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PUBLIC SUMMARY

= With excellent addressability and biocompatibility, DNA nanostructures are promising candidates for bio-sensing, bio-imaging, and drug
delivery

= The recent progress in chemical modifications of DNA nanostructures is summarized
= Chemically modified DNA nanostructures for efficient delivery of chemotherapeutic drugs and nucleic acid drugs are highlighted

= Challenges and prospects of future development toward chemically modified DNA nanostructures for drug delivery are discussed
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Based on predictable, complementary base pairing, DNA can be artificially
pre-designed into versatile DNA nanostructures of well-defined shapes and
sizes. With excellent addressability and biocompatibility, DNA nanostruc-
tures have been widely employed in biomedical research, such as bio-
sensing, bio-imaging, and drug delivery. With the development of the
chemical biology of nucleic acid, chemically modified nucleic acids are
also gradually developed to construct multifunctional DNA nanostructures.
In this review, we summarize the recent progress in the construction and
functionalization of chemically modified DNA nanostructures. Their applica-
tions in the delivery of chemotherapeutic drugs and nucleic acid drugs are
highlighted. Furthermore, the remaining challenges and future prospects in
drug delivery by chemically modified DNA nanostructures are discussed.

INTRODUCTION

Most known as a carrier of genetic information, DNA can also be employed as
abuilding block for constructing versatile DNA nanostructures by complementary
base pairing. Different self-assembly strategies can create DNA nanostructures
with controllable sizes and shapes. Meanwhile, various stimuli-responsive com-
ponents can be site-specifically organized in the versatile DNA nanostructures
through non-covalent or covalent binding. Due to its excellent structural program-
mability, spatial addressability, and biocompatibility, DNA self-assembled nano-
structures have been widely applied in numerous research fields, such as infor-
mation storage, smart nanodevices, biosensors, and drug delivery.'* The
wide-ranging DNA nanostructures have developed into one of the most represen-
tative self-assembly systems with a long and noteworthy history.

In the early 1980s, Nadrian C. Seeman, the pioneer of DNA nanotechnology,
proposed that nucleic acids could be utilized as building blocks for the assembly
of nanoscale architectures by Watson-Crick base pairing (Figure 1A)."® Subse-
quently, a series of two-dimensional (2D) DNA nanostructures were successfully
constructed.'® ?* Meanwhile, DNA polyhedral nanostructures with 3D morphol-
ogies were efficiently assembled in high yields (Figure 1B).>*"?” In 2006, Rothe-
mund developed a strategy to fold a long, single-stranded circular scaffold
DNA, with hundreds of short staple strands, into various 2D nanostructures,
termed "DNA origami” (Figure 1C).?® Based on this technology, a number of inter-
esting DNA origamis have been rationally designed and fabricated.””*’ In addi-
tion, rolling circle amplification (RCA) has been employed to construct various
DNA hydrogels (Figure 1D).* These structurally well-defined DNA nanostructures
have been further developed to spatially arrange a variety of functional compo-
nents with high precision.®*~*° Besides ordinary, natural nucleic acids, chemically
modified DNA also has played an essential role in the rational structural
assembly.

CHEMICAL MODIFICATION OF DNA

Various organic reactions have been developed for the chemical modification
of DNA.%%®" Based on additional covalent bonds, the chemically modified DNA
can facilitate structural assembly and cargo loading. Meanwhile, chemical modi-
fication can also protect DNA nanostructures from enzymatic digestion to
enhance stability. Due to these advantages, chemically modified DNA has at-
tracted much attention in biosensors, bio-imaging, and drug delivery.

To expand the scope of DNA nanostructure applications, different modification
sites have been studied, such as the two terminal, phosphate skeleton, bases, and
sugar ring (Figure 2). Terminal-modified DNA (containing amino, thiol, azide, or
alkyne groups) can conjugate with branched molecules to construct branched
DNA for the subsequent assembly of crosslinked materials.> The phosphate
skeleton can be modified by thiophosphate to enhance its stability and introduce

additional reactive sites for further functionalization.”*** Bases are often modi-
fied by floxuridine, a typical chemotherapeutic drug.*® The representative modifi-
cation of the sugar ring is mirror DNA (L-DNA), which can significantly improve the
molecule’s enzymatic stability to facilitate drug delivery.®>*” All of these above-
mentioned modified nucleotides are commercially available. These modified
DNA strands can be easily and efficiently obtained by solid-phase synthesis.
Meanwhile, the modified nucleotides can also be incorporated into DNA by
DNA polymerase enzymes.

Since chemically modified DNAs are all made commercially available by solid-
phase synthesis, the technique routes and product yields are good enough for
broad applications in biomedical research. These obtained chemically modified
DNAs still retain the ability of strict complementary base pairing to construct ver-
satile DNA nanostructures. These above-mentioned different chemical modifica-
tion strategies can be flexibly utilized to solve specific problems in different situ-
ations. For example, the terminal-modified DNA with high conjugation efficiency
is often employed in the fabrication of branched DNA structures to assemble hy-
drogels or nanoparticles. The DNA modified with thiophosphate at arbitrary sites
of the phosphate skeleton is often adopted to enhance stability. Floxuridine-incor-
porated nucleotides are usually directly employed as building blocks of wireframe
DNA nanostructures or monomers for RCA to prepare drug-loaded nanoflowers.
With its modified sugar ring, the mirror DNA is always directly employed for the
co-assembly of versatile DNA nanostructures with much-enhanced stability.
These diverse chemical modification strategies are vital to the development of
DNA nanotechnology for biomedical applications.

