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Abstract

Nucleic acids have not been widely considered as an optimal material for drug delivery. Indeed,
unmodified nucleic acids are enzymatically unstable, too hydrophilic for cell uptake and payload
encapsulation, and may cause unintended biological responses such as immune system activation
and prolongation of the blood coagulation pathway. Recently, however, three major areas of
development surrounding nucleic acids have made it worthwhile to reconsider their role for drug
delivery. These areas include DNA/RNA nanotechnology, multivalent nucleic acid nanostructures,
and nucleic acid aptamers, which, respectively, provide the ability to engineer nanostructures with
unparalleled levels of structural control, completely reverse certain biological properties of linear/
cyclic nucleic acids, and enable antibody-level targeting using an all-nucleic acid construct. These
advances, together with nucleic acids’ ability to respond to various stimuli (engineered or natural),
have led to a rapidly increasing number of drug delivery systems with potential for
spatiotemporally controlled drug release. In this review, we discuss recent progress in nucleic acid-
based drug delivery strategies, their potential, unique use cases, and risks that must be overcome or
avoided.

Introduction

Since the conceptualization of the “magic bullet”, i.e. therapeutic agents that cure diseases
without harming the body itself, the delivery of the therapeutic to the target tissue has been
recognized as a major means to improve the therapeutic windows and ultimately the health
quality and lifespan of the patient [1,2]. A drug delivery system (DDS) alters the intrinsic
physiochemical and biological identity of the drug, and can lead to entirely different
pharmacokinetic and biodistribution profiles of the loaded cargo [3,4]. An ideal DDS should
be able to bind with drugs with tunable loading and remain stable before reaching the target
of interest, where a spatiotemporally controlled process unloads the therapeutic [5,6].
Meanwhile, the DDS itself should exhibit low toxicity and non-immunogenicity, and lack
long-term adverse effects on the human body [7]. To date, a variety of materials spanning
synthetic polymers, lipids, inorganic nanoparticles, engineered microparticles, hydrogels,
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biomacromolecules, and live/deactivated microorganisms have been explored as the major
component for a DDS [8-11].

Nucleic acid, a highly hydrophilic and negatively charged natural biopolymer, has been
relatively unnoticed as a material for DDS. Instead, nucleic acids are consistently regarded
as a troublesome therapeutic cargo, requiring an advanced DDS to facilitate their delivery.
Indeed, unmodified nucleic acids are hopelessly incapable of entering cells and are subject
to rapid nuclease cleavage and renal/hepatic clearance [12]. Typically, a particular
intracellular localization (e.g. cytosol or nucleus) is often required prior to any mechanism
of action, be it gene expression knockdown, mRNA splicing alteration, transcriptional and
epigenetic regulation, and genome editing [12]. In addition, certain nucleic acid motifs can
elicit a strong activation of the innate immune system even at low concentrations, e.g. certain
RNA sequences (e.g. 5’-UGUGU-3") and DNA sequences containing unmethylated
cytosine-phosphate-guanosine (CpG) motifs [13,14]. In fact, these motifs are being explored
as potent vaccine adjuvants [15,16]. Given these limitations, nucleic acids in the past have
been mainly developed as drugs for rare diseases originating from the liver [17], or in tissues
that can be treated by local injection, such as the eye or the spinal cord [18].

With the notion that efficient delivery of nucleic acids necessitates a DDS being firmly
established by an overwhelming number of research articles, the idea of using nucleic acids
themselves as a DDS had been reduced to the sideline. Interestingly, as research on DNA
nanotechnology and other nucleic acid structures thrived in the past decade, new capabilities
and unusual physiochemical/biological properties of nucleic acid structures have emerged,
which are driving a fresh round of interest toward utilizing nucleic acids as an alternative
DDS for certain use cases. This review focuses on the design criteria and application of
nucleic acid-based DDSs with an emphasis on their unique benefits and certain limitations.
To narrow the scope, only structures that consist mainly or entirely of nucleic acids with no
additional carriers are discussed. A variety of payloads are discussed in this review, which
include small molecule drugs, biologics, and model drugs such as nanoparticles and
fluorescent dyes. With the recent surge of nucleic acid-based DDSs that are able to tackle
difficult challenges such as /in vivo delivery and tissue-specific activation of protein
biologics, it should be safe to assert that nucleic acids are a highly useful class of DDS
material, and their properties, potential, and limitations should offer room for much deeper
explorations for years to come.

DNA Nanotechnology — From Interesting Structures to Versatile Drug

Carriers

The precise nature of the Watson-Crick base pairing opens the possibility to build complex
nanostructures by design. Mechanistically, DNA nanostructures are mainly achieved by tile-
based assembly, scaffolded DNA origami, and DNA wireframes. The tile-based strategy
derives from the immobile Holliday junction originally designed by the Seeman group in
1982 [19], which consists of two DNA duplexes with a crossover (Figure 1). By increasing
the number of crossovers to include double [20], triple [21], and paranemic crossovers
[22,23], more rigid tiles have been generated and further assembled into 1D through 3D
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structures [24-29] (Figure 1b,c). DNA origami was first demonstrated by Rothemund in
2006 [30], in which a long single-stranded genomic DNA (scaffold) was folded into
different 2D shapes with the assistance of multiple short DNA sequences (staples). By
stacking multiple origamis together, different 3D structures (e.g. mololith, square nut, railed
bridge, slotted cross) can be formed with near arbitrary control of the morphology [31,32]. A
structure of particular interest to the DDS community involves 3D hollow cages enabled by
welding the edges of 2D sheets, which can be used to encapsulate macromolecules (Figure
1e) [33,34]. In terms of particle size, tile-based structures are generally smaller (tens of nm)
compared with the origami (hundreds of nm). Yin and coworkers recently combined the tile-
and scaffold-based approaches by employing single-stranded tiles (SSTs) as building blocks
(Figure 1f), which broke the size limit in the traditional origami method posed by the total
length of the scaffold DNA [35,36]. A third DNA assembly approach involves DNA
wireframe structures, which are assembled from a small number of short DNA strands
(Figure 1g,h). Using this strategy, complex structures, such as tetrahedra, prismatic cages,
and nanotubes can be prepared with high yields. [37-40] With tremendous structural
advances, DNA nanostructures are being increasingly considered for applications such as
drug delivery. DNA nanotechnology offers several unique advantages, such as well-defined
particle architecture, internal structure, size, composition, stimuli-responsiveness, and lack
of intrinsic toxicity.

