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Abstract

Aptamers are composed of short RNA or single-stranded DNA sequences that, when folded into
their unique three-dimensional conformation, can specifically bind to their cognate targets with
high specificity and affinity. Although functionally similar to protein antibodies, oligonucleotide
aptamers offer several advantages over protein antibodies in biomedical and clinical applications.
Additionally, through the enhanced permeability and retention (EPR) effect, nanomedicines can
improve the therapeutic index of a treatment and reduce side effects by enhancing accumulation at
the disease site. However, this EPR effect is “passive targeting” to tumors and thus, may not be an
ideal approach for targeted cancer therapy. To construct ligand-directed “active targeting” nano-
based delivery systems, aptamer technology has been widely studied. The aptamer-equipped
nanomedicines have been tested for in vitro diagnosis, in vivo imaging, targeted cancer therapy,
theranostic approaches, sub-cellular molecule detection, food safety, and environment monitoring.
This review will focus on the development of aptamer-conjugated nanomedicines and their
application for in vivo imaging, targeted therapy, and theranostics. In some applications, aptamers
can also be used as drug carriers or ON/OFF switches. Herein, some outstanding therapeutic
approaches are also discussed on a case-by-case basis, such as an “on-command” release system
and a combinational therapy strategy.
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1. Introduction

Aptamers were introduced by two independent groups in 19901 2 and have since been
developed as a class of novel, multifunctional oligonucleotide ligands with various

biomedical applications. In essence, aptamers are a class of small, single-stranded RNA or
DNA nucleic acids with unique three-dimensional structures that can recognize and bind to

their cognate targets with high specificity and affinity, dissociation constants are typically

within the pico to nanomolar range.[3] Due to their functional similarity, aptamers are often
referred to as “chemical antibodies” and can be utilized as activating ligands, antagonists, or

for specific therapeutic applications.
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Although protein antibodies are currently more widely used, most suffer from high
immunogenicity and are expensive and time consuming to produce, which can limit their
clinical applicability. However, based on the unique properties of nucleic acids, aptamers
offer several advantages over protein antibodies in terms of application and production, such
as faster tissue penetration, virtual non-immunogenicity, thermal stability, ease of
conjugation or modification with different functional moieties, simple and low-cost
chemical synthesis, and wide range of potential biological targets (See Table 1 for a detailed
list).[4-10] Thus, aptamers represent an excellent alternative to protein antibodies.

Despite these advantages, aptamers also have some inherent limitations to their in vivo
applicability. As nucleic acids, they are vulnerable to degradation by the ubiquitous
nucleases present in biological environments, this is especially true for RNA-based
aptamers.[11] Despite this, after the initial introduction of aptamer technology, RNA-based
aptamers were more widely developed. This was due to the fact that RNA oligonucleotides
could fold into a more diverse repertoire of 3D structures owing to the presence of the 2’-
OH group and non-Watson-Crick base pairing. Additionally, the increased flexibility of
RNA sequences made it easier to successfully achieve high-affinity and -specificity
aptamers.[12] To overcome the obstacle of nuclease sensitivity, several effective chemical
modification strategies have been developed in recent years. These include: (i) substitution
of the 2’-OH RNA functional group by 2’-fluoro, 2’-amino, or 2’-O-methoxy motifs;[13-15]
(i) substitution of the phosphodiester backbone with boranophosphate or
phosphorothioate;[26] (iii) simultaneous substitutions with phosphorodithioate and 2’-O-
methyl in one nucleotide;[17] (iv) locked nucleic acid (LNA) technology;[18: 191 (v) and the
generation of “mirror” RNA sequences (termed Spiegelmers).[20]

Concomitant with the effort to increase the in vivo stability of RNA aptamers, the use of
DNA-based aptamers was increasingly explored, as DNA molecules are naturally resistant
to 2’-endonucleases due to lack of the 2°-OH group. As a proof-of-concept study, our group
recently developed a DNA-based aptamer specific for CD30, a biomarker that is over-
expressed in Hodgkin and anaplastic large cell lymphomas, which is stable under
physiological conditions. Functional analysis demonstrated that the CD30-specific aptamer
was stable in human serum for up to 8 hours and had high binding affinity for CD30
biomarker (as low as 2 nM). Conversely, the RNA-based CD30-specific aptamer was
digested within 10 minutes under the same conditions.[21] AS1411 is another well-
characterized DNA-based aptamer that specifically targets nucleolin, which is a biomarker
over-expressed on a variety of tumor cell types. AS1411 is currently undergoing clinical
evaluation as a novel anti-cancer therapy in patients with solid tumors and acute myeloid
leukemia.[22]

The methodology used to generate aptamers is known as SELEX (Systematic Evolution of
Ligands by EXponential enrichment) and entails several repetitive rounds of amplification
and enrichment after exposure to the target ligand or cell type of interest. In brief, the basic
SELEX process contains the following steps: (i) mixing the target of interest with a random
oligonucleotide library; (ii) separating target-bound sequences from unbound species; (iii)
amplifying the target-bound sequences to generate an enriched library; (iv) mixing the target
of interest with the newly amplified library for the next round of enrichment; and finally (v)
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sequencing the enriched aptamer sequences after a number of rounds of selection. For a
more detailed description of the SELEX process see [23].

In recent years, some strategies have been employed to improve the outcome of the SELEX
process, and have aimed to: (i) maximize affinity and specificity, and improve the speed of
selection and success rate, such as bead-based selection,[24 251 Slow Off-rate Modified
Aptamer (SOMAmer),[26. 271 Magnetic-Assisted Rapid Aptamer Selection (MARAS),[28]
and Monoclonal Surface Display SELEX (MSD-SELEX);[2°] (ii) impart additional
properties to the selected aptamers, such as X-Aptamerst3% and internalized Cell-
SELEX;[31-371 (iii) select aptamers that can recognize the target in its native conformational
state under physiological conditions, such as Cell-SELEX,[®: 38] hybrid-SELEX,[21] FACS-
SELEX, 39401 in vivo-SELEX,[41] and tissue-based SELEX,[#2] and so on. To date, more
than a thousand specific aptamers have been developed[?6. 271 and extensively characterized
in various biomedical assays, such as bioassays, drug development, cell detection, tissue
staining, in vitro and in vivo imaging, targeted therapy, and nhanomedicine.

