatment of solid tumors, an antibody's
high molecular weight impedes its ability
to penetrate into the deep site of the tumor.

LAO ET AL.

In contrast, the molecular weight of the
aptamer is usually in the range between 6
and 30 kDa, much smaller than that of the
antibody (~150 kDa), which results in better
tumor uptake kinetics.'> Moreover, the apt-
amer has higher stability than the protein
in biological fluids and lower production
costs. Thus, the aptamer is attractive as
a cancer therapeutic component. Impor-
tantly, the mature synthesis technology of
nucleic acid facilitates the design of an
aptamer with any sequence and structure
to suit diverse applications. Currently, there
is one aptamer available in the clinicand 10
under clinical trials. The aptamer specifically
recognizing human vascular endothelial
growth factor (VEGF) has been approved
for the treatment of age-related macular
degeneration (AMD) in the U.S. and the
EU.'® Aptamers for other applications in
coagulation, oncology, and inflammation
have also shown therapeutic efficacy in
clinical trials.

Cancer therapy demands more effective
therapeutics, particularly targeted thera-
peutics, to spare normal cells from toxicity.
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As mentioned above, the aptamer is an antibody
alternative with fewer limitations associated with the
intrinsic properties of an antibody.' As a result, apta-
mer nanomedicine (therapeutic aptamers and apta-
mer nanocomplexes) possesses great potential for
cancer treatment, and a variety of promising aptamer
nanomedicine systems have been reported for drug
therapy, gene therapy, and tumor imaging. In vivo
results from these studies are promising, but critical
issues, such as stability, functionality, and robustness,
must be addressed for translation.

These critical issues give rise to challenges at both
stages of design and in vivo application of aptamer
nanomedicine, as shown in Figure 1. At the design
stage, major barriers are associated with aptamer
selection. Conventional SELEX technology is unable
to generate an aptamer against certain targets. How to
obtain a high-affinity aptamer for target recognition
is the first and the most important issue. Once the
aptamer is obtained, the next question is whether this
aptamer is capable of stimulating or inhibiting the
target's functionality. Typically, an aptamer is expected
to bind like a monoclonal antibody and possess a
therapeutic function, such as inhibition of tumor
growth. With this consideration, a majority of aptamers
discovered so far are not functional, so “upgrading” the
aptamer with a therapeutic payload to interfere with
the target's functionality will be important for therapy.
Nanotechnology also enables researchers to couple
different therapeutic payloads to aptamers, leading to
the development of aptamer nanocomplexes.

At the application stage, navigation across biological
barriers with specificity is crucial. Off-target effects
should be assessed during the process of aptamer
selection, and modifications can be made before
in vivo assessment. A variety of modifications can
prevent nuclease-mediated degradation and prolong
systemic circulation to increase the chance of aptamer
nanomedicine reaching the tumor tissue. Yet, they may
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VOCABULARY: Aptamer - a synthetic oligonucleotide
that can specifically and strongly bind to a specific target;
SELEX - an artificially, iteratively evolutional process to
generate highly specific aptamers. To perform SELEX, a
DNA or an RNA library is first incubated with the target.
Candidates that specifically interact with the target are
obtained when candidates that bind to targets are eluted
and subsequently amplified to generate a new pool for the
next round of selection; Aptamer nanocomplex - a drug
or a nanoparticle conjugated with aptamers to enhance
the specificity of targeting; Aptamer chimera - an oligo-
nucleotide composed of an aptamer for targeting and a
therapeutic nucleic acid for treatment;

still face the obstacle of penetrating the tumor micro-
vessels into the tumor core. In this review, we will first
introduce the current status of aptamer nanomedicine
in clinical trials. Next we will discuss the major barriers
to aptamer nanomedicine at the design and applica-
tion stages and highlight the advances that address
these issues in the preclinical pipeline (Table 1). We will
also speculate on the future trajectory of these ad-
vances and illustrate the potential translation route for
aptamer nanomedicine.

APTAMER NANOMEDICINE IN CLINICS AND CLIN-
ICAL TRIALS

To date, 11 aptamers are under clinical trials (one for
AMD has been approved) for treatments related to
macular degeneration, coagulation, oncology, and in-
flammation (Figure 2). In this section, we will review the
application of these aptamers in the treatment of each
disease.

Age-Related Macular Degeneration. Among those under
clinical evaluation, aptamers for the treatment of AMD
have made remarkable advances (Figure 2A). Approxi-
mately, 8 million Americans suffer from two major
types of AMD, namely, neovascular (wet) and atrophic
(dry) AMD."” Wet and dry AMDs occur due to choroidal
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Figure 1. Barriers at the design and in vivo application stages for the development of aptamer cancer nanomedicine. Target
recognition, target inhibition/stimulation, and ligand—payload coupling are major barriers at the design stage. When applied
in vivo, cell and tissue specificity, immunogenicity, degradation, systemic circulation, and tumor penetration are the
important barriers.
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TABLE 1. Summary of Selected Aptamer Cancer Nanomedicine Systems in the Preclinical Pipeline

aptamer
sequence loading and
application target type Kp (nM)  modification payload carrier preparaion strategy ref
drug delivery  prostate-specific RNA 11997 none doxorubicin hyper-branched polyester core hydrophobic interaction 68
membrane with a PEG—PLA shell
antigen (PSMA)
PSMA RNA 119597 2'-F-modifications  docetaxel PEG—PLGA nanoparticle (NP)  nanoprecipitation 70
PSMA RNA 11997 2'-F-modifications  Pt(IV) prodrug PEG—PLGA NP nanoprecipitation 71
3-inverted T cap 7
protein tyrosine DNA 0.8%* none doxorubicin additional DNA duplexes intercalation 61
kinase-7 (PTK-7)
nucleolin DNA n/a® none padlitaxel PEG—PLGA NP emulsion/solvent evaporation 74
nudeolin DNA n/a® none doxorubicin liposome hydration/extrusion 80
gene therapy ~ PSMA RNA  11.9%%¢  2’-F-modifications ~ PLK1, BCL2 siRNAs none chimera 84
PSMA RNA  11.9%%%  2'-F-modifications  DNAPK shRNA none chimera 93
PSMA RNA  11.9°%%  none AR shRNA construct PEG—PLGA NP solvent displacement 9%
Ax receptor tyosine RNA  12° 2'-F-modifications  let-7g miRNA none chimera 87
kinase
nucleolin DNA n/a® none SLUG, NRP1 siRNAs none chimera 85
nudeolin DNA n/a’ none BRAF siRNA liposome lipoplex formation 97
mucin 1 (MUC-1)  DNA  0.135%8  none mi-29b miRNA none chimera 90
imaging tenascin-C RNA 5710 2-OMe and 2-F- *™Ic chelate complex none direct conjugation 15
modifications
3-inverted T cap
PEGylation
Ramos cell line DNA 747°®  none Q5 none direct conjugation 100
PTK-7 DNA 0.8%* none (y5/BHQ2 none direct conjugation 105
nucleolin DNA n/a none silica-coated Mn;0,4 NP none direct conjugation 107
VEGF recptor 2 DNA 0.2 modified bases® SPION none direct conjugation 108
neutrophil elastase ~ DNA n/a® none #m7¢ chelate complex none direct conjugation 109
MUC-1 DNA  0.135%®  none #m7¢ chelate complex none direct conjugation m
theranostics MUC-1 DNA  0.135%®  none SPION + epirubicin additional DNA direct conjugation (SPION) + 113
duplexes (drug) intercalation (drug)
MUC-1 DNA  0.135%®  none quantum dot + doxorubicin none direct conjugation 114
immunotherapy  cytotoxic T cell RNA 33739 2'-F-modifications ~ Anti-CTLA4 aptamers none tetramerization 139
antigen-4
(CTLA4)
(TLA4 RNA 33'%° nja STAT3 SiRNA none chimera 140

“Reported as an enzyme inhibition constant (K;). ® Information not avaliable. ¢ 5-N-(Benzylcarboxyamide)-2’-deoxyuridine (BzdU).

neovascularization and degeneration of retinal pigment
epithelial cells, respectively. Pegaptanib (Macugen;
Pfizer and Eyetech), which is approved for wet AMD
treatment, is an RNA aptamer that specifically recog-
nizes human VEGF.'® VEGF promotes angiogenesis and
is often up-regulated under certain conditions (e.g.,
wound healing) or diseases (e.g., wet AMD).'8 Pegapta-
nib binds to the heparin-binding site of VEGF and blocks
the interaction between VEGF and its receptors, which
results in the prevention or reduction of the neo-
vascularization. In 2004, pegaptanib became the first
antiangiogenesis drug for wet AMD therapy under
intravitreal administration with a dosage of 0.3 mg per
eye every 6 weeks.'® However, pegaptanib only recog-
nizes the abundant isoform of VEGF, VEGF¢5, whereas
ranibizumab (Lucentis; Genentech), an antibody com-
petitor developed later, can bind to all isoforms of
VEGF."® Nevertheless, recent results of the phase IV
clinical trial indicate that pegaptanib may be a safer
option for the long-term maintenance therapy.*® This is
because VEGF also regulates blood pressure in addition
to angiogenesis, and blocking all the VEGFs may
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increase the risk of hypertension and other side effects,
especially for patients with systemic comorbidities.?’
Hence, for these patients, pegaptanib would be suitable
as boosters to improve the visual acuity for long-term
treatment of wet AMD.