While nucleic acids generally are safe, it should be noted that the component sequences
must be carefully considered in order to minimize unwanted activation of the immune
system. Among the mechanisms responsible for inducing immune activity are the toll-like
receptors (TLR), which recognize pathogen associated molecular patterns (PAMPs, e.g.
lipopolysaccharide, flagellin, or unmethylated CpG-DNA). Viral nucleic acids, such as the
genomic phage DNA M13mp18 (often used in DNA origamis), can be recognized by
multiple TLRs, notably TLR9 (recognizes CpG-DNA) [41], TLR7 and 8 (recognize ssSRNA)
[42,43], and TLR3 (recognizes dsRNA) [44]. These nucleic acid-sensing TLRs have the
potential to promote the production of type I interferon, among other cytokines. While a
limited level of the phage DNA/RNA can persistently stimulate low levels of immune
responses without causing any overt symptoms, when used as a DDS, it is conceivable that
the concentration of the PAMPs associated with the virome/staples can be too high to ignore.
Given that a significant amount of cancer models adopt immunodeficient experimental
animals, the need for an analysis of immune system activation is heightened for DNA-based
DDSs.

DNA nanostructures are typically sufficiently large to avoid renal clearance (provided
enzymatic degradation takes longer compared with the desired pharmacokinetics in plasma)
and can engage with enhanced permeability and retention (EPR) effect associated with
malignant tumor growth [45]. It is important to note that the EPR effect is often amplified in
mice models vs. human, and may vary among different tumor models [46]. One example
involves the delivery of the small anticancer drug, doxorubicin (Dox). Dox can intercalate
with GC-rich regions of duplex DNA and block the activity of topo isomerase 2, which
reduces the growth of tumor cells [47,48]. The intercalation between Dox and DNA duplex
is reversible especially under low pH conditions, making DNA nanostructures a unique
carrier for this small molecule drug. Ding et al adopted several DNA origamis constructed
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from the phage DNA (M13mp18) as hosts for Dox [49], including a triangular and a tubular
origami (Fig 2a). Both origamis showed enhanced cytotoxicity against a drug-resistant
human breast adenocarcinoma cancer cell (MCF 7) as well as improved cellular uptake. The
authors also investigated the origami /n vivo for the co-delivery of Dox and the p53 tumor
suppressor gene [50,51]. The resulting Dox-loaded structures exhibited pronounced
antitumor activity in MCF-7R xenografts but little systemic toxicity and immune stimulation
in BALB/c mice. Interestingly, a shape effect was also observed: the triangular DNA origami
exhibited higher tumor localization and antitumor activity compared with tubular and square
shapes, which underline the potential to use shape and size to influence biological responses.
However, the mechanism of the shape effect must first be well-understood, and care must be
taken in the interpretation of florescence studies from DNA nanostructures. For example, the
fluorescent signal may arise from degradation products of the DNA, and the rate of which
can conceivably be shape-dependent [52]. In the Ding design, the release of Dox was
triggered by the acidic environment in the tumor region. Hogberg et al explored the
possibility of tuning Dox release kinetics by adjusting the degrees of global twist in the
DNA double-helix structure, which allows for different levels of relaxation in the DNA
double helix. A twisted nanotube design (12 bp/turn) showed 33% more Dox loading and
exhibited an extended period of Dox release than conventional straight design (10.5 bp/turn)
in vitro (Fig 2b) [53].

In addition to small molecule drugs, therapeutic oligonucleotides are another type of payload
that have been formulated with DNA nanostructure-based DDS. In this case, the combined
DDS and the therapeutic payload are entirely comprised of nucleic acids, which make them
a class of self-delivering nucleic acid nanoparticles [54]. This strategy is particularly
attractive because no high C-potential or surfactant-like co-carriers, such as
polyethyleneimine (PEI) and lipofectamine, are involved, which often enhance the delivery
the nucleic acid payload at the cost of unacceptable levels of carrier-induced toxicity, blood
incompatibility, immunogenicity, among other adverse effects [55-58]. By hybridization
with pre-assembled DNA nanostructures, therapeutic oligonucleotides (antisense, SIRNA,
MIRNA, etc) can be effectively delivered into target cells or tissues. For example, Anderson
et al reported a tetrahedron DNA nanostructure for the delivery of an siRNA against the
firefly luciferase [59]. Each edge of the tetrahedron contains an overhang that was used to
bind with siRNA or cancer-targeting ligands such as folate or peptides, thus allowing as
many as six siRNA strands to be delivered per particle (Fig 3a). Gene knockdown results
suggest that at least three folates per tetrahedron are required to achieve optimal delivery,
and that a proper spatial orientation of the ligands is essential. Similarly, Leong et al have
designed a DNA Shuriken-like structure for miRNA delivery [60]. In this design, miRNA
strands were hybridized with a pre-assembled DNA star, with each assembly carrying three
molecules of the tumor suppressive miRNA-145 (Figure 3b). The DNA nanostructure
exhibited improved nuclease stability due to the steric hinderance and elevated levels of
cellular uptake. The efficacy of the Shurikens was demonstrated in a 3D spheroid tumor
model based on DLD-1 cells, showing significant (~30%) shrinkage of the spheroids after
two days of treatment. These studies epitomize the unique advantage of DNA nanostructures
as a DDS: an unmatched level of control of the particle size, shape, and number/orientation
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of ligands presented on its surface. This level of control is highly difficult if not impossible
for any other kind of nanoparticles.

Another type of therapeutic oligonucleotides involves PAMP motifs that stimulate the
immune system, such as unmethylated CpG-rich sequences, which are frequently found in
microbial genomes but rarely in vertebrate genomes. Immune system stimulation is a critical
component for cancer immunotherapy and infectious disease treatment [61]. DNA
nanostructures enable the delivery of CpG-based adjuvants in a fully nucleic acid-based
construct by improving cell uptake and promoting enzymatic stability. For instance, Fan et al
reported a DNA tetrahedron incorporating CpG-bearing sequences at the four vertices [62].
The resulting DNA tetrahedron showed improved nuclease stability and uptake by
RAW264.7 cells, and triggered a strong immune response as evidenced by the secretion of
high levels of pro-inflammatory cytokines. The general strategy, i.e. using a DNA
nanostructure to present a multitude of CpG-bearing strands, was also adopted by Liedl and
Nishikawa in the study of origami tube- and DNA dendrimer-functionalized adjuvants
(Figure 3c,d), respectively [63,64]. Such DNA nanostructures appear to be particularly
suitable for modulating immunity due to their preferential uptake by immune cells (e.g.
macrophages) and their biodistribution in the lymph node [65]. A second significant
advantage involves the design flexibility of the DNA nanostructure, which can be tailored to
encase protein antigens within the particles. These structures resemble an inversed virus, i.e.
a nucleic acid cage with embedded proteins. For example, Yan et al reported a DNA
tetrahedron incorporating CpG strands at the vertices and a model antigen, streptavidin
(STV), in the cavity of the particle (Figure 3e) [66]. These structures induced high levels of
anti-STV antibody in mice, which persisted even after 70 days without apparent immunity
against the nanostructure itself. Overall, with the potential to utilize both the surface and the
core of the DNA particle to engage with therapeutic payloads, the DNA nanostructure
enhances the adjuvant’s activity and allows for the simultaneous delivery of the antigen,
completely bypassing the need for a complex co-carrier. Thus, by cleverly choosing the
payload and mechanism for disease treatment, the intrinsic immunological difficulties of
certain DNA nanostructures can be bypassed and even transformed into a useful feature. One
particular area worth looking into is to use the GC-rich fragments to co-deliver Dox to the
tumor microenvironment. The combined activation of the immune system and drug-induced
tumor cell lysis may lead to enhanced cancer immunotherapy [67].