In the past decades, the field of nanomedicine has grown, especially for treatment of cancer
and infectious diseases. Conceptually, the term “nanomedicine” refers to nano-scale
molecular “devices” (10-200 nm) that can be used in disease diagnosis, prevention, and
therapy.[43-45] In particular applications, nanomedicines include nanopharmaceutics,
nanoimaging agents, and more popular multifunctional entities, termed theranostics, which
combine real-time diagnostic and therapeutic functions.

Compared to traditional small-molecule drugs that can suffer from low solubility, rapid
metabolic clearance, severe off-target side effects, and narrow therapeutic index,[6: 471 drug
delivery via nanomedicine exhibits several improvements. For example, they can (i)
improve solubility and reduce metabolic degradation of active drugs, which can prolong
circulating half-life and significantly improve bioavailability; (ii) more easily transport
active drugs across the tissue or cell barriers through different endocytosis pathways; (iii)
carry two different active drugs simultaneously for synergistic therapy; and most
importantly, (iv) improve therapeutic index and reduce side effects through the enhanced
permeability and retention (EPR) effect.[48-50] There is data to support that the improved
therapeutic index of nanomedicines is, in fact, primarily dependent on the EPR effect. It has
been demonstrated that use of nano-based delivery systems improves accumulation of the
drug at the desired site, owing to the high permeability of neo-vasculature and poor
lymphatic drainage of diseased tissues, especially in instances of cancer or
inflammation.[51. 521 To date, dozens of nanomedicines have been approved by the Food and
Drug Administration (FDA) and have shown to be well tolerated in patients, many more are
in the pipeline of clinical development.[53. 54]

However, most nanomedicines on the market are considered as first-generation
nanomedicines, which utilize a “passive targeting” principle through the EPR effect to
improve their therapeutic index. Although they can enhance accumulation in disease sites
verses healthy tissue, passive targeting cannot specifically distinguish between diseased and
healthy tissues. Thus, the therapeutic outcomes of a particular nanomedicine are strongly
influenced by several other factors such as the structure of the neo-vasculature, blood
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pressure, and disease type and location, which inherently differ between patients and/or
stages of disease,[45] hence the therapeutic outcomes are varied and often times
disappointing. To further improve the therapeutic index of first-generation nanomedicines, a
series of high-affinity and high-specificity ligands, such as antibodies, peptides, small
molecules, and aptamers, are now being conjugated to nano-based delivery systems to create
“active targeting” nanomedicines.

Aptamer-equipped nanomedicines provide several outstanding advantages over first-
generation passive delivery systems, and have been used in various biomedical applications.
This review will focus on applications of aptamer technology in the context of aptamer-
conjugated nanomedicines and their potential for in vivo disease imaging, targeted therapy,
and theranostics. In certain applications, aptamers can also be used as drugs carriers, or as an
ON/OFF switches for “on-command” release systems, or in combination therapy strategies,
these will be discussed on a case-by-case basis.

2. Aptamer-Based Therapeutic Nanomedicines

Similar to therapeutic protein antibodies, aptamers can be functionally used as therapeutic
antagonists when their targets have specific biological functions in disease development. Up
to now, a series of therapeutic aptamers are being evaluated with their potentials for specific
disease therapy in clinical trials, an detailed summary of therapeutic aptamers undergoing
clinical trials please see [23]. However, as discussed above, aptamers are a class of small-
sized nucleic acids. If therapeutic, unmodified aptamers are introduced directly into
biological conditions, they have a high renal clearance rate that leads to the rapid removal
from systemic circulation. Alternatively, they can also be rapidly digested by various
nucleases, which then results in a short circulating half-life.[11] Although chemical
modifications or development of biostable DNA-based aptamers can improve nuclease-
resistance to some extent, they are not sufficient for therapeutic in vivo applications. To
overcome these limitations, an effective strategy could be to develop therapeutic aptamer-
based nanomedicines by conjugating aptamers with high molecular weight bioavailable
nanomaterials, which will (i) improve nuclease-resistance and reduced renal clearance rate
to prolong circulating half-life, (ii) enhance aptamer affinity for their targets based on the
multivalent effect which create by multiple aptamers packing on the surface of
nanomaterials, and (iii) acquire higher internalization efficiency due to variations in
endocytosis pathway.[°]

As the first aptamer-based drug approved by the FDA, Macugen (Pegaptanib sodium) is the
most successful example to explain how develop a therapeutic aptamer from bench to
bedside translation. Based on the solid evidences that vascular endothelial growth factor
(VEGF) is a key regulator in age-related macular degeneration (AMD) development, and
inhibiting of VEGF is a promising approach for AMD therapy,[>¢] NeXstar Pharmaceuticals
developed a 28-mer RNA-based aptamer with high-affinity and -specificity for VEGF by
their patented SELEX technology.[*5] For the specific purpose of clinical application,
Macugen was modified by a two-step strategy in the basic and post SELEX process,
including chemical modification to enhance nuclease-resistance and addition of high
molecular weight bioavailabe nanomaterial to prolong circulating half-life. To get nuclease-
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resistant aptamer, Macugen was initially selected in a 2’-fluoro pyrimidine-modified library,
and other modifications included: (i) substitution of 12 of the 14 ribopurines with 2’-O-
methyl purines; (ii) an inverted nucleotide was capped at the 3’-terminus. To further improve
circulating half-life, a 40-kDa polyethylene glycol (PEG) molecule, well-characterized
polymer approved by FDA for clinical application, was conjugated at the 5'-terminus of the
aptamer sequence.[37] This strategy is also termed PEGylation, which has been extensively
used in many small-sized drugs modification. It has been shown that PEGylated aptamer can
not only prolong its circulating half-life but also enhance its stability and decrease its toxic
accumulation in nontarget tissues.[58: 591 After these modifications, Macugen still possesses
high affinity and specificity for VEGF, but the mean terminal half-life is prolonged
significantly up to 10 days in humans.[%9. 611 Based on the choice of VEGF as therapeutic
target and effective modification of the selected aptamer for improving its clinical
applicability, the nano-sized Macugen was approved by FDA for AMD therapy in 2004.[62]