CHEMICALLY MODIFIED DNA NANOSTRUCTURES

Chemically modified DNAs have been widely employed as the building blocks
for the construction of versatile DNA nanostructures. Various strategies, such as
terminal covalent modifications, the branched PCR and ligation, and direct cova-
lent modifications onto DNA origami, have been developed to assemble chemi-
cally modified DNA nanostructures.

Terminal covalent modifications

The covalent coupling reaction between the terminal-modified DNA and
branched organic molecules with different numbers of functional groups is a typi-
cally adopted strategy for the construction of branched DNA nanostructures with
indicated numbers of DNA arms. These branched DNA nanostructures can func-
tion well as the building blocks for the co-assembly of higher-order DNA nano-
structures with pre-designed sizes and shapes.

In 1999, Scheffler et al. synthesized one pair of trisoligonucleotidyls, with cDNA
sequences, through solid-phase synthesis based on the flexible branched organic
molecule (4-amino-4-(3-hydroxypropyl)heptane-1,7-diol, Figure 3A).*® Each dou-
ble-stranded DNA between the two complementary trisoligonucleotidyls was
described as a chemical C-C bond. The two main possible topologies for the
DNA assemblies were denoted as nano-acetylene (assembly between one pair
of trisoligonucleotidyls) and nano-cyclobutadiene (assembly between two pairs
of trisoligonucleotidyls). The co-assembly models proposed in this work inspired
subsequent research based on covalently conjugated branched DNA. In 2008,
Stepp et al. constructed a pair of small-molecule-DNA hybrids with a rigid tris(phe-
nylacetylene) core to organize three DNA strands at 120° intervals.®® They found
that the complementary hybrids can form a caged dimer (nano-acetylene, as
mentioned above) with a higher T, in dilute solution and the DNA aggregate
with a lower T, in concentrated solution. In 2012, Eryazici et al. employed a syn-
thetic route similar to the one reported by Stepp et al. (both 3’ modifications for
conjugation) to construct another pair of complementary hybrids in reverse
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Figure 1. Representative strategies for the assembly of DNA nanostructures (A) DNA
junctions. Reproduced with permission from Seeman'> Copyright 1982, Elsevier. (B) DNA
tetrahedron. Reproduced with permission from Goodman et al.”* Copyright 2005,
American Association for the Advancement of Science. (C) DNA origami. Reproduced
with permission from Rothemund?® Copyright 2006, Nature Publishing Group. (D) DNA
nanostructures based on rolling circle amplification. Reproduced with permission from
Ali et al.*® Copyright 2014, Royal Society of Chemistry.

directions (including 3’ and 5 modifications).°° This pair of branched DNA can
form a face-to-face dimer at a wide concentration range of the DNA arms. This
work also reveals that hydrophobic interaction among the rigid cores of organic
molecules plays an essential role in assembling the chemically modified DNA
nanostructures. In 2015, Hong et al. replaced the rigid aromatic organic cores
described in the report of Stepp et al. with flexible, small-molecule cores.®’ These
well-defined cage dimers can be assembled at DNA concentrations as high as
102 uM with oligonucleotides of moderate length (<20 bp). This report further
confirms that the organic molecular core is crucial for the efficient formation
of chemically modified DNA cage dimers. Meanwhile, in a subsequent study,
Hong et al. constructed a pair of complementary tetrahedral small-molecule-
DNA hybrids with a rigid organic core to assemble DNA-based polymeric nano-
particles.®” The sizes and distributions of these DNA nanoparticles were easily
modulated by changing the concentration of branched DNA, the assembly
time, and the salt concentration. An enhanced cellular uptake was observed in
this DNA-based nanoparticle, demonstrating the potential application of this strat-
egy in drug delivery.

In 2006, Aldaye et al. prepared six DNA oligonucleotides with rigid organic mol-
ecules as a central linker through solid-phase synthesis (Figure 3B).%® These six
DNA oligonucleotides can hybridize with each other hand by hand, to construct a
well-defined cyclic hexamer. Due to the addressability of the DNA hexamer, six
gold nanoparticles can be efficiently arranged at the pre-designed terminals of
the DNA sequences to form a crown-like structure. Various multifunctional nano-
particles can be spatially positioned in this precisely organized pattern. In the
following year, Aldaye et al. fabricated a pair of DNA dimers with complementary
sequences for co-assembly (Figure 3C).°* In this system, an additional small
molecule (Ru(bpy)s2") was included as an auxiliary compound (guest) to facilitate
assembly of a single DNA nanostructure (DNA square) and avoid the possible
random assembly of a library of products. Similarly, a pair of DNA trimers was
prepared to construct ladder-like structures with the addition of (Ru(bpy)s®*),
which were further assembled into large DNA fibers of over tens of micrometers.
This strategy, based on the simple use of a small molecule to reprogram DNA as-
semblies, is a promising approach to control DNA self-assembly to achieve
desired sizes and shapes.

