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KEY WORDS Abstract DNA is a biological polymer that encodes and stores genetic information in all living organ-
ism. Particularly, the precise nucleobase pairing inside DNA is exploited for the self-assembling of na-
nostructures with defined size, shape and functionality. These DNA nanostructures are known as
framework nucleic acids (FNAs) for their skeleton-like features. Recently, FNAs have been explored
in various fields ranging from physics, chemistry to biology. In this review, we mainly focus on the recent

DNA nanotechnology;
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Framework nucleic acids;
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Drug discovery; progress of FNAs in a pharmaceutical perspective. We summarize the advantages and applications of
Therapeutic molecules; FNAs for drug discovery, drug delivery and drug analysis. We further discuss the drawbacks of FNAs
Drug delivery; and provide an outlook on the pharmaceutical research direction of FNAs in the future.
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1. Introduction

Framework nucleic acids (FNAs) are nanostructures assembled from
DNA molecules with specific shapes and size in one to three di-
mensions. The biological function of DNA has been studied for more
than a century. DNA is one of the fundamental materials of all living
organisms. DNA consists of four basic building blocks, including
adenine (A), thymine (T), guanine (G) and cytosine (C). The
sequence composed of these building blocks encodes the genetic
information of life'. The assembly of DNA strictly follows the
principles of Watson—Crick base pairing”. From a chemical
perspective, nucleic acids can be regarded as a functional polymer’,
with the capability of self-assembly at nanoscale with single base-
pair precision. In recent decades, studies on DNA molecules for
chemical engineering have only emerged. Since the 1980s, re-
searchers of DNA have changed their attention from biology to a new
interdisciplinary combining biology, physics, chemistry, materials
science and medicine”. For the first time, Seeman et al.”*° reported the
synthetic DNA branched junction, pioneering the early development
of DNA nanotechnology. The early stage of constructing DNA ma-
terials was based on stoichiometric self-assembly of DNA tile.
Nevertheless, the reaction conditions are strict and the efficiency is
relatively low”®. In 2006, the emergence of DNA origami greatly
increased the size and complexity of nanostructures, bringing DNA
nanotechnology to a new area’. The basic method of DNA origami is
to fold a long strand of scaffold DNA into a specific shape by hy-
bridizing DNA with a large number of short, single-stranded staple
DNA”. In the experiment by Rothemund et al.'’, the scaffold strand is
single stranded, circular viral DNA from M13mp18 phage with 7249
nucleotides. By designing a large number of DNA staples, the DNA
scaffold can hybridize with the staples in specific regions to form
FNAs of customized shapes.

FNAs have various applications in physics, chemistry and
biology™''. These functions, come from the special properties of
FNAs at nanoscale. First of all, FNAs have shown controlled self-
assembly, excellent programmability and addressability. Inside
each DNA strands, all the atom and chemical bonds have definite
location and number. DNA also has nanometer-sized helix of
precise diameters (2 nm) and helix pitches (3.4 nm and about 10.5
base pairs per turn). Therefore, the geometry and location pa-
rameters of various FNAs are predictable. In this regard, FNAs can
be incorporated with addressable molecules by the facile synthesis
of oligonucleotide, which can provide excellent and precise
regulation of chemical and biochemical reactions at single mo-
lecular level'>'?. Secondly, FNAs have shown different properties
from linear nucleic acids, such as unique interaction with
cells'*">. In contrast to ssDNA as well as dsDNA, some FNAs
have good cell membrane penetrability and can efficiently load
cargo molecules by virtue of their own structure'®'”. Furthermore,
FNAs are made of nucleic acids and therefore have good
biocompatibility'®, low immunogenicity'”, and good structural
stability in the physiological environment®’, which greatly pro-
motes the applications of FNAs in biomedical field.

In this review, we aim to summarize the recent progress of
FNAs in pharmaceutical science. Pharmaceutical science is a
scientific field focusing on the discovery and development of
new drugs and therapies. Pharmaceutical science covers the
secondary research areas including but not limited to drug

discovery, drug delivery and drug analysis. In the following
sections, we highlight the applications of FNAs around these
secondary fields.

2. FNAs for drug discovery

2.1.  FNAs as tools for biological study

Unlike other nanoscale materials, the customized structure and
site-specific functionalization of FNAs render these nanostructures
as a useful tool for biological research involved in drug discovery,
such as imaging, ligand screening, and study of structure—activity
relationship.

The first step of drug discovery includes identification and
analysis of biological targets related to disease. During this pro-
cess, a broad range of techniques were used to deals with target
analysis, such as Cryo electron microscopy (cryo-EM)*'. Among
many drug targets, membrane proteins are primary. In contrast to
soluble proteins, studying membrane proteins is difficult as their
poor solubility and loss of native conformation without the cell-
membrane environment. The fabrication of nanodiscs by mem-
brane scaffolding proteins has provided a solution to host mem-
brane proteins®>. With the advantages of DNA nanotechnology,
Iric et al.”? introduced a toroidal DNA ring with alkyl modification
on the inner side to prepare nanodiscs (Fig. 1A). Apart from the
intrinsic properties of drug targets, many samples of macromo-
lecular complexes are often destroyed by harmful conditions
during the preparation of cryo-EM samples. To protect these
biological complexes, Martin et al.** developed a hollow DNA
origami to support and enclose the complex from harmful forces
(Fig. 1B). The cavity of the designed DNA origami spans a
protein-binding molecule for the anchoring of target proteins. This
supporting structure provided control over the protein orientations
and alleviated protein aggregation or effects during sample prep-
aration. Similarly, Dong et al.>> described a DNA nanobarrel with
lipid environment for precise support of membrane proteins
(Fig. 1C). Additionally, the significant contrast of phosphate
backbone renders the possibility of FNAs to tag individual protein
in electron microscopy. Leveraging this advantage, Silvester
et al.”® proposed an asymmetry DNA origami as signposts for
electron cryotomography to identify molecules of interest located
on crowded biological surfaces.