Anti-VEGF therapy alone may not be sufficient for
the new vessel regression to prevent angiogenesis
due to the influence of vessel maturation, which is
associated with pericytes. Platelet-derived growth fac-
tor (PDGF) plays a role in pericyte recruitment and
causes new vessels to become resistant to anti-VEGF
drugs.?** An in vivo study demonstrates that the
combination of pegaptanib and anti-PDGF antibody
can not only prevent neovascularization but also cause
vessel regression.®> An anti-PDGF aptamer, E10030
(Fovista; Ophthotech), was developed and optimized
from a DNA-based SELEX?** for similar purposes.
Now, a combinational therapy comprising E10030
and ranibizumab awaits phase Il evaluation for wet
AMD treatment (clinical trial IDs NCT01944839 and
NCT01940900). Ophthotech has another RNA aptamer
(ARC1905) against complement component 5 (C5) also
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(A)

Pegaptanib L — 777000 or et AMD
‘ treatment
E10030 .— Waiting phase Ill for wet-AMD treatment
ARC1905 - Completed phase | for wet- and dry-AMD treatments
Macular degeneration
B .
(8) REG1 — Waiting phase Iil for the PCI surgery use
ARC1779 — Under phase Il for VWD type 2B treatment
NU172; - Under phase Il for coronary artery bypass graft surgery
BAX499 ‘ ili
’ Under phase | for hemophilia treatment X
Coagulation
@
A51411 — Under phase Il for AML and renal cell carcinoma treatments
NOX'A{12 — Under phase Il for leukemia and myeloma treatments
Oncology
(D) . ) . )
NOX-H94 — Under phase Il for treating anemia of chronic inflammation
NOX-E36 — Under phase Il for type-2 diabetes mellitus treatment

Inflammation

Figure 2. Current progress of aptamer nanomedicine for (A) macular degeneration, (B) coagulation, (C) oncology, and (D)

inflammation in clinical trials.

under development for AMD treatment.>® C5 is a
downstream protein in the complement cascade re-
portedly associated with the pathogenesis of AMD.?®
Thus, C5 may be a therapeutic target for both wet and
dry AMDs. Ophthotech has recently completed phase |
clinical trials using ARC1905 for these two types of
AMD:s (clinical trial IDs NCT00709527 and NCT00950638).

Coagulation. Coagulation is another significant clin-
ical application for aptamers. There are four aptamers
now in clinical trials (Figure 2B). The first aptamer, REG1
(Regado Biosciences),”” has recently passed phase II
clinical trials for its use in the surgery of percutaneous
coronary intervention (PCl) for patients with coro-
nary artery disease (clinical trial ID NCT00715455).
This system comprises a 37-mer RNA aptamer RB006
(Pegnivacogin) and an antidote RB007 (Anivamersen),
which is a 17-mer complementary sequence of
RB006.%” RBO06 acts as an antagonist against factor
IXa to prevent the downstream conversion of factor X
and prolongs clotting time. RB007 can specifically
reverse the functionality of RB006, so the sheath
removal time after PCl can be well controlled by the
dose of RB007. Compared with the currently available
anticoagulation/antidote pair (heparin/protamine), the
REG1 system is less toxic, and the therapeutic effects
can be precisely controlled by adjustment of dosage.*®

The second aptamer is ARC1779 (Baxter),%® which
binds to von Willebrand factor (VWF), a key factor in the
coagulation cascade associated with platelet recruit-
ment. If this protein is deficient or defective, the
clotting cascade will malfunction and result in bleeding
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disorders known as von Willebrand diseases (VWD).*°
The type 2B VWD is one subclass of this disease associated
with a mutated VWF, which shows higher affinity against
platelets compared with normal VWF. Since mutation of
VWF does not influence multimer formation and diges-
tion, mutated VWF multimers would spontaneously
interact with platelets and can be cleaved by ADAMTS-
13 enzyme. Consequently, small VWF multimer—platelet
complexes would reduce the efficiency of platelet adhe-
sion and boost the clearance rate of the complexes and
cause symptoms such as thrombocytopenia.' Aptamer
ARC1779 is a DNA aptamer that recognizes VWF's A1l
domain, which binds to the glycoprotein 1b of the
platelet.?® This aptamer can block spontaneous interac-
tion between VWF and platelets. A recent phase Il pilot
study shows that ARC1779 can effectively prevent des-
mopressin (@ VWF agonist)-induced platelet depletion
in the patients treated with ARC1779 and desmopressin
by inhibiting the VWF—platelet interaction.>?

The third aptamer is NU172 (ARCA Biopharma),>
designed as a short-term anticoagulant and distinct
from REG1 and ARC1779. It is an unmodified DNA
aptamer recognizing the exosite | of thrombin.
NU172 can effectively prolong the clotting time in
preclinical studies, and the anticoagulation function
is rapidly terminated due to its degradation. A phase I
clinical trial designed for the application of this apta-
mer in coronary artery bypass graft surgery is under
consideration (clinical trial ID NCT00808964).

Unlike other aptamers targeting the proteins in the
intrinsic coagulation pathway, the fourth aptamer
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BAX499 (formerly known as ARC19499; Baxter)** inter-
acts with the tissue factor pathway inhibitor, which is
a negative regulator of factor Vlla in the extrinsic
pathway. In a preclinical monkey model, BAX499 can
restore the clotting defect induced by the antifactor VI
antibody, which mimics the pathology of hemophilia. It
entered phase | clinical trials in 2010, and the results are
pending (clinical trial ID NCT01191372).

Oncology. In the field of oncology (Figure 2C), two
aptamers, namely, AS14113° and NOX-A123® have
entered clinical trials. AS1411 (formerly ARGO100;
Antisoma)®® is a guanine quadruplex aptamer ob-
tained from a guanine-rich oligonucleotide library in
the antiproliferation screen, which is not a typical
SELEX process. The guanine quadruplex structure ben-
efits AS1411 because it is resistant to nuclease degra-
dation and enhances cell uptake. In in vitro validations,
AS1411 inhibits more than 80 types of cancer cell lines.
In addition, the target of AS1411 has been verified to
be nucleolin, and the relevant mechanism and speci-
ficity against cancer cells have also been described. In
preclinical tests, AS1411 shows efficacy toward xeno-
graft models, including non-small cell lung, renal, and
breast cancers. It entered clinical trials in 2003 and
passed phase Il trials for acute myeloid leukemia. A
subsequent phase |l trial for renal cell carcinoma
started in 2008 (clinical trial ID NCT00740441). NOX-
A12 (Olaptesed pegol; Noxxon)*® is an L-form RNA
aptamer known as Spiegelmer®” and is used for cancer
therapy. NOX-A12 targets the chemokine CXCL-12 and
blocks its binding to its receptor.3® This disrupts the
tissue gradient of CXCL-12 and reduces the cancer cell
homing that might lead to tumor metastasis and
drug resistance.® Currently, phase Il clinical trials for
NOX-A12 are underway for the treatment of chronic
lymphocytic leukemia and refractory multiple myelo-
ma (clinical trial IDs NCT01486797 and NCT01521533).

