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DNA nanotechnology has significantly progressed in the last four decades, creating nucleic acid structures
widely used in various biological applications. The structural flexibility, programmability, and multiform
customization of DNA-based nanostructures make them ideal for creating structures of all sizes and
shapes and multivalent drug delivery systems. Since then, DNA nanotechnology has advanced
significantly, and numerous DNA nanostructures have been used in biology and other scientific
disciplines. Despite the progress made in DNA nanotechnology, challenges still need to be addressed
before DNA nanostructures can be widely used in biological interfaces. We can open the door for
upcoming uses of DNA nanoparticles by tackling these issues and looking into new avenues. The
historical development of various DNA nanomaterials has been thoroughly examined in this review,
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Introduction

Biomolecular self-assembly is a common technique used by
organic material scientists to synthesize functional nano-
biomaterials. These abundant materials have unique struc-
tures, functions, compatibility with biological systems, and
atomic-level tailorable properties.”> DNA is a biopolymer that
stores and carries genetic information in all living systems.
Owing to its unique chemical and structural properties, DNA is
now being used as a programmable material building block.**
The dimensions of a DNA duplex are at the nanoscale, making it
suitable for nanoscale construction. Structural DNA nanotech-
nology utilizes designed nucleic acids as building blocks to
create thermodynamically stable nanostructures through
molecular self-assembly. These nanostructures are developed
using Watson—-Crick base-pairing interactions between well-
designed single-stranded DNA (ssDNA) oligomers and possess
highly accurate structural predictability and
programmability.>®

Seeman's pioneering works showed the synthesis of DNA
nanostructures, which led to the rapid development of DNA-
based nanostructures.”™* With the development of different
computer-based tools™*™* for designing DNA sequences for
creating nanostructures of interest, DNA nanotechnology has
been effectively proven in the production of several significant
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and an examination of the current roadblocks and potential future directions.

nanostructures ranging from linear and two-dimensional to
three-dimensional nanodevices in the last four decades.® These
nanostructures include branched DNA motifs,">** tile
assemblies,®*'* origami structures,*” nanocages*® and
dynamic nanostructures.”**° DNA nanotechnology has emerged
as a promising technology with several advantages over tradi-
tional materials, including high storage density, potentially low
energy requirements, and long-term stability. The field has seen
applications to solve fundamental scientific problems in
structural biology, biophysics and medicinal biology.* These
applications include tissue engineering,**'** immune engi-
neering,*>*® drug delivery,*”* disease diagnosis**** and
molecular biology tools or biosensors.*>*”* DNA structures
have unique properties compared to other biopolymeric mate-
rials and nano-nanomaterials. The structure of DNA-based
nanomaterials allows for flexibility as every strand can be
concatenated or linked with an extended arm. The assembly of
DNA frameworks provides a hollow internal space for drug
molecules, enabling efficient drug delivery. DNA nanoparticles
have a negative charge, which allows for the integration of
positively charged substances through electrostatic attraction.
They can serve as both construction material building blocks
and therapeutics, such as in self-assembled spherical nucleic
acids that exhibit high cellular uptake and perform gene
knockdown.*®

DNA nanoparticles have been extensively researched for
their impact on cell biological activities, specifically cell prolif-
eration, and their role in tissue regeneration in various tissues,
such as bones,*** cartilages,* blood vessels, nerves,** skel-
etal®* and cardiac muscles, the skin and corneal systems. DNA
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nanocages have been used to stimulate the proliferation and
differentiation of stem cells, leading to changes in gene
expression and subsequent alterations in cell properties and
morphology.>®*” This process modifies the cells' sensitivity to
different stimuli, ultimately resulting in the acquisition of
modified functions. Tetrahedral DNA (TD) nanocages have
shown the potential to induce the proliferation and differenti-
ation of stem cells when exposed to different populations of
these cells.>****" DNA structures can be functionalized with
different functional molecules, such as polymers,** targeting
ligands or therapeutic nucleic acids,**® peptides,***"*"** and
proteins,®*”® with precise control over valency and orientation.

DNA nanostructures have the potential to be used as multi-
purpose theranostic agents. However, several challenges need
to be addressed before they can be used in the pharmaceutical
market. These challenges include in vivo stability,”* distribu-
tion,” cellular uptake,” and the cost of the synthesis.”” To
overcome these challenges, cautious and systematic studies on
the fate and interaction of DNA nanostructures with biological
components are essential. It is crucial to determine whether
DNA nanostructures remain structurally intact within physio-
logical conditions, resist nuclease degradation, and are fully
biocompatible. Strategies are also required to overcome the
challenges associated with nucleic acids in vivo delivery, such as
poor distribution and low cellular uptake. The standardization
of methodologies is necessary to thoroughly characterize the
interaction of DNA structures with biological systems, which
will accelerate their development for medical applications. In
this review, we have summarized the current application in the
physical and biomedical areas and highlighted the key bottle-
necks and limitations and the future outlook for their better
and safer interface with biological systems.

Structural DNA nanotechnology

Different DNA nanostructures have been developed based on
the property of molecular recognition, creating artificial DNA
structures. Multiple ssDNA segments hybridize, forming an
assembled DNA nanostructure called bottom-up assembly.”*7*
The construction of the desired built DNA structures from the
large-size DNA is called the top-down approach. The “tile-
based” assembly of DNA is essential and most important for the
evolution of structural DNA nanotechnology. The basic struc-
tures of DNA are Holliday junction to double crossover (DX),”®
triple crossover (TX),” paranemic crossover (PX),”® paranemic
crossover with two juxtaposed sites (JX2),* and six-helix
bundles (6HB)™ structures of various dimensions. The term
“DNA origami” was introduced in 2006 by an American scien-
tist, Rothemund, at the California Institute of Technology.”**°
The molecular self-folding of the long ssDNA into organized
DNA scaffold structures is called one-pot assembly. Without the
use of any ligation enzymes and restriction enzymes, the Wat-
son-Crick base pairing of the ds-DNA hybridizes. DNA staples
are introduced in long ss-DNA, forming well-defined DNA
origami structures. Highly complex 2D and 3D DNA nano-
structures are easily developed due to their addressability,
programmability, and base pairing. Excellent biocompatibility
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and biostability make DNA origami a potent tool for biological
application.** Using this DNA origami technique, different
structures were created using M13 bacteriophage genome DNA
as a scaffold by caDNAno"* software. Researchers have also
created a 3D cuboid box using DNA staples from the M13 viral
genome.* Six origami regions form a box that can be opened by
one lid region. This lock and key concept can be very useful for
cargo delivery. Anderson et al. have created dolphin-shaped
DNA origami using M13 viral DNA.*® This demonstrates the
potent capacity of DNA origami structures for complex structure
design. For the customized construction of DNA origami, the
CanDo computational tool was developed in 2011 for 3D
modeling, predicting flexibility, and pointing out conditions for
maintaining structural integrity.?*

Two-dimensional DNA origami structures were also devel-
oped after 2006. Instead of conventional staple DNA, rectangular
DNA tiles were used.* Different shapes of DNA tiles were used to
create various 2D DNA origami.*® The simplest DNA 2D nano-
structures are DNA double crossover tiles.*” These crossover tiles
can be parallel or antiparallel. Triple crossover tiles’” are three
double helices joined together to form four DNA strands, fol-
lowed by three-point star-like motif,*® six-pointed star-like
motif,* cross-shaped motif,” DNA nanotracks with ds-DNA
bridges,”* and tile-based double-decker motif.”* The tile-based
self-assembly of the DNA scaffold uses the sticky-end hybridiza-
tion method, which can create diverse two-dimensional nano-
structures. Three-dimensional DNA nanostructures were the new
scope of DNA origami. One method for 3D nanostructure
designing is using DNA staples; single-stranded long DNA can be
organized into well-defined nanostructures. Another technique
uses short DNA sequences of about 150 bp to create the desired
nanostructure. Automated computer software was widely used
for 3D DNA origami.™ The tensegrity triangle was the first motif-
based 3D DNA structure;”® 3D honeycomb structures were
created using caDNAno software.”® Rothemund et al. have made
different nanoscale shapes and patterns by folding the DNA (e.g,
rectangle, triangle, triangle with trapezoidal domains, triangle
with rectangular domains, star, and a wide range of smiley
faces).”” Linuma et al. have developed different DNA polyhedrals
(tetrahedrons, cubes, triangular, pentagonal, and hexagonal
prism) from megadalton monomers using DNA tripods.®*
Different 3D geometry shapes were designed from DNA poly-
hedral meshes, and computer-aided DNA structure development
made it easy to render the DNA.*®> Some representative DNA
nanostructures are shown in Fig. 1.