For the construction of 3D DNA frameworks, in 2007, Aldaye et al. synthesized
a series of cyclic single-stranded DNA building blocks (including triangle, square,
pentagon, and hexamer) through solid-phase synthesis with 3’ phosphate modi-
fication and subsequent chemical ligation (Figure 3D).%° These cyclic DNA struc-
tures can function as scaffolds to co-assemble with helper strands to construct
structurally switchable 3D DNA assemblies. This work attracted much attention,
leading to the efficient construction of versatile 3D DNA nanostructures in subse-
quent studies. In 2008, Zimmermann et al. further prepared 20 trisoligonucleotid-
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Figure 2. Chemical modifications of DNA for assembly of DNA nanostructures (1) 5’
and 3’ terminal (red) modifications (such as amino, thiol, azide, and alkyne); (2) phosphate
skeleton (purple) modifications (such as PS); (3) base (green) modifications (such as
floxuridine); (4) sugar ring (blue) modifications (such as L-DNA).

yls, with different pre-designed DNA sequences, through solid-phase synthesis
using Cap linkers (Figure 3E).°° These trisoligonucleotidyls can hybridize with
each other in a pre-designed manner to construct a 3D DNA dodecahedron,
demonstrating a promising option for constructing 3D DNA framework nano-
structures with arbitrary morphologies.

In 2009, Yang et al. introduced some organic chelating sites into a DNA prism
through solid-phase synthesis to precisely organize the metal ions (Figure 3F).®”
Various metal ions, such as Cu*, Ag*, Zn?*, Co?*, Cd?*, Au*, and Eu?*, can be
precisely incorporated into the indicated chelating sites to form a metal-DNA
3D cage. This metal-DNA hybrid nanostructure exhibited a much-enhanced
resistance against chemical and thermal denaturation. This work promoted
the development of metal-DNA hybrid nanostructures for applications in the
flelds of bio-sensing. In 2010, Lo et al. fabricated a series of DNA nanotubes,
with longitudinal variation and capsules along the tube length, through co-as-
sembly of covalently conjugated cyclic DNA and helper strands (Figure 3G).%®
These DNA nanotubes can precisely position gold nanoparticles of an appro-
priate size in the separate capsules during the co-assembly process. The
loaded gold nanoparticles can be efficiently released after adding a competitive
DNA strand with fully complementary sequences. This controllable and stimuli-
responsible loading and release strategy based on DNA nanostructures may
be further applied in drug delivery systems. Based on the addressability of
DNA nanostructures, in 2018, Trinh et al. developed a method to transfer posi-
tional information from a DNA cube to a polymeric nanoparticle (Figure 3H).®
The polymeric nanoparticle encapsulated inside the cube was fabricated
through a covalent crosslinking reaction. After denaturing, the particles im-
printed with different DNA strands can be efficiently constructed. This work pro-
vided a general strategy to obtain non-centrosymmetric nanostructures
predictably.

Branched PCR and ligation

PCR is a powerful molecular biological tool to obtain long, targeted, double-
stranded DNA on a large scale. In theory, versatile DNA nanostructures with mul-
tiple DNA arms can be constructed by quickly altering traditional linear DNA
primer pairs into covalently conjugated branched DNA (denoted “branched
PCR"). Based on the branched PCR system, various functional components
can be efficiently incorporated into long, double-stranded DNA networks by arbi-
trary chemical modification of the branched primer pair.

In 2008, Lee et al. synthesized a dimer of a forward primer through an amide-
coupling reaction between a 5" amide-modified single-stranded DNA primer and
an organic molecular linker (Figure 4A).”° Based on traditional PCR, the dimer of
the forward primer and a normal linear reverse primer were combined to amplify
long, double-stranded DNA. The triblock DNA nanostructures (long dsDNA-
organic molecule-long dsDNA) were clearly visible by atomic force microscope
(AFM) imaging. Meanwhile, Keller et al. prepared trimers of primers in the
same year through solid-phase synthesis (Figure 4B).”" One pair of trimers
was directly introduced into the branched PCR system as a primer pair. After
branched PCR, the DNA network was clearly apparent by AFM imaging. These
DNA network meshes can be easily tunable by changing the length of the DNA
template. This work provides an alternative strategy for the efficient construction
of double-stranded DNA networks. Furthermore, in 2011, Lee et al. prepared the
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Figure 3. Representative DNA nanostructures
assembled by terminal covalently modified DNA (A)
Self-assembly of trisoligonucleotides. Reproduced
with permission from Scheffler et al.>® Copyright
1999, Wiley-VCH. (B) Self-assembly of a DNA hexagon
as a template for the organization of gold nano-
particles. Reproduced with permission from Aldaye
et al.°® Copyright 2006, Wiley-VCH. (C) Guest-medi-
ated access to a single DNA nanostructure. Repro-
duced with permission from Aldaye et al.°* Copyright
2007, American Chemical Society. (D) Structurally

dimers and trimers of DNA oligonucleotides by three cross-coupling reactions,
concluding that the amide-coupling reaction can achieve the highest yield (Fig-
ure 4C).”? The obtained branched DNA can be elongated through hybridization
with the overhangs of long double-stranded DNA and a subsequent ligation pro-
cess. This work provided a method for the construction of micrometer-sized DNA
nanostructures. In 2016, Liu et al. synthesized a trimer of DNA oligonucleotides
through the thiol-Michael addition reaction.”® This trimer can hybridize with sin-
gle-stranded DNA to form a DNA junction with four base overhangs (GGGG).
The covalently conjugated DNA junction can efficiently assemble with an EGFP
gene containing single-stranded overhangs (CCCC, obtained by digestion with
the restriction endonuclease, Bbsl). After ligation, a stable gene nanoparticle
was successfully constructed for eukaryotic expression. This report demon-
strates a promising strategy based on using a chemically modified branched
DNA nanostructure as a crosslinker to construct a nanoparticle system for
gene delivery efficiently.