Inflammation. Two other Spiegelmers, NOX-H94
(Lexaptepid pegol)® and NOX-E36 (Emapticap pegol),*
both from Noxxon, are designed for the treatment of
disease-induced inflammation (Figure 2D). NOX-H94
targets hepcidin, a peptide hormone regulating the
iron homeostasis, and interferes with the interaction
between hepcidin and ferroportin.3® For patients with
chronic inflammation associated with cancer and di-
alysis, hepcidin is up-regulated and leads to anemia
because of hepcidin-induced ferroportin degrada-
tion.*' NOX-H94 can reduce the symptom of anemia
caused by chronic inflammation by inhibiting the func-
tionality of hepcidin® In the preclinical study using a
Cynomolgus monkey model, pretreatment with NOX-
H94 can prevent the interleukin-6-induced drop in serum
iron concentration. This aptamer initially entered clinical
trials for the treatment of anemia caused by chronic
inflammation in patients with cancers and com-
pleted phase lla trials recently (clinical ID NCT01691040).
Now Noxxon also plans to use NOX-H94 to treat dialysis
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patients who have erythropoiesis-stimulating agent-
induced anemia, and phase I/Il trials (clinical trial
ID NCT02079896) have begun. NOX-E36 is another
Spiegelmer for inflammation treatment.*° It recognizes
the CC motif chemokine ligand 2 (CCL2; also known as
monocyte chemoattractant protein 1, MCP-1), which
mediates inflammation via leukocyte recruitment from
vascular to extravascular space. NOX-E36 prevents
CCL2-induced inflammation by binding to CCL2 and
thereby reducing leukocyte recruitment. NOX-E36 is
effective in the treatment of lupus nephritis*® and in
the prevention of type-2 diabetic glomerulosclerosis*?
in the mice models. This aptamer is currently
being evaluated in phase Il clinical trials for type-2
diabetic patients (clinical trial IDs NCT01085292 and
NCT01547897).

Compared with the current therapeutic strategies,
these aptamers in clinical trials are advantageous
particularly for safety issues. They also show significant
improvement in efficacy. In addition to these aptamers,
more aptamer nanomedicine systems are being devel-
oped especially for cancer therapy.

BARRIERS AT THE DESIGN STAGE FOR APTAMER
NANOMEDICINE

At the design stage, SELEX is the most important
technique to generate an aptamer that recognizes its
desired target. The concept of SELEX was indepen-
dently demonstrated by Gold's and Szostak's groups in
the 1990s.* The aptamer is screened from a nucleic
acid library composed of 10™ to 10'® different candi-
dates, and each candidate comprises 30—60 random
nucleotides between two fixed primers. Due to se-
quence differences, candidates fold into different sec-
ondary and tertiary structures. When candidates are
incubated with the target, only those that bind with
high affinity against the target can be eluted from
the target—candidate complex. The target-specific
candidates are amplified either by polymerase chain
reaction (PCR) (for DNA aptamer) or by reverse-
transcriptase PCR (for RNA aptamer). Subsequently,
enriched candidates are activated by single-strand
isolation (DNA aptamer) or in vitro transcription (RNA
aptamer) for the next selection round. Through round-
by-round selection, the dissociation constant (Kp) of
the candidate pool can be improved from micromolar
(M) to low nanomolar (nM) or even picomolar (pM)
range. Candidates will eventually converge to several
representative aptamers that recognize the target with
high affinities and specificities. This iterative process
continues until the best performing aptamer is ob-
tained from the SELEX process and the resulting
aptamer is capable of target recognition. However,
the candidates may bind to any epitopes on the target
protein in the incubation step, so the conventional
SELEX technique cannot ensure that the obtained
aptamer binds to a specific epitope of the target, which
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may be required for downstream signaling, leading
to the desired therapeutic outcome. In other words,
aptamer candidates identified through SELEX may not
hold the expected ability to stimulate or inhibit the
functionality of the target. For this barrier, researchers
may need to use either a specialized selection ap-
proach to generate an aptamer that can interfere with
the target's functionality or a conjugate aptamer with a
therapeutic payload to form a nanocomplex for the
desired therapeutic outcome.

Target Recognition. The dissociation constant be-
tween the aptamer and the target is the most impor-
tant parameter that assists researchers in determining
whether SELEX is successful. Generally, the candidate
pool's Kp in the final round of a successful selection
should be lower than 30 nM.** Although SELEX is
theoretically capable of generating a high-affinity apt-
amer against any target, the success rate of aptamer
generation through the conventional SELEX technique
is lower than 30%,** and conventional SELEX fails in the
screening toward some “difficult” proteins. This limita-
tion may be due to a lack of structural diversity of the
nucleic acids, which only consists of four building
blocks—two pyridines and two purines. Also, the back-
bone of nucleic acid is highly negative-charged, so the
natural aptamer candidates may not interact with
some negative-charged proteins. Thus, the conven-
tional SELEX with the natural nucleic acid library may
not be able to obtain the aptamers with the desired
affinity in some cases.

A variety of nucleotide analogues have been intro-
duced to enhance the affinity of aptamer and, accord-
ingly, the success rate of SELEX.**~*% Notably, a library
of the 5-position-modified deoxyuridines was intro-
duced to increase the aptamer's diversity and to create
more hydrophobic interactions between targets and
aptamer candidates.**~*° In contrast to natural apta-
mers, contacts between target proteins and modified
aptamers are mainly hydrophobic interactions instead
of hydrogen-bonding or polar—polar interactions.**
This minimizes the instability of the aptamer in differ-
ent microenvironments that hold various pH values
and salt concentrations, which may cause charge
repulsion between the aptamer and target protein.
As these nucleotide analogues can be recognized by
commercially available polymerases,*® they are com-
patible with the amplification step of the conventional
SELEX. The modified single-stranded DNA library has
been used to generate aptamers against protein tar-
gets where unmodified single-stranded DNA candi-
dates have failed, with an overall success rate as high as
84% in a large-scale selection.*® This type of aptamer is
also known as SOMAmer (slow off-rate modified
aptamer) and is now applied to cancer diagnostics*’
and biomarker discovery for diseases such as chronic
kidney disease*® and lung cancer.*® Another similar
approach that enhances base hydrophobicity and
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improves the diversity of the aptamer library was
reported by Kimoto et al.*® A hydrophobic but artificial
base (7-(2-thienyl)imidazo[4,5-b]lpyridine) was added
to the candidate sequences. The modified library was
used to generate aptamers against VEGF 45 and inter-
feron-y, and the resulted aptamers have extremely
low dissociation constants ranging from low pico- to
high femtomolar (fM), which are 100- to 5000-fold
lower than that of unmodified aptamers. The examples
above demonstrate that the affinity problem in apta-
mer design may be effectively resolved by increasing
the diversity of nucleotide building blocks and de-
creasing charge repulsion. This approach may also
significantly diversify the target range of aptamers, in
general.

Target Stimulation and Inhibition. To date, there are
more than 900 aptamers*® generated from SELEX
and developed for a broad spectrum of diagnostic
and therapeutic applications. Although the aptamers
in clinical trials are all able to inhibit their targets and
show promising efficacy, these target-inhibiting (or
stimulating) aptamers only account for a small portion
of all reported aptamers. As mentioned earlier, high-
affinity aptamers identified via SELEX may be able to
bind well to the target, but they may not be able to act
on the functional epitopes of the targets. As a result,
post-SELEX screening is often performed to obtain an
aptamer with this desired agonistic or antagonistic
functionality.>®*"

Instead of using the entire protein which contains
both functional and nonfunctional epitopes, Jeon et al.
used a conserved and functional epitope of influenza
hemagglutinin as a target to ensure that the generated
aptamer can block this particular epitope and accord-
ingly show functionality.> Additionally, a competition-
based selection approach called “epitope-specific SE-
LEX" has been reported to generate antagonistic apta-
mers against the sialic acid receptor binding site of
hemagglutinin.>® The hemagglutinin-specific pool was
first obtained and enriched through the conventional
SELEX route. Aptamers against the desired domain
were subsequently displaced from hemagglutinin
by excess fetuin, an epitope competitor. Thus, the
resulting aptamers are capable of blocking the epi-
tope and show the antagonistic functionality of anti-
hemagglutination, as well. Waybrant et al. used an-
other approach to obtain epitope-specific aptamers by
denaturing the desired domain of the target protein.>*
An aptamer against the chemokine domain of fractalkine
(CX3CL1) protein was generated via this approach. First,
the candidates that bind to either chemokine domain or
another unstructured domain (mucin-like stalk) were
generated through a conventional SELEX route. After
that, the protein was denatured and incubated with the
aptamer candidates. Only the candidates recognizing
the unstructured domain were still interacting with the
denatured fractalkine, so these were removed from the
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Figure 3. Upgrading aptamers with drugs through noncovalent interactions. (A) Aptamer nanotrain for leukemia therapeu-
tics. Two hairpin motifs assemble a repeat unit of the nanotrain, and the aptamer is also coupled via nucleic acid hybridization.
After assembly, doxorubicin intercalates the duplex region of the nanotrain. (B) Doxorubicin-loaded unimolecular micelle
designed for prostate cancer therapy. This micelle comprises of a hyperbranched Boltorn H40 core with a PLA inner shelland a
PEG outer shell. The doxorubicin is loaded in the inner shell via hydrophobic interaction, and the anti-PSMA aptamer (A10) is
attached to the outer shell. (C) Enhancement in doxorubicin biodistribution by integrating the aptamer and micelle
technologies. The accumulation of targeted micelles in the tumor (coupled with the aptamer A10) is significantly higher
than that in other groups. Figure reproduced with permission from (A) ref 61 and (B,C) ref 68. Copyright 2013 Elsevier.

collected protein—candidate complexes and other
chemokine-specific candidates accordingly remained
in the supernatant. The resulting aptamer shows bind-
ing capability with the chemokine domain under the
competition assay with epitope-specific antibody, and
it may have functionality because it can block the
interaction between this epitope and a receptor such
as CX3CR1.