Biological application and limitations of
DNA nanotechnology

DNA nanostructures play a crucial role in various biological
applications, encompassing tissue engineering, cancer therapy,
bioimaging, drug delivery, and diagnosis. The versatility and
programmability of DNA molecules have enabled their utiliza-
tion in diverse biomedical fields. This review section aims to
delve into the manifold applications of DNA nanostructures and
shed light on the associated challenges.

Nanoscale Adv., 2024, 6, 386-401 | 387
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Fig. 1 DNA nanostructures: (A) a double-stranded DNA structure showing hydrogen bonding between two strands. (B) Immobile holliday
junction: four single-stranded DNA hybridize based on the sequence complementarity, forming a four-way junction. (C) 2D assembled DNA
motifs: double crossover structures, DAE and DAO, and triple crossover DNA (four oligonucleotides chain hybridized into three double-helices)
structure. DAE and DAO adapted from ref. 87 with permission. Copyright © 1993, American Chemical Society. TAO Adapted from ref. 77. With
permission. Copyright © 2000, American Chemical Society. (D) 2D self-assembly of DNA star motifs: three-point-star DNA motif assembled
forming a two-dimensional hexagonal nanostructure. Adapted from ref. 88. With permission. Copyright © 2005, American Chemical Society.
Cross-shaped DNA self-assembly and a 2D array of DNA motif,?° six-point-star DNA motif, and a 2D array of motif. Adapted from ref. 89 with
permission. Copyright © 2006, American Chemical Society. (E) Dolphin-shaped DNA origami structure: AFM images of the dolphin-shaped DNA
origami with different conformational states. Arrows indicate the orientation of the tail as up (u), normal (n), and down (d). Adapted from ref. 83
with permission. Copyright © 2008, American Chemical Society. (F) 3D DNA origami structures: different DNA nanocages constructed as simple
wireframe objects with duplex or DX-based edges (left to right: tetrahedron, cube, icosahedron, and buckyball). (G) 3D DNA origami-based
motifs; long viral ssDNA folded using DNA staples into DNA origami structures. (H) ssDNA can form mega-Dalton structures as a tile to assemble
with other tiles in either 2D or 3D. () 2D origami designs from long ssDNA folded by DNA staples. (F-I) reprinted from ref. 96 with permission.
Copyright © 2020, American Chemical Society.

1. Tissue engineering scaffolds replicate the natural extracellular matrix and act as
a template for cell development and organization.

In bone tissue engineering, the pDNA delivery system was
first designed, which transfers the bone morphogenetic protein,
fibroblast growth factor, and vascular endothelial growth
factor.**"*> The scaffold-mediated transfer of pDNA, combined
with poly(lactic-co-glycolic acid)/Hap, was designed to transfer
bone morphogenetic protein gene.”® Qiao et al. encapsulated
BMP-2/PEI (polyethyleneimine) nanoparticles with PLGA to
deliver BMP-2 in vitro for bone formation.*® Many other mate-
rials are used to deliver pDNA to enhance the delivery and bone
regeneration.®** Tetrahedral DNA nanostructures (TDNs) were
also employed; TDNs promoted chondrocyte proliferation and
phenotype.** Sirong et al. used TDNs with wogonin to inhibit
inflammation and promote chondrocyte proliferation to slow or
reverse the progression of osteoarthritis.’® Zhou et al. showed
that DNA tetrahedron nanostructures could promote prolifera-
tion and osteo/odontogenic differentiation of dental pulp stem
cells.’* Ma et al. developed folic acid-modified triangular DNA

Tissue engineering is an innovative field that explores using
cells and appropriate physical and biochemical elements,
individually or in combination, to facilitate the formation of
structures resembling natural tissues. Tissue engineering
encompasses various areas of focus, including the construction
of cartilage and bone, engineering of vascular tissues, regener-
ation of nerve tissues, development of skin tissues, advance-
ments in oral tissue engineering, creation of tendon and
ligament tissues, corneal tissue engineering, as well as the
engineering of vital organs such as the liver, pancreas, kidney,
and lung.**” DNA nanotechnology has become a promising tool
in tissue engineering, and scientists have used various tech-
niques to realize its promise fully. These methods include
various techniques and approaches to create functioning tissue
constructions with improved qualities and capacities. DNA
nanostructures are essential for building intricate three-
dimensional (3D) scaffolds in tissue engineering. These
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origami nanostructures (FA-tDONs) for the targeted therapy of
rheumatoid arthritis (RA).'* The advantages of ROS- and nitric
oxide (NO)-scavenging capability of DNA, FA-tDONs target
ligands for pro-inflammatory M1 macrophages, which
predominantly promotes RA progression, including monocyte
recruitment, fibroblast proliferation, and proinflammatory
cytokine secretion. It also facilitates the M1-to-M2 transition of
macrophages, an effective alleviation of inflammatory damage,
and attenuates rheumatoid arthritis (RA). Son et al. have re-
ported DNA aptamer-conjugated hydroxyapatite that promotes
bone regeneration and angiogenesis.'*® Recently, Athanasiadou
et al. designed DNA hydrogels that promote bone repair.*® With
the advancement in recent decades, different materials were
developed, from pDNA with complex materials to TDNs with
bioactive material to enhance the stability and poor penetra-
tion. However, the utilization of complex materials in cells or
organs presents a primary challenge related to cellular uptake
through endocytosis, and physiological conditions and material
surface properties affect cellular uptake.*** Fig. 2 represents
applications of DNA nanotechnology in tissue engineering.

In neural tissue engineering, regenerative medicine
proposes that the utilization of biomaterials and tissue engi-
neering techniques holds promise for the restoration of damage
in the nervous system. In particular, tissue engineering
methods have been developed to facilitate the delivery of cells
and signals, such as neurotrophic factors, to promote nerve
regeneration.”® Stem cell-based therapy is a commonly
employed approach; however, effective differentiation and
proliferation following transplantation pose challenges in
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neural stem cell-based therapy. Consequently, there has been
significant research investigating the potential of tetrahedral
DNA nanostructures (TDNs) as DNA-based nano-biomaterials to
enhance cell proliferation and differentiation. TDNs have
garnered extensive attention due to their capacity to promote
these cellular processes and offer promising prospects for
improving neural stem cell-based therapeutic strategies. In vitro
studies have demonstrated that tetrahedral DNA nano-
structures (TDNs) effectively promote the proliferation of NE-4C
stem cells by activating the Wnt/B-catenin pathway and differ-
entiation by inhibiting the notch signaling pathway.'” The
addition of small peptides with DNA nanostructures can also
induce the differentiation and proliferation of neural stem
cells.®**” Many other biodegradable neural scaffolds were also
used.*'*® Despite the emergence of numerous neural scaffolds,
the effectiveness of these biomaterials in bringing about bene-
ficial changes and complete integration with surrounding
tissues as comprehensive therapies remains limited. Drug
therapy has been utilizing neurotrophic growth factors (NTFs)
to guide healthy regeneration and anti-inflammatory agents to
mitigate the damaging effects of inflammation. However, these
molecules face challenges related to inadequate pharmacoki-
netic properties, low solubility, potential harm to non-target
cells and tissues, and difficulty crossing the blood-brain
barrier.** The main concern lies in the reproducibility of in vitro
results into in vivo results.'®