Besides the direct crosslinking of terminal-modified single-stranded DNA, other
organic reactions have also been employed to bundle up the double-stranded
DNA. In 2013, Hartman et al. employed a light-induced crosslinking reaction be-
tween a thymine base (T) and the psoralen molecule to form a covalently cross-
linked T psoralen-T unit (Figure 4D).”* After crosslinking, thermostable branched
double-stranded DNA with single-stranded overhangs was efficiently synthe-
sized. This type of branched DNA structure can also be easily adopted as the
modular primer pair in a branched PCR system. After including a GFP gene as
the template, an extended DNA network can be efficiently fabricated for subse-
quent gene expression.

Direct covalent modifications onto DNA origami

DNA origami is often constructed by co-assembly of a long single-stranded cir-
cular DNA scaffold (e.g., bacteriophage M13mp18, 7,249 nt) and multiple short
DNA staple strands in a one-pot system. With the developments in chemical
maodification of DNA, various attempts have been carried out to directly modify

switchable 3D DNA assemblies. Reproduced with
H permission from Aldaye et al.°® Copyright 2007,

p ¢ American Chemical Society. (E) Self-assembly of a
DNA dodecahedron from 20 trisoligonucleotides. Re-
produced with permission from Zimmermann et al.®®
Copyright 2008, Wiley-VCH. (F) Metal-nucleic acid
cages. Reproduced with permission from Yang et al.®’
Copyright 2009, Nature Publishing Group. (G) DNA
nanotubes with a longitudinal variation. Reproduced
with permission from Lo et al.°® Copyright 2010,

Nature Publishing Group. (H) DNA-imprinted polymer
nanoparticles. Reproduced with permission from
Trinh et al®® Copyright 2018, Nature Publish-
ing Group.

the DNA origami in situ to construct multifunctional DNA nanostructures. A series
of efficient chemical reactions have been developed for site-specific modification
of DNA origami with high yield.

In 2010, Voigt et al. employed a rectangular-shaped DNA origami as a highly
versatile breadboard for the investigation of surface chemical reactions with sin-
gle-molecule resolution (Figure 5A).”® These chemical reactions, such as click
chemistry and amide coupling, can be generally performed at pre-designed posi-
tions on the DNA origami template. Based on the specific interaction between
biotin (attached to the organic reaction groups) and streptavidin, these reactions
on the surface of DNA origami can be directly imaged by AFM. This work dem-
onstrates that it is possible for site-specific chemical modification of DNA origami
in a post-assembly manner. Furthermore, in 2016, Tokura et al. employed DNA
origami as a template to site-specifically organize initiators conjugated on the ter-
minals of DNA strands for in situ atom-transfer radical polymerization (Fig-
ure 5B).”° Based on the addressability of DNA origami, differently nanopatterned
polymers of various heights can be efficiently obtained with high precision. After
crosslinking, the polymeric nanostructures can remain stable in solution without
the support of the DNA origami. In principle, the judicious utilization of this DNA
origami strategy enables the fabrication of polymeric nanostructures with arbi-
trary patterns.

To enhance the stability of DNA origami, in 2018, Gerling et al. created an addi-
tional covalent cyclo-butane pyrimidine dimer between two adjacent thymidines
via UV irradiation (Figure 5C).”” These reactive sites for covalent conjugation can
be artificially pre-designed in the desired positions. After irradiation, the stabilized
DNA origami remains intact at high temperatures and in highly purified water
without additional cations. Notably, enhanced resistance against digestion by
DNA nuclease was also observed in these chemically stabilized DNA origamis.
This report provides a general strategy for stabilizing DNA origami to promote
the broad application of DNA nanostructures in various research fields. In
2019, Lin et al. employed a click chemical reaction to manipulate a series of
octahedral DNA origamis to efficiently construct higher-order DNA origami
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Figure 4. Representative DNA nanostructures con-
structed by branched PCR and ligation (A) Synthe-
sis of DNA-organic molecule-DNA triblock oligomers
as the primer for PCR. Reproduced with permission
from Lee et al.”® Copyright 2008, American Chemical
Society. (B) DNA polymerase-catalyzed DNA network
growth. Reproduced with permission from Keller
et al.”! Copyright 2008, American Chemical Society.
(C) Elongation of branched oligomers by ligation. Re-
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produced with permission from Lee et al.”> Copyright
2011, American Chemical Society. (D) Thermostable
branched DNA nanostructures as the primers for PCR.
Reproduced with permission from Hartman et al.”*
Copyright 2013, Wiley-VCH.
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Figure 5. Representative chemically modified DNA origami (A) Single-molecule chem-
ical cleavage and coupling reactions on DNA origami. Reproduced with permission from
Voigt et al.”® Copyright 2010, Nature Publishing Group. (B) Bottom-up fabrication of
nanopatterned polymers on DNA origami by in situ atom-transfer radical polymerization.
Reproduced with permission from Tokura et al.”® Copyright 2016, Wiley-VCH. (C)
Sequence-programmable covalent bonding of DNA origami in a site-selective and scal-
able manner. Reproduced with permission from Gerling et al.”” Copyright 2018, American
Association for the Advancement of Science. (D) Covalent-bound DNA origamis obtained
by cupper-free click reaction. Reproduced with permission from Lin et al.”® Copyright
2019, American Chemical Society.

(Figure 5D).”® Azide and alkyne reaction groups were site-specifically anchored
onto desired vertices of octahedral DNA origami. After click reaction, various su-
per-DNA origamis with different architectures were obtained by changing reactive
valence or stoichiometric ratios of the chemically modified octahedral DNA
origami. This work creatively treats the entire octahedral DNA origami as a
molecular backbone for a direct chemical reaction, mimicking traditional organic
molecular synthesis, making it possible to construct various super-DNA nano-
structures with complex architectures.