In recent years, to prolong therapeutic aptamers efficacy, other aptamer-based
nanomedicines have been developed based on various bioavailable nanomaterials. For
example, a DNA aptamer specific against transform growth factor receptor was conjugated
with the biodegradable polymer chitosan, a widely used drug carrier due to its
biocompatibility, low immunogenicity, especially good macro-adhesion and effective
protection of encapsulated nucleic acid from nuclease degradation. The resulting aptamer-
chitosan conjugates showed significant biostability for up to 48 h with a 20:30 molar ratio of
chitosan:aptamer, and bound the transform growth factor receptor Il resulting in inhibition
of transform growth factor induced cell proliferation.[63] In another study, a specific DNA
aptamer against human immunodeficiency virus-1 (HIV-1) reverse transcriptase was
conjugated to 13 nm gold nanoparticles (NPs), another well-known metal NPs which can
effectively stabilize DNA due to its strong steric effect and highly ionic charges, although it
is considered as non-degradable nanomaterial in vivo application. These formed aptamer-
gold NPs showed significant inhibition of HIV-1 reverse transcriptase, compared with the
DNA aptamer alone, even in DNase I-containing buffer. The authors argued that the
increased biostability was due to the highly negatively-charged surfaces of aptamer-gold
NPs combined with a high local salt concentrations that could minimize access of DNase |
to the surface-exposed aptamers of gold NPs.[84] All of these studies demonstrate that
conjugating aptamers to NPs can significantly improve the biostability of RNA- and DNA-
based therapeutic aptamers and thus their applicability and utility for clinical applications.

In addition to increasing biostability, aptamer-NP conjugation can enhance affinity for the
desired target. Wu et al. developed an aptamer-micelle, in which an aptamer (named TDO05)
specific for immunoglobulin heavy mu chain, which is over-expressed on B-cell lymphoma
Ramos cells, was conjugated to a lipid tail through a PEG linker and then shown to self
assemble into aptamer-micelles. Cell binding studies showed that at 4°C, TDO05 aptamer had
high affinity and specificity for Ramos cells, which was lost at 37°C. Surprisingly, TD05
aptamer-micelles showed high affinity and specificity for Ramos cells at both 4°C and 37°C,
presumably due to multivalent effect of multiple TD05 aptamers on one micelle. As
described by the authors, the binding affinity was improved about 750 folds.[63] This study
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provides strong evidence that multivalent aptamers conjugated with nanomaterials can
enhance the affinity for their targets.

3. Aptamer-Targeted Nanomedicines

Currently, a rapid development of nanomedicines depends on the development and
characterization of bioavailable inorganic and organic nanomaterials, such as gold
nanomaterials, magnetic nanomaterials, singe-walled carbon nanotubes (SWCNTSs),
mesoporous silica nanoparticles (MSN), quantum dots (QDs), liposomes, copolymers,
nucleic acid-based and protein-based nanomaterials. In general, these nanomaterials possess
several common characteristics, such as a large surface area for loading aptamers or drugs, a
uniform size and shape for excellent bio-distribution profile. In addition, nanomaterials also
possess unique composite-dependent features for specific diagnostic and therapeutic
functions, such as magnetic imaging of magnetic nanomaterials, optical imaging of QDs,
SWCNTSs and gold nanomaterials, and photothermal effects of SWCNTSs and gold
nanomaterials. These unique physicochemical properties, combined with oligonucleotide
aptamer targeting specificity, have been wildly used to develop specific aptamer-targeted
nanomedicines. Consequently, data show that coating of nanomaterial surfaces with
aptamers furnishes the resultant nanomedicines with novel characteristics, such as: (i)
reduced non-specific aggregation and improved stability; (ii) enhanced biocompatibility in
vivo; and (iii) acquisition of the “active targeting” function.[%6. 671 In the section below, we
will select several representative models and discuss their applications for in vivo imaging,
targeted therapy, and theranostics.

3.1 Aptamer-Targeted Nanoimaging Agents

For specific in vivo imaging, aptamer-targeted nanoimaging agents can be constructed by
combining aptamers with imaging nanomaterials or radionuclide probes (Figure 1), such as
the case with magnetic nanomaterials used in magnetic resonance imaging. Magnetic
nanocrystal is considered as excellent imaging probe with strong enhancement of proton
relaxation resultant in lower detection limit, although always suffers from low water
solubilization. Recently, Kim et al. constructed VEGF receptor 2-specific aptamer-magnetic
nanocrystal conjugates for glioblastoma diagnosis (Figure 1A), in which magnetic
nanocrystal was enveloped by carboxyl polysorbate 80 for improving water solubilization
and conjugation of targeting aptamer. In their study, the formed conjugates showed no
cytotoxicity even at high concentrations, while effectively binding with VEGF receptor 2-
positive cells in vitro. Moreover, the formed conjugates were further validated for sensitive
magnetic resonance imaging of glioblastoma-bearing mice.[®8] In a subsequent study, the
same group also developed epithelial cell adhesion molecule-specific aptamer-magnetic
nanocrystal conjugates for diagnosis of gastric carcinomas. In vitro, the formed conjugates
showed excellent biocompatibility and targeting ability, and was then evaluated in an
orthotopic model of gastric cancer. In these in vivo studies, the formed conjugates
effectively targeted epithelial cell adhesion molecule-positive tumor tissues and served as a
highly sensitive magnetic resonance imaging probe, improving the performance of the
unmodified magnetic nanocrystal.[69]
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In spite of undesirable biocompatibility and cellular toxicity, QDs offer superior
fluorescence properties as compared to traditional fluorophores, and are thus studied
extensively for developing imaging agents. In a recently published study, in order to
improve biocompatibility and reducing toxicity, Zhang et al. described a simple one-pot
synthesis strategy for constructing aptamer-QDs, where Zn?* doped CdTe QDs were coated
with DNA aptamer and optimized for cancer-related in vitro and in vivo imaging (Figure
1B). The authors used MUCL1 to develop a targeting aptamer, which was then conjugated
with QDs through phosphorothioates linkers. The resultant aptamer-QD compounds
exhibited excellent photo-stability and reduced toxicity, compared to QDs alone. This
reduced toxicity was achieved through Zn doping, while the DNA aptamers improved QD
biocompatibility. In in vitro studies, aptamer-QDs achieved superb cell binding and
internalization efficiency specific to MUC1-positive cells, and showed strong fluorescence
imaging capabilities in xenograft mouse models.[70]