Skeletal muscle tissue comprises 45% of body mass; minor
injuries in muscle can be repaired by regeneration, while severe
conditions result in irreversible loss of muscle function, and the
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Fig. 2 The biological application of DNA nanotechnology in tissue engineering: (a) biological application of different DNA nanomaterials in
neural tissue engineering (e.g., TDNs, NPs with pDNA, and polycation with pDNA). (b) The biological application of DNA nanomaterials in skin
tissue engineering (e.g., TDNs and polycation/pDNA). (c) The biological application of DNA-based materials in spine tissue engineering. (d) The
biological applications of DNA nanomaterials in cardiac tissue engineering (e.g., nanofibrous loaded with pDNA and TDNs). (e) The biological
applications of DNA nanomaterials in bone tissue engineering (e.g., TDNs, lipopolysaccharide nanoparticles with DNA, polypeptide-DNA
complex, and polycation/pDNA). (f) The biological applications of DNA nanomaterials in muscle tissue engineering (e.g., near-infrared light-

activated DNA agonist (NIR-DA) and nanoparticles with DNA).
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treatment used was the transplantation of ex vivo-cultured
muscle cells, which did not show success.** Recently, an inno-
vative nanodevice known as Near-Infrared Light-Activated DNA-
Agonist (NIR-DA) has been created by researchers to allow the
non-genetic modification of cell signaling and phenotypic in
deep tissues. A DNA agonist is coupled to gold nanorods in this
nanodevice. Due to the photothermal action, it releases and
activates the DNA agonist when exposed to near-infrared light.
To start downstream signal transduction in living cells, the
activated DNA agonist helps DNA-modified receptor tyrosine
kinases (RTKs) to dimerize on cell surfaces. The inducement of
RTK signaling by NIR-DA enables the regulation of cytoskeletal
remodeling, cell polarization, and directional migration. In vivo
experiments show that the NIR-DA system has the potential to
mediate RTK signaling, skeletal muscle satellite cell migration,
and myogenesis, which has interesting implications in skeletal
muscle regeneration."® Blumenfeld et al. reported magnetic
nanoparticles with genomic DNA, which can rescue cultured
cardiac myoblasts. These genomic DNA-coated magnetic
nanoparticles capture some chemotherapeutic agents (doxoru-
bicin, cisplatin, epirubicin) from human serum.'* Zhang et al.
used tetrahedral DNA nanostructures (TDNs) for myocardial
ischemia-reperfusion injury (MIRI). The anti-inflammatory/
antioxidative properties of TDNs make them therapeutic
candidates. TDNs effectively reduce oxidative damage and
apoptosis by suppressing ROS overexpression and modulating
apoptosis-related proteins, protecting cardiomyocytes from
oxidative stress, which can surely induce MIRL.*** The use of
DNA-based biomaterial in cardiac muscle tissue engineering is
limited, and biosafety and biocompatibility are the main
questions.

DNA nanotechnology has potential for other tissue engi-
neering; TDNs were also used for skin tissue engineering and
drug delivery into the subcutaneous tumor.** Currently, many
biomaterials for the promotion of wound healing and skin
regeneration have been developed.*'* Guo et al. used DNA
nanomaterial for the therapy of full-thickness burn
wounds.'*>'*® Vascular endothelial growth factor-165 (VEGF-
165)/N,N,N-trimethyl chitosan chloride (TMC) complexes were
encoded by pDNA and inserted into a bilayer porous collagen-
chitosan/silicone membrane dermal equivalents (BDEs).
These types of pDNA-based delivery systems could promote skin
regeneration. Similarly, a framework nucleic acid-based trans-
dermal delivery system was also developed; in the mouse
melanoma model, framework nucleic acid (TDNs) with doxo-
rubicin was delivered to the tumor site subcutaneously.” Zhu
et al. also reported that TDNs can promote fibroblasts and
keratinocyte proliferation and migration. By activating the AKT-
signaling pathway, TDNs decreased the production of
interleukin-1 beta (IL-1B) and tumor necrosis factor-alpha (TNF-
o) in HaCaT cells and boosted the secretion of vascular endo-
thelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF) in HSF cells."® Thus, TDNs could be used to deliver such
agents to the skin tumor because of the penetration efficiency
and bioactivity. However, skin penetration of the different DNA
structures is highly dependent on the shape and size of the DNA
nanostructures.
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Other than tissue regeneration, DNA nanostructures were
widely used to enhance angiogenesis,'****>*** which eventually
will help in tissue engineering. Researchers have also used DNA
origami nanostructures with rectangular, triangular, and
tubular shapes for the treatment of acute kidney injury (AKI).
Rectangular DNA origami nanostructure (DON) has shown
higher efficacy in vivo, similar to the antioxidant N-acetylcys-
teine. These rectangular DON specifically accumulate in the
kidney. This can be an effective therapeutic for kidney-related
diseases.”

2. Cellular uptake and drug delivery

DNA nanotechnology is a promising approach for designing
self-assembling nanostructures that can be used for drug
delivery. Drug delivery faces several challenges, including
degradation, solubility, toxicity, and other biological side effects
of drug molecules, as well as piercing in vivo barriers such as
cellular membranes and the blood-brain barrier.** However,
nanoparticles smaller than 15 nm can cross this barrier.
Cellular uptake is a crucial factor in the application of DNA
nanostructures in biomedicine, particularly in drug delivery
and targeted therapy. DNA strands are hydrophilic and nega-
tively charged, which makes it difficult for mammalian cells to
take them up. However, assembling DNA into 3D structures can
trigger binding to specific receptors and cause cellular uptake.”
The wireframe tetrahedron is the most studied DNA structure,
and several papers have reported its cellular uptake.******
Researchers discovered that the tetrahedron uses a “corner-
attack” mechanism to penetrate the cell by minimizing contact
with the cytoplasmic membrane.™ Nanoparticles have different
properties, such as size, shape, and material, which are crucial
in their distribution in the body. The efficiency and process of
cellular uptake depend on the cell types and the physicochem-
ical properties of the complex materials, such as the surfaces of
cells and materials and the shape and size of materials."”****”
Similar geometries with different internal designs can also
impact cellular uptake and penetration. A wireframe design of
a DNA origami rod has higher penetration than a lattice-based
origami DNA rod in cell and cell spheroid tissue models.”*® As
shown in previous applications, different chemotherapeutic
agents, genes, and growth factors have widely been delivered
using DNA nanostructures. For instance, Jiang et al. used DNA
origami for the treatment of acute kidney injury (AKI).”> Engelen
et al. reported that the multilayer icosahedral origami shell was
achieved using 20 identical triangle origami units and shape-
complementary stacking. Bivalent binding sites were
employed to build IgG antibody-antigens bridges using adja-
cent triangular units that had antigen pairs on their triangle-
rigger borders. Once soluble antigen molecules were incubated,
the structural reconfiguration was initiated, and the IgG staples
were replaced from the icosahedral shell. With DNA origami,
a new nanocarrier for stimuli-responsive cargo release, this
work clarified a sound antigen-sensing technique.” DNA
origami-based “nanorobots” encapsulated with the antibodies
against the antigen were expressed on the surface of leukemia.
These highly organized DNA nanorobots are capable of

121

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

transporting molecular payloads to cells, sensing cell surface
inputs for conditional and triggered activation, and changing
their structure for the delivery of the payload."*® Arnon et al.
used this type of DNA robot in a living host.*** This could be
used to perform many biological activities. The Ding research
group has reported many DNA origami-based devices for ther-
apeutics delivery. An autonomous tubular DNA nanodevice with
doxorubicin and siRNA was designed to target cancer
precisely.’* DNA nanodevice-based vaccine was also developed
by this group.™® Other DNA origami-based drug delivery vehi-
cles with therapeutic effects were also developed in the past
decade." "¢ A recent study used drug affinity responsive target
stability (DARTS) with liquid chromatography/tandem mass
spectrometry (LC-MS/MS) techniques to explore the endocytosis
process of TDNs. The study reported that the endocytosis of
TDNs was related to caveolin-1 (CAV1) and micropinocytosis-
related protein sorting nexin5 (SNX5). However, the cellular
internalization processes of other DNA nanomaterials are not
clear to date, which needs more exploration.