Besides these direct covalent modifications onto DNA origami, some chem-
ically modified DNA origamis have also been constructed by assembling pre-
modified staple strands or hybridizing covalently modified DNA strands. In
2013, Burns et al. constructed a self-assembled small tubular DNA origami to
function as a nanopore in lipid bilayers.”” The chemical modification of the
phosphate backbone with hydrophobic alkyl groups in the pre-selected middle
region of the tubular DNA origami can mask the negative charge present in un-
modified DNA. With an outer hydrophobic belt, the DNA nanopores could effi-
ciently span the lipid bilayer to support a constant transmembrane current.
This work proves that rationally designed, bottom-up DNA nanostructures
can be successfully employed as macromolecules that mimic the biological
functions of naturally existing proteins. In 2015, Knudsen et al. synthesized a
series of organic polymer wires containing multiple short DNA handles through
in situ solid-phase synthesis.® The DNA-modified soft and bendable polymer
can be artificially organized onto the surface of two- and 3D DNA origamis in
a pre-designed route through DNA hybridization. Meanwhile, the precisely posi-
tioned organic polymers possess a m-conjugated backbone, displaying a range
of electronic properties. This report provides a promising strategy to organize
individual functional polymer in pre-designed patterns to construct molecular-
scale electronic nanodevices.

DRUG DELIVERY

Various chemotherapeutic drugs and nucleic acid drugs have been developed
to combat different diseases. Systemic delivery of these drugs is challenging
because of these existing limiting factors, such as solubility, stability, targeting
transportation, membrane penetration, and controllable release. Numerous ver-
satile nanocarriers, including liposomes, polymers, and inorganic nanoparticles,
have been constructed. Considering the possible cytotoxicity and immunoge-
nicity of these carriers, the wide application of these carriers is limited. Fortu-
nately, various chemical modifications of nucleic acids can be employed to
construct versatile chemically modified DNA nanostructures. Drug delivery is a
promising application of these chemically modified DNA nanostructures with
their enhanced stability and attached functional moieties by chemical modifica-
tions. Indeed, several rationally designed drug delivery systems have been re-

ported on the basis of chemically modified DNA nanostructures for the systemic
delivery of chemotherapeutic drugs and nucleic acid drugs.

Delivery of chemotherapeutic drugs

Chemically modified wireframe DNA nanocarriers. Chemically modified
wireframe DNA nanostructures with precise control of sizes and shapes have
been successfully developed to deliver chemotherapeutic drugs through base
intercalation or site-specific chemical conjugation. These uniform DNA nano-
structures can organize drug molecules in a site-specific manner to achieve a
structurally well-defined drug delivery system. Efficient cellular uptake can be
achieved by tuning the types of DNA nanostructures and attached targeting ele-
ments. Meanwhile, controllable drug release behavior can be easily realized on
the basis of the chemically modified wireframe DNA nanostructures by incorpo-
rating stimuli-responsive chemical bonds or nucleic acid motifs. These modifica-
tions involve functional components that can be stimuli-responsively cleaved or
opened in specific environments (including reduction, oxidation, and acidification)
and/or by targeting molecular triggers (such as proteins and nucleic acids) for
efficient controllable release.

In 2016, Kim et al. constructed a mirror DNA tetrahedron by co-assembly of
four pre-designed, single-stranded L-DNA for the loading of the chemotherapeutic
drug, doxorubicin (DOX); (Figure 6A).2" The mirror DNA tetrahedron exhibited
greater serum stability than the normal D-DNA tetrahedron. A prolonged dwell
time of the mirror DNA tetrahedron in the tumor region played an important
role in the enhanced therapeutic effects in vivo. This work demonstrates a signif-
icant application of chemically modified mirror DNA nanostructures in the field of
drug delivery systems. Furthermore, in 2019, the same group constructed a li-
brary of mirror DNA nanostructures with different sizes and shapes to load
DOX for drug delivery.®” They found that rational design of the size and shape
of chemically modified DNA nanostructures are essential for successful cellular
uptake and macrophage evasion. Finally, a pyramid mirror DNA cage structure
demonstrated the highest tumor specificity and resulted in an efficient therapeu-
tic effect.

To precisely load chemotherapeutic drugs in DNA nanostructures, in 2017,
Mou et al. fabricated a library of well-defined DNA polyhedra with the incorpo-
ration of floxuridine-integrated single-stranded DNA by solid-phase synthesis
(Figure 6B).%® The drug loading ratios can be facilely controlled by changing
the DNA sequences. They also found that the morphology of these DNA poly-
hedra can affect their cellular uptake. The floxuridine-loaded buckyballs ex-
hibited effective tumor growth inhibition in vivo. On the basis of this strategy,
various other nucleoside analogs can be included in the DNA strands for the
co-assembly of structurally well-defined DNA nanodrugs. Furthermore, in
2019, Zhang et al. employed carbon ethyl bromide-modified camptothecin
(CPT) to conjugate with phosphorothioate-modified DNA strands for the self-as-
sembly of chemically modified DNA tetrahedrons (Figure 6C).2* The loading ra-
tio and site of CPT molecules in the DNA nanostructure can be easily tuned.
The obtained CPT-tetrahedron nanostructure exhibited efficient cellular uptake
and marked inhibition of tumor growth in a tumor-bearing mouse model. More-
over, in 2020, Zhang et al. also employed CPT-conjugated DNA oligonucleotides
to form Y-shaped DNA motifs for the construction of an injectable CPT-conju-
gated DNA hydrogel for local chemotherapy.®® This CPT-loaded DNA hydrogel
demonstrated high therapeutic efficacy against tumor recurrence based on the
long-term cytotoxicity of the residual tumor cells. These reports provide a gen-
eral strategy for site-specific conjugation of chemotherapeutic drugs on uni-
formed DNA nanostructures.