As the field of DNA nanotechnology advances beyond structural curiosity to include
application-driven designs that take advantage of the intrinsic properties of the nucleic acid
material as well as the programmability of structure and function, one can expect an
increasing number of precisely engineered DNA nanostructures that meet the delivery
criteria of a wide variety of therapeutic payloads.

DNA Amphiphiles for DNA/Drug Co-delivery

DNA amphiphiles consist of a hydrophilic DNA block covalently linked to a hydrophobic
block. In the aqueous phase, DNA amphiphiles self-assemble to form various micellular

nanostructures in which the DNA makes up the outer corona while the hydrophobic block
collapse to form the inner core [68, 69]. The DNA micelle can be considered as a form of
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spherical nucleic acids (SNAs) [70]. SNAs consist of a densely packed layer of DNA strands
standing vertically on a central, solid core, which originally was a gold nanoparticle but has
since been expanded to include silica, quantum dots, liposomes, polymers, or even empty
cavity.[71-76] SNAs exhibit several highly unusual properties that are absent for linear or
cyclic nucleic acids, such as rapid endocytosis, enhanced binding affinity with a
complementary sequence, and improved stability against nucleases [77]. These properties
have been shown to stem from the dense packing and orientation of the DNA strands,
irrespective of the core composition.

The unique properties of the SNA have inspired a number of attempts to leverage the SNA
core as a depot for therapeutic payloads. One such attempt involves the self-assembly of
DNA amphiphiles containing a hydrophobic drug segment. The self-assembly in an aqueous
media results in micellar structures that are structurally and functionally analogous to the
SNA, but with a core loaded with the desired therapeutics. These self-delivering
nanostructures significantly improve the solubility of the hydrophobic drug while promoting
the cellular uptake of the DNA due to formation of a dense DNA shell, turning
physiochemical disadvantages of both the drug (hydrophobic, insoluble) and the DNA
(hydrophilic, unstable) into useful properties. In order for the amphiphiles to robustly form
micelles, there must be sufficient hydrophobic driving force from the drug segment to
overcome the entropic penalty and the charge-repulsion of the DNA associated with micelle
formation. In addition, a drug release mechanism is required if the drugs are covalently
linked. Our group recently reported the delivery of camptothecin (CPT) using a DNA-CPT
amphiphilic conjugate (Figure 4a, [78]). Three CPT molecules were connected to a phenol-
based self-immolative linker before being tethered to a DNA strand. The linker is capped by
a light-responsive 2-nitrobenzyl ether moiety. Self-assembly of the conjugate resulted in
spherical or cylindrical micelles, depending on the length of the DNA. Regardless of the
morphology, the micelles exhibited improved stability against DNase | degradation and
enhanced cellular uptake, properties linked to the SNA architecture. The toxicity of the CPT
is masked due to being covalently conjugated to the linker. However, upon brief light-
irradiation, a series of electronic elimination reactions result in the release of unmodified
drug and the full restoration of its cytotoxicity. The general design was taken further in a
follow-on study, where paclitaxel (PTX) was polymerized and subsequently conjugated to
an antisense DNA strand to form a diblock conjugate, DNA-b/ock-poly(PTX) [79]. With an
average of ten PTX molecules per polymer, SNA-like micelles were robustly formed, which
enhances cellular uptake of the DNA by more than 100-fold compared with free DNA. Upon
endocytosis, native PTX was released from a bioreductive, self-immolative cleavable linker,
inducing potent cytotoxicity comparable to that of free PTX. In addition, the antisense shell
of the micelle, which targets the antiapoptotic B-cell lymphoma 2 (Bcl2) family proteins,
exhibited potent activity at nM concentrations. These studies nicely demonstrate that, by
rationally combining nucleic acids and drug molecules, it is possible to co-deliver both
components to cells and eliminate the need for complex delivery vehicles.

Instead of relying upon polymer chemistry or small molecule organic synthesis to construct
the DNA amphiphile, it is also possible to utilize the automated solid-phase syntheses to

accomplish similar syntheses. Zhang et al have recently developed an approach to conjugate
several PTX via alkylation of phosphorothioate oligonucleotides ("SDNA) (Figure 4b) [80].
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Different from natural DNA with phosphodiester linkages (F°DNA), the non-bridging sulfur
atoms associated with the PSDNA can serve as sites for nucleophilic reactions with
appropriate alkylating agents as described by McLaughlin and Fidanza [81]. In this design, a
diblock DNA strand containing both PSDNA and PODNA blocks were alkylated with a PTX-
containing bromide prodrug. The alkylation was selective (on the PSDNA sulfur) and
quantitative, resulting in an amphiphilic PODNA-4-(PSDNA-g-PTX) conjugate. The
conjugates further assembled into SNA-like micellar platform, onto which cell-targeting
aptamers and fluorescent reporters were added. These PTX-SNAs were shown to exhibit
active tumor targeting, enhanced tumor inhibition, and reversal of drug resistance both /n
vitroand in vivo. The same group also took advantage of solid-phase synthesis to
incorporate floxuridine, a nucleotide analog antitumor drug, into a DNA sequence that is the
hydrophilic segment of a DNA-£-poly(ethylene glycol)-4-polycaprolactone triblock
amphiphile. Termed “chemogene”, the amphiphile assembled to form SNA-type structures,
which enabled the down-regulation of Bcl-2, reversion of chemoresistance, and excellent
antitumor activity /n7 vivo upon intravenous injection (Figure 4c) [82]. The advantages of
solid-phase methods used by these studies include convenience in the synthesis, better
quality control measures, and the lack of polydispersity in the final product.