Functionalizing DNA nanostructures can enhance their
cellular uptake, which is important for their use as therapeutic
delivery vehicles. Different functionalization strategies can be
used, such as cationic lipid modification,””® targeting
ligands,*®*” endosomal escape moieties,”*® surface charge
modification,”® and size and shape optimization.’*®* DNA
nanostructures can be functionalized with appropriate ligands
to improve the targeted delivery of drugs. For example, DNA
nanomaterial (TDN) modified with Toll-like receptor 4 (TLR4)
small interfering RNA (siRNA) on each vertex (TDN-TLR4-4siR)
prevents bisphosphonate-related osteonecrosis of the jaws
(BRON]). This nanomaterial aims to regulate mitochondrial
homeostasis in polarized macrophages, considered a critical
pathogenic mechanism of BRON]."® DNA tetrahedron func-
tionalized with typhaneoside results in a dual-targeted complex.
It is designed to target mitochondria and renal tubules,
providing increased antiapoptotic and antioxidative effects, as
well as promoting mitochondria and kidney function restora-
tion.™* Functionalizing TDNs with unmethylated CpG motifs
can induce immunostimulatory effects and produce pro-
inflammatory cytokines."**'** Aptamer-DOX conjugates have
been designed to target prostate-specific membrane antigen
(PSMA), which upon binding, leads to internalization and drug
release inside the cell.*® DNA origami-loaded DOX has also been
shown to exhibit efficacy.* DNA buckyball with nucleoside
analog reduces tumor growth."** Chemical modification facili-
tates designing stimuli-responsive drug delivery systems for
controlled drug release,*®'* including light-responsive photo-
isomerization,"*'* photocleavage, 54 and photo-
thermal,****® pH-responsive,****** glutathione responsive,"*>**>
ATP-responsive,***>* temperature-responsive drug
delivery, metal-ion responsive,”®”**®* and antigen-
responsive drug delivery."® A pH-dependent controlled drug
release for killing cancer epithelial cells has been demonstrated
using aptamer conjugated six-point-star DNA motif construct-
ing DNA icosahedron, which carries Doxorubicin.'* Recently,
light-controlled DNA nanodevice systems were developed for
controlled drug release, such as an NIR light-controlled DNA
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nanodevice, with the GC-rich DNA duplexes and poly(ethylene
glycol) (PEG) on the surface of upconversion nanoparticles
(UCNPs). The UCNPs release UV light in response to NIR light,
which can cause the photolysis of the GC-rich DNA duplexes
and cause Dox release with precise spatiotemporal control.***
However, there are many challenges in stimuli-responsive DNA
nanostructures, such as structural stability, poor permeability,
and endosomal escape, as reviewed by Wang et al.*** Photo-
responsive systems face challenges in light wavelength as the
UV/visible range is not able to penetrate the tissue; thus, it
needs to be in the infrared region.'*

Self-assembled DNA tetrahedron nanostructures
a promising option for drug delivery due to their excellent
biocompatibility, stability, and cellular uptake rates. TDNs have
been reviewed for different applications, including drug
delivery, antisense oligonucleotide delivery, anti-inflammation,
anti-apoptosis, and antioxidation properties.* A DNA tetrahe-
dron delivery vehicle with an active targeting strategy can help
achieve stable drug encapsulation and on-demand release in
response to the stimuli. This innovation can be used to create
a versatile platform for various drug delivery needs.'® The
tetrahedral DNA nanostructure (TDN) has already demon-
strated its value in delivering different bioactive molecules due
to its excellent biocompatibility, programmability, and
remarkable cell and tissue permeability. TDNs with different
therapeutic molecules like Doxorubicin,'**'** 5-Fluorouracil (5-
FU),’** temozolomide (TMZ),’** and MB'® have been widely
used with different aptamers for cancer therapies. However,
drug delivery by systemic administration is still challenging
since several barriers must be removed before the nanoparticles
can release their cargo specifically to the specific molecular
target. Nanoparticles must effectively penetrate the tissue in the
targeted area while escaping clearance by liver and spleen
macrophages.” One significant area for improvement is the
knowledge of the mechanism of DNA nanomaterial and cell
interaction and poor tissue aggregation. The main barrier for
efficient drug delivery or cellular uptake is crossing the cellular
membrane and the intracellular protections, which affects the
dynamics of self-assembled DNA nanostructures.”**® However,

are

modification in the DNA nanostructure can enhance cellular
uptake. Ji et al. developed a DNA nanotube-peptide complex
with concatenated DNA strands, locked DNA strands, and a cell-
penetrating peptide as a drug delivery system for cancer and
imaging agents.'®” In a recent study, TDNs with the modifica-
tion of cationic lipids enhanced the cellular uptake.’* Another
recent study has shown that DNA origami pores in the lipo-
somes can be useful for drug delivery.'*®* DNA origami pores can
permit the diffusion of small molecules as well as larger
proteins.

Another vital aspect is that the precise release of the drug
into the target is essential. DNA nanostructures are mainly used
as vehicles for drugs to prevent drug leakage, and DNA carriers
should be stable enough.” Many research groups have
successfully used DNA vehicles for drug release.**'** Combining
active cellular targeting with stimuli-responsive drug release
can improve the drug efficacy and diminish off-target effects in
biological systems. DNA nanostructures have potential as drug
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delivery vehicles, highly specific diagnostic devices, and tools to
decipher how biomolecules dynamically change their shapes
and interact with each other and with the candidate drugs.
Recently, Madhanagopal et al. reported that caffeine can dein-
tercalate small molecules from double-stranded DNA. This
strategy could be used to induce drug release from the DNA
nanocarrier.’”® However, more research is needed to determine
crucial details about possible biomedical applications of DNA
nanoagents, such as their circulation half-life, pharmacoki-
netics, size- and shape-dependent properties for passive tumor
targeting, uptake, intracellular fate, and clearance process.

3. In vivo stability of DNA nanostructures

The in vivo stability of DNA nanostructures can be influenced by
various factors, including the chemical nature of DNA, the
presence of nucleases, environmental conditions, serum
stability, size and shape, and immunogenicity.”**'"* The
stability of DNA nanostructures can vary depending on the
environment, such as elevated temperature,'”” pH,"”*""* high-
salt and low-salt conditions, nucleases,'” and the presence of
chaotropic agents and crowding agents. Stability in the physi-
ological condition is essential with a change in the state of the
self-assembly environment and physiological environment. A
major challenge to the application of DNA-based nano-
structures is their susceptibility to attack by a variety of nucle-
ases present in body fluids such as blood, urine, and saliva.
Although nucleases have important biological functions, they
also interfere with the function of DNA-based structures in
biological applications, necessitating the study of DNA nano-
structure biostability in vivo or in conditions that mimic body
fluids. For practical applications, DNA nanostructures need to
meet certain biostability thresholds. For example, in biosens-
ing, DNA nanodevices must remain intact when mixed with
samples (typically, biofluids such as blood, serum, and urine),
as unpredictable and sudden degradation can lead to false
signals. In drug delivery, the biostability of DNA nanostructures
is important to protect the drug from harsh physiological
conditions until it reaches the destination site in the body
Fig. 3.

4. Diagnosis and biosensing

Controlling the progression of the disease and raising patient
survival rates depend heavily on early diagnosis, which gives
crucial information for prompt management.*® The develop-
ment of biosensors employing DNA nanotechnology is growing,
and this technology has numerous advantages over the
currently used diagnostic techniques.*” The use of DNA nano-
structure in biosensing is one of the significant applications. In
addition to nucleotide sequences, ion concentrations, pH, and
peptides, DNA sequences can react with various outside stimuli.
These response mechanisms provide biosensors with their
chemical foundation and enable the detection of external
surroundings.””® DNA nanostructures conjugated with other
nanoparticles can create colorimetric detection tech-
niques.””>"¢ Shiu et al. developed an aptamer-based detection
system for malarial diagnosis; DNA tetrahedrons and other DNA
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structures like square, pentagon-based pyramids, and prisms
were used to detect molecular targets. This system distinguishes
Plasmodium falciparum lactate dehydrogenase (PfLDH) from
human lactate dehydrogenase.'”” By identifying the intracellular
target miRNA21 and the cellular membrane target nucleolin,
Zhang et al. developed an effective cancer detection system,
a tetrahedral framework DNA-enhanced (TDN-enhanced) HCR
detection system (T-probe system).'”® Recently, a biosensing
and detecting platform was developed to detect mucin 1 (MUC1)
and nucleolin overexpressed in breast cancer, a dual-responsive
DNA tetrahedron nanomachine (drDT-NM) with two aptamers
attached, MUC1 aptamer (MA), and a hairpin H1* encoding
nucleolin-specific G-rich AS1411 aptamer. When the bivariate
MUC1 and nucleolin are bound explicitly by drDT-NM, two
separate hybridization chain reactions as amplification
modules are started. The HCR of MA has the quencher BHQ1
and fluorescein acting in tandem to sense MUC1. Nucleolin
responsiveness is achieved by operating the HCR of AS411
aptamer with two additional hairpins programmed with two
pairs of AS1411 splits. The parent AS1411 aptamers are collab-
oratively merged and folded into G-quadruplex concatemers in
the shared HCR duplex products to embed Zn-protoporphyrin
IX (ZnPPIX/G4) for fluorescence signaling readout, resulting in
a susceptible intracellular test and observable cell imaging.'”®
Recently, an ultrasensitive and electrochemical biosensor was
developed with DNA nanotubes to detect cancer-related
biomarkers microRNA-21 (miRNA-21) and glutathione (GSH).**

Dong et al. have reviewed DNA nanomachines for cancer
diagnosis, biomarkers such as circulating tumor cells (CTCs),
exosomes, and circulating tumor DNA in body fluids, and
mRNAs, miRNAs, mutated proteins, and telomerase are intra-
cellularly targeted for the diagnosis.'® But, early cancer detec-
tion is a significant challenge in DNA nanotechnology-based
cancer diagnostics. When cancer first develops, the
biomarkers needed for biomarker-based detection may be
minimal. Some diagnostic methods are often unsuitable for on-
site analysis where rapid diagnosis is required due to expensive
equipment and limited resources. Fig. 4 represents DNA
nanostructure conjugates as drug delivery systems in different
targeted sites.