Radionuclides, or radioisotopes, are atoms with unstable nuclei that can release their excess
energy and thus, are excellent candidates for use as imaging probe. In a recent report,
aptamers targeting the human epidermal growth factor receptor were tethered with hollow
gold nanospheres (HAUNS) through complementary DNA linkers and labeled with 111In to
develop computed tomography imaging probes (Figure 1C). These newly formed aptamer-
HAUNS particles combined high aptamers loading capacity (about 250 aptamer molecules
per particle), excellent bio-stability in plasma (up to 48 hours), and high binding and
internalization into epidermal growth factor receptor over-expressing oral tumor cells. In
tumor-bearing mice, in addition to the expected bio-distribution profile and
pharmacokinetics, 111In-labeled aptamer-HAUNS particles exhibited a greater uptake into
the tumor cells than did the 111In-labeled antibodies conjugated to HAUNS.["X] In addition to
the example described above, other aptamer-targeted nanoimaging agents have also been
developed and revealed excellent diagnostic sensitivity. These include an aptamer specific to
tenascin-C, a biomarker over-expressed on tumor cells, that was conjugated with carbon
nanodots for optical imaging of cervical cancer;[72] and sgc8 aptamer specific to protein
tyrosine kinase 7, a biomarker of leukemia T cells, that was conjugated with dendrimer for
targeted cells labeling or temperature-responsive targeted cells catching and
dissociation;[73 741 and AS1411-silica NPs labeled with 84Cu radioisotope for identification
of lymph nodes in patients with metastatic tumors by positron emission tomography
imaging.[”! A detailed summary of aptamer-targeted nanoimaging agents described in this
section is listed in Table 2.

3.2 Aptamer-Targeted Therapeutic Nanomedicines

In order to develop successful “active targeting” nanomedicines, they should possess three
important properties: be (i) biologically stable under normal physiological conditions, (ii)
able to rapidly release their therapeutic cargo at their target site, and (iii) highly selective for
their intended targets in order to minimize/eliminate unwanted toxicity. With this focus, a
number of “active targeting” nanomedicines have been developed in recent year. Currently,
there are over a hundred papers describing aptamer-targeted therapeutics that deliver drugs
or gene silencing tools for specific disease therapy. As an example, aptamers that contain
paired GC/CG sites in their three-dimensional structure can be used as drug carrier to
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incorporate doxorubicin. In another example, aptamers can change their conformation upon
binding to their targets under certain conditions, thereby becoming “switchable”, which
means that they can be used as ON/OFF switches for strictly controlled drug release. Below,
we describe other strategies that utilized aptamer-targeted (Figure 2) or stimuli-triggered
drug delivery systems (Figure 3).

3.2.1 Aptamer-Targeted Drug Delivery System—With excellent biocompatibility and
biodegradability, copolymer and liposome are considered as most outstanding nanomaterials
which can produce rapid distribution and enhance circulating time of encapsulated active
drugs, and thus, successfully approved in first-generation nanomedicines for clinical
applications. In one of the first reports, Farokhzad et al. described their pioneering work on
the development of prostate cancer-specific, aptamer-targeted copolymer NPs for docetaxel
delivery. In their study, an aptamer specific for prostate specific membrane antigen (PSMA)
was conjugated with polylactic-co-gycolic-acid (PLGA)-PEG functional groups (Figure
2A). After optimization and docetaxel loading, the resultant aptamer-NP conjugates bound
to and showed improved in vitro cellular toxicity in prostate cancer cells, indicating targeted
drug delivery. More importantly, a single intratumoral injection of the aptamer-NP
conjugates resulted in a significantly reduced tumor burden and very low systemic toxicity
in vivo.l7®] Similarly, Xing et al. developed AS1411 aptamer-targeted liposome NPs for
breast cancer specific doxorubicin therapy (Figure 2B). In vitro, these aptamer-liposome
NPs exhibited excellent tumor cells targeting abilities and high internalization efficiency.
Moreover, treatment of mice bearing xenografted breast cancer tumors with the aptamer-
liposome NPs also showed enhanced tumor tissue penetration and superb antitumor
efficacy.[77]

Using the same AS1411 aptamer, Wu et al. developed a therapeutic aptamer-human serum
albumin conjugate to deliver paclitaxel for breast cancer therapy. In this approach, paclitaxel
is encapsulated in the human serum albumin, which is similar to nanomedicine Abraxane
approved by FDA, and then, AS1411 aptamers were covalently conjugated with the formed
NPs (Figure 2C). The published report describes these new conjugates as highly biostable
particles that are effectively internalized by breast cancer cells, resulting in a significant
killing effect.[’®] In addition to drug delivery, with the specific anti-tumor activity of
AS1411 aptamer, an encouraging multivalent AS1411 aptamer-pyramid DNA NPs model
was also reported recently, which could inhibit nucleolin-positive HeLa cells growth
significantly, even without carrying any chemical drugs.[7®] Foreseeably, this model can be
further extended its therapeutic index when eqquipped with other active drugs concurrently.

Recent advances in pharmacology and pharmacokinetics suggest that an effective cancer
therapy, especially in chemotherapy-resistant tumors, is best accomplished by combining
two different drugs in order to achieve a synergistic effect and improve therapeutic index.
However, on a practical note, co-delivery of two different drugs using the same drug
delivery system is extremely difficult, especially when hydrophilic and hydrophobic drugs
must be used concurrently. To overcome this obstacle, Zhang et al. developed a PSMA-
specific aptamer conjugated with PLGA-PEG NPs for treatment of prostate tumors. These
nanoparticles delivered hydrophilic doxorubicin and hydrophobic docetaxel
chemotherapeutics simultaneously, and the PSMA-specific aptamer was used not only as a
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targeting ligand, but also as doxorubicin carrier because it contained paired GC/CG sites.
Simultaneously, PLGA was used to encapsulate docetaxel and achieve hydrophilic state
(Figure 2D). The aptamer preloaded with doxorubicin was then covalently conjugated with
the PLGA-encapsulated docetaxel NPs through a PEG linker. In the subsequent in vitro
studies, the formed aptamer-NP conjugates selectively bound to and were internalized by
PSMA-positive LNCaP cells, but not by the off-target PC3 prostate cancer cells, resulting in
doxorubicin and docetaxel release and cell death. Importantly, utilization of the doxorubicin
and docetaxel co-delivery system resulted in a significantly higher level of cell death than
treatment with comparable concentrations of either drug alone.[8% In a more recent study,
Huang et al. constructed sgc8 aptamer-PLGA-lecithin-PEG self-assemble NPs to deliver
doxorubicin and paclitaxel simultaneously (Figure 2E). The resultant self-assembling NPs
achieved an improved killing effect.[82] Although the approaches used in the two studies
were similar, Zhang's model had a low doxorubicin loading capacity because the aptamer
possessed a single doxorubicin intercalation site. Conversely, Huang's model modified the
sgc8 aptamer by adding repetitive 5’-GCA-3’ sequences in order to generate multiple paired
GC/CG sites and improve doxorubicin loading capacity.