The Sleiman group demonstrated yet another possibility to take advantage of solid-phase
synthesis in the construction of DNA-based micelles for DDSs (Figure 4d) [83]. The
micelles were assembled from an amphiphile containing a 19-mer DNA segment and a
hydrophobic, 12 hexaethylene (HE15) segment, which was incorporated during the
automated solid-phase DNA synthesis using phosphoramidite chemistry. The accurate
control in the structure of the amphiphile resulted in extremely well-defined particles. Not
surprisingly, the HE1o-SNAs exhibited SNA-like properties such as enhanced nuclease
stability and cellular uptake. Different from the DNA-drug amphiphilic structures, the drug
component, Buparlisib (BKM120, an anticancer drug for the treatment of chronic
lymphocytic leukemia), was non-covalently loaded into the core of the micelles via
hydrophobic interactions, which is the more traditional means for drug loading. /n vivo
studies demonstrated that the BKM120-loaded HE,-SNAs sufficiently maintained the
efficacy of BKM120 with increased blood circulation times and minimum immune system
stimulation. Likely due to the EPR effect, these nanoparticles accumulate at the site of
HCT116 colon xenografts over time following both intraperitoneal and intravenous
injections. Importantly, the BKM120-loaded DNA particles were not observed to leak drug
through the blood-brain barrier (BBB), which is the root cause for major side effects in
patients.

In summary, nucleic acid amphiphiles offer a convenient strategy to co-deliver small
molecule drugs and nucleic acid payloads simultaneously. Their combination offers benefits
such as precisely defined drug loading, carrier-free delivery, improved drug solubility,
enhanced DNA stability against nucleases, a new pharmacokinetic profile, among others.
Currently this type of “carrier-free” DDS is mainly being considered for cancer
chemotherapy, but it is plausible that such structures may be extended to include
immunotherapy and other disease areas where SNAs are thought to be effective, such as
brain and skin malignancies.
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Aptamer-Drug Conjugates for Targeted Delivery

Enriching the therapeutic payloads at targeted disease tissues vs. healthy ones has been the
major goal for DDS development [84,85]. In this segment, we discuss how aptamer-drug
conjugates (ApDCs) change the game of targeted delivery. To limit the scope, studies
involving aptamers serving as targeting ligands in complex DDSs, such as liposomal and
polymeric formulations, are not covered.

Nucleic acid aptamers are affinity binders that consist of single-stranded oligonucleotides
generated under defined conditions through repeated rounds of /in vitro selection, a process
known as SELEX (Systematic Evolution of Ligands by EXponential enrichment) [86]. In
this process, initial nucleic acid binders against specific molecular targets are separated from
a large randomized oligonucleotide library and then amplified by polymerase chain reaction
(PCR). High-affinity candidates are further enriched through additional rounds of selection
and eventually sequenced. The aptamers fold into unique three-dimensional shapes, which
allow them to bind to their targets through non-covalent interactions. Recently, a cell-
SELEX process was developed, which uses whole cells or tissues as a mixture of complex
targets [87]. To eliminate false positive binders that are not specific to the target cell or
tissue, a negative selection step using off-target cell lines is introduced. Cell-SELEX
requires no prior knowledge of the targets nor the cells, and targets of interest are screened
in their native cellular status [88]. For example, a DNA aptamer XQ-2 was selected by cell-
SELEX after 15 rounds of enrichment from a randomized library. XQ-2 can bind to a
membrane protein of PL45 cells with a nanomolar Ky. Truncation and chemical
modification of XQ-2 leads to the discovery of XQ-2d, an aptamer targeting pancreatic
ductal adenocarcinoma that can be used for /n vivo imaging and tissue recognition [89]. The
use of SELEX and cell-SELEX can thus enable targeted delivery of drugs to different tissues
using nucleic acids.

Compared with antibodies, aptamers offer significant benefit in their ability to be chemically
engineered, modified, and synthesized in large scales [90]. Thus, various mechanisms of
drug loading can be utilized to achieve ApDCs. For example, the secondary structure of an
aptamer and/or a chimeric strand can be exploited as drug loading sites by strand
hybridization or intercalation [91-93]. Rossi et al reported a pancreatic cancer RNA aptamer
(P19) that was loaded with either monomethy! auristatin E (MMAE) or maytansine 1 (DM1)
by hybridization via a sticky end [90]. These two antimitotic agents failed as drugs
themselves due to lack of sufficient tumor specificity and unacceptable systemic toxicity,
and were instead investigated in antibody-drug conjugates [94]. The authors used a truncated
version of P19 aptamer (tP19) and engineered the 27-mer ligand with a sticky sequence at
the 5’ end to allow for hybridization with a sequence bearing MMAE or DM1. The ApDCs
were quickly recognized and internalized by PANC-1 cells, leading to dose-dependent
inhibition of cell proliferation. Additionally, a low cytotoxicity level was observed for non-
targeted cell lines, suggesting that the aptamers can be an effective alternative to antibodies
to achieve targeted delivery. In addition, planar and aromatic molecules such as Dox and
5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphine (TMPyP4) can be noncovalently loaded
into GC-rich motifs and other secondary structures by intercalation (vide supra) [92,93]. A
nucleolin-targeting, G-quadruplex forming AS1411 aptamer has been reported to take
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advantage of such supramolecular interaction to specifically deliver the photosensitizer
TMPyP4 to cancer cells [94]. The complex, carrying six intercalated TMPyP4 molecules,
resulted in higher drug accumulation and stronger photodamage in nucleolin-overexpressing
breast cells (MCF7) vs. normal epithelium cells (M10).