5. DNA technology for cell surface engineering

The cell membrane is a dynamic organelle that acts as a bridge
between the cell and its environment, vital in facilitating
communication between the two. Molecular manipulation of
the cell membrane can revolutionize our comprehension of
cellular processes, redefine cellular functionality, and
contribute to developing new tools for regulating -cell-
environment communication.” One promising approach to
cell membrane engineering is synthetic DNA for cell-surface
engineering.'®® DNA offers several advantages over other poly-
mers for constructing functional materials, including its ability
to be chemically synthesized with high purity, its capacity to
interact with other DNA molecules through Watson-Crick base-
pairing rules, and its potential to select DNA aptamers from
synthetic libraries with high binding specificities and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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affinities.”®™ DNA can be immobilized on the cell surface
through covalent or noncovalent methods. Covalent conjuga-
tion involves modifying amino acids and sugar moieties, while
noncovalent methods include hydrophobic insertion and
molecular recognition.'®**” The primary objective of engi-
neering cell surfaces is to regulate and comprehend cell-
environment communication.” This regulation encompasses
both the facilitation and inhibition of cell-environment inter-
actions. Notable examples include the promotion of cell-cell
recognition, control of signaling pathways, and the safeguard-
ing of therapeutic cells. Additionally, synthetic DNA can be
designed as probes on the cell surface to detect the intracellular
or extracellular microenvironment as nucleic acids can undergo
conformational changes when binding target molecules.®®
Different types of DNA-based modules have been employed
for cell surface engineering, including single-stranded DNA
(ssDNA), simple framework nucleic acids (FNAs) such as DNA
tetrahedra and cubes, and complex DNA nanostructures like
DNA origami and DNA networks. Amphiphilic ssDNA is the
simplest DNA-based module used for cell surface engi-
neering,'® and researchers have been able to manipulate cell-
cell interactions through DNA base-pairing utilizing comple-
mentary sequences. To enhance the stability and retention time
of ssDNA-based cell surface engineering, various DNA nano-
structures have been introduced to the cell surface.’**** For
instance, simple FNAs with multiple anchoring sites, such as
amphiphilic tetrahedral DNA with a pendant ssDNA at one
vertex and three cholesterol tags at the other vertices, have been
employed to engineer cell surfaces. These pyramidal DNAs
exhibit improved membrane-anchoring stability and higher
target accessibility than cholesterol-labeled ssDNA. FNAs also
provide multiple anchoring sites for integrating various

© 2024 The Author(s). Published by the Royal Society of Chemistry

functional modules, which can implement complex operations
on cell surfaces. Similarly, DNA triangular prisms have been
utilized to fabricate DNA-based logic gate nanostructures for
carrying out Boolean logic operations on the cell surface. This
DNA nanostructure consists of two aptamer/cDNA conjugates
on the bottom face as recognition modules and three ssDNA on
the top face as a computing module. By associating different
modules, this DNA nanostructure immobilized on the cell
membrane could facilitate the manipulation of complex oper-
ations on the cell surface.

6. Immunostimulatory effect

DNA nanotechnology has the potential to stimulate the immune
system in various applications, such as cancer immunotherapy,
vaccine development, and immune modulation. One of the
advancements in this field is the development of DNA-launched
nanoparticle vaccines, also known as DLnano-vaccines. These
vaccines are composed of extremely small particles that display
multiple copies of an antigen, similar in size to bacteria and
viruses. DLnano-vaccines have been designed to elicit strong
immune responses.'> DNA nanotechnology enables the design
of custom shapes and dynamics as well as site-specific incor-
poration of diverse guests. This capability has been used to
manipulate the signaling pathways that regulate immune
responses and engineer cell-surface receptors for cell manipu-
lation. For instance, scientists at The Wistar Institute have
successfully delivered nanoparticle antitumor vaccines that
stimulated robust CD8 T cell immunity and controlled mela-
noma growth in preclinical models using synthetic DNA tech-
nology."® CpG is a well-known and commonly used
immunotherapeutic and vaccine adjuvant. However, it has
some disadvantages, such as being unstable and low in efficacy.
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To overcome these limitations, researchers are exploring the
use of nanocarriers to transport CpG and enhance its effec-
tiveness. DNA-based nanocarriers have the potential to be
effective in delivering cytidine-guanosine-dinucleotides (CpG)
and other immunotherapeutics.’**'** In 2011, researchers
developed a delivery system that combined a DNA nanotube
with CpG oligonucleotides, resulting in immunostimulatory
effects. Unmethylated CpG DNA induces adaptive immune
responses by triggering powerful T helper (Th)-1-type innate
immune responses. This innovative approach can potentially
enhance the effectiveness of DNA vaccines and improve

394 | Nanoscale Adv., 2024, 6, 386-401

immunotherapy for various diseases, including cancer.'”®
Unmethylated CpG DNA induces adaptive immune responses
by inducing powerful T helper (Th)-1-type innate immune
responses. Induces activation of Th1 cytokines such as inter-
leukin (IL)-12 and interferon (IFN). When it comes to allergies
and asthma, Th2-type immune responses are crucial. In this
circumstance, CpG DNA can suppress and block Th2 immune
responses.*® Different DNA nanostructures were reported, with
CpG exhibiting immunostimulatory effects.>**” CpG-grafted
tetrahedron DNA structure transfected in RAW264.7 cells also
induced the upregulation of tumor necrosis factor (TNF)-a,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interleukin (IL)-6, and IL-12.** Liu et al. demonstrated the in vivo
immunostimulatory effects of DNA nanostructure using CpG
oligonucleotide attached with TDNs and constructed with an
adjuvant streptavidin. This antigen-adjuvant vaccination
combination was given to mice with immunogenicity and made
antibodies against the antigen complex."® Many factors,
including long-term immune response, stability, and the design
of multispecific vaccination complexes, must be considered
when using DNA nanotechnology in vaccine development Fig. 5.

Future prospects of DNA
nanotechnology

DNA nanotechnology has numerous benefits, but there is still
a need for significant development in some areas. One crucial
aspect is the creation of more effective processes for synthe-
sizing and constructing DNA nanostructures to reduce the real
cost of synthesis and increase the yield. The complexity and
length of current methodologies prevent them from being
scaled up or used in real-world situations. Additionally, it is
challenging to improve the stability and toughness of DNA
nanostructures under varied physiological circumstances. To
fully realize the potential of DNA nanotechnology, ongoing
research and innovation are crucial. In drug delivery, the issues
are stability, endosomal escape, receptor recognition, poor
blood circulation, and poor aggregation in the target tissue. The
precise knowledge about the uptake pathway can also help to
reduce the degradation rate and help to understand the uptake
profile. This can be overcome by stabilizing the DNA nano-
structures, which can withstand physiological conditions.
Modification or functionalization using biochemical moieties
can enhance cellular uptake and reduce nuclease
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degradation.®**”'* However, the enhancement of cellular
uptake can vary from different cell lines, sizes, and shapes of the
DNA nanostructure used. But still, this modification can be
a promising strategy upon standardization.