Optical techniques have also shown great impact on drug
discovery. From molecular assays to cell imaging, fluorescently
labeled molecules can be applied. However, continuous imaging
of fluorescent samples is restricted by photobleaching. In this
context, Niekamp et al.”” presented a compact DNA Cube labeled
with multiple dyes for continuous fluorescence emission. The
DNA cube provides precise control over the distance between
multiple dyes to eliminate self-quenching. The DNA FluoroCubes
can be further attached to targets of interests. The authors
demonstrated higher photobleaching lifetime and photons emis-
sion than single organic dyes. By site-precisely modification of
DNA nanostructure with distinct fluorophores, Li et al.”® devel-
oped fractal DNA frameworks for multiplex fluorescence encod-
ing (Fig. 1D). The site specificity enabled by the fractal structure
can minimize interference between fluorophore and allows the
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Figure 1  Examples of framework nucleic acids (FNAs) for drug discovery. (A) DNA-scaffolded nanodiscs. Reprinted with permission from

Ref. 23. Copyright © 2018 The Royal Society of Chemistry. (B) Three-dimensional structure based on hollow DNA origami for the support and
encapsulation of protein samples during cryo-EM. Reprinted with permission from Ref. 24. Copyright © 2016 National Academy of Sciences. (C)
Lipid-functionalized DNA nanobarrel as substitution of nanodiscs for membrane protein support. Reprinted with permission from Ref. 25.
Copyright © 2018 John Wiley and Sons. (D) Fluorescence probe by FNAs with multiplex signal encoding. Reprinted with permission from
Ref. 28. Copyright © 2020 Springer Nature. (E) Pharmacophore nanoarrays on DNA origami substrates for fragment-based drug discovery.
Reprinted with permission from Ref. 31. Copyright © 2020 John Wiley and Sons. (F) DNA nanosheets for probing the relationship between
receptor activity and the spatial organization of ligands. Reprinted with permission from Ref. 35. Copyright © 2021 American Chemical Society.

construction of up to 36 color-encoded probes. These barcodes
based on DNA frameworks were applied to multiplexed cell im-
aging and discrimination, which is an advantage during drug
screening.

Besides, the precise patterning of molecules by FNAs was also
applied to fragment-based drug discovery (FBDD). FBDD is an
important and lengthy process involved in drug screening®’. On
the DNA origami substrates, pharmacophores are displayed as
individuals or in pairs®™’' (Fig. 1E). The single-molecule binding
of target to the displayed ligands is detected by atomic force
microscopy (AFM), which screens the strong binder. With this
strategy, Huang et al.’' have discovered a bidentate trypsin binder
based on the pair of benzamidine and aromatic fragments.

The development of potential therapy mainly focuses on cell
signal transduction pathwayssz. Most receptors are membrane
protein that can trigger intracellular signaling cascades when they
bind to their extracellular ligands. Drugs play their therapeutic
role by promotion or inhibition of the receptor””. Understanding
the relevance between the nanoscale topology of ligands and the
interaction with its own receptor may guide rational design of
future therapies. Shaw et al.** utilized DNA nanocalipers with
precise modification of ephrin-A5 to prove that the spatial distri-
bution of ephrin-A5 has an effect on the activation levels of
EphA2 receptor and the invasiveness of breast cancer cell. The
approach based on DNA origami provides accurate nanoscale
distance manipulation, which can be regulated independently of
ligand concentration. The same group® also fabricated DNA
nanosheets with various organization of PD-L1 ligands to study

the inhibitory effect on the activation of T cell in vitro (Fig. 1F).
Similarly, Veneziano et al.’® designed a serious of DNA origami
nanoparticles with distinct pattern of HIV-1 glycoprotein-120 to
investigate the roles of antigen spacing or number on B-cell
triggering. The authors demonstrated that B-cell signaling is
maximized when displaying as few as five antigens with
approximately 25—30 nm spacing. According to the above re-
searches, we can draw a conclusion that the FNAs can indepen-
dently control over antigen stoichiometry, inter-antigen distance,
as well as the spatial dimensionality of ligand display. Such
strategy may provide new insights for the design principles of
ligand-based therapies by revealing the structure activity
relationships.

2.2.  FNAs as potential therapeutic molecules

The defined shape fabricated by DNA nanotechnology in nano-
scale endows the FNAs with the ability to mimic the structure of
natural proteins. The most common biomimetic applications of
DNA frameworks belong to membrane channel, which greatly
relied on their pore structure to transport molecules across cell
membrane®’. A transmembrane channel created by DNA origami
was first proposed by using a-hemolysin as a model*®. The syn-
thetic DNA channels can successfully span the lipid bilayers via
precise attachment of hydrophobic moieties to the nanostructures.
The membrane-spanning nanopores made of DNA origami are
reported to show stable electrical properties and allow the trans-
location of small molecules or folded proteins across the lipid
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Potential therapeutic molecules of FNAs. (A) Biomimetic DNA nanopores assembled through DNA tiles (the two on the left) or DNA

origami (the two on the right). Reprinted with permission from Ref. 41. Copyright © 2021 Springer Nature. (B) The functionalization of vehicle
by DNA nanopores. Reprinted with permission from Ref. 47. Copyright © 2016 John Wiley and Sons. (C) Oligonucleotide-gated DNA nanopores.
Reprinted with permission from Ref. 48. Copyright © 2016 Springer Nature. (D) Gene regulation on topologically switchable FNAs. Reprinted
with permission from Ref. 54. Copyright © 2020 American Chemical Society. (E) Alleviation of acute kidney injury by rectangular DNA origami.
Reprinted with permission from Ref. 15. Copyright © 2018 Springer Nature.

bilayer’”*°. These biomimetic DNA nanopores can be further
downsized through DNA tile-based assembly*'*** (Fig. 2A).
Therefore, the yield of DNA nanopores is increased in contrast to
those made of DNA origami, which makes DNA nanopores
available in cell studies for therapeutics.