A second mechanism for drug loading is through direct covalent conjugation. The
phosphodiester backbone and nucleobases can both be used as potential drug loading sites.
Upon delivery, the dormant prodrug must be released from the conjugate in their active
form. A number of covalent ApDCs with these characteristics have recently been reported
[95-99]. Drugs that are compatible with solid-phase oligonucleotide synthesis may be
directly incorporated into the aptamer by phosphoramidite chemistry. For instance, Tan et al
reported a fluorouracil (5-FU)-containing phosphoramidite that was compatible with
automated synthesis of ApDCs (Figure 5a) [95]. Starting with 3-amino-1,2-propanediol, the
authors synthesized an O-nitrobenzyl-linked prodrug phosphoramidite in six steps with
reasonable yields. The prodrug was incorporated into a PTK7-targeting sgc8 aptamer at
predesigned sites with tunable loading ratios. The target recognition ability of the sgc8
aptamer was not compromised since drug moieties were positioned at the 5’ end of the
sequence. /n vitro study confirmed that the ApDC can specifically target PTK7-
overexpressing HCT116 colon cancer cells with UV-controlled cytotoxicity, and that such
effects were not present with a non-target cell line (Ramos lymphoma cells). In addition to
the phosphate backbone, the termini of the aptamer sequence are also popular locations for
conjugating the therapeutic payload [97,98]. Zhang et al have developed a water-soluble
AS1411-PTX conjugate for selective delivery of PTX to tumor targets [97]. The hydroxyl
group at 2° position of PTX, which is essential for its antimitotic activity, was used as an
anchor point for tethering with the 3’ end of AS1411 through amidation. The PTX prodrug
remained inactive during systemic circulation. Upon cell uptake, a cathepsin B-cleavable
dipeptide linker that connects two components is severed, releasing active PTX and restoring
its cytotoxicity. As a result, enhanced tumor-suppressive efficacy and reduced off-target
cytotoxicity were observed. A third option for drug conjugation involves modification of the
nucleobases. Although rarely reported, the nucleobases are intriguing handles because the
natural exocyclic aromatic amine groups can serve as anchors for covalent drug loading. For
instance, Tan has shown that Dox can form crosslinks with the 2-amine of deoxyguanosines
to generate a nuclease-resistant DNA-Dox adduct using formaldehyde as the crosslinking
agent [99]. The reaction resulted in several Dox molecules being attached to the sgc8
aptamer sequence via heat-labile methylene bridges. Interestingly, the conjugation did not
result in the compromise of the target recognition capability for the aptamer, but did elevate
nuclease stability presumably due to steric hindrance associated with Dox. Drug release
from the adduct was shown to be gradual under physiological temperature. In a tumor
xenograft model, the sgc8-Dox adduct significantly inhibited tumor growth while reducing
the risk for cardiomyopathy, a critical detrimental side effect of Dox. This strategy is
potentially powerful and general because it enables facile synthesis of ApDCs without prior
aptamer modification, although it may not be guaranteed that all aptamers modified this way
will retain their binding affinity.

If one considers a therapeutic oligonucleotide as the payload, then its aptamer conjugate can
be regarded as a self-deliverable form of oligonucleotide due to the identical chemical nature
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of the two components. The aptamer-oligonucleotide chimera can be readily manufactured
by solid-phase synthesis without complicated modifications and purification, which
represents a significant translational advantage. Importantly, drug release upon delivery
becomes non-essential, because the therapeutic portion may retain functionality in the
conjugate form, and thus stable chimeras are sometimes preferred over cleavable versions as
therapeutics. To date, a variety of oligonucleotide cargos including antisense oligonucleotide
(ASO), miRNA, and siRNA have been successfully delivered by aptamers [100-103]. For
instance, Esposito et al have developed an aptamer-siRNA chimera for the treatment of
glioblastoma (GBM) [100]. GBM is an aggressive Grade IV primary brain tumor.
Transcription factors such as signal transducer and activator of transcription-3 (STAT3) have
been reported as key regulators in GBM malignancy and proliferation. Oligonucleotides can
serve as potent STAT3 antagonists, but their clinical adoption remains difficult due to the
lack of tissue selectivity and low cell penetration. Gint4.T is a truncated nuclease-resistant
RNA aptamer obtained by cell-SELEX using U87MG GBM cells. The aptamer sequence
was elongated with four spacers and a 17-nt sticky handle at the 3’-end so that a STAT3-
specific sSiIRNA antagonist can be incorporated by hybridization. As a result, the Gint4.T-
siRNA chimera can recognize and bind with platelet-derived growth factor receptor
(PDGFRp)-expressing GBM cells, leading to STAT3 downregulation and tumor suppression
in a xenograft GBM model.

The multitude of mechanisms for covalent/non-covalent loading of drug species onto
aptamers makes it possible to simultaneously incorporate different forms of drugs for
combination therapy against cancer. Acquired chemoresistance after repeated exposure is an
unavoidable issue that has long plagued the efficacy of chemotherapeutics. Because
oligonucleotides interfere with cellular events at the genetic level, chemoresistance may be
overcome by synergistically combining a gene regulator with a cytotoxic drug. The
chemoresistance of Dox, for example, is related to the activation of the nuclear transcription
factor xB (NF-xB). Signore et al demonstrated that, with the help of an ApDC targeting an
anti-transferrin receptor coupled with a NF-xB decoy oligonucleotide, cell-killing efficiency
of intercalated Dox against pancreatic tumor cells can be significantly improved (Figure 5b)
[103]. The conjugate consists of two oligonucleotides: an anti-human transferrin receptor
(hTfR) RNA aptamer c2.min bearing a (CGA)7 DNA tail at the 3’-end, and an NF-xB decoy
double-stranded oligonucleotide tethered with an anti-tail (TCG)7 sequence via a disulfide
linker. The complementary, CG-rich tails serve as the linkage between the two
oligonucleotides as well as a depot for Dox through intercalation. Through a series of /n
vitro assessments, selective targeting and anticancer synergy of the decoy- and Dox-loaded
ApDC in hTfR-overexpressing MIA PaCa-2 cells were confirmed.

Overall, these studies highlight the design flexibility of nucleic acid aptamers as both a
targeting moiety and a drug carrier. While challenges associated with ApDCs remain, which
include premature enzymatic damage, undesirable plasma pharmacokinetics, and limited
bioavailability due to clearance by the kidney and the immune system [94], given the benign
chemical composition of nucleic acids, the powerful SELEX and cell-SELEX processes, and
the diversity of mechanisms for drug loading and release, ApDCs remain one of the most
appealing and competitive forms of nucleic acid-based DDS for a variety of therapeutics.
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DNA-Controlled Drug Release

While certain long-lasting pharmaceuticals are more beneficial when continuously delivered
by the DDS for prolonged duration of efficacy, other drugs, such as anticancer drugs and
short-lived biologics, are often preferred to be burst-released to maximize their therapeutic
response in living systems [105,106]. Therefore, a main purpose of the DDS is to ensure that
its cargos are released in a spatiotemporally controlled manner [107]. DNA complexes
inherently possess trigger-responsive features owing to the strict base-pairing properties,
which are sensitive to environmental factors. This part will survey recently published
literature that emphasize the application of nucleic acids for controlled drug release. Release
mechanisms that are not directly related to nucleic acids (e.g. chemically cleavable linkers)
and composite delivery systems (e.g. DNA-containing hydrogel, DNA-based gatekeepers
used in porous nanoparticles, etc.) are excluded here.