Combining active cellular targeting with stimuli-responsive
drug release can improve the drug efficacy and diminish off-
target effects in biological systems. Trigger-responsive DNA
‘nano suitcases’ encapsulated with a siRNA drug can be
a potential tool for many cellular applications.** The sustained
release of cargo, using these types of DNA nano switches, can be
very useful for targeted and controlled drug delivery applica-
tions. Cell surface modification with appropriate ligands can be
useful to increase the cellular uptake and targeted delivery. In
future research, membrane-bound DNA origami structures
could facilitate programmed assembly within the membrane to
imitate functional biomolecular complexes, such as an immune
synapse. This potential is particularly significant considering
the widespread application of DNA origami in protein tem-
plating and organization. The addition of the modification at
the precise location can be done using computational methods.
Another concern related to drug delivery is poor circulation
time; adding liposomes or any biological membrane can help
enhance the DNA nanostructures' circulation rate. DNA-coated
with liposomes is reported in some studies.”***> Further
enhancement in drug delivery using DNA nanostructures can be
done by combining the DNA nanostructures with other bio-
logical molecules. In DNA nanostructures, it is possible to
incorporate a variety of ligands, labels for bioimaging, anti-
bodies, hormones, and other substances that could be
employed for effective and site-specific medication delivery and
release. Peptide-DNA hybrid nanotechnology could also
generate new classes of artificial extracellular matrices.*” It has
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Immunostimulatory effect of DNA nanomaterials: (A) schematic showing the assembly of CpG-bearing DNA tetrahedron and its

immunostimulatory effect.’s (B) Design of a 30-helix DNA origami tube and endocytic pathway. Different types of CpG-H'’s; blue cylinders are
double helices DNA nanotubes, and black lines on the tube indicate the possible connection sites for CpG oligonucleotides. DNA origami tube
internalized by endocytosis; vesicle segregated by the Golgi apparatus containing the transmembrane toll-like receptor (TLR9); then TLR9 and
DNA origami fused with an endosome; recognition of CpG sequence by TLR9 begins the signaling cascade; surface molecules express sand
releases cytokines that stimulate further immune response.
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recently been shown that ex vivo cellular scaffolding on which
human cervical cancer cells attach robustly, live, and survive
with high migration rates, may be produced using the combi-
nation of peptide and DNA nanotechnology.

Computational modeling techniques are essential for
solving complex problems in engineering. DNA-based
computing can be a promising method to overcome these
challenges. In tissue engineering, scaffolds must be designed
with specific characteristics to provide the right environment
for cell development. Computational methods and 3D bio-
printing can be used to create these scaffolds.?****> DNA-based
computational tools such as Daedalus,**® Adenita,” Catana,"*
V-helix," Vivern,'® Nupack,' and caDNAno" are used for DNA
nanoscale design. Computational methods can also be used for
DNA nanostructure design and scaffold design in tissue engi-
neering.'® Artificial intelligence (AI) is advancing in various
sectors, including healthcare. Researchers are exploring the use
of DNA nanostructures in robotics, drug delivery, and cancer
treatment.>”” DNA-based nanorobots are being constructed to
study cell processes and apply precise forces at microscopic
levels. DNA nanorobots are being developed for bio-medicinal
applications like drug delivery and biosensing, and in cancer,
Al can help in healthcare by improving design and targeting,
synthesizing and analyzing therapeutic nanoparticles, and
controlling and tuning cargo release.””® DNA nanorobots are
being developed for bio-medicinal applications such as drug
delivery, biosensing, and cancer treatment.?****°

DNA nanotechnology is a burgeoning field, and its scope has
expanded beyond what has been covered here. With the high
predictability and efficiency of DNA-based materials, DNA
nanotechnology has potential applications in various fields
such as nanoelectronics, materials science, photonics, envi-
ronmental monitoring, data storage, and space exploration.
Due to the programmability and self-assembly properties of
DNA-based materials, they are ideal for creating nanoscale
electronic devices such as nanowires, nanotransistors, and
nanoturbines, which can be used in various applications such
as nanoelectronics and data storage. DNA-based materials can
also be used to create photonic devices such as optical switches
and sensors, leading to the creation of new and innovative
photonic devices. In addition, DNA nanotechnology has
potential applications in other fields such as computer science,
agriculture, and space exploration. For example, in space
exploration, DNA nanotechnology can be used to create new
electronic components and high-density memory devices, while
in agriculture, DNA-based materials can be used to create new
and innovative ways to detect and monitor environmental
changes.*"!

Conclusion

DNA nanotechnology has developed significantly over the past
40 years, producing nucleic acid structures widely used in
various biological applications. DNA nanostructures and
multivalent drug delivery systems are ideal for building struc-
tures of various sizes and shapes due to their structural flexi-
bility, programmability, and multiform customizable DNA-
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based nanostructures. DNA nanotechnology is a promising
technique for creating nanostructures of any shape, which has
applications in the delivery of drugs, tissue engineering, cancer
therapy, biosensing, diagnostics, and immunotherapy. New
challenges and opportunities also appear as DNA nanotech-
nology research develops. Researchers might look into using
DNA nanostructures in robotics applications like sorting and
distributing nanoparticles. DNA-based nanorobots are being
developed to examine cell processes and apply precise forces at
microscopic scales. The development of AI and robotics
through DNA nanotechnology has enormous potential. The
development of more effective methods for synthesizing and
building DNA nanostructures with desired functions under
varied physiological conditions can be modulated by incorpo-
rating artificial intelligence and robotics.

Conflicts of interest

We declare no conflict of interest.

Acknowledgements

We sincerely thank all the members of DB lab for critically reading
the manuscript and giving their feedback. SK thanks II'TGN, MoE
Gol for their PhD and RS thanks to CSU and IITGN, for Post-
doctoral fellowships. DB thanks SERB Ramanujan fellowship and
IITGN, DBT, Gujcost, and GSBTM for funding support.

References

1 D. Lombardo, P. Calandra, L. Pasqua and S. Magazu,
Materials, 2020, 13, 1048.

2 R. Singh, N. K. Mishra, P. Gupta and K. B. Joshi, Chem. -
Asian J., 2020, 15, 531-539.

3Y. Zhang, J. Tu, D. Wang, H. Zhu, S. K. Maity, X. Qu,
B. Bogaert, H. Pei and H. Zhang, Adv. Mater., 2018, 30,
1703658.

4 W. Ma, Y. Zhan, Y. Zhang, C. Mao, X. Xie and Y. Lin, Signal
Transduction Targeted Ther., 2021, 6, 351.

5 Y. Zhou, J. Dong and Q. Wang, NPG Asia Mater., 2023, 15, 25.

6 K. M. Abu-Salah, A. A. Ansari and S. A. Alrokayan, J. Biomed.
Biotechnol., 2010, 2010, 1-15.

7 N. C. Seeman, in NanoBiotechnology Protocols, ed. S. ]J.
Rosenthal and D. W. Wright, Humana Press, New Jersey,
2005, vol. 303, pp. 143-166.

8 A. R. Chandrasekaran and R. Zhuo, Appl. Mater. Today,
2016, 2, 7-16.

9 N. C. Seeman, Annu. Rev. Biophys. Biomol. Struct., 1998, 27,
225-248.

10 N. C. Seeman, F. Liu, C. Mao, X. Yang, L. A. Wenzler, R. Sha,
W. Sun, Z. Shen, X. Li, J. Qi, Y. Zhang, T.-J. Fu, J. Chen and
E. Winfree, J. Biomol. Struct. Dyn., 2000, 17, 253-262.

11 N. C. Seeman, Trends Biotechnol., 1999, 17, 437-443.

12 N. C. Seeman, J. Theor. Biol., 1982, 99, 237-247.

13 S. M. Douglas, A. H. Marblestone, S. Teerapittayanon,
A. Vazquez, G. M. Church and W. M. Shih, Nucleic Acids
Res., 2009, 37, 5001-5006.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

14 D. Kufadk, L. Melo, F. Schroeder, Z. Jelic-MatoSevi¢,
N. Mutter, B. Bertosa and I. BariSi¢, Nucleic Acids Res.,
2022, 50, W152-W158.

15 E. de Llano, H. Miao, Y. Ahmadi, A. J. Wilson, M. Beeby,
1. Viola and 1. Barisic, Nucleic Acids Res., 2020, 48, 8269-
8275.

16 R. P. Narayanan, J. Procyk, P. Nandi, A. Prasad, Y. Xu,
E. Poppleton, D. Williams, F. Zhang, H. Yan, P.-L. Chiu,
N. Stephanopoulos and P. Sule, ACS Nano, 2022, 16,
14086-14096.