Initially, Burns et al.** reported that the sized-reduced DNA
nanopores showed cytotoxicity by perforating the plasma
membrane. To improve the incorporation of nanopores into lipid
bilayers, our group’® reported a fusogenic liposome-
incorporated transmembrane DNA nanopores. The developed
strategy can bypass the direct insertion process through mem-
brane fusion, during which the embedded DNA nanopores
directly transfer from the liposomal bilayer to the plasma
membrane. The incorporation process can further have targeting
ability via an on-command cleavable steric shield on the lipo-
somal surface. We showed that our fusogenic DNA nanopores
can induce an unexpected pyroptosis-like cell death and inhibit
tumor growth in xenograft models. Additionally, based on the
transport capacity of these synthetic channels, application of
DNA nanopores has been proposed to fight against doxorubicin
resistance caused by drug efflux*’. Recently, a DNA nanopores
which can modulate immune response of white blood cells is
also reported*®. The cholesterol moiety of the structures renders
the nanopores selectively adhere on white blood cells, forming a
steric block for toll-like receptors against pro-inflammatory
endotoxin lipopolysaccharide.

Furthermore, DNA nanopores are proposed to be applied in the
functionalization of synthetic vesicles*’ (Fig. 2B). The function-
alized vesicles feature size-selected permeability that the enzyme
substrates can diffuse across the nanopore-embedded membrane
while larger enzymes are retained. With the programmability of
DNA hybridization reactions, the DNA nanopores can be gated by
oligonucleotides*®*’ (Fig. 2C), temperature’’, small molecules”'
and proteins™>. As such, control of drug release can be achieved
in this kind of nanopore-functionalized vesicles’>. Besides DNA
nanopores, some membrane-spanning DNA nanostructures can
induce a toroidal pore on lipid bilayer and mimic the function of
scramblase’”. The synthetic scramblase can catalyze the transport
of phospholipids between the bilayer leaflets and exposed phos-
phatidylserine lipids on the outer membrane of human cells.

The programmable and reconfigurable topology of nucleic acid
structures inside FNAs can be also explored to mimic some other
function in biology. For example, the topology of genes regulates
the translational process. Recently, Jiao et al.’* reported the
development of topologically switchable FNAs to program the
transcription of prokaryotic genes (Fig. 2D). The DNA templates
are integrated on the DNA framework where the position of T7
promoter is topologically constrained. The promoter can be acti-
vated after topology stress is released by reconfiguration of the
DNA framework upon stimuli. The switchable transcription of
DNA framework is applied in genetic engineering of bacterial
cells. Likewise, the switchable function of protein based on
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Figure 3  Examples of FNAs for drug delivery. (A) The cell-entry mode of TDNs. Reprinted with permission from Ref. 59. Copyright © 2018
American Chemical Society. (B) TPP-conjugated FNAs as delivery carrier for DOX. Reprinted with permission from Ref. 62. Copyright © 2016
American Chemical Society. (C) siRNA delivered by TNDs with folate ligands. Reprinted with permission from Ref. 83. Copyright © 2012
Springer Nature. (D) siRNA-encapsulated DNA nanocube that can release cargo upon intracellular trigger. Reprinted with permission from
Ref. 86. Copyright © 2016 American Chemical Society. (E) DNA nanorobot that can intelligently regulate thrombin functions in human plasma.
Reproduced with permission from Ref. 102. Copyright © 2020 John Wiley and Sons. (F) DNA nanorobot by origami for the targeted delivery of
thrombin. Reprinted with permission from Ref. 106. Copyright © 2018 Springer Nature. (G) Platinum-nanoparticle-caged DNA icosahedron and
unpacked in the presence of telomerase. Reprinted with permission from Ref. 112. Copyright © 2018 John Wiley and Sons.
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confirmation change can be achieved in framework nucleic acids.
Tian et al.”> proposed the switchable activity of melittin by
encapsulation of melittin in conformationally changeable FNAs.

In some instances, FNAs can exhibit therapeutic efficacy
without structural mimicking. Jiang et al.'” investigated the pro-
tection against acute kidney injury by FNAs with diverse shapes,
and observed that the rectangular DNA origami showed similar
efficacy compared with clinical standard treatment (Fig. 2E). The
authors indicated that this therapeutic effect was due to the shape-
dependent accumulation of FNAs to the kidneys. Such results
could promote drug discovery and delivery for the treatment of
kidney diseases. Likewise, Ma et al.’® proved that tetrahedral
FNAs combined with neural stem cells transplantation have better
therapeutic achievement including higher cell viability, stronger
capacity of differentiation and proliferation. Although the results
showed potential application on nerve regeneration, there are still
some limitations like short of animal models and physiological
details during the treatment progress.