Temperature is a factor that directly interferes with nucleic acid hybridization. The
thermostability of the delivery system can be programmed by engineering the sequence and
length of the target helices [108]. For example, Knudsen et al have demonstrated
temperature-controlled encapsulation and release of the enzyme horseradish peroxidase
(HRP) using a three-dimensional DNA nanocage (Figure 6a) [109]. This covalently closed
DNA cage, which is a truncated octahedron, is assembled from eight oligonucleotides after
annealing and ligation. One corner of the cage is modified with a palindromic DNA
sequence that can form a hairpin structure. The cage can attain either an open conformation
at 37 °C for encapsulation/release of HRP, or a closed conformation at 4 °C to trap the
enzyme. Interestingly, entrapped HRP is still catalytically active inside the DNA cage and
can convert substrate molecules that penetrate the apertures of the DNA lattice. To achieve
temperature-controlled release /n vivo, local hyperthermia (~40 °C) is generally required,
which can be triggered photothermally using hybrid materials such as gold nanorods. The
use of pristine DNA delivery vehicles for temperature-controlled release is rare in the
literature. One reason for such limited adoption involves the broad melting transition for
DNA duplexes, which can occur over a ~20 °C range. Sharper transitions (~2 °C) have been
observed for certain types of DNA structures such as the SNA due to cooperativity in the
melting process, which point to their potential application as thermoresponsive DDSs [110].

Light is another form of external stimulus for drug release. While base pairing generally
cannot be directly tuned with light, photoswitchable moieties such as azobenzene can be
involved in the design of DNA nanostructures to tune their photostability. The planar trans-
azobenzene can stabilize dsDNA via intercalation while the non-planar c/s-azobenzene
destabilizes the duplex due to steric hindrance [111]. To utilize the opposite stabilities,
Sugiyama et al developed an azobenzene-functionalized DNA origami for photoresponsive
payload manipulation [112]. The square bipyramidal origami was assembled by mixing and
annealing M13 mp18 ssDNA with staple strands. Three out of the four base edges of the
capsule were modified with azobenzene-containing staples. Once UV irradiation is applied,
the formation of c/s-azobenzene disrupts hybridization along three edges of the four linking
the two pyramids, allowing them to open with only one edge still attached. This reversible
open/close mechanism makes it possible to encapsulate oligonucleotide-functionalized gold
nanoparticles following visible light irradiation (closure). UV irradiation and strand
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displacement can then be applied to open the cage and fully release the cargos from the
cavity. While gold nanoparticles were tested as model payloads, one can easily imagine the
use of such a system for the delivery of macromolecular therapeutics. In addition to high
molecular weight cargos, the delivery of small molecule drugs can also benefit from light-
triggered release originating from interrupted hybridization. Using lipid-mediated self-
assembly, Famulok et al designed a nanocarrier containing an aptamer against lipidated
hepatocyte growth factor receptor (cMet) coupled to a GC-rich DNA hairpin motif with four
2’,6”-dimethyl trans-azobenzene moieties sporadically incorporated into the phosphate
backbone [113]. Dox was loaded into the GC-rich domains. After photoisomerization, the
non-planar c/s-azobenzene was able to induce hairpin destabilization and subsequent Dox
release.

Solution acidity/basicity has been extensively studied in the context of drug delivery,
because pH gradients exist between different tissues and cell compartments, and are also
associated with tumor microenvironments. DNA i-motif and triplex are two uncanonical
DNA secondary structures that can respond to pH changes [114,115]. The i-motif is a four-
stranded structure with a cytosine-rich sequence. The cytosine and protonated cytosine can
form an intercalated and anti-parallel tetramer structure through Hoogsteen base pairing C:C
* interactions. Similarly, the protonated cytosine can also be present in DNA triplexes, which
are triple-stranded complexes with the third strand binding to the dsDNA through Hoogsteen
base pairing C*:G-C interactions. The hemi-protonated nature of the N3 nitrogens in
cytosine makes these folded structures stable at weakly acidic pH (5-6). Thus, the folding/
unfolding status of these scaffolds can be coupled to drug release to attain pH-
responsiveness [116-120]. For example, the i-motif has been reported as a trigger to release
the anti-inflammatory glucocorticoid dexamethasone from DNA nanotubes [116]. The six-
helix DNA nanotube was assembled using the single-stranded tile method, and three of the
tiles were extended with the i-motif sequence, which was initially hybridized to a drug-
conjugated complementary sequence. These polyanionic nanotubes were quickly localized
in the endosomes of MH-S macrophages, and the acidic endosomal environment triggered
the formation of i-motif, allowing the dexamethasone-containing strand to be released. This
pH-responsive handle was demonstrated in tissue resident macrophages from mouse
cremaster muscle. Using the same general approach, Tian et al applied rolling circle
amplification (RCA) to produce a long ssDNA containing repeating segments of the sgc8
aptamer for cancer cell targeting and segments of an i-motif-forming hairpin sequence for
Dox loading and pH-triggered release (Figure 6b) [118]. At physiological pH, the i-motif-
forming sequence in the loop of the hairpin remains unfolded, allowing Dox to be stably
intercalated in the stem region of the closed hairpin. Under the acidic tumor environment,
the formation of the i-motif forces a conformational change of the hairpin, leading to Dox
release. Aside from interfering with drug loading sites, another mechanism for i-motif-
and/or triplex-triggered drug release involves their use as smart staples to alter the
conformation of the DDS. For example, it is possible to tune the open/closed status of a
DNA nanocontainer using these motifs to encapsulate/expose/release nano-sized cargos such
as proteins and metal nanoparticles [119,120]. Linko et al have developed a DNA “nano-
suitcase” that responds to environmental pH (Figure 6c¢) [120]. The suitcase consists of two
halves linked by four ssSDNA hinges. Eight pairs of triplex DNA staples, each consisting of
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one hairpin duplex and one ssSDNA, are distributed at the interface between the halves.
Under acidic pH, triplex formation results in the closing of the nanocapsule. Higher pH
conditions destabilize the triplex staples and trigger the opening of the origami suitcase. The
full cycle of cargo loading, encapsulation, and re-exposure was demonstrated at
physiologically relevant pH conditions using Forster resonance energy transfer (FRET) and
transmission electron microscopy (TEM), and the shielded enzyme remained fully
functional after loading and encapsulation.