Ligand—Payload  Coupling. The above-mentioned
methods for the selection of a target-inhibiting (or
stimulating) aptamer cannot be generalized as they are
customized for an aptamer—target pair. For example,
the functional epitopes may not be located at succes-
sive regions, rendering it difficult to artificially create a
target epitope for the aptamer selection. Also, the
competition and denaturation methods require some
particular steps, which may not be adoptable in other
cases. As a result, there is no selection technology that
can guarantee the generation of this type of aptamer.
Instead, an easier and more direct way to impart
functionality to aptamers is to link them to a therapeu-
tic payload via either covalent or noncovalent linkages.

Aptamer—Drug Nanocomplexes. Since the second-
ary structure of most aptamer backbones contains one
or multiple duplex regions, some drugs® 2 or dyes>®
can be noncovalently linked via intercalation. They can
be loaded on the aptamer and released when the
aptamer recognizes the target. Doxorubicin is a widely
used therapeutic drug for this design of an aptamer—
drug nanocomplex, which can specifically kill the
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target-expressing cancer cells.>>™>” To improve the
loading and drug efficacy, some additional duplexes®®¢’
or origami®? approaches were used. A “nanotrain” de-
sign was proposed to enhance the efficiency of doxo-
rubicin loading.®' A repeat unit of the nanotrain struc-
ture was assembled by annealing two hairpin DNA
motifs and the aptamer against human protein tyrosine
kinase-7 (sgc8)°*%* via hybridization (Figure 3A). This
aptamer—doxorubicin nanotrain can selectively recog-
nize and inhibit the leukemia cell line, CCRF-CEM, which
overexpresses the aptamer's target protein. The efficacy
of this aptamer—drug nanocomplex was validated in
a xenograft mouse model with significantly reduced
tumor growth and prolonged survival.®'

Since aptamers incorporated with a wide range of
functional groups are available from the manufacturer,
direct covalent conjugation is another way to link an
aptamer with the therapeutic drug. Several proof-of-
concept studies have demonstrated in vitro that direct
conjugation can improve the specificity of drugs,
which originally hold no targeting ability.>>~%” How-
ever, this strategy may have some limitations: First, the
drug may not have a functional group suitable for
conjugation. Second, conjugation may affect the po-
tency of the drug. Third, the release profile may need
optimization. To address these issues, an aptamer-
conjugated doxorubicin-loaded unimolecular micelle
was developed.®® This drug platform contained a
hyper-branched aliphatic polyester core, a hydropho-
bic poly(lactic acid) (PLA) inner shell, a hydrophilic
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Figure 4. Polymeric and liposomal drug formulations coupled with aptamer technology for cancer therapeutics.
(A) Schematic structure of aptamer—PEG—PLGA nanoparticle designed for chemotherapeutic drug delivery. The drug is
encapsulated, and the nanoparticle is formed through nanoprecipitation. The aptamer A10 is conjugated onto the
nanoparticle surface by EDC/NHS chemistry. (B) Comparison of the preclinical outcome of nanoparticle treatment.
(C) Microfluidic technology for generation of monodispersed PEG—PLGA nanoparticles (inset: TEM image of nanoparticles
generated from the microfluidic system). (D) Schematic of the aptamer—liposomal system for doxorubicin delivery. With a
cholesterol modification, the antinucleolin aptamer AS1411 could be directly anchored with the nanoparticle during
liposome formation. Figure reproduced with permission from (A,B) ref 70, copyright 2006 National Academy of Sciences;
(C) ref 73 and (D) ref 80, copyright 2013 Royal Society of Chemistry.

polyethylene glycol (PEG) outer shell, and a surface
conjugated with the aptamer-recognizing prostate-
specific membrane antigen (PSMA), which is known
as A10.5° As shown in Figure 3B, the doxorubicin was
loaded into the hydrophobic segment of the micelle.
The drug-releasing mechanism is based on the hydro-
lysis of the polyester core, which is pH-sensitive. In an
acidic microenvironment, the release rate of drug is
nearly 2-fold higher than at neutral conditions, which
means that this platform should be stable during the
circulation and release the doxorubicin within the
endosome or under an acidic tumor microenviron-
ment. Furthermore, the anti-PSMA aptamer can en-
hance the efficacy of a doxorubicin-loaded micelle.
This rationale is confirmed by in vivo distribution
evaluation at 6 h post-administration (intravenous)
when aptamer-conjugated doxorubicin micelles show
4-fold and 1.5-fold improvement compared with con-
ventional doxorubicin and nontargeted doxorubicin
micelles, respectively (Figure 3C).®

An aptamer-coupled PEG-poly(p,L-lactic-co-glycolic
acid) (PLGA) nanoparticle was also developed for anti-
cancer drug delivery and evaluated in the prostate
cancer model (Figure 4A).”° PLGA was first modi-
fied with PEG via 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide  (EDC)/N-hydroxysuccinimide  (NHS)
chemistry, and the resultant PEG—PLGA docetaxel
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nanoparticles were formed by nanoprecipitation.
After conjugation of the anti-PSMA aptamer on the
nanoparticle surface, the aptamer—drug complex
showed significant efficacy in a murine prostate
tumor model. Five of seven mice treated with aptamer—
PEG—PLGA—docetaxel nanoparticles showed complete
tumor regression, whereas only two and none of seven
mice showed regression in the groups of nontargeted
PEG—PLGA—docetaxel nanoparticles and docetaxel,
respectively (Figure 4B).

The same group also used the same PEG—PLGA
formulation to deliver cisplatin for prostate cancer
treatment.”! As cisplatin is practically insoluble in
organic solvent, the authors encapsulated the hydro-
phobic platinum(lV) prodrug via nanoprecipitation.
When the aptamer—PEG—PLGA—platinum(lV) com-
plex was internalized, the platinum prodrug would
be released after endosome escape and reduced to
an active form, which can interact with the chromo-
some of the cancer cell. This approach increased not
only encapsulation efficiency but also the potency of
the platinum prodrug. Additionally, the preclinical
evaluation factors such as maximum treatment dos-
age, biodistribution, and pharmacokinetics were also
investigated.”” Compared with cisplatin or the non-
targeted platinum(IV) prodrug, this format was much
safer and provided a longer half-life of active platinum.
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In an LNCaP subcutaneous xenograft mouse model, an
aptamer-coupled nanoparticle or cisplatin was intra-
venously administered twice every week. Mice treated
with the nanoparticles showed an outcome (tumor
regression) the same as those treated with cisplatin,
but the required dosage of the nanoparticle formula-
tion was only 1/3 of that of cisplatin. To improve the
efficacy and to better control the formulation of the
nanoparticle, co-delivery and the microfluidic produc-
tion concepts were introduced (Figure 4C) to encapsu-
late both docetaxel and platinum(lV) prodrug in
aptamer-coupled PEG—PLGA/PLA nanoparticles in a
well-controlled environment.”® The microfluidic tech-
nique precisely produced 100 nm nanoparticles with a
small polydispersity index (<0.10).