3. FNAs for drug delivery

Compared with most organic or inorganic nanoparticles, FNAs are
considered as a natural biomacromolecule with excellent mono-
dispersity, biodegradability and biocompatibility, which have
rendered FNAs great promise as drug carriers. Besides, many
molecules for therapeutics, targeting and stimuli-responsiveness
can be easily integrated onto FNAs via base pairing or simple
chemical ligation. Owing to the addressability of FNAs, these
modifications on FNAs can be quantified and allow tunable
loading efficiency. Particularly, FNAs can also exhibit some
unique properties. First, as one of the FNAs, tetrahedral DNA
nanostructures’’ (TDNs) could rapidly enter the cells without the
presence of transfection agents while remaining their structural
integrity®. Studies by single-particle tracking have indicated that
the endocytosis was mediated by lipid-raft-mediated pathway with
minimum electrostatic repulsion” (Fig. 3A) in a caveolin-
dependent manner, followed by lysosomes transport®®. Apart
from cellular uptake, FNAs have been reported as topical trans-
dermal drug delivery carriers®'. Secondly, structures with cavities
and DNA logic gate can be achieved on FNAs for cargo protection
and responsiveness, respectively. In this section, we make an in-
depth discussion about the applications of FNAs in drug de-
livery. The following summaries span from FNAs-based delivery
carriers (for small molecules, macromolecules and inorganic
nanoparticles), to templates for preparation of drug carriers.

3.1.  Small molecule delivery

Small molecules drugs are considered to be the most widely used
pharmaceutical ingredients. For instance, doxorubicin (DOX) is a
type of non-specific, broad-spectrum chemotherapeutic agent,
which produces strong cytotoxicity by means of intercalating into
double-stranded DNA to inhibit biosynthesis of nucleic acid.
Nevertheless, various drawbacks have emerged during the clinical
applications of DOX alone, including poor selectivity, adverse
side effects, multidrug resistance.

To address the above challenges, researchers have made
considerable efforts to achieve DOX targeted delivery. Inspired by
the interaction between DOX and DNA, FNAs have been exploited
as alternative carriers. DOX can be loaded on tetrahedral DNA
nanostructures (TNDs) functionalized with tumor-penetrating

peptide (TPP)** (Fig. 3B), SL2B aptamer or folic acid®. Like-
wise, 3D DNA icosahedrons with aptamer conjugation were applied
to deliver DOX®*. The high payload and ligand decoration enabled
by FNAs resulted in targeted delivery, increased cellular uptake and
sufficient anticancer efficacy at a much lower DOX concentration.
Besides, Jiang et al.*” reported a DOX-loaded triangular DNA
origami being able to circumvent resistance of DOX mediated by
tumor intrinsic efflux-pump. The Origami-based FNAs were
demonstrated to enhance passive targeting and tumor accumulation
properties of the loaded DOX in vivo®. Furthermore, the origami
structures could be designed with varying degrees of global twist
and different amounts of relaxation in the DNA double-helix
structure to rationally tune the encapsulation efficiency and
release kinetics of DOX®’.

Besides DOX, other small molecule drugs also have shown to
be delivered by FNAs by noncovalent absorption. Cisplatin is a
therapeutic drug against cancer mainly via covalent and non-co-
valent interactions with DNA base pairs. Wu et al.°® developed a
double-bundle TDNs with nanobody conjugation for targeted
cisplatin delivery. Paclitaxel (PTX) is another effective chemo-
therapeutic molecule against cancer. Xie et al.®” reported a PTX-
loaded TDNs for the treatment of PTX-resistant non-small cell
lung cancer (NSCLC), which exerted strong lethality on A549/T
cell lines. The PTX-loaded TDNs could exert in vitro and in vivo
targeted apoptosis in glioma cells when further modified with
GMTS and Gint4. T aptamersm . Moreover, Shi et al.”! constructed
wogonin-loaded TDNs for osteoarthritis therapy, which has
offered new prospective for effective relief of inflammatory
reactions.

Small molecule drugs can also be covalently grafted on the
backbone of FNAs. Mou et al.”* proposed floxuridine-integrated
DNA polyhedral for constructing trojan-horse-like anticancer
drug delivery system. Later, the same group’> developed camp-
tothecin (CPT)-linked TDNs through reaction between the phos-
phorothioate in the TDNs and carbonethyl bromide in the CPT
derivative. A cleavable disulfide was introduced in the linkage to
endow the CPT-TDNs with glutathione-responsiveness. Zhong
et al.”* synthesized DNA-conjugated cisplatin prodrug and further
assembled into DNA nanostructure for prodrug delivery. Wang
et al.”” assembled a DNA octahedral framework composed of
Sgc8c aptamers functionalized with combretastatin A-4 (a broad-
spectrum microtubule inhibitor) for targeted cancer therapy.

3.2.  Oligonucleotide delivery

During or following the assembly of FNAs, oligonucleotides can
be integrated into FNAs. These integrations are mainly based on
strand hybridization between oligonucleotide and the protruded
scaffold of FNAs’®. Since oligonucleotides and FNAs are same
kinds of material, oligonucleotides can also be organically com-
bined with FNAs during the solid-phase synthesis of scaffold
strands’’. Therefore, FNAs are capable of loading therapeutic
nucleic acids.

RNA interference is a highly conserved biological reaction
during evolution. Upon induction by double-stranded RNA, RNA
interference can specifically degrade or inhibit the expression of
homologous mRNAs’®. Small interfering RNAs (siRNAs) are
21—25-nucleotide small RNAs produced by enzyme Dicer, which
plays an important role in RNAi pathway in eukaryotic cells’®.
Therefore, synthetic siRNAs have become a class of potential
effective nucleic acid drug candidates for treatment by disrupting
pathogenic or disease-promoting genes. Many drug delivery
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systems based on polymeric nanoparticles and liposomes have
been developed for in vivo delivery of siRNA®*®! However, most
of the carriers are still limited by weak tissue specificity, potential
toxicity, and poor drug release®”.