Due to the plethora of biomolecules that interact natively with nucleic acids, it is potentially
a very powerful strategy to use disease-related biomarkers and molecules present in specific
tissues and cells to trigger drug release in a spatiotemporally controlled manner. A range of
biomacromolecules such as endogenous nucleic acids [121,122], proteins [123], and
antibodies [124] have been reported to induce drug release, mainly by reconfiguring or
degrading the DNA-based carrier. For instance, Miyoshi et al have developed a G-
quadruplex-based DDS that responds to the epidermal growth factor receptor (EGFR)
mRNA [121]. The delivery vehicle consists of a G-quadruplex, a G-quadruplex ligand (a
telomerase inhibitor), and a long loop that is complementary to the EGFR mRNA. In the
absence of EGFR mRNA, the assembled G-quadruplex structure can capture copper(Il)
anionic phthalocyanine, and the telomerase inhibitor remains inactive. When the complex
recognizes its target, the hybridization between the long loop and EGFR mRNA destabilizes
the G-quadruplex carrier and releases the active drug as a result. Recently, the tumor-
associated protein, nucleolin, was reported as a molecular trigger to alter the conformation
of a tube-like “nanorobot”, expose encapsulated thrombin, and induce blood coagulation
specifically in tumor tissues [123]. The nanorobot was assembled from a rectangular DNA
origami sheet using the M13 bacteriophage genome DNA and predesigned staple strands.
Thrombin was anchored on the surface of the DNA sheet by capture strands. Using several
fastener strands, the tubular nanorobot was non-covalently closed along the edge of the DNA
sheet. Upon intravenous injection, the DNA nanorobots accumulated at tumor-associated
blood vessels owing to attached anti-nucleolin aptamers (AS1411). Binding of nucleolin and
the fastener strands unwound the nanotube to form nanosheets, which caused the exposure
of thrombin and intravascular thrombosis. The resulting tumor necrosis caused tumor growth
inhibition in mouse models. Similar to the specific interaction between nucleolin and the
fastener strands, antibodies can be generated for specific interactions with an antigen. By
tethering antigens to a DNA duplex or triplex structure, it is possible to induce a
conformational change of the DNA structure when antibodies recognize the antigen. Ricci et
al demonstrated this principle by developing an oligonucleotide-releasing DNA
nanomachine [124]. The nanomachine consists of a long ssDNA that forms a clamp-like
DNA triplex structure with its specific 12-nt sSDNA cargo via both Watson-Crick and
Hoogsteen interactions. The sequence was rationally designed so that the triplex structure is
stable while the Watson-Crick duplex between the cargo and core strand denatures at
physiological temperature. To introduce antibody-responsiveness into the complex, the two
ends of the core strand were conjugated with antigens. The recognition between an antibody
and the two antigens causes a conformational change that disrupts the less stable Hoogsteen
base pairing, leading to the release of the clamped strand (Figure 6d). By using three
orthogonal antigens (digoxigenin, dinitrophenol, and p17 peptide that is recognized by an
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anti-HIV antibody), the authors showed that the antibody-powered DNA nanomachine can
release its DNA cargo in a rapid and highly specific manner.

Notably, with DNA nanotechnology and DNA logic gates, it is possible to use one or more
recognition processes to generate a highly specific, or even computed, form of drug release.
For instance, a sequence (endogenous or exogenous) can serve as an input through toehold-
mediated strand displacement (TMSD), which renders them robust and predictable release
triggers [125]. Such triggers were adopted by the “lock-key” mechanism in box-shaped
DNA origamis [33,126]. The nanocarrier changes its conformation when the “key” is
present, which induces TMSD and subsequently exposes the payload. Similarly, drug release
can also be triggered by TMSD-induced carrier disassembly. The Sleiman group have used
this strategy to construct several DNA nanostructures that can release a variety of cargos
spanning small molecule drugs, siRNA, and gold nanoparticles [127-129]. A notable
example involves a DNA nanocube capable of capturing DNA amphiphiles and releasing
guest molecules by TMSD [127]. The structure consists of a cube-like nanoscaffold; at each
of the eight corners, a dendritic alkyl-DNA amphiphile was attached by hybridization. While
typical amphiphile assembly leads to core-shell micellar structures, in this case, the
amphiphiles are positioned inside of the DNA cube, making the overall structure equivalent
to a cube-shaped micelle. The hydrophobic core formed inside the cube served as a reservoir
for molecules such as Nile Red and tyrosine kinase inhibitor Dasatinib by hydrophobic host-
guest interactions. TMSD with a target strand caused the disassembly of cube micelle and
subsequently the release of the loaded drug molecules. Because the displacement junction
responds to its target in a highly specific manner, autonomous logic-gated computing
devices can be designed by embedding multiple responsive junctions. DNA nanorobots with
AND-gated logic, for example, can only release their cargos after recognizing multiple
targets [130,131]. Church et al developed a cell-targeting DNA device that can perform
AND-gated release of payloads such as gold nanoparticles and antibody fragments [131].
The hexagonal-shaped barrel carrier consists of two origami domains that are permanently
linked at one edge by single-stranded scaffold hinges and are noncovalently tethered at the
opposite edge by DNA aptamer-based staples (Figure 7). The staple is comprised of an
antigen-binding aptamer and a partially complementary strand. In the absence of the antigen,
the lock duplex can fasten the device and encapsulate the payloads. When the antigen is
introduced, the aptamer-antigen interaction overpowers the duplex formation, opening the
staple. By using two distinct aptamer-based locks, the AND-gated nanorobot can only
expose its payloads and trigger cell signaling when both lock duplexes are displaced and
opened by their specific cell-surface protein targets.

Overall, these studies highlight how DNA hybridization can be regulated via different
mechanisms and chemical species, natural or exogenous, which lead to conformational or
other structural changes (e.g. strand displacement or complete disintegration) of the delivery
entity and the release/exposure of the payloads. The built-in chemical and biological
responsiveness of DNA makes them remarkable agents for controlled drug loading and
release.
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Conclusion and Outlook

To summarize, the role that nucleic acids play in therapeutics has been redefined in the last
decade. Originally a substance known for information storage and therapeutic potential,
nucleic acids have emerged as a game changer in drug delivery in many aspects, spanning
traditional delivery approaches, targeted delivery, and smart logic gated devices. DNA
nanotechnology, for example, offers simple yet powerful design tools for the construction of
intricate nanocarriers for drug delivery that are not replicable in structure and function by
any other techniques. DNA amphiphiles can form self-deliverable nanoparticles that
simultaneously transport payloads with opposing physical properties into cells without a
complex co-carrier. Aptamers impart antibody-level targeting capabilities to associated drugs
using an all-nucleic acid composition. Last but not least, the programmability of base pairing
and its sensitivity to physiochemical and biological cues render nucleic acids highly versatile
in the spatiotemporal control of drug release.