For target delivery of a drug-conjugated wireframe DNA nanostructure, in 2021,
Marcher et al. organized an antibody onto a chemotherapeutic drug monomethyl
auristatin E (MMAE) (a tubulin inhibitor)-loaded wireframe DNA cube (Fig-
ure 6D).°° The MMAEs were covalently conjugated to single-stranded DNA via
acleavable organic linker. The single-stranded DNA-conjugated antibody was effi-
ciently attached to the remaining vertex of the seven MMAE-loaded DNA cube
through efficient DNA hybridization. In this case, the drug-to-antibody ratio is
tuned precisely to 7:1. Such precision is typically difficult to realize in traditional
antibody-drug conjugates. The constructed antibody (trastuzumab)-DNA cube-
MMAE exhibited an efficient target in HER2-positive SKBR3 cells in vitro. This
report demonstrates a representative example of employing uniformed DNA
nanostructures as a template for the site-specific loading of chemotherapeutic
drugs and targeting groups.
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Figure 6. Delivery of chemotherapeutic drugs based on chemically modified wireframe DNA nanostructures (A) Mirror DNA tetrahedron for tumor-specific delivery of DOX. Re-
produced with permission from Kim et al.®' Copyright 2016, Elsevier. (B) Floxuridine-containing DNA polyhedra for cancer therapy. Reproduced with permission from Mou et al.**
Copyright 2017, Wiley-VCH. (C) Camptothecin-grafted DNA tetrahedron for cancer therapy. Reproduced with permission from Zhang et al.%* Copyright 2019, Wiley-VCH. (D) Antibody-
conjugated Wireframe DNA Cube for targeted delivery of MMAE. Reproduced with permission from Mércher et al.®® Copyright 2021, Wiley-VCH.

Chemically modified DNA spherical nanocarriers. Most chemotherapeutic
drugs are hydrophobic. Before administration, the efficient conversion of these
hydrophobic molecules into a hydrophilic form is essential. The DNA strand pos-
sesses excellent hydrophilicity and unique programmability. After conjugation be-
tween hydrophobic drug and hydrophilic DNA, chemically modified drug-DNA
hybrid nanoparticles can be successfully constructed with a 3D-structured core
(hydrophobic drug) and shell (hydrophilic DNA). Such hybrid spherical nanopar-
ticles are efficiently internalized by tumor cells for drug delivery.

In 2018, Yang et al. synthesized a DNA aptamer-grafted, photo-responsive
hyperbranched polymer using click reaction (Figure 7A).2” The hydrophilicity
of the hyperbranched polymer was blocked by a nitrobenzyl group to result
in a hydrophobic core. The hydrophobic chemotherapeutic drug, DOX, was
then successfully loaded into the hydrophobic core. This aptamer-coated nano-
particle can be efficiently internalized by target cells. After UV irradiation, the ni-
trobenzyl group was cleaved off from the hyperbranched polymer to expose the
hydrophilic carboxylic acid group for controllable disassembly. The loaded DOX

was gradually released into the cytoplasm during the disassembly process for
targeted and stimuli-responsive chemotherapy. This work demonstrates that
the chemical conjugation of hydrophobic molecules onto the terminal of the hy-
drophilic DNA strand can form a hybrid nanoparticle as a carrier for drug
delivery.

To precisely load chemotherapeutic drugs, in 2019, Guo et al. site-specifically
grafted benzyl bromide-modified paclitaxel (PTX) onto a phosphorothioate-modi-
fied DNA backbone (Figure 7B).2 The amphiphilic PTX-DNA hybrid structure can
efficiently assemble into a spherical nucleic acid-like micellar nanoparticle. A tar-
geting aptamer and functional antisense strand can be readily integrated into this
nanoparticle by hybridization and sequence design. This multifunctional nanopar-
ticle demonstrates active targeting delivery and efficient inhibition of tumor
growth in vivo. Furthermore, in 2020, Ren et al. replaced the PTX with cisplatin
to synthesize an aptamer/poly T-Pt drug conjugate for chemotherapy.”’ This
hybrid DNA conjugate also self-assembles into a spherical nucleic acid-like nano-
particle to achieve targeted chemotherapy in vivo. These reports provide
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Figure 7. Delivery of chemotherapeutic drugs based on chemically modified DNA spherical nanoparticles (A) Aptamer-grafted hyperbranched polymer nanocarrier for targeted and
photo-responsive drug delivery of DOX. Reproduced with permission from Yang et al.®” Copyright 2018, Wiley-VCH. (B) Grafting PTX onto phosphorothioate oligonucleotides for drug
delivery. Reproduced with permission from Guo et al.*® Copyright 2019, Wiley-VCH. (C) Self-assembly of polymerized floxuridine-incorporated aptamer through RCA. Reproduced with

permission from Tran et al.%°
Copyright 2021, Wiley-VCH.

additional strategies to load and deliver hydrophobic chemotherapeutic drugsin a
site-specific manner. Similarly, in 2020, Zhu et al. from the same group grafted
two PTX molecules onto the terminal of a floxuridine-integrated antisense DNA
strand.®” This PTX-antisense hybrid structure can also form spherical nucleic
acid-like micellar nanoparticles. This multifunctional nanoparticle achieved syner-
gistic tumor therapy by combining chemotherapy (PTX and floxuridine) and gene
therapy (antisense targeting P-gp).