A similar PLGA nanoparticle approach was used by
Guo et al. to deliver paclitaxel for glioma treatment.”*
PEG—PLGA nanoparticles encapsulating paclitaxel
were conjugated with antinucleolin aptamer, AS1411.
This formulation showed much higher efficacy com-
pared with the conventional paclitaxel drug (Taxol)
in vivo and significantly increased survival rate and
reduced tumor size. Overall, this aptamer-coupled
PEG—PLGA drug delivery system has promising poten-
tial for translation because, first, both PLGA and PEG
are well-studied biomaterials found in many FDA-
approved formulations’>”® and, second, the preclinical
study of this nanocomplex format is comprehensively
evaluated.”>”*

Liposomal delivery platform is another significant
formulation in the field of drug development, and
many liposome-based drugs have been approved or
are being evaluated in clinical trials.”””® Compared
with other nanoparticle platforms, constructing an
aptamer-coupled liposome may be easier since
cholesterol-modified aptamers are commercially avail-
able, and liposomes can be directly anchored with a
cholesterol-modified aptamer during nanoparticle for-
mation (Figure 4D).”98% This advantage has been used
to develop aptamer-coupled liposomes to specifically
deliver cisplatin’® and doxorubicin.2° The antinucleolin
aptamer, AS1411, for breast cancer cell targeting,
coupled to this liposomal design, killed cancer cells
with high specificity. This aptamer—doxorubicin lipo-
some formulation inhibited breast tumor growth in-
duced by estrogen as no significant growth of the
tumor was observed in the group treated with the
aptamer—doxorubicin liposome, while the size of the
tumor in the control group increased 166%.%° Besides
the above-mentioned formulation, other types of
aptamer-coupled nanoparticle systems for targeted
drug delivery have also been reported.®' =8 Although
these studies reported promising designs and impress-
ive in vitro efficacies, in vivo validations are required for
translation.

Aptamer—Nucleic Acid Nanocomplexes. In addition
to small-molecule drugs, nucleic acid is another class of
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therapeutic payload for targeted therapy. With respect
to applications, nucleic acid payloads can be divided
into two main types: nucleic acids for (1) gene silencing
and (2) transfection. Small interfering RNA (siRNA),
small hairpin RNA (shRNA), micro-RNA (miRNA), and
antisense oligonucleotides are designed for knocking
down a certain gene (deleting a gene function) to kill
certain types of cells. In contrast, plasmid DNA or mRNA
are used for transfection to deliver a certain gene
(adding a gene function) to cure a disease. To date,
most studies focus on the development of aptamer-
mediated siRNA, shRNA, or miRNA delivery systems for
gene silencing applications. This is an emerging class of
gene therapy particularly promising for cancer therapy.

Similar to drug delivery, the easiest strategy for
aptamer-based nucleic acid delivery is to link the
therapeutic nucleic acid directly to the aptamer. This
is known as an aptamer—therapeutic nucleic acid
chimera (Figure 5A). Anti-PSMA RNA aptamer A10
was the first aptamer used for siRNA delivery, and the
passenger strand of siRNA was directly synthesized
with the aptamer.®* Two siRNAs targeting the genes of
polo-like kinase 1 (PLK1) and B-cell CLL/lymphoma 2
(BCL2), which are the common oncogenes engendered
by most cancer cells, were applied, and these two
aptamer—siRNA chimeras showed significant knock-
down efficiency on the PSMA-overexpressing cell
line, LNCaP. Furthermore, intratumoral treatment of
aptamer—siRNA chimeras significantly inhibited tumor
progression and reduced the size of the tumor in the
case of the LNCaP cell-derived tumor-bearing mice,
whereas no significant regression was observed in
PC3-cell-derived tumor-bearing mice. In addition to
the prostate cancer model, the aptamer—siRNA chi-
mera was also tested in the non-small lung cancer
model.®> The aptamer AS1411 was linked to siRNA-
targeting Snail family zinc finger 2 (SLUG) and neuro-
pilin 1 (NRP1), both related to the tumor metastasis. As
expected, the aptamer—siRNA chimera applied either
individually (AS1411-SLUG or AS1411-NRP1) or syner-
gistically (AS1411-SLUG plus AS1411-NRP1) showed
significant tumor regression (Figure 5B). Furthermore,
the synergistic treatment using two chimeras via in-
tratumoral injection not only reduced the number of
circulating tumor cells (Figure 5C) but also inhibited
angiogenesis in the tumor.

The chimeras Chi-29b% and GL21.T-let®” are addi-
tional examples of direct conjugation of the aptamer to
a therapeutic nucleic acid. Chi-29b comprises an anti-
mucin 1 (MUC1) aptamer®® and miRNA miR-29b%°
for ovarian cancer treatment.®® MUC1 protein is a
common marker that is overexpressed in most cancer
cells, including ovarian cancer cell lines, OVCAR-3
and OVAC420. The miRNA miR-29b interacts with
the mRNAs of the DNA methyltransferase (DNMT)
family, which regulate the DNA methylation.®® This
chimera was designed to specifically recognize the
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Figure 5. Aptamer nanomedicine in gene therapy for can-
cer treatment. (A) Two common strategies for linking apta-
mers with siRNAs. Direct synthesis approach (the upper
case): aptamer is directly synthesized with a therapeutic
nucleic acid payload (in this case, the payload is siRNA).
Sticky end approach (the lower case): the chimera is formed
by hybridizing the aptamer and the therapeutic nucleic acid
(siRNA) via complementary sticky ends. (B) Preclinical out-
come of the aptamer—siRNA chimera in the murine lung
cancer model. Mice were intratumorally given with two
aptamer—siRNA chimeras (AS1411-SLUG and AS1411-
NRP1). Both single treatments (either AS1411-SLUG or
AS1411-NRP1) and synergistic treatments (AS1411-SLUG
and AS1411-NRP1) inhibit the tumor growth. (C) Number
of circulating tumor cells after the treatment. The synergis-
tic treatment of two aptamer—siRNA chimeras significantly
reduces circulating tumor cells in the blood. (D) In vivo
optimization of aptamer—siRNA chimera design. The 22Rv1
(PSMA-) and PC-3 (PSMA+) xenograft mice are intrave-
nously administered with the aptamer—siRNA chimera
(A10-PLK1). Compared with the blunt format (linking the
passenger strand of siRNA with the aptamer), the swap
format shows better in vivo specificity. Figure reproduced
with permission from (B,C) ref 85, copyright 2014 Elsevier,
and (D) ref 95, copyright 2009 Nature Publishing Group.

MUCT1-overexpressed cancer cells and to inhibit the
function of the DNMT family and accordingly rescue
PTEN (phosphatase and tensin homologue) expres-
sion.®® This approach inhibited the methylation of
the PTEN promoter and up-regulated the PTEN expres-
sion in the OVCAR-3 ovarian cancer model both
in vitro® and in vivo.°® Moreover, this chimera was
also potent against tumors derived from OVAC420 and
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paclitaxel-resistant OVCAR-3 cells. Interestingly, this
chimera killed the above-mentioned cancer cells
through different pathways distinct from that of wild-
type OVCAR-3. For OVAC420, rather than reversing
of the PTEN expression, the chimera showed potency
by inhibiting the mitogen-activated protein kinase
(MAPK) pathway and insulin-like growth factor 1
(IGF1) expression. In the case of paclitaxel-resistant
OVCAR-3, it was presumed that the chimera reduced
the growth rate of tumor via three routes: (1) up-
regulation of PTEN (induction of apoptosis), (2) inhibi-
tion of the MAPK/IGF1 pathway, and (3) inhibition of
aldehyde dehydrogenase 1 expression.”® Similarly, GL21.
T-let is also an aptamer—miRNA chimera,®” which is
composed of an antagonistic aptamer against the
Axl receptor tyrosine kinase®' and the human miRNA
let-79.%% This study demonstrates that direct conjugation
of aptamer and therapeutic nucleic acid does not influ-
ence the aptamer's affinity if the linkage between the
aptamer and the payload is optimized (Kp of GL21.T-let
and its parent aptamer: 19 vs 12 nM).#”°" Moreover, a
synergistic effect from the aptamer and the miRNA has
been demonstrated in this study.®” The chimera GL21.T-
let showed more than 20% improvement on in vitro
inhibition of cancer cell growth and migration and
improved the outcome in the in vivo assessment. With
the assistance of the aptamer, the chimera specifically
reduced the volume of the Axl-expressing tumor rather
than that of the Axl-negative tumor. However, the
transfection efficiency of GL21.T-let is more than 10
times lower than that of the conventional transfection
agent, which indicates the necessity of a nanoparticle
delivery system for effective transfection.