17 E. Benson, A. Mohammed, J. Gardell, S. Masich, E. Czeizler,
P. Orponen and B. Hogberg, Nature, 2015, 523, 441-444.

18 D. Kutak, M. N. Selzer, ]J. Byska, M. L. Ganuza, I. Barisic,
B. Kozlikova and H. Miao, IEEE Trans. Vis. Comput.
Graph., 2022, 28, 4825-4838.

19 J. N. Zadeh, C. D. Steenberg, J. S. Bois, B. R. Wolfe,
M. B. Pierce, A. R. Khan, R. M. Dirks and N. A. Pierce, J.
Comput. Chem., 2011, 32, 170-173.

20 N. R. Kallenbach, R.-I. Ma and N. C. Seeman, Nature, 1983,
305, 829-831.

21 C. Mao, W. Sun and N. C. Seeman, J. Am. Chem. Soc., 1999,
121, 5437-5443.

22 R. Sha, J. ]J. Birktoft, N. Nguyen, A. R. Chandrasekaran,
J. Zheng, X. Zhao, C. Mao and N. C. Seeman, Nano Lett.,
2013, 13, 793-797.

23 E. Winfree, F. Liu, L. A. Wenzler and N. C. Seeman, Nature,
1998, 394, 539-544.

24 E. Benson, A. Mohammed, J. Gardell, S. Masich, E. Czeizler,
P. Orponen and B. Hogberg, Nature, 2015, 523, 441-444.

25 P. W. K. Rothemund, Nature, 2006, 440, 297-302.

26 M. Endo, Y. Yang and H. Sugiyama, Biomater. Sci., 2013, 1,
347-360.

27 F.Hong, F. Zhang, Y. Liu and H. Yan, Chem. Rev.,2017,117,
12584-12640.

28 A. R. Chandrasekaran and O. Levchenko, Chem. Mater.,
2016, 28, 5569-5581.

29 R. M. Dirks and N. A. Pierce, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 15275-15278.

30 F. C. Simmel, B. Yurke and H. R. Singh, Chem. Rev., 2019,
119, 6326-6369.

31 S. Naahidi, M. Jafari, M. Logan, Y. Wang, Y. Yuan, H. Bae,
B. Dixon and P. Chen, Biotechnol. Adv., 2017, 35, 530-544.

32 K. M. Koss and L. D. Unsworth, Acta Biomater., 2016, 44, 2—
15.

33 R. M. Raftery, D. P. Walsh, I. M. Castafio, A. Heise,
G. P. Duffy, S.-A. Cryan and F. J. O'Brien, Adv. Mater.,
2016, 28, 5447-54609.

34 B. J. Kwee and D. J. Mooney, Curr. Opin. Biotechnol., 2017,
47, 16-22.

35 V. J. Schiiller, S. Heidegger, N. Sandholzer, P. C. Nickels,
N. A. Suhartha, S. Endres, C. Bourquin and T. Liedl, ACS
Nano, 2011, 5, 9696-9702.

36 G. K. Gupta and D. K. Agrawal, BioDrugs, 2010, 24, 225-235.

37 R. Langer, Nature, 1998, 392, 5-10.

38 V. Bagalkot, O. C. Farokhzad, R. Langer and S. Jon, Angew.
Chem., Int. Ed., 2006, 45, 8149-8152.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

39 J. Willem de Vries, S. Schnichels, J. Hurst, L. Strudel,
A. Gruszka, M. Kwak, K.-U. Bartz-Schmidt, M. S. Spitzer
and A. Herrmann, Biomaterials, 2018, 157, 98-106.

40 W. Alshaer, H. Hillaireau and E. Fattal, Adv. Drug Delivery
Rev., 2018, 134, 122-137.

41 Q. Hu, H. Li, L. Wang, H. Gu and C. Fan, Chem. Rev., 2019,
119, 6459-6506.

42 J. W. de Vries, F. Zhang and A. Herrmann, J. Controlled
Release, 2013, 172, 467-483.

43 C. Wiraja, Y. Zhu, D. C. S. Lio, D. C. Yeo, M. Xie, W. Fang,
Q. Li, M. Zheng, M. Van Steensel, L. Wang, C. Fan and
C. Xu, Nat. Commun., 2019, 10, 1147.

44 Q. Zhang, Q. Jiang, N. Li, L. Dai, Q. Liu, L. Song, J. Wang,
Y. Li, J. Tian, B. Ding and Y. Du, ACS Nano, 2014, 8, 6633~
6643.

45 Z. He, K. Shi, J. Li and J. Chao, iScience, 2023, 26, 106638.

46 T. Chen, L. Ren, X. Liu, M. Zhou, L. Li, J. Xu and X. Zhu, Int.
J. Mol. Sci., 2018, 19, 1671.

47 G. Park, H. Park, S.-C. Park, M. Jang, J. Yoon, J.-H. Ahn and
T. Lee, Nanomaterials, 2023, 13, 361.

48 U. Singh, V. Morya, A. Rajwar, A. R. Chandrasekaran,
B. Datta, C. Ghoroi and D. Bhatia, ACS Omega, 2020, 5,
30767-30774.

49 S. Jiang, Z. Ge, S. Mou, H. Yan and C. Fan, Chem, 2021, 7,
1156-1179.

50 D. Athanasiadou, N. Meshry, N. G. Monteiro, A. C. Ervolino-
Silva, R. L. Chan, C. A. McCulloch, R. Okamoto and
K. M. M. Carneiro, Proc. Natl. Acad. Sci. U. S. A., 2023,
120(17), €2220565120.

51 S. D'Mello, K. Atluri, S. M. Geary, L. Hong, S. Elangovan and
A. K. Salem, AAPS J., 2017, 19, 43-53.

52 A. Atasoy-Zeybek and G. T. Kose, 2018, pp. 85-101.

53 C. Qiao, K. Zhang, B. Sun, J. Liu, J. Song, Y. Hu, S. Yang,
H. Sun and B. Yang, Am. J. Transl. Res., 2015, 7, 2561-2572.

54 X. Shao, S. Lin, Q. Peng, S. Shi, X. Wei, T. Zhang and Y. Lin,
Small, 2017, 13(12), 1602770.

55 W. H. Chooi and S. Y. Chew, Biomaterials, 2019, 197, 327-
344.

56 N. Stephanopoulos, R. Freeman, H. A. North, S. Sur,
S. J. Jeong, F. Tantakitti, J. A. Kessler and S. I. Stupp,
Nano Lett., 2015, 15, 603-609.

57 P. Hivare, A. Gangrade, G. Swarup, K. Bhavsar, A. Singh,
R. Gupta, P. Thareja, S. Gupta and D. Bhatia, Nanoscale,
2022, 14, 8611-8620.

58 S. Shi, Q. Peng, X. Shao, J. Xie, S. Lin, T. Zhang, Q. Li, X. Li
and Y. Lin, ACS Appl. Mater. Interfaces, 2016, 8, 19353—
19363.

59 Q. Peng, X.-R. Shao, J. Xie, S.-R. Shi, X.-Q. Wei, T. Zhang,
X. Cai and Y.-F. Lin, ACS Appl. Mater. Interfaces, 2016, 8,
12733-12739.

60 W. Ma, X. Shao, D. Zhao, Q. Li, M. Liu, T. Zhou, X. Xie,
C. Mao, Y. Zhang and Y. Lin, ACS Appl. Mater. Interfaces,
2018, 10, 7892-7900.

61 A. R. Gada, P. Vaswani, R. Singh and D. Bhatia,
ChemBioChem, 2023, 24(7), €2022006.

62 Y. Zhang, L. Lin, L. Liu, F. Liu, A. Maruyama, H. Tian and
X. Chen, Carbohydr. Polym., 2018, 201, 246-256.

Nanoscale Adv., 2024, 6, 386-401 | 397


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

63 K. Utsuno and H. Uludag, Biophys. J., 2010, 99, 201-207.

64 W. Liu, S. Sun, Z. Cao, X. Zhang, K. Yao, W. W. Lu and
K. D. K. Luk, Biomaterials, 2005, 26, 2705-2711.

65 X. Yu, S. Ghamande, H. Liu, L. Xue, S. Zhao, W. Tan,
L. Zhao, S.-C. Tang, D. Wu, H. Korkaya, N. J. Maihle and
H. Y. Liu, Mol. Ther.-Nucleic Acids, 2018, 10, 317-330.