In 2020, Tran et al. integrated floxuridine into the AS1411 aptamer through RCA
to form a drug-aptamer hybrid nanoparticle (Figure 7C).%° The floxuridine-incor-
porated AS1411 aptamer maintained its efficient cell-targeting ability. This nano-
particle demonstrated enhanced serum stability and marked tumor-targeted
accumulation. After treatment, a synergistic therapeutic effect, depending on
the upregulation of p53 by AS1411 and downregulation of thymidylate synthase
by floxuridine, was observed. This report provides a general method, based on
RCA, to introduce various nucleoside-incorporated, aptamer-drug conjugates
for actively targeted drug delivery in vivo.

Copyright 2020, Royal Society of Chemistry. (D) Multivalent aptamer-drug conjugates for drug delivery. Reproduced with permission from Geng et a

|90

To combine chemotherapy and immunotherapy, in 2021, Geng et al. grafted
four DOX molecules onto the terminal of a DNA aptamer by acid-labile linkers (Fig-
ure 7D).%° This amphiphilic DOX-aptamer hybrid can co-assemble into nanomi-
celles. After mixing the DOX-PEG hybrid at an optimized ratio with DOX-aptamer,
a balance of blood circulation stability and tumor-targeting were achieved. The
obtained nanomicelles could release DOX in the acidic tumor microenvironment
selectively. After co-administration of o-PD1, an enhanced tumor-specific immu-
notherapy effect was observed in an immunocompetent, tumor-bearing mouse
model. This report demonstrates that tumor-targeting, drug-DNA nanomicelles
can be employed as a nanoplatform to improve the response rate of
immunotherapy.

Delivery of nucleic acid drugs

Based on different gene therapy systems, such as antisense, RNA interference
(RNAV), gene expression, and gene editing, various nucleic acid drugs have been
developed for the treatment of diseases in various situations.”'%° However, the
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Figure 8. Delivery of nucleic acid drugs based on chemically modified nucleic acid nanostructures (A) Gene silencing by siRNA microhydrogels. Reproduced with permission from
Hong et al.''® Copyright 2011, American Chemical Society. (B) Stable gene nanoparticles constructed by branched PCR for gene delivery. Reproduced with permission from Liuetal.'"’
Copyright 2015, Royal Society of Chemistry. (C) Crosslinked nucleic acid nanogel for siRNA delivery. Reproduced with permission from Ding et al.''® Copyright 2018, Wiley-VCH. (D)
Branched DNA for sgRNA/Cas9/antisense delivery. Reproduced with permission from Liu et al.' Copyright 2019, American Chemical Society. (E) Branched antisense and siRNA co-
assembled nanoparticle for combined gene silencing. Reproduced with permission from Liu et al.'?" Copyright 2021, Wiley-VCH.

delivery of nucleic acid drugs to target organelles remains a challenge, limiting
application in the clinic. Fortunately, due to inherent homology, nucleic acid drugs
(including antisense, siRNA, shRNA, sgRNA, mRNA, and gene expression cas-
settes) can be facilely loaded by DNA nanocarriers through base pairing hybridi-
zation or chemical covalent crosslinking.'""®

In 2011, Hong et al. employed a branched organic molecule to crosslink the 3’
terminals of sense and antisense strands of siRNA, respectively (Figure 8A)."°
The covalently crosslinked RNA strands co-assembled with each other through
complementary hybridization to form an siRNA-based microhydrogel. This
RNA microhydrogel was efficiently condensed by a cationic polymer (LPEI) to

result in a compact and stable nanoparticle. The nanoparticle demonstrated suc-
cessful cellular uptake and gene-silencing effects induced by the biologically
active, siRNA-based microhydrogel. This work represents another type of SiRNA
formulation for potential application in vivo. Inspired by this crosslinking strategy
for drug delivery, in 2015, Liu et al. synthesized a branched primer pair for the effi-
cient construction of a gene nanoparticle by branched PCR in a one-pot system
(Figure 8B)."" This gene nanoparticle possessed multiple gene copies and
demonstrated enhanced stability against digestion by exonuclease Ill. Notably,
the gene nanoparticle functioned normally as a poly linear vector for protein
expression in eukaryotic cells. Furthermore, in 2018, the same group constructed
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a gene nanoparticle encoding the p53 tumor suppressor gene, through branched
PCR, for tumor therapy."'® The p53 gene nanoparticle exhibited efficient anti-tu-
mor activity by upregulation of p53 in tumor cells. These reports describe a prom-
ising nanoplatform for the efficient construction of stable gene vectors for gene
therapy.