The aptamer—therapeutic nucleic acid chimera can
also be used to improve the efficacy of ionizing radia-
tion for prostate cancer treatment.” The aptamer A10
has been linked with the shRNA against DNA-activated
protein kinase (DNAPK) related to the pathway of DNA
repair. This chimera can localize at the tumor site and
inhibit the DNA repair after the treatment with ionizing
radiation and effectively serves as a radio-sensitization
agent. Combined with the radiation treatment, the
intratumoral treatment with the A10-DNAPK shRNA
chimera significantly inhibited tumor progression
compared with nontargeted DNAPK shRNA.

This design also inspired interests in the structural
study of the chimera, where the secondary structure of
aptamer—shRNA chimera was systematically investi-
gated by its correlation with in vitro gene silencing.** In
addition, an in vivo optimization of siRNA has also been
reported.®® In this study, the aptamer—siRNA chimera
(A10-PLK1)®* was further optimized for systemic ad-
ministration by tuning the secondary structure and
swapping guide/passenger strands of the siRNA, lead-
ing to improved potency.” This study is the first to
show significant regression of tumors by intraperito-
neal treatment (Figure 5D).
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Besides the aptamer—therapeutic nucleic acid
chimera, aptamer—PEG—PLGA®® and aptamer—PEG—
liposome®” nanoparticles have also been used to
deliver nucleic acids for the treatment of prostate can-
cer. In the PEG—PLGA system (A10-Nano-ARHP8),%®
the aptamer A10 and plasmid-encoding shRNA
(ARHP8) served as the ligand for PSMA targeting and
the payload for silencing the expression of androgen
receptor, respectively. Compared with the control
group, the A10-Nano-ARHP8 nanoparticle intrave-
nously administered prevented tumor growth in three
different tumor models established by LNCaP, 22RV1,
and LAPAC-4 prostate cancer cells. Compared with
nontargeted nanoparticle, aptamer conjugation en-
hanced the local concentration of the payload ARHP8
in the tumor site (more than 2-fold higher than the
nontargeted nanoparticle) and resulted in better
knockdown efficiency (~90%) of the androgen recep-
tor at the mRNA level. On the other hand, a PEGylated
cationic liposomal system has been also recently used
for aptamer-based siRNA delivery.”” A siRNA designed
for malignant melanoma treatment was encapsulated
in the liposome, and its surface was decorated with
the aptamer AS1411 via a thiol-maleimide reaction.
Although this system shows accumulation in the tumor
site superior to that of the nontargeted liposome and
free siRNA, its knockdown efficiency (45%)°” is not as
high as the above-mentioned PEG—PLGA system.”®
This may be due to the undesired interaction between
its cationic surface and aptamer backbone, which will
be discussed in the latter section of this review.

Aptamer Nanomedicine for In Vivo Diagnostics. Up-
grading an aptamer for in vivo diagnostics is also
important because early diagnosis may be the most
important step in cancer therapy. Aptamer nanomedi-
cine has been applied in optical, magnetic resonance,
and nuclear medicine imaging. For optical imaging, the
aptamer is typically labeled with a fluorescent tag. The
aptamer TD05%® which recognizes the Burkitt's lym-
phoma cell line, Ramos, shows the capability of distin-
guishing the tumor site from other tissues in vivo.”
Cy5-labeled TDO5 specifically accumulated in the tu-
mor site of Ramos-bearing mouse with a signal-to-
background (S/B) ratio as high as 115."% This apta-
mer—dye complex format was also used for in vivo
visualization of lung and liver tumors.'®' However, the
use of an aptamer—dye complex is an “always on”
detection method, which emits fluorescence before
target recognition. It results in high levels of back-
ground signal and reduces sensitivity. To address this
problem, a design derived from aptamer beacons,
which have been widely used for in vitro sensing,'®~'%*
was proposed.'® This beacon only fluoresces when it
interacts with the target. The structure of this aptamer—
dye complex is a hairpin construct, and the fluorescent
readout is triggered by aptamer—target interaction
(Figure 6A). When interacting with the target, the dye
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Figure 6. Aptamer nanomedicine for in vivo cancer diag-
nostics. (A) Aptamer—dye beacon design for cancer ima-
ging. The hairpin beacon is constructed by an aptamer and
the assistance strand. Once the aptamer moiety interacts
with the target, the fluorophore departs from the quencher
and accordingly emits the fluorescence due to the confor-
mational change of the aptamer. (B) Comparison of in vivo
specificity between the aptamer—dye beacon and the con-
ventional “always on” aptamer—dye conjugate. The beacon
design significantly improves the signal-to-background
ratio and shows better specificity. (C) Scheme of aptamer-
coupled SPION nanocomplex for glioblastoma imaging.
Since the aptamer targets VEGF receptor 2 (VEGFR2), which
is an angiogenic marker, the application of an aptamer—
SPIOIN nanocomplex facilitates visualization of angiogenic
vasculature of the tumor. (D) Signal enhancement of the
aptamer—SPION nanocomplex. The aptamer improves the
localization of SPION in the tumor site and results in a better
magnetic resonance imaging signal. Figure reproduced
with permission from (A,B) ref 105 and (C,D) ref 108.
Copyright 2013 Springer.

is separated from its complementary quencher due to
the conformational change of the beacon and results in
fluorescence emission. Compared with the “always on”
design, the beacon construct significantly enhances the
S/B ratio (Figure 6B).

Sensitivity enhancement is also important for mag-
netic resonance imaging (MRI). Aptamer-coupled MRI
contrast agents improve sensitivity by providing en-
hanced resolution of tumor tissue. Paramagnetic and
superparamagnetic agents are two major materials
that improve the longitudinal and transverse relaxa-
tions to enhance contrast, respectively.®® A manga-
nese (Mn?") nanoparticle is one of the paramagnetic
materials widely used for MRI and is less toxic than the
chelate form. A silica-coated Mn30,4 nanoparticle was
recently coupled with the antinucleolin aptamer
AS1411 for in vivo tumor imaging.'®” This aptamer-
coupled nanoparticle enhanced sensitivity by 2-fold
after a 12 h treatment and did not cause significant

VOL.9 = NO.3 = 2235-2254 = 2015 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

2245



inflammation and toxicity when analyzed histologi-
cally and biochemically 10 days after treatment. In
addition, superparamagnetic iron oxide nanoparticles
(SPION) are also used with an aptamer as a targeted
imaging agent for tumor visualization in MRL'%® An
aptamer-coupled SPION system for glioblastoma diag-
nosis was reported recently, where a DNA aptamer
against VEGF receptor 2 was used to target the angio-
genic vessels surrounding the tumor (Figure 6C). No-
tably, this aptamer—SPION can cross the brain—blood
barrier and enhance the MRI signal by 25%, which is
also significant compared with the nontargeted SPION
(Figure 6D).

Aptamer-based nuclear medicine imaging agents
are developed before optical imaging and MRI. The
aptamer recognizing neutrophil elastase was the first
aptamer linked with technetium (*™Tc) for in vivo
diagnosis of inflammation disease.'®® In a mice model,
where the aptamer—2*"Tc complex was compared
with the conventional antibody-based imaging agent,
the aptamer—?°"Tc complex achieved a maximum
signal in 2 h with a S/B ratio of 4.3 £ 0.6, whereas the
antibody system needed 3 h and provided worse
contrast (5/B ratio = 3.1 £ 0.1). In a subsequent study,
an RNA aptamer against tenascin-C,''° an extracellular
matrix protein expressed under tumor growth, was
modified with a ®™Tc chelate and applied in the same
model for tumor imaging.'® Consistently, the aptamer—
99™Tc complex showed higher S/B ratio (180 vs 5) and
shorter accumulation time (16 vs 40 h) compared with
the antibody system. The aptamer—°*"Tc complex
system was also optimized in vivo by tuning the chelate
complex and ligand-per-chelate number to improve the
sensitivity and reduce accompanied toxicity.'""

Aptamer Co-delivery Nanocomplexes. Different ap-
proaches for designing aptamer nanocomplexes have
been highlighted in previous sections. An aptamer-
based co-delivery system can be easily constructed by
combining two or more of these approaches. This may
be the ultimate goal for therapeutics, diagnostics, or
even theranostics, that is, “efficacy by design”. For
example, combining therapeutic and diagnostic pay-
loads allows aptamer nanocomplexes to detect and kill
tumor cells simultaneously. Alternatively, by multiplex-
ing two different drugs or therapeutic nucleic acids (or
a combination of both), we may be able to tackle more
complex therapeutic problems such as the drug resis-
tance of cancer cells.