Although different from traditional chemotherapeutic approaches, gene silencing tools, such
as small interfering RNA (siRNA), may present more effective therapeutic strategies.
However, due to their nuclease sensitivity and lack of cell/tissue specificity for in vivo
delivery, their clinical applicability has been extremely limited. To address these problems,
our group developed a functionalized siRNA nanocomplex comprised of a CD30-specific
aptamer conjugated with an anaplastic lymphoma kinase gene specific siRNA and nano-
sized polyethylenimine (PEI) polymer carriers (Figure 2F). The reasons for taking PEI as the
carrier are that, PEI exhibits high cell transfection efficiency, protection siRNA from
nuclease degradation, strong buffering capacity, and an ability to release functional nucleic
acids from endosomes into the cytoplasm by inducing osmotic endosomal rupture. Our study
showed that the functional siRNA/aptamer nanocomplexes preferentially bound to and were
internalized by the CD30-expressing lymphoma cells, while displaying no binding to off-
target cells, and resulted in down-regulation of cellular anaplastic lymphoma kinase gene
expression, growth inhibition, and apoptosis. Importantly, this nanocomplexes is reduced
cytotoxicity due to low PEI dosage.82] In addition to PEI, cationic liposomes may also serve
as good gene carriers. For example, Li et al. developed a functionalized AS1411 aptamer-
PEG-liposome NP that delivers BRAF gene specific siRNA for melanoma therapy (Figure
2G). Their results indicated that these formed NPs selectively bound with and were
internalized into necleolin-positive cancer cells, causing silencing of BRAF gene and down-
regulating its protein expression to inhibit cells proliferation. In the subsequent xenograft
mouse models, the formed NPs also demonstrated rapid accumulation within tumors and
resulted in significant BRAF gene silencing.[83]

Due to their good biocompatibility, biodegradability and programmability, RNA
nanotechnology could be used for delivering siRNAs to target other diseases. For example,
Guo group recently reported a series of outstanding methods to construct multifunctional
RNA NPs based on bacteriophage phi29 packing RNA, including dimeric-, trimeric- and
tetra-structure RNA NPs.[84-861 |n particular, Zhou et al. developed a gp120-specific
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aptamer containing dimeric RNA NPs to deliver anti-tet/rev siRNA for HIV therapy (Figure
2H). Their study results showed that the dimeric RNA-NP conjugates were resistant to
RNase degradation and selectively bound to gp120-expressing cells, resulting in tet/rev gene
silencing and inhibiting viral replication. More importantly, these NPs inhibited infection of
human peripheral blood mononuclear cells when challenged by HIV.[87]

3.2.2 Stimuli-Triggered Drug Delivery System—In order to improve therapeutic
outcomes and reduce side effect, stimuli-triggered drug release systems that release their
therapeutic loads “on-command” at specific disease sites have also been developed. Some of
the stimuli include pH, temperature, ionic strength, redox reagents, enzymes, specific
disease targets, light, magnetic field, and so on. Recently, our group developed a pH-
triggered, CD30-specific aptamer-HAUNS drug delivery system for doxorubicin lymphoma
therapy (Figure 3A). In this system, aptamers and PEG molecules are sequentially
chemically conjugated with HAuUNS by thiol-gold linkers. Then, doxorubicin is loaded
through the charge force. The resultant aptamer-HAUNS conjugates are uniform in size and
have a doxorubicin payload efficiency of >90%, which equals to approximately 30% wi/w.
Careful analysis of the consequent conjugates revealed two important features: (i) the drug
release profile is ultrasensitive to pH changes, such that conjugates are stable at pH 7.4, but
release 80% of their drug payloads within 2 hours when pH is reduced to 5.0, similar to
lysosomal conditions; (ii) aptamer-HAUNS particles are highly selective for their target
cells.[88] In a similar fashion, Taghdisi et al. constructed a pH-triggered drug delivery
system based on the sgc8 aptamer and SWCNTSs for leukemia therapy. In their study, the
sgc8 DNA aptamer and a chemotherapeutic agent daunorubicin were non-covalently and
sequentially conjugated with SWCNTSs through pi-pi interactions. The study results showed
that the formed nanomedicine complexes were taken up and induced apoptosis only in their
target protein tyrosine kinase 7-positive cells. Similar to our report, daunorubicin release
profile was pH-sensitive, and 60% of daunorubicin was released from the formed
nanomedicine complexes within 72 hours of pH 5.5. However, incubation of the
nanomedicine complexes with their target cells at pH 7.0 caused little to no drug release.[8°]