By taking the advantage of DNA nanostructures, FNAs have
recently become new carriers for siRNA delivery. In 2012, Lee
et al.®* synthesized TDNs to efficiently deliver siRNA into tumor
cells and induce target gene silencing in vivo. The authors also
found that the spatial orientation and density of folate ligands may
affect the efficiency of TDNs in uptake and gene silencing
(Fig. 3C). Rahman et al.’* used the modular DNA brick method to
assemble many rectangular and tubular DNA nanostructures with
varied sizes for delivery of Bcl 2 siRNA. To our knowledge, BCL2
or P-glycoprotein (P-gp) overexpression is always associated with
tumors. They confirmed the optimized size of structures for the
effective uptake and tumor growth inhibition in mice. Further-
more, Wang et al.*> used DNA origami technology to construct a
glutathione (GSH)-responsive tubular DNA nanodevice for co-
delivery of Bcl2 siRNA, P-gp siRNA, and DOX. The nano-
device was further modified with multiple functional moieties,
including cell-penetrating peptides and disulfide bond-containing
DNA locks, so as to improve the cell uptake efficiency of the
carrier and the stability of the drug.

FNAs not only serve as delivery vectors for siRNA, but also
help the cargo resist nuclease degradation. Bujold et al.*® designed
a trigger-responsive DNA "nanosuitcase” that encapsulates siRNA
(Fig. 3D). The locked siRNA survived longer in the progress of
nuclease degradation than free siRNA. This three-dimensional
DNA prism structure used two gating strands which can identify
selected genetic markers and unwind by chain displacement to
release the siRNAs from the cavity.

The "lock and key” function enable by DNA nanotechnology
overcomes the problems of non-specific adsorption and off-target
effects, and can be also used in accurate siRNA delivery. Ren
et al.*’ designed a self-assembled oligonucleotide nanocarrier
(ONV) with a double lock and key system to achieve precise
delivery of siRNA. Through the sequential binding of the two
aptamers sgc8c and sgc4f16 on the cell surface, the nanostructures
could achieve specific recognition of cell subtypes, greatly
reducing systemic toxicity.

Tumor suppressive microRNA (miRNA) is another effective
molecule that may cure cancer, which have similarities with siRNAs
both in size and function. Qian et al.*® reported a shuriken-shape
DNA wireframe, which was formed by hybridizing three copies
of miR-145 with a DNA star motif. Compared with ordinary lipo-
somal transfection agents, this multi-pronged configuration
increased the cell uptake rate and showed a significant therapeutic
effect on human colon cancer cells. As a type of inhibitor of
apoptosis protein (IAP), Survivin has been reported to be overex-
pressed in tumor cells and is a potential candidate protein for tumor
therapy. Li et al.* designed TDNs for delivery of miRNA-214-3p
(miR-214-3p), which could combine with Survivin mRNA to
reduce its expression in cells, activate the mitochondrial apoptotic
pathway, and ultimately cause tumor cell apoptosis. Nahar et al.””
demonstrated DNA nanostructure containing three anti-miRNAs
that can target tumor oncomiRNA-27A, 96, and 182. These miR-
NAs synergistically down-regulated the expression of the tran-
scription factor FOXOla, which contributed to malignant
transformation and carcinogenic status.

Antisense oligonucleotide (ASO) is a small single-stranded
DNA complementary to the target mRNA sequence. It is involved
in the regulation of gene expression and can become a targeted

therapeutic gene with great potential’’. In 2018, Yang et al.””

developed a double-beam TDN that could bind nuclear targeting
peptides and antisense oligonucleotides that silence the proto-
oncogene c-Raf. Experimental results proved the increased de-
livery of antisense oligonucleotides to the nucleus, resulting in
down-regulation of target mRNA and inhibition of cell prolifera-
tion. The same research group”” integrated antisense nucleic acid
drugs for gene therapy with KillerRed protein for photodynamic
therapy on TDN. Likewise, Zhang et al.”* designed TDNs for
transporting antisense peptide nucleic acids into methicillin-
resistant Staphylococcus aureus (MRSA) cells. The complex
effectively reduced the expression of the target gene and signifi-
cantly inhibited cell growth in a concentration-dependent manner.

FNAs can also be nanocarriers for therapeutic genes. In 2018,
Ding and co-workers”> constructed a DNA triangle origami con-
taining tumor suppressor gene P53 and chemotherapeutic DOX as
co-delivery system for the treatment of multidrug resistant tumors.

CpG (unmethylated cytosine guanosine phosphate) is found to
be ubiquitous in natural viral and bacterial DNA’®. Synthetic CpG
oligonucleotide is a class of therapeutic nucleic acid with
powerful immunostimulatory effects’’. CpG-containing sequences
can be easily modified into DNA framework and delivered as anti-
cancer immunotherapeutic drug. In 2011, Schuller et al.'® con-
structed a 30-helix DNA nanotube grafted with up to 62 CpG
sequences, as non-cytotoxic immunostimulants. In the same year,
Li et al.”® combined CpG motifs on different vertices of the TDNs.
They found that DNA nanostructures can effectively resist
nuclease degradation in fetal bovine serum and cells, and the
modified multivalent CpG motif greatly enhanced the immunos-
timulatory activities of CpG. Further, CpG also has the potential to
become a vaccine or immunomodulator. Liu et al.”” used tetra-
hedral DNA as a scaffold to assemble streptavidin (STV) and CpG
oligodeoxynucleotide adjuvant into a vaccine complex. Experi-
mental results of immunized mice showed that this antigen
adjuvant-DNA nanostructure was similar to natural virus particles
and can induce a strong and long-lasting antibody response. In the
study of Qu et al.'”’, DNA dendrimers are programmable and safe
carriers that can be used to deliver immunomodulators loop-CpG
and TAT peptide to activate immune responses.