To precisely load nucleic acid drugs, in 2016, Bujold et al. synthesized a chem-
ically conjugated DNA “nanosuitcase” capable of encapsulating siRNA.'?? The
DNA nanosuitcase protected its cargo against nuclease degradation. The loaded
siRNA was stimuli-responsively released upon recognizing a nucleic acid trigger,
such as endogenous mMRNA or microRNA. The released siRNA and captured trig-
gers were then responsive to exert a synergistic therapy. This smart siRNA deliv-
ery carrier was demonstrated to function in the complex cellular environment.
This report provides an outstanding example of the delivery of nucleic acid drugs
based on a chemically modified, wireframe DNA nanocage. Furthermore, in 2018,
Ding et al. synthesized a DNA-grafted polymer to capture terminal-extended
SIRNA through DNA/RNA hybridization (Figure 8C)."'® After co-assembly, a
DNA-RNA hybrid nanogel with tunable size was constructed. This type of nanogel
demonstrated enhanced resistance to enzymatic degradation. The loaded siRNA
can be released from the nanogel by cleavage of endogenous RNase H to induce
successful gene silencing in vitro and in vivo. Similarly, in 2019, the same group
employed this DNA-grafted polymer to load sgRNA/Cas9 complex for gene edit-
ing.'”® After adding DNA linkers, a nanosized hydrogel with embedded gene-edit-
ing tools was fabricated. This hydrogel also demonstrated efficient cellular up-
take and subsequent gene-editing effects. Moreover, in 2021, the same group
developed this DNA-grafted polymer-based strategy to deliver miRNA for glioblas-
toma therapy.'?* The virus-mimicking membrane-coated DNA/mIRNA hybrid hy-
drogel can reprogram microglia and macrophages from a pro-invasive M2
phenotype to an anti-tumor M1 phenotype for efficient tumor growth inhibition.

For targeting delivery and efficient endosomal escape, in 2019, Liu et al. em-
ployed an azide-modified B-cyclodextrin as a core to construct a branched
DNA structure with seven arms by a click reaction for crosslinking (Figure 8D).'*°
The branched DNA structure co-assembled with 3’ terminal-extended sgRNA
through a DNA linker (antisense with two disulfide linkages). The adamantine-
conjugated aptamer (Apt-Ad for targeting) and adamantine-modified influenza
hemagglutinin peptide (HA-Ad for endosomal release) were then incorporated
through host-guest interaction. This multifunctional DNA nanoplatform exhibited
efficient cellular uptake and endosomal escape for successful gene therapy. A
remarkable inhibition of tumor growth was observed, depending on the combina-
tion of gene editing (sgRNA/Cas9, targeting DNA in the nucleus) and gene
silencing (antisense, targeting MRNA in the cytoplasm). Furthermore, in 2021,
the same group upgraded this nanoplatform by changing the sequences of
branched DNA into antisense strands (Figure 8E)."?! The branched antisense
can capture siRNA with 3’ overhangs by DNA/RNA hybridization to form nucleic
acid nanoparticles. After cleavage by endogenous RNase H, the branched anti-
sense and biologically active siRNA can be efficiently released for combined
gene silencing of tumor-associated genes in vitro and in vivo. These works pre-
sent a general strategy for the construction of nucleic acid drug nanocarriers
for efficient gene therapy in vivo.

CONCLUSIONS AND OUTLOOK

Over the past decades, different chemical modifications of DNA have been
developed and successfully employed for various biomedical applications. In
this review, we have summarized the recent progress in the construction of
chemically modified DNA nanostructures. Three representative strategies,
including terminal covalent modifications, branched PCR and ligation, and direct
covalent modifications onto DNA origami, were highlighted. We subsequently dis-
cussed the applications of chemically modified DNA nanostructures in the field of
drug delivery. The efficient loading and delivery of therapeutic drugs, including
chemotherapeutic drugs and nucleic acid drugs are discussed. Multiple func-
tional components, such as active targeting groups and stimuli-responsive ele-
ments, can be efficiently organized in the chemically modified DNA nanostruc-
tures for targeted delivery and controlled release of loaded drugs. This kind of
rationally designed drug delivery system plays a significant role in the reduction
of systemic toxicity observed in traditional administration and the improvement
of drug pharmacodynamics.

Although various chemically modified DNA nanostructures have been suc-
cessfully employed as nanocarriers for drug delivery, some critical challenges

remain for their further applications in the clinic. First, the mass-production of
chemically modified DNA nanostructures should be further considered. Efficient
chemical reactions with mild reaction conditions and high reaction efficiency are
urgently needed to synthesize chemically modified nucleic acid on a large scale.
Second, the possible immunogenicity of chemically modified DNA should be
taken into consideration. Fortunately, the immune responses elicited by natural
DNA are mainly triggered by the unmethylated CpG motif, which can be intention-
ally reduced by the design of synthetic DNA sequences. Third, efficient targeted
delivery and controllable endosomal escape of the chemically modified DNA
nanostructures are still needed. Endosomal escape is especially essential for nu-
cleic acid drugs, which mainly function in the cytoplasm or nucleus after internal-
ization into cells. Finally, the systemic pharmacokinetics of chemically modified
DNA nanostructures, including the circulation, distribution, metabolism, and
excretion require a more robust understanding. Chemically modified DNA nano-
structures with various sizes and shapes may exhibit different systemic pharma-
cokinetic behaviors, which have not been evaluated in detail.

Despite the above-mentioned challenges, chemically modified DNA nanostruc-
tures have attracted much attention as smart nanocarriers for drug delivery. First,
chemically modified DNA can both facilitate structural assembly and avoid the
synthesis of multiple DNA strands. Second, the additional covalent bonds can
be further employed for functionalization. Third, chemically modified DNA nano-
structures usually demonstrate enhanced enzymatic stability, thus prolonging
drug efficacy. Finally, covalent conjugation can easily incorporate various target-
ing and controllable release elements into chemically modified DNA nanocarriers.
In particular, chemically modified DNA origami with multiple modifiable sites
holds great potential to precisely co-load and efficiently co-deliver various thera-
peutic drugs through its protective shield to enhance nuclease resistance. We
envision that these chemically modified DNA nanostructures will be widely em-
ployed in the development of drug carriers and utilized in pre-clinical and clinical
studies in the near future.
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