As opposed to using pH-triggered aptamers, de Puig et al. developed a light-triggered
therapeutic aptamer drug delivery system targeting thrombin and designed for blood clotting
therapy (Figure 3B). Thrombin-specific aptamers were grafted onto the gold nanorods, while
the complementary DNA sequences designed to serve as antidotes were grafted onto the
gold nanobones. Utilizing irradiation with light of different wavelengths, the thrombin-
specific aptamer and its antidote could be released separately and act as an ON/OFF switch
for blood clotting. Consequently, inhibition and restoration of the blood clotting time could
be precisely controlled.[%%] In yet another light-triggered approach, Cohen & Bergkvist took
advantage of virus-like particles and used them as nanocarriers. Consequently, they
developed functional AS1411 aptamer-virus-like particles that delivered porphyrin
photosensitizer for breast cancer photodynamic therapy. Their results show that these newly
formed NPs achieved an excellent cell killing effect following tumor irradiation, with almost
100% of tumor cells undergoing apoptosis. In comparison, they used an immortalized
mammary gland cell line treated under similar conditions, with virtually no cell death
observed.[®1]
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Different from external stimuli that could initiate aptamer's cargo release, various
intracellular stimuli can regulate cargo release in a more precise manner. For example, Zhu
et al. developed a novel target-triggered photodynamic therapy model based on a switchable
thrombin-specific aptamer and SWCNTSs, an efficient quencher of fluorescence probe and
drug carrier, and aimed at controlling singlet oxygen generation. In this model, a Ce6
photosensitizer was covalently labeled with a thrombin-specific, DNA-based aptamer, which
was then wrapped on the surface of SWCNTS via pi-stacking interaction. In the absence of
thrombin, Ce6 and SWCNTSs are located in a close proximity of one another, and Ce6 is
quenched by SWCNTSs, resulting in inhibition of singlet oxygen generation and reducing
side effects. However, when thrombin is present, the aptamer confirmation changes and it is
released from the SWCNTSs surface, resulting in restoration of singlet oxygen generation.[92]

In another approach, He et al. developed an adenosine triphosphate (ATP)-triggered drug
release system, in which MSN, with unique properties of high drugs loading capacity, easy
modifications and tunable pore size, were used as drugs carriers and switchable ATP-
specific aptamers were used as locks that controlled drug release (Figure 3C). After drugs
were loaded into the MSN, the two-armed complementary DNA was hybridized with an
ATP-specific aptamer to form a sandwich-type structure. Then, these DNA structures were
grafted onto the MSN pore outlets through the click chemistry approach, the MSN pores
locked, and leakage of the drugs inhibited. In the presence of ATP, the ATP-specific
aptamer has a higher affinity and tighter binding to ATP, as compared to its binding to the
complementary DNA arm. Consequently, when ATP is present, the aptamer falls off,
exposing MSN surface pores and allowing drug release. In proof-of-principal studies using
Ru(bipy)32* as a guest molecule, this drug delivery system showed high loading capacity
and acted in an “on-command” release pattern. Since ATP is a multifunctional nucleotide
for all living organisms, this type of drug delivery system will have very extensive
applications.[93] A similar drug delivery system was also constructed by Zhu et al., with the
difference being that the switchable ATP-specific aptamer was covalently conjugated with
Au NPs, which then served as the cap.[%] In another model, AS1411 aptamer was modified,
such that it not only blocked drug leakage from the MSN, but also served as a targeting
ligand. Subsequent studies showed that this simple, effective drug delivery system can be
used for therapeutic targeting of nucleolin-expressing tumors.[®°]

Another simple model for the development of therapeutic aptamer-nanomaterials conjugates
is based on the unique therapeutic functions of nanomaterials, such as photothermal effects
afforded by the gold nanomaterials and magnetic hyperthermia associated with the use of
magnetic nanomaterials. In one example, Wang et al. constructed a photothermal model by
conjugating two aptamers, CSC1 aptamer that targeted prostate cancer cells and CSC13
aptamer that was specific against a subpopulation of cancer stem cells, on the surface of
gold nanorods (Figure 3D). In their in vitro studies, the authors showed that a 10-minute
irradiation with a near-infrared laser results in 36% and 47% reduced viability of non-stem
and stem cancer cells respectively.[%] In another study, Pala et al. constructed a HER2-
specific aptamer conjugated with superparamagnetic NPs to induce selective hyperthermia
in human breast adenocarcinoma tumors (Figure 3E). In their study, the HER2-specific
aptamers were conjugated with dextran-coated ferric oxide NPs. Following incubation with
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the cancer cells and magnetic field treatment, these aptamer-magnetic NP conjugates
induced significant cell death in HER2-positive target cells at doses 90-fold lower than that
of the control magnetic NPs, and had little cytotoxicity in the off-target cells. Although the
results were promising, the authors noted that hyperthermia alone is not sufficient for
effective tumor elimination, and should therefore only be used in an adjuvant setting.[7]

Because of their tremendous promise, photodynamic therapy approaches are continuously
modified. For example, Tan group recently combined photothermal therapy with
photodynamic therapy (Figure 3F). In their study, a sgc8 DNA aptamer was first conjugated
with gold nanorods through thiol-gold linkers, and then a complementary DNA reporter pre-
labeled with the Ce6 photosensitizer was hybridized with the sgc8 aptamer. As shown in the
report, upon sgc8 aptamer bounding with its target cells, the Ce6-labeled reporter sequence
was released. Under irradiation with near-infrared laser, Ce6 produced singlet oxygen and
gold nanorods induced a photothermal effect. This combination of photothermal and
photodynamic therapies resulted in more effective therapeutic outcomes than either modality
alone.[%8] |n another set of studies, a photodynamic-triggered release system for co-delivery
of TMPyP4 photosensitizer and doxorubicin was developed (Figure 3G). In this
nanoplatform, the AS1411 aptamer was conjugated with gold nanoparticles, which used as
nanocarriers for TMPyP4 and doxorubicin. Upon binding with their target cancer cells
followed by irradiation, TMPyP4 and doxorubicin were released to achieve simultaneous
photodynamic therapy and chemotherapies. Utilization of this therapeutic platform induced
significant levels of cell death in nucleolin-positive and doxorubicin-resistant cells, indicated
that this innovate approach could be used for targeting chemotherapy-resistant tumors.[%9]

A detailed summary of aptamer-targeted therapeutic nanomdicines described in this section
is listed in Table 3.