In addition to the above-mentioned oligonucleotide drugs, Ma
et al.'”" explored the TDNs in delivering an anti-HER2 aptamer
for enhancing lysosomal degradation of HER2 protein on breast
cancer cells. The HER2 degradation further arrested cell growth
and induced cell apoptosis through inhibition of downstream
PI3K/AKT signaling pathway. Moreover, DNA logic gates can be
integrated into FNAs as potential intelligent personalized nano-
medicine. For autonomous blood anticoagulation in human
plasma, Yang et al.'%* designed a DNA nanorobot with thrombin-
triggered strand hybridization cascades embedded on DNA barrel
(Fig. 3E). The nanorobot provided a logic loop to sense the
thrombin concentration and released thrombin aptamer when
exceed the tunable threshold. The released aptamer further
inhibited thrombin functions and thus achieved autonomous and
precise control over thrombin dosage. Together, these advanced
researches have proven that the DNA framework is a powerful tool
for oligonucleotides delivery.

3.3.  Peptide and protein delivery
Peptides and Proteins are important components of human body and

play a vital function in life. In recent years, intracellular protein
delivery is developing for novel therapeutics'®'**. Thrombin,
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FNAs-based templates for the preparation of drug carriers. (A) Size-controlled generation of liposomes on DNA origami rings.

Reprinted with permission from Ref. 114. Copyright © 2016 Springer Nature. (B) Silicification on DNA origami to produce silica nanoparticles
with complex geometry. Reprinted with permission from Ref. 116. Copyright © 2018 Springer Nature. (C) FNA-templated crystallization of
calcium phosphate. Reprinted with permission from Ref. 118. Copyright © 2019 Elsevier.

converts fibrinogen into fibrin, activates platelets and aggregates
them, eventually leading to thrombus formation'®. Using thrombin
to selectively block tumor blood vessels and cause tumor cell death
is an attractive anti-cancer strategy. Li et al.'°® assembled a DNA
nanorobot using DNA origami technology, with nucleolar targeting
aptamers on the outside, which could bind to the nucleolin on the
surface of tumor cells and expose the encapsulated thrombin
(Fig. 3F). After intravenous injection of DNA nanorobot into tumor-
bearing mouse models, thrombin would specifically reach the tumor

blood vessels and induce thrombosis, thereby achieving tumor ne-
crosis and inhibiting tumor growth.

New peptide-based antibacterial drugs have become potential
substitutes in reducing the probability of bacterial resistance. Liu
et al.'”” used TDNs as a carrier with the conjugation of antibac-
terial peptide GL13K to study the inhibitory effect on Escherichia
coli and Porphyromonas gingivalis. They found that TDNs not
only enhanced the antimicrobial effect of GL13K, but also pro-
tected it from degradation by proteases.
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Peptides can also be used for cancer treatment by regulating
immune responses. Liu et al.'”® designed a tubular DNA origami
as a cancer vaccine to transport antigen peptides and molecular
adjuvants. This structure had inner cavity wrapped with antigen
peptides and two types of Toll-like receptor (TLR) agonists. A
pH-responsive DNA strands locked the cavity for gating the
exposure of cargos. They found that the nano-vaccine can produce
long-term T cell responses in mice, effectively preventing tumor
metastasis and recurrence.

3.4.  Delivering inorganic nanoparticle-FNAs complex

Inorganic nanoparticles are submicroscopic particles with sizes
ranging from 1 to 100 nm, which have the advantages of well-
defined shape, plasma and magnetic properties, and controllable
surface chemical and physical properties'’’. In recent years, FNAs
have been integrated during the delivery of inorganic nano-
particles. Jiang et al.''® constructed gold nanorods on the surface
of triangular DNA origami as a nanotheranostics. Experimental
outcomes showed that the complexes significantly enhanced tumor
cell accumulation and improved photothermal decomposition
ability. On this basis, Du et al.''' confirmed that the gold-

nanorods-triangular-origami could be both an effective diag-
nostic tool and a therapeutic agent to inhibit tumor growth.

In addition, Ma et al.''” designed a telomerase-responsive
DNA icosahedron linked by two pyramid-shaped DNA cages for
encapsulation of platinum nanoparticles (Fig. 3G). The nano-
platform achieved precise nanoparticle delivery and treated
cisplatin-resistant tumor cells. According to a relative research,
Wang et al.''? designed DNA origami structures of different ge-
ometry labeled with gold nanoparticles, and observed their inter-
nalization process in multiple human cancer cell lines. These
researches may provide new insight for the delivery of nano-
particles with enhanced therapeutic efficacy.

3.5.  Synthetic templates for nanocarrier

The customized and precise geometry of FNAs possess tremen-
dous promise for template-based preparation of organic and
inorganic nanoparticles. Significantly, the FNAs-templated strat-
egy offers a near-homogeneous size distribution in comparison to
conventional methods. For instance, Yang et al.''* presented a
DNA origami-enabled strategy to generate artificial small uni-
lamellar vesicles with controlled shape, size, and outstanding
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Table 1 Summary on the application and advantages of framework nucleic acids (FNAs).