For theranostics application, a quantum dot—
aptamer—doxorubicin nanocomplex was proposed.’'2
The doxorubicin was loaded onto the backbone of the
anti-PSMA aptamer A10 through intercalation that was
previously discussed. The 5’-end of the aptamer was
modified with an amine group, which was used for
conjugation with the quantum dot via EDC/NHS chem-
istry. When the nanocomplex was constructed, the
fluorescence of the nanocomplex would be “turned
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off” due to the fluorescence resonance energy
transfer (FRET). The fluorescence of quantum dot was
quenched by doxorubicin, and that of doxorubicin was
quenched by interacting with the aptamer. When
interacting with the target (PSMA+) cell, the doxoru-
bicin was released due to the conformational change,
and the FRET effect was accordingly eliminated, which
resulted in the emission of quantum dot. Therefore,
this strategy can both identify and kill cancer cells
simultaneously.

This idea was extended to in vivo theranostics
with some minor modification by using the anti-
MUC1 aptamer combined with epirubicin and SPION
as the drug and imaging agent, respectively.'"® Similar
to doxorubicin, epirubicin has a fluorescence property
that could be quenched by interaction with the apta-
mer. In an in vivo colon cancer cell xenograft model,
intravenous administration of this nanocomplex sys-
tem significantly inhibited tumor growth compared
with the treatment with nontargeted epirubicin. How-
ever, unlike the quantum dot system, the SPION is also
an “always on” approach, which has the problem of
low S/B ratio, which needs to be addressed before
translation.

In contrast to intercalation, the two-step direct
conjugation is another option to link both the aptamer
and therapeutic drug. Savla et al. conjugated a quan-
tum dot with the anti-MUC1 aptamer and doxorubicin
through EDC/NHS and hydrazine chemistry, respec-
tively."' Because the hydrazine bond is unstable
under acidic conditions, more than 35% of doxorubicin
was released from the conjugate after 5 h at pH 5.
Hence, we can expect this aptamer—quantum dot—
doxorubicin conjugate to be stable in physiological
environment, and the chemotherapy drug would be
released after it is internalized through receptor-
mediated endocytosis. The in vivo evidence showed
that this conjugate highly accumulated in the tumor
site but not in other organs compared with an un-
modified quantum dot.

APTAMER NANOMEDICINE AT THE APPLICATION
STAGE

If the issues at the design stage are resolved, apta-
mer nanomedicine may have a higher chance for
clinical translation. However, several in vivo barriers
remain. First, as most aptamers are obtained from
in vitro selection under a simplified environment, they
may lose specificity when applied in vivo when the
environment becomes more complex. Second, apta-
mers may have poor pharmacokinetics and biodistri-
bution due to problems related to immunogenicity,
nuclease degradation, and physical characteristics. For
instance, an aptamer nanomedicine agent may be
cleared/degraded before reaching the tumor site, or
its polar nature may prevent it from sufficiently pene-
trating the tumor. In this section, we will discuss
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The tumor-bearing mouse is intravenously administered with the candidate pool, and the tissue-bound candidates are
collected and then amplified for the next round. Thus, the aptamer selected has a high specificity for recognizing the tumor
tissue. Figure reproduced with permission from (A) ref 116, copyright 2010 Nature Publishing Group; (B) ref 50, copyright
2009 Federation of American Societies for Experimental Biology; and (C) ref 118, copyright 2010 Nature Publishing Group.

barriers affecting the success of aptamer nanomedi-
cine for in vivo application and highlight significant
work in this area.

In Vivo Specificity. Aptamers with excellent in vitro
affinity have been used for diagnostic applica-
tions.**'> However, they still face in vivo off-target
problems because conventional SELEX is only based on
the interaction between pure protein and nucleic acid
candidates, which oversimplifies the actual in vivo
environment. To address this problem, instead of using
pure protein, cell-SELEX was proposed using cells as
targets to mimic the in vivo environment to generate
cell-specific aptamers (Figure 7A),'"® which can dis-
tinguish different cells not only in vitro but also
in vivo.831% However, this cell-SELEX method needs
an additional postselection identification to verify
what the complementary target is. In this combined
cell-SELEX and immunoprecipitation (IP) method
known as IP-SELEX,**'"” the aptamer library is first
incubated with a target-overexpressing cell line during
the first round of SELEX. In subsequent selection
rounds, candidates are incubated with target proteins
that are immunoprecipitated from the cell surface
(Figure 7B). This method ensures that the aptamer
recognizes the desired protein target without losing
cell specificity. Mi et al. further demonstrated the
possibility of in vivo selection of the aptamer
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(Figure 7C).""® In this study, the RNA library was first
intravenously injected into tumor-bearing (intrahepatic
colorectal metastases) mice. RNA candidates isolated
from the tissue of the hepatic tumor were then collected
and amplified. After 14 rounds of selection, sequences
converged to three families, with aptamer 14—16 show-
ing the highest affinity to the extracted tumor proteins.
The target protein of aptamer 14— 16 was also identified
to be p68 helicase, an overexpressed oncoprotein of
colon cancer. The specific recognition of p68 was further
confirmed by inhibition assay and immunostaining. This
in vivo selection method has also been used to discover
another RNA aptamer that can cross the blood—brain
barrier."" In this study, an RNA library with a random
region composed of 40 nucleotides was administered
into the mice through tail vein injection. After brain
tissues were harvested from treated mice, aptamer A15
was found in the parenchymal fraction of the brain.
Based on the results of in vitro internalization assays, it
was speculated that aptamer A15 bound to the brain's
endothelial cells and then penetrated into the blood-
vessel-depleted parenchyma.

Immunogenicity and Nuclease Degradation. For aptamer
therapeutics, immunogenicity and nuclease degrada-
tion may not be a serious impediment. Direct evidence
showing immunogenicity of the aptamer has not been
reported. For instance, no significant immunogenicity
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is found in the monkey model where the anti-VEGF
aptamer (pegaptanib) is administered at a dose that
is 1000-fold higher than the therapeutic dose."*® Simi-
larly, the antinucleolin aptamer AS1411 is not immu-
nogenic in the preclinical models of rats and dogs."?’

Nevertheless, aptamers as nucleic acids may still be
detected by Toll-like receptors (TLRs) 3, 7, 8, and 9,
which stimulate the innate immune signaling path-
ways.'?? Fortunately, this may not be a significant issue
for the aptamer therapeutics because aptamers can be
synthesized using 2’-O-methylribonucleotides. Both
in vitro and in vivo studies have shown that substi-
tution of the guanine with 2’-O-methyl (2’-OMe)-
guanine can significantly prevent the TLR-induced
signaling pathway.'?>'* This substitution has also
been widely used in siRNA studies to prevent immune
stimulation.'?>'2 For this reason, aptamers in clinical
trials, such as pegaptanib, E10030, ARC1779, and
BAX499, including the antidote pair (REG007), are
incorporated with 2’-OMe modifications.' 24272934

The introduction of 2’-OMe modification prevents
not only interaction with TLRs but also nuclease de-
gradation. An ex vivo demonstration shows that the
half-life of an unmodified aptamer is very short, and
the functionality of the aptamer is totally neutralized
after 10 min in plasma.’®” This implies that an unmo-
dified aptamer is highly unstable in blood. Modifying
some parts of the original sequence of the nucleic acid
with 2’-OMe groups significantly prevents the aptamer
from nuclease degradation.'*>"?® For example, when
all the nucleotides of the aptamer are modified with
2'-OMe groups, the in vitro half-life of the aptamer with
the rat plasma is as long as 96 h.'*® Introducing
2'-fluoro modification confers similar protection against
nuclease degradation.'®® The aptamers in clinical trials,
such as pegaptanib, RB006 (the aptamer part of REG1),
and ARC1905, are incorporated with 2'-fluoro ribo-
nucleotides.'®*?%” However, these modifications may
reduce the aptamer's binding affinity.'*° Also, substitu-
tion positions of the aptamer sequence may require
further optimization due to a lack of a prediction model
regarding the relationship between the aptamer tertiary
structure and sequence modification.