Despite these potential, the inherent biopharmaceutical difficulties of nucleic acids should
not be overlooked. Serum stability, for example, may hinder the development of systemically
administered nucleic acid-based DDSs. Although chemical enhancements such as modified
sugars, unnatural internucleotidic linkages, and modified bases have been reported,
chemically modified nucleic acids may introduce additional issues such as compromised
binding affinity and liver/cardiovascular toxicity. As a result, nucleic acid-based DDSs in
general still fall behind application-leading material classes such as polymeric particles and
liposomes. In addition, scrutiny on the sequences used by assembled architectures may be
required to reduce unwanted immunogenicity arising from PAMP motifs [132]. Thus, future
studies should either address these challenges, or circumvent them by identifying unique use
cases where nucleic acid instability and side effects associated with unwanted nucleic acid-
protein interactions are insignificant. Oftentimes, pristine nucleic acid carriers are not as
favorable as composite DDSs for meeting certain criteria, which has been carefully
discussed by several recent reviews [23,133,134]. Overall, it is foreseeable that nucleic acids
will continue to play an important role in the design of modern DDSs. With the rapidly
expanding scientific community for nucleic acids-based structures and their biological
applications, we anticipate that state-of-the-art drug carriers comprised of nucleic acids will
soon make a real clinical impact.
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Figure 1.
“Bottom-up” and “top-down” design of DNA nanostructures. (a) Holliday junction in DNA

nanotechnology. Reproduced with permission from ref 19. Copyright 1982 Elsevier. (b)
Different types of crossovers. Reprinted with permission from ref 23. Copyright 2019
American Chemical Society. (¢) DNA octahedron and icosahedron assembled from four-
and five-point star tiles. Reproduced with permissions from refs 28 and 29. Copyright 2008
National Academy of Sciences and 2010 Wiley-VCH. (d) DNA origami and examples of
assembled 2D shapes. Reproduced with permission from ref 30. Copyright 2006 Nature
Publishing Group. (e) 3D Hollow tetrahedron and cube, assembled by welding of 2D sheets.
Reproduced with permissions from refs 33 and 34. Copyright 2009 Nature Publishing Group
and 2009 American Chemical Society. (f) single-stranded tile (SST) design and assembled
3D structures. Reproduced with permission from ref 35. Copyright 2012 American
Association for the Advancement of Science. DNA wireframe structures: cubes (g) and
nanotubes (h). Reprinted with permission from ref 37 and 38. Copyright 2012, 2013
American Chemical Society.
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Figure 2.
Delivery of small molecule drugs with DNA nanostructures. (a) Intercalation of Dox into

various DNA nanostructures and subsequent release. Reproduced with permission from ref
50. Copyright 2014 American Chemical Society. (b). Loading of Dox into a twisted tubular
DNA nanostructure. Reproduced with permission from ref 53. Copyright 2012 American
Chemical Society.
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Figure 3.
DNA nanostructure-based DDS for the delivery of oligonucleotides. (a) DNA tetrahedron

nanoparticles for siRNA delivery. Reproduced with permission from ref 59. Copyright
20012 Nature Publishing Group. (b) Protection and delivery of miRNA via Shuriken-like
DNA structures. Reproduced from ref. 60 with permission from the Royal Society of
Chemistry. (c) DNA tube- and (d) dendrimer-based delivery of CpG DNA strands.
Reproduced with permissions from refs 63 and 64. Copyright 2011 and 2015 American
Chemical Society. () DNA-scaff olded adjuvant-antigen vaccine complex. Reproduced with
permission from ref. 66. Copyright 2012 American Chemical Society.
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Figure 4.
Self-assembled, multivalent DNA nanostructures for drug-DNA co-delivery. (a) DNA-

camptothecin nanostructures assembled from photolabile DNA-drug amphiphiles.
Reproduced with permission from ref. 78. Copyright 2015 American Chemical Society. (b)
SNA-like DNA micelles based on DNA-b-(PSDNA-g-drug) amphiphiles for bioreductively
triggered delivery of paclitaxel. Reproduced with permission from ref. 80. Copyright 2019
Wiley-VCH. (c) The concept of chemogene - drug-modified DNA sequences. Reproduced
with permission from ref. 81. Copyright 2019 American Chemical Society. (d)
Monodisperse DNA amphiphiles for the loading and delivery of BKM120. Reproduced from
ref. 83 with permission from the Royal Society of Chemistry.
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Drug

Phosphoramidite D

ApDC with dual agents

Aptamer-based DDSs. (a) Using an uncanonical phosphoramidite, 5-FU is covalently
incorporated into the sgc8 aptamer sequence during solid-phase synthesis. Reproduced with
permission from ref. 95. Copyright 2014 American Chemical Society. (b) An RNA aptamer
bearing an NF-xB decoy double-stranded oligonucleotide, serving also as intercalation sites
to load Dox. Note that yellow highlights indicate possible Dox binding sites. Reproduced
with permission from ref. 103. Copyright 2015 American Society of Gene & Cell Therapy.
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Figure®6.
Examples of DNA-mediated drug release. (a) Atomistic models of a DNA nanocage: closed

at 4 °C (left), extended at 37 °C (middle), and re-closed cage at 4 °C with HRP (orange)
encapsulated. Reproduced with permission from ref. 109. Copyright 2013 American
Chemical Society. (b) pH-responsive DNA nanoparticles with i-motif triggers. Intercalated
drug is released upon acidification due to formation of i-motifs at low pH. Reproduced with
permission from ref. 118. Copyright 2018 American Chemical Society. (c) Action of a pH-
responsive, suitcase-like DNA origami. The DNA latch, which is comprised of a hairpin
(orange) and a ssDNA (green), forms a triplex DNA staple at low pH, closing the carrier. At
higher pH, the triplex latches are unlocked, opening the suitcase and displaying its protein
cargo (yellow). Reproduced with permission from ref. 120. Copyright 2019 American
Chemical Society. (d) An antibody-responsive DNA-triplex clamp. A clamp strand (black)
labeled with two antigens (green hexagons) forms a triplex with a cargo sSDNA (blue). The
recognition of an antibody of the two antigens causes a conformational change that
ultimately leads to the release of the ssDNA cargo. Reproduced with permission from ref.
124. Copyright 2017 Springer Nature.
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Figure7.
Antigen-responsive DNA nanorobot for AND-gated drug release. (a) Front view of the

closed nanorobot loaded with a protein payload (purple). Two DNA-aptamers fasten and
close the barrel-shaped carrier (boxed region). (b) Opened nanorobot after protein
displacement of aptamer locks. (c) Mechanism of cargo release. The lock duplex is
destabilized when its antigen key (red) is present. The lock duplex consists of a DNA
aptamer (blue) and a partially complementary strand (orange) with multiple thymine (T)
spacers. Reproduced with permission from ref. 131. Copyright 2012 American Association
for the Advancement of Science.
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