Research area Application

Example

Advantage

Drug discovery

Drug delivery

Tools for biological
study

Potential therapeutic
molecules

Small molecule
delivery

Oligonucleotide
delivery

Peptide and protein
delivery

Co-delivery with
inorganic
nanoparticles

Synthetic templates

Supporting membrane protein for
structural analysis

As labels in electron cryotomography

Long-term or multiplexed
fluorescence imaging

Fragment-based drug discovery by
atom force microscopy

Spatial organization of ligands

Structural or functional mimicking of
their biological counterparts

Alleviation of acute kidney injury
and other therapeutic efficacy

Doxorubicin, cisplatin, paclitaxel,
wogonin, camptothecin, cisplatin
prodrug, combretastatin A-4

Small interfering RNAs, microRNA,
antisense oligonucleotide,
unmethylated cytosine guanosine
phosphate, aptamer

Thrombin, antibacterial peptide,
antigen peptides

Gold nanorods, platinum
nanoparticles, gold nanoparticles

Small unilamellar liposomes, silica

Customized structure

Narrow particle size
distribution

Easy of chemical
modification

Site-specific functionalization

Quantified cargo loading

Logical DNA strand
displacement reactions for
programmable functions

Biodegradability and
biocompatibility

Unique cellular uptake

for nanocarrier

nanoparticles, calcium phosphate

nanoparticles

Drug analysis

Electrochemical detection of metabolite in whole blood

Quantified surface-enhanced Raman scattering

monodispersity (Fig. 4A). DNA origami with lipid molecule
decoration served as the templates or “exoskeleton” and precisely
guided liposome formation of different morphology. Inspired by
the highly ordered architecture and self-assembly of clathrin,
Baumann et al.'"” applied DNA triskelion for liposome coating to
enhance liposome mechanical stability.

Recently, by integration of DNA origami and Stober method,
Liu et al.''® established a promising approach for template-
fabrication of silica nanostructures with various size and shapes
(Fig. 4B). These silica nanostructures showed higher toughness
than the DNA template while maintaining softness, which was a
unique property other than existing silica nanoparticles. Of note,
the softness inherited in these nanoparticles may play an important
role in their delivery or cellular uptake''’. The same group''® also
reported a FNAs-templated strategy for calcium phosphate (CaP)
crystallization (Fig. 4C). The fabricated CaP exhibited user-
defined geometry with nanoscale precision. Cellular experiments
confirmed that template CaP nanoparticles could serve as a sus-
tainable agent for live-cell delivery of CpG with enhanced bio-
activities. Furthermore, CaP nanoparticles with site-specific
protein modification can be obtained by the FNAs-templated
synthesis''”.

4. FNAs for drug analysis
Drug analysis is an important component of pharmaceutical sci-

ences. With the development of DNA nanotechnology, FNAs are
widely used to construct a variety of sensing platforms during

. 120 .
sample analysis'>’. There have been tremendous researches in

FNAs-based biosensors for the detection of DNA, protein and
nucleic acids'?'~'*°. One of the major obstacles for the biosensor
design depends on the restricted target accessibility at the solid
water interface. For electrochemical sensor, recognition ligands
especially aptamers are disordered on the interface of the modified
probes'?"'?® | which limits the accessibility of the target and
lowers the detection sensitivity of the target. FNAs offer a
convenient approach to improve the order of aptamer at the
interface, alleviate the interference to aptamer-target recognition,
and thus improve the detection sensitivitym’m). In this section,
we provide an overview mainly on the involvement of FNAs in
drug analysis.

FNAs, especially TDNs, have been widely used in the fabri-
cation of electrochemical sensors'*"~'*?. Li et al.'*® grafted an
aptamer-conjugated TNDs on a gold electrode of micronano
structure for metabolite detection in whole blood. The confor-
mational change of the aptamer upon ATP binding enabled MB
proximal to the electrode surface and led a strong electrochemical
signal, which realized rapid ATP detection (Fig. SA). The limit of
ATP detection was demonstrated as 50 pmol/L in rabbit whole
blood.

For some addictive drugs, such as cocaine, illegal use can lead
to social unrest. Analytical techniques for rapid detection of
cocaine are important in border controls or in drug investigation
and tracking. Several electrochemical sensors have been devel-
oped to detect cocaine based on cocaine aptamer. Wen et al.'*
constructed a sensing platform based on FNAs to develop an
ultra-sensitive, highly selective electrochemical cocaine sensor.
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The electrode surface was modified with a suspended aptamer-
TNDs structure. An anti-cocaine aptamer was split into two seg-
ments. One of the split aptamers extended from the top of the
TNDs to improve the cocaine recognition. Another split aptamer
was labeled with biotin and brought the avidin-horseradicadric-
peroxidase to the TDNs upon cocaine binding. The peroxidase
converted the aptamer binding event into an electrochemical
signal, achieving the detection limit of 33 nmol/L. In addition, the
tetrahedral modified electrode surface has anti-fouling properties
and reduces the interference of background noise, leading highly
selectivity during the analysis of complex samples. The same
strategy was also introduced to a microarray platform to realize
the fluorescent detection of cocaine and achieve the detection limit
of 100 nmol/L'* (Fig. 5B).

In addition, TNDs-based sensors can also be used to detect
theophylline. Theophylline is a “star drug” for the treatment of
respiratory diseases. The toxicity and side effects of theophylline
narrow the safe range in clinical administration. Wang et al.'*
proposed an electrochemical method for theophylline detection
based on the cascade assembly of aptamer on the TDNs-coated
electrodes. In the presence of theophylline, the RNA aptamer

subsequently self-assembled into nanowires on the DNA tetrahe-
dron and further adsorbed silver nanoparticles. Therefore, the
concentration of theophylline can be measured via the silver
stripping current. This method achieved the detection limit of
50 nmol/L.