Capping with the inverted nucleotides is also a
common strategy to reduce nuclease degradation by
preventing the recognition by exonucleases. Ortigao
et al. showed that capped oligonucleotide was stable
after a 90 min incubation with serum, whereas the
uncapped oligonucleotide degraded and lost its func-
tion after 30 min in serum.'®! This modification is often
carried out in the aptamers, as well. For example, the
aptamers pegaptanib, E10030, ARC1779, and ARC1905
are additionally capped with the inverted dT at the
3'-end.'®?*?52° The Spiegelmer mentioned previously
is another approach. Due to the aptamer's chirality, it
can be recognized neither by TLRs nor by nucleases,
which recognize only D-form nucleic acids. Therefore, it
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is less immunogenic and holds a longer half-life com-
pared with other D-form aptamers or therapeutic nucleic
acids.>’

Systemic Circulation. Although the 2’-OMe modifica-
tions and capping with inverted nucleotides provide
excellent protection against nucleases, the modified
aptamers themselves are still rapidly cleared through
renal filtration due to low molecular weight. Polyethy-
lene glycol is commonly used to increase the molecular
weight of the functional aptamer to prevent it from
excretion via renal filtration. Healy et al. investigated
the influence of PEGylation on the pharmacokinetics
of the aptamer.'* PEGylation leads to approximately
10-fold improvement in mean residence time (MRT),
from 1.7 to 16 h with a 40 kDa PEG. Also, both MRT and
elimination half-life are proportional to the molecular
weight of PEG. Moreover, the administration route
does not affect the elimination half-life in a monkey
preclinical model.’

Conjugating the aptamer with a therapeutic pay-
load may also change the circulation profile. Particu-
larly, for nanoparticles (e.g., quantum dots and PLGA
nanoparticles), the size, charge, and hydrophobicity
will lead to different biodistribution. The conjugation
of the aptamer to therapeutic payloads may also make
them more immunogenic due to an increase in mo-
lecular weight. Consequently, the biodistribution of
the conjugated aptamer may be very different from
that of the unconjugated aptamer.

In general, the reticuloendothelial system, also
known as the monocyte—macrophage cell system,
takes up the PEGylated aptamers and aptamer nano-
complexes. Hence, the liver, spleen, and lymph nodes
are the major uptake organs of the conjugated
aptamers.'?®'32 |n particular, the liver, which contains
the Kupffer cells, is central in the clearance of the
PEGylated aptamers or aptamer nanocomplexes.
Nevertheless, the biodistribution of aptamer conju-
gates will vary with their actual size, charge, and the
other physical characteristics. For example, in the
aptamer—PLGA nanoparticle system for the drug de-
livery, an increase in surface density of the aptamer can
enhance the rate of liver accumulation. Nanoparticles
with 10% surface density of aptamer boosted liver
accumulation from 26.1 £+ 7.9% (nonconjugated
nanoparticle) to 73.0 + 3.89% of the injected
nanoparticles.'3

Tumor Penetration. Due to the rapid proliferation, the
vessel architecture in the tumor is usually disorganized,
and a population of cancer cells is in a hypoxia micro-
environment with poor blood support. Also, the lack of
functional lymphatics leads to a high interstitial fluid
pressure in the microenvironment. These cause poor
conventions and exacerbate the efficiency of drug
delivery.”** In addition, extracellular matrixes and
stromal cells surrounding cancer cells may interfere
with the drug targeting and slow the transport.
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Figure 8. Enhancement of tumor penetration with aptamer technology. (A) Penetration barriers in cancer drug delivery. Due
to the heterogeneous microenvironement and leaky vessel, the cancer drug has to travel through a long distance to target
and kill cancer cells. (B) Enhanced penetration with the aptamer-coupled liposomal doxorubicin in ex vivo model. (C) In vivo
optimization of aptamer density on the surface of PEG—PLGA nanoparticles. Figure reproduced with permission from (A) ref
135, copyright 2013 American Chemical Society; (B) ref 80, copyright 2013 Royal Society of Chemistry; and (C) ref 133,

copyright 2008 National Academy of Sciences.

Consequently, the aptamer-coupled drug complex has
to overcome these barriers before interacting with the
cancer cells (Figure 8A).">®

Recent studies demonstrate that the aptamer-
coupled drug complex may be able to cross these
barriers and penetrate into the tumor site more evenly.
Xing et al. used an ex vivo model to compare the
penetration efficiency of aptamer-coupled and non-
targeted liposomal drugs.®® The tumors were excised
from the xenografts of mice and cultured with these
drugs for 24 h to evaluate penetration. The presence of
aptamer significantly improves the penetration over
that of the nontargeted liposomes, which relies only on
passive transport (Figure 8B). This may be expected
because a study, comparing aptamer, nonspecific
ligand, and antibody, has already revealed that apta-
mers have superior tumor uptake kinetics and longer
tumor retention,'® which may benefit aptamer nano-
complexes in tumor penetration. However, tumor pe-
netration is influenced by cancer types, and there are
currently no generalized approaches that can mini-
mize the variations between different cancer models.
Different cancer types will need different drug char-
acteristics (e.g., size, charge, shape, and molecular
weight) to overcome the transport barrier.">>'*¢ Gu
et al. optimized the surface aptamer density on the
PLGA nanoparticles and evaluated its influence on
drug penetration.'*® After intravenous administration
of naked PLGA nanoparticles, only 0.576 + 0.116% of
the treated dose (in weight ratio) penetrated into
the tumor site. On the other hand, with a 5% surface
density of aptamer on the PLGA nanoparticles, a 3-fold
enhancement of drug penetration was observed
(Figure 8C). Although it is a significant improvement,
the penetration efficiency is still low and the results
highlight the difficulty of tumor penetration even with
the use of an efficient aptamer. Further innovations,
perhaps through enzymatic, thermal, or ultrasonic mea-
sures to lower the transport resistance of the necrotic
tumor region, would be required to improve the tumor
penetration of aptamer cancer nanomedicine.
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PERSPECTIVE AND FUTURE DIRECTION

Cancer therapy against solid and metastasized tu-
mors, in particular, remains ineffective. Aptamer nano-
medicine is an emerging and promising class of
therapeutics to address the challenges faced by cur-
rent cancer therapy. Properties such as affinity, func-
tion, specificity, immunogenicity, pharmacokinetics,
and penetration efficiency can be finely engineered
to maximize the efficacy at the design and the applica-
tion stages. Although some aptamer nanomedicines
show great potential either in clinical trials or in the
preclinical pipeline, this field is still in its infancy. Many
obstacles mentioned in this review still need to be
addressed. As current technology cannot ensure the
generation of functional aptamers, functionalization
with therapeutic payloads is still necessary for most
cases. Hence design parameters such as the charge of
payload (or drug carrier), length between aptamer and
payload, and aptamer density, all of which are critical to
generate functional aptamer—drug conjugates, have
to be carefully optimized. For example, charged pay-
loads may nonspecifically interact with the aptamer,
and therefore, a spacer (e.g., PEG or oligo(dT)) with a
suitable length is necessary to reduce the interference
and accordingly avoid the structural instability of
aptamer.'**'3” The length of the spacer may also affect
the aptamer folding, in vivo biodistribution, or inter-
action with the receptor target. In the case of the
aptamer—nanoparticle platform, the surface density
of the aptamer on the nanoparticle will be an addi-
tional factor. On one hand, a high ligand density
enhances the cooperative binding avidity'*” and im-
proves drug accumulation in the target tissue.”>* On
the other hand, when the aptamer density on the
nanoparticle is too high, there will be aptamer self-
interaction and may lead to a deterioration in overall
affinity.

In cancer therapy, a single drug is often not as effica-
cious as combinational drugs acting through multi-
ple mechanisms.”>#>11311% Aptamer nanomedicine is
highly compatible with combinational drug therapy.
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However, the approach would require a better under-
standing of carrier design, drug-loading efficiency,
and drug-releasing mechanism."®® Another fruitful
direction would be to apply aptamer nanomedicine
toward cancer immunotherapy. Two studies have
demonstrated this possibility by using an antagonistic
aptamer recognizing CTLA4, a T cell receptor that
negatively regulates the antitumor immunity of the
T cell. This aptamer can serve as an adjuvant and
improve the in vivo outcome by directly blocking the
function of CTLA4 receptors'>® or silencing the tumor-
promoting interactions on T cells when coupled with
an siRNA.'°

In summary, aptamer nanomedicine may address
limitations of other ligands for targeted therapy in
oncology. Aptamers have significant translation poten-
tial because they can be engineered as a safe, well-
controlled, and robust delivery system.'*" Although
barriers associated with design and in vivo application
still exist, proof-of-concepts discussed in this review
suggest that these barriers are surmountable. We may
be able to find a more practical path toward clinical
translation of aptamer nanomedicine by engineering
aptamer nanomedicine with these barriers in mind.
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