3.3 Aptamer-Targeted Theranostic Nanomedicines

As the demand for personalized medicine increases, a completely novel, multifunctional
therapeutic modality has been developed, termed “theranostics”. As illustrated in Figure 4,
theranostics combines the real-time diagnostic and therapeutic functions. For instance,
Wang et al. constructed a multifunctional theranostic agent that is based on the PSMA-
specific aptamer conjugated to superparamagnetic iron oxide nanoparticles for prostate
cancer imaging and therapy (Figure 4A). In this multimodality, the PSMA-specific aptamers
were used not only as targeting ligands, but also as doxorubicin carriers. Aptamers were
conjugated with thermally cross-linked superparamagnetic iron oxide nanoparticles,
doxorubicin was intercalated into the aptamer sequences, which were then loaded onto the
thermally cross-linked superparamagnetic iron oxide nanoparticles through charge
interaction. These formed NPs showed excellent imaging capacity, and exhibited very potent
killing of PSMA-positive cells.[100] A similar theranostic agent was also developed by Yu et
al. recently.[101]

As already discussed above, QDs possess excellent imaging properties and are widely used
in the development of novel theranostics. For example, PSMA-specific aptamer-QD-
doxorubicin conjugates for diagnosis and therapy of prostate cancer,[102] and MUC1-
specific aptamer-QD-daunorubicin conjugates for delivering and monitoring daunorubicin
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release in prostate cancer cells(193] have been recently described. Moreover, Savla et al.
developed MUC1-specific aptamer-QD-doxorubicin conjugates for imaging and therapeutic
targeting of ovarian carcinoma, in which DNA-based MUC1-specific aptamers were
chemically conjugated with QDs, and doxorubicin was conjugated with QDs through the
acid-labile hydrazone bond (Figure 4B). The study results showed that the formed
nanoparticles could carry up to 46 doxorubicin molecules per QD particle, had high binding
and internalization efficiency in target cells, and displayed a pH-sensitive doxorubicin
release profile even in doxorubicin-resistant ovarian cancer cells. In vivo, treatment of
tumor-bearing mice with the formed conjugates resulted in its accumulation in tumor tissues
and allowed for sensitive diagnostic imaging.[104]

In a slightly different approach, Shi et al. developed a theranostic model based on a
switchable aptamer and a fluorescence-labeled complementary DNA sequence as imaging
elements (Figure 4C). In this model, a switchable S6 aptamer specific for A549 lung cancer
cells was first hybridized with a fluorescence-labeled complementary DNA sequence, and
then grafted onto the surface of Au@Ag/Au NPs, which were used as photothermal agents
and fluorescence quenchers. In the absence of A549 target cells, fluorescence was quenched
by Au@Ag/Au NPs due to their close proximity to the DNA. However, upon the aptamer
binding to its target cells, its conformation changed and fluorescence was activated.
Evaluation of these conjugates in in vivo models of lung cancer revealed that treatment mice
with theranostics resulted in a prominent tumor fluorescence 5 minutes after the injection,
and subsequent photothermal therapy resulted in a significant level of tumor necrosis.[105] A
detailed summary of aptamer-targeted theranostic nanomdicines described in this section is
listed in Table 4.

4. Conclusions

In summary, “passive targeting” nanomedicines can achieve somewhat improved
therapeutic outcomes and reduce side effect, but they are affected by various external factors
that can lead to disappointing therapeutic outcomes. Therefore, it is necessary to develop
ligand-directed “active targeting” nanomedicines. Although antibodies exhibit high target
specificity and affinity, their potential in immunogenicity and high production costs are of
great concern, as these attributes limit their clinical applicability. Aptamers are novel
multifunctional oligonucleotide ligands that also possess high specificity and affinity for
their targets. Aptamers also offer several advantages over protein antibodies and are
considered as excellent alternative to replace or supplement protein antibodies. To date,
several approaches had been developed with aptamers used as targeting ligands,
therapeutics, drugs carriers, and even ON/OFF switches. This functional adaptability had
allowed the aptamer technology to be applied in vitro diagnostics, in vivo imaging, targeted
therapy, theranostics, subcellular molecule detection, food safety, and environment
monitoring, just to name a few.

However, despite their great potential, only one PEGylated aptamer (Macugen) had been
approved by the FDA for clinical applications. As the patent of SELEX technology is
expired now, more and more aptamers and related applications will be developed for
specific clinical use, and as expected, many other aptamer-based nanomedicines are in the
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pipeline for clinical development to date. As discussed in this review, development of
successful aptamer-based nanomedicines is contingent upon several multidisciplinary
considerations, such as the virtue of the disease, aptamer structure and biochemical
properties, and selection of appropriate nanomaterials and drugs. Specifically, some
important parameters that must be considered are: (i) how can aptamer be modified in order
to maintain its correct conformational structure on the surface of NPs? (ii) How many
aptamers should be conjugated with each NP to achieve effective binding with target cells?
(iii) How will the size and shape of the selected nanomaterials affect the nanomedicine bio-
distribution? (iv) Can the preparation method be easily and cost-effectively scaled up for
industrial production?

Although there are great progress of aptamer technology and nanomedicine technology in
recent years, other challenges to these two outstanding technologies should be considered
continuously. For instance, the main challenges of aptamer technology are that: (v) how can
rapidly select an aptamer with high-specificity and -affinity to the disease-relevant targets?
(vi) How can improve the biostability of aptamer in vivo applications? (vii) What are the best
strategies for aptamer to achieve effective drug delivery? The main discussions of
nanomedicine technology will be focused on: (viii) how can improve physicochemical
stability of different nanomaterials when the specific nanomedicines are prepared? (ix) How
can reduce the toxicity of different nanomaterials in vivo applications, especially for non-
degradable nanomaterials? (xX) What are the exact mechanisms of nanomedicines to work in
vivo? Some of these issues have been reviewed in [23, 43, 48, 53, 106, 107].

Taken together, aptamers are attractive multifunctional tools that can be adapted to
development of nanomedicines. However, some challenges will have to be overcome in
order to gain useful preclinical and clinical data, which will then lead to translation of
sophisticated, highly effective aptamer-based nanomedicines from bench to bedside.
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Figure 1.
Representative schematic diagrams of aptamer-targeted nanoimaging agents: (A) Aptamer-

targeted magnetic NPs for magnetic resonance imaging, modified from reference [68, 69];
(B) Aptamer-targeted QDs for optical imaging, modified from reference [70]; (C) Aptamer-
targeted HAUNS loaded with radionuclide for computed tomography imaging, modified
from reference [71].
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Figure 2.
Representative schematic diagrams of aptamer-targeted drug delivery systems: (A)