The TDNs can also regulate the enzyme distance on the
electrode interface to improve the detection efficiency. Song
et al."*” reported bulk enzyme heterojunction (BEH) based on
TDNs to program the multi-enzyme catalytic cascade on the
electrode for sarcosine sensing (Fig. 5C). The TNDs achieved
delicate regulation of the distance between enzyme pairs within
the critical coupling length of about 10 nm. As a result, the overall
catalytic efficiency is increased by approximately 10 times. On
this basis, sarcosine was efficiently oxidized in the enzyme
cascade, which resulted in an electrocatalytic current in the
electrode.

Besides electrodes, continuous exploration of FNAs has been
achieved in the field of Raman detection. In a recent publication,
Fang et al.'*® reported the precise anchoring of gold nanoparticles
on a DNA origami to enable Fano resonances for quantified
surface-enhanced Raman scattering (Fig. 5D). This proof-of-
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concept nanoplatform has provided an insight to ultrasensitive
sensing of pharmaceutically-related molecules.

5. Conclusions and future perspectives

To sum up, we highlight the advantages of FNAs and review the
pharmaceutical applications of FNAs (Table 1). The precise base
pairing makes oligonucleotides assemble into FNAs with
customized structures and narrow particle size distribution. FNAs
are natural biomacromolecules which show biodegradability and
biocompatibility. FNAs are easily subjected to chemical modifi-
cation through introducing reactive function groups during
oligonucleotide synthesis. Since each oligonucleotide inside the
FNAs is localizable at nanoscale, site-specific or quantified
functionalization on FNAs could be achieved. Moreover, FNAs
could naturally blend in with logical DNA hybridization reaction
to exhibit programmable functions and response to external
stimuli. These advantages of FNAs have been proved to meet
certain requirements in pharmaceutical research.

Despite significance advances achieved in biomedicine, several
drawbacks of FNAs still exist. Firstly, the yield of FNAs is limited
by the quantity of scaffold strands purchased from the company.
Generally, the production of FNAs is only sufficient to reach
effective concentration in cell experiments or animal models.
Besides, high cost of the scaffold strands is another obstacle factor
for clinical applications of FNAs. Secondly, the complex folding
kinetics of oligonucleotides could play a critical role in the suc-
cessful assembly of FNAs. In fact, many factors could cut off the
assemble process such as high strand concentration, similarity
between scaffold sequences, preferred conformation or secondary
structure of each strands, dimers, and adverse intermolecular
forces from chemical modification. Lastly, FNAs are susceptible
to physiological conditions and may show structural disassembly.
As is known, DNA contains multiple phosphate groups with
negative charge, which could bring electrostatic repulsion inside
the FNAs in low-salt solutions. Even though the introduction of
divalent ions could block the negative charges, but the action of
these ions in vivo should be taken into consideration. FNAs are
also unstable in high temperature since the number of base pair for
effective FNAs assembly is limited (generally 7—24 base pairs).
Moreover, the nucleic-acid nature of FNAs makes it susceptible to
nuclease digestion in vivo. Of note, the enzymatic stability of
FNAs is able to be enhanced by costly modification of scaffold
strands such as phosphorothioate or non-natural nucleotides.

Beyond the summarized applications in this reviews, the usage
of FNAs in biomedicine still have a lot to be explored in the
future. Importantly, previous researches have indicated the role of
size and mechanical properties in nanoparticle delivery''”'*".
FNAs have various properties including size, shape and stiffness.
Therefore, how the properties of FNAs influence the immunoge-
nicity, biodistribution and clearance of FNAs in vivo remains to be
illuminated for better translation of research into practical appli-
cations. In fact, structures of FNAs are demonstrated to modulate
the uptake or immunorecognition by cells'**'*" (Fig. 6A). Be-
sides, the quantity and site-specific organization of ligands on
FNAs are relative to ligand—target interaction and the corre-
sponding drug actions. This principle could also be elucidated to
optimize the regulation of biological process such as increasing
vaccination efficacy”® and viral inhibition'** (Fig. 6B). To our
knowledge, the biocompatible and the encoding nature of nucleic
acids render DNA capable of in-drug labeling for pharmaceutical

anti-counterfeiting'**>. Currently, the applications of DNA in
authentication mainly focus on the unique sequence buried in
oligonucleotides'**'**, or a unique DNA marker formed from the
fragmentation of double strand DNA'#®. With the development of
DNA nanotechnology, DNA can be encoded in a different way by
folding single strands into numerous DNA framework with pre-
designed size, shape and ligand patterning. Recently, Zhang
et al.'*” develop DNA-origami-based cryptography (Fig. 6C). The
technique exploits folding of a M13mpl8 single-stranded DNA
into a customized nanostructure with a specific set of staple
strands. Some of the staple strands are modified with biotin so that
encrypted molecular patterns are placed on the DNA origami. The
decryption can be accomplished upon streptavidin binding.

Besides, the molecule patterns on DNA origami can also be
dynamic. Fan et al.'*® proposed a fantastic cryptography based on
reconfigurable DNA origami domino array (DODA, Fig. 6D). The
nanoscale patterns on DNA origami can be transformed after
DNA-programmed structure reconfiguration of the DNA frame-
work, allowing the information coding. The confidentiality of this
strategy can be further enhanced by implementation of
reconfiguration-mediated toehold strand displacement reaction on
the dynamic DNA origami'*’. The units engaged in strand
displacement cascades are assembled on the DNA origami. Upon
conformational transformation, the reaction units were brought
into close proximity and triggered the cascades. The strand
displacement reaction thus changed the molecular pattern on the
DNA origami, which served as a secondary coding. It is fore-
seeable that DNA framework may be potentially applied to
combat counterfeiting of pharmaceuticals.
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