Aptamer-targeted PLGA NPs for chemical drugs delivery, modified from reference [76]; (B)
Aptamer-targeted liposome NPs for chemical drugs delivery, modified from reference [77];
(C) Aptamer-targeted human serum albumin NPs for chemical drugs delivery, modified
from reference [78]; (D) Aptamer-targeted PLGA NPs for hydrophilic and hydrophobic drug
co-delivery, in which aptamer also can be used as hydrophilic drugs carrier, and
hydrophobic drugs were encapsulated in copolymer PLGA NPs, modified from reference
[80]; (E) Aptamer-targeted PLGA NPs for chemical drugs co-delivery, in which hydrophilic
drugs are intercalated into complementary DNA linkers containing multiple paired GC/CG
sites, modified from reference [81]; (F) Aptamer-targeted PEI nanocomplexes for sSiRNA
delivery, modified from reference [82]; (G) Aptamer-targeted liposome NPs for siRNA
delivery, modified from reference [83]; (H) Aptamer-targeted packing RNA NPs for siRNA
delivery, modified from reference [87].
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Representative schematic diagrams of stimuli-triggered drug delivery systems: (A) pH-
triggered aptamer-targeted HAuUNS for chemical drugs delivery, modified from reference
[88]; (B) Light-triggered therapeutic aptamer controlled release system for blood clotting
therapy, modified form reference [90]; (C) Specific targets triggered, switchable aptamer-
targeted MSN drug delivery system, modified from reference [93]; (D) Light triggered,
aptamer-targeted photothermal therapy model, modified from reference [96]; (E) Magnetic
fields triggered, aptamer-targeted magnetic-hyperthermia model, modified from reference
[97]; (F) Specific targets triggered, aptamer-targeted gold nanorods loaded with
photosensitizer for combinational photothermal and photodynamic therapy, modified from
reference [98]; (G) Light triggered, aptamer-targeted gold NPs loaded with photosensitizer
and chemotherapeutic drugs for combinational photodynamic therapy and chemotherapy,
modified from reference [99].
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Representative schematic diagrams of aptamer-targeted theranostic nanomedicines: (A)
Aptamer-targeted superparamagnetic NPs loaded with chemical drugs for cancer magnetic

resonance imaging diagnosis and chemotherapy, modified from reference [100]; (B)
Aptamer-targeted QDs loaded with chemical drugs for cancer optical-imaging and

chemotherapy, modified from reference [104]; (C) Switchable aptamer-targeted Au@Ag/Au
NPs loaded with fluorescence for cancer fluorescence imaging and photothermal therapy,

modified from reference [105].
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Table 1

characteristics aptamers antibodies
specificity and affinity high, pico- to nano-molar high, pico- to nano-molar
molecular weight 8-25 kDa ~ 150 kDa
tissue barrier penetration +++, due to smaller size +

immunogenicity -

thermal stability ++
modification potential easy, unlimited
manufacture chemical synthesis
batch-to-batch variation low
production time hours
production cost $
ranges of targets proteins and non-protein molecules

+++, even with humanized antibodies
difficult, limited
mammalian cell systems
high
days to months
$$3

limited to immunogenic proteins
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Summary of aptamer-targeted nanoimaging agents

Table 2
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target aptamer nanomaterial active molecule applications reference
VEGF receptor 2 DNA magnetic nanocrystal ~ magnetic nanocrystal magnetic resonance imaging [68]
epithelial cell adhesion DNA magnetic nanocrystal ~ magnetic nanocrystal magnetic resonance imaging [69]
molecule
MUC 1 DNA QDs QDs optical imaging [70]
epidermal growth factor RNA HAUNS radionuclide tIn computed tomography imaging [71]
receptor
tenascin-C RNA carbon nanodots carbon nanodots optical imaging [72]
protein tyrosine kinase 7 DNA dendrimer fluorescein cadaverine targeted cells labeling [73,74]
nucleolin DNA silica NPs radioisotope 54Cu positron emission tomography [75]

imaging
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Table 3

Summary of aptamer-targeted therapeutic nanomedicines
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target aptamer nanomaterial active molecule applicationsreference

PSMA RNA PLGA NPs docetaxel targeted drugs delivery [76]

doxorubicin and docetaxel targeted drugs co-delivery [80]

nucleolin DNA liposome NPs doxorubicin targeted drugs delivery [77]

human serum albumin paclitaxel targeted drugs delivery [78]

virus-like particles porphyrin light-triggered, photodynamic therapy [91]

DNA NPs AS1411 aptamer targeted therapy [79]

liposome NPs SiRNA targeted siRNA delivery [83]

gold NPs TMPyP4 and doxorubicin light-triggered photodynamic therapy and [99]

chemotherapy

MSN / targets-triggered delivery system [95]

protein DNA PLGA NPs doxorubicin and paclitaxel targeted drugs co-delivery [81]

kt%raosse:r;i SWCNTSs daunorubicin pH-triggered, targeted drugs delivery [89]

gold nanorods gold nanorods and light-triggered photothermal and [98]

Photosensitizer Ce6 photodynamic therapy

CD30 RNA PEI SiRNA targeted siRNA delivery [82]

HAUNS doxorubicin pH-triggered, targeted drugs delivery [88]

gp120 RNA RNA NPs siRNA targeted siRNA delivery [87]

thrombin DNA gold nanorods thrombin aptamer light-triggered, therapeutic aptamer delivery [90]

SWCNTSs Ceb target-triggered, photodynamic therapy [92]

ATP DNA MSN / target-triggered delivery system [93, 94]

prostate DNA gold nanorods gold nanorods light-triggered photothermal therapy [96]
cancer and
stem cells

HER2 DNA superparamagnetic NPs superparamagnetic NPs magnetic field induced hyperthermia [97]
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Summary of aptamer-targeted theranostic nanomedicines
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target aptamer nanomaterial active molecule application reference
PSMA RNA superparamagnetic iron superparamagnetic iron oxide targeted magnetic resonance imaging ~ [100, 101]
oxide NPs NPs and doxorubicin and chemotherapy
QDs QDs and doxorubicin targeted optical imaging and [102]
chemotherapy
MUC1 DNA QDs QDs and daunorubicin targeted optical imaging and [103]
chemotherapy
QDs and doxorubicin targeted optical imaging and [104]
chemotherapy
A549 cells DNA Au@Ag/Au NPs Au@Ag/Au NPs and Target-triggered and light-induced [105]

fluorescence

optical imaging and photothermal
therapy
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