66 G. Mahlknecht, M. Sela and Y. Yarden, 2015, pp. 3-15.

67 C. Li, P. Chen, Y. Shao, X. Zhou, Y. Wu, Z. Yang, Z. Li,
T. Weil and D. Liu, Small, 2015, 11, 1138-1143.

68 L. Wang and G. Arrabito, Analyst, 2015, 140, 5821-5848.

69 A. R. Chandrasekaran, Nanoscale, 2016, 8, 4436-4446.

70 D. Zhao, Y. Kong, S. Zhao and H. Xing, Top. Curr. Chem.,
2020, 378, 41.

71 A. Lacroix and H. F. Sleiman, ACS Nano, 2021, 15, 3631-
3645.

72 D. Jiang, Z. Ge, H.-J. Im, C. G. England, D. Ni, J. Hou,
L. Zhang, C. ]J. Kutyreff, Y. Yan, Y. Liu, S. Y. Cho,
J. W. Engle, J. Shi, P. Huang, C. Fan, H. Yan and W. Cali,
Nat. Biomed. Eng., 2018, 2, 865-877.

73 A. V. Pinheiro, D. Han, W. M. Shih and H. Yan, Nat.
Nanotechnol., 2011, 6, 763-772.

74 P. Zhan, A. Peil, Q. Jiang, D. Wang, S. Mousavi, Q. Xiong,
Q. Shen, Y. Shang, B. Ding, C. Lin, Y. Ke and N. Liu,
Chem. Rev., 2023, 123, 3976-4050.

75 S. Dey, C. Fan, K. V. Gothelf, J. Li, C. Lin, L. Liu, N. Liu,
M. A. D. Nijenhuis, B. Sacca, F. C. Simmel, H. Yan and
P. Zhan, Nat. Rev. Methods Primers, 2021, 1, 13.

76 T. J. Fu and N. C. Seeman, Biochemistry, 1993, 32, 3211-
3220.

77 T. H. LaBean, H. Yan, J. Kopatsch, F. Liu, E. Winfree,
J. H. Reif and N. C. Seeman, J. Am. Chem. Soc., 2000, 122,
1848-1860.

78 H. Yan, X. Zhang, Z. Shen and N. C. Seeman, Nature, 2002,
415, 62-65.

79 F. Mathieu, S. Liao, J. Kopatsch, T. Wang, C. Mao and
N. C. Seeman, Nano Lett., 2005, 5, 661-665.

80 P. W. K. Rothemund, Nature, 2006, 440, 297-302.

81 L. He, J. Mu, O. Gang and X. Chen, Advanced Science, 2021,
8, 2003775.

82 E. S. Andersen, M. Dong, M. M. Nielsen, K. Jahn,
R. Subramani, W. Mamdouh, M. M. Golas, B. Sander,
H. Stark, C. L. P. Oliveira, J. S. Pedersen, V. Birkedal,
F. Besenbacher, K. V. Gothelf and J. Kjems, Nature, 2009,
459, 73-76.

83 E. S. Andersen, M. Dong, M. M. Nielsen, K. Jahn, A. Lind-
Thomsen, W. Mamdouh, K. V. Gothelf, F. Besenbacher
and J. Kjems, ACS Nano, 2008, 2, 1213-1218.

84 C. E. Castro, F. Kilchherr, D.-N. Kim, E. L. Shiao, T. Wauer,
P. Wortmann, M. Bathe and H. Dietz, Nat. Methods, 2011, 8,
221-229.

85 Z.Zhao, H. Yan and Y. Liu, Angew. Chem., Int. Ed., 2010, 49,
1414-1417.

86 W. Liu, H. Zhong, R. Wang and N. C. Seeman, Angew.
Chem., Int. Ed., 2011, 50, 264-267.

87 T. J. Fu and N. C. Seeman, Biochemistry, 1993, 32, 3211-
3220.

398 | Nanoscale Adv, 2024, 6, 386-401

View Article Online

Review

88 Y. He, Y. Chen, H. Liu, A. E. Ribbe and C. Mao, J. Am. Chem.
Soc., 2005, 127, 12202-12203.

89 Y. He, Y. Tian, A. E. Ribbe and C. Mao, J. Am. Chem. Soc.,
2006, 128, 15978-15979.

90 Y. He, Y. Tian, Y. Chen, Z. Deng, A. E. Ribbe and C. Mao,
Angew. Chem., Int. Ed., 2005, 44, 6694-6696.

91 S. H. Park, G. Finkelstein and T. H. LaBean, J. Am. Chem.
Soc., 2008, 130, 40-41.

92 U. Majumder, A. Rangnekar, K. V. Gothelf, J. H. Reif and
T. H. LaBean, J. Am. Chem. Soc., 2011, 133, 3843-3845.

93 J. Zheng, J. J. Birktoft, Y. Chen, T. Wang, R. Sha,
P. E. Constantinou, S. L. Ginell, C. Mao and
N. C. Seeman, Nature, 2009, 461, 74-77.

94 R. linuma, Y. Ke, R. Jungmann, T. Schlichthaerle,
J. B. Woehrstein and P. Yin, Science, 2014, 344, 65-69.

95 E. Benson, A. Mohammed, J. Gardell, S. Masich, E. Czeizler,
P. Orponen and B. Hogberg, Nature, 2015, 523, 441-444.

96 A. Rajwar, S. Kharbanda, A. R. Chandrasekaran, S. Gupta
and D. Bhatia, ACS Appl. Bio Mater., 2020, 3, 7265-7277.

97 D. M. Salvay and L. D. Shea, Mol. BioSyst., 2006, 2, 36-48.

98 M. Keeney, M. T. Chung, E. R. Zielins, K. J. Paik, A. McArdle,
S. D. Morrison, R. C. Ransom, N. Barbhaiya, D. Atashroo,
G. Jacobson, R. N. Zare, M. T. Longaker, D. C. Wan and
F. Yang, J. Biomed. Mater. Res., 2016, 104, 2099-2107.

99 C. Schlickewei, T. O. Klatte, Y. Wildermuth, G. Laaff,
J. M. Rueger, J. Ruesing, S. Chernousova, W. Lehmann
and M. Epple, J. Mater. Sci.: Mater. Med., 2019, 30, 15.

100 T.-H. Kim, R. K. Singh, M. S. Kang, J.-H. Kim and
H.-W. Kim, Nanoscale, 2016, 8, 8300-8311.

101 C. Hadjicharalambous, D. Kozlova, V. Sokolova, M. Epple
and M. Chatzinikolaidou, J. Biomed. Mater. Res., 2015,
103, 3834-3842.

102 X. Shao, S. Lin, Q. Peng, S. Shi, X. Wei, T. Zhang and Y. Lin,
Small, 2017, 13, 1602770.

103 S. Sirong, C. Yang, T. Taoran, L. Songhang, L. Shiyu,
Z. Yuxin, S. Xiaoru, Z. Tao, L. Yunfeng and C. Xiaoxiao,
Bone Res., 2020, 8, 6.

104 M. Zhou, N.-X. Liu, S.-R. Shi, Y. Li, Q. Zhang, Q.-Q. Ma,
T.-R. Tian, W.-J. Ma, X. Cai and Y.-F. Lin, Nanomedicine,
2018, 14, 1227-1236.

105 Y. Ma, Z. Lu, B. Jia, Y. Shi, J. Dong, S. Jiang and Z. Li, ACS
Nano, 2022, 16, 12520-12531.

106 J. Son, J. Kim, K. Lee, J. Hwang, Y. Choi, Y. Seo, H. Jeon,
H. C. Kang, H.-M. Woo, B.-]J. Kang and ]J. Choi, Acta
Biomater., 2019, 99, 469-478.

107 W. Ma, X. Shao, D. Zhao, Q. Li, M. Liu, T. Zhou, X. Xie,
C. Mao, Y. Zhang and Y. Lin, ACS Appl. Mater. Interfaces,
2018, 10, 7892-7900.

108 Y. Liang, P. Walczak and J. W. M. Bulte, Biomaterials, 2013,
34, 5521-5529.

109 A. Vilella, B. Ruozi, D. Belletti, F. Pederzoli, M. Galliani,
V. Semeghini, F. Forni, M. Zoli, M. Vandelli and G. Tosi,
Pharmaceutics, 2015, 7, 74-89.

110 M. Wang, F. He, H. Li, S. Yang, J. Zhang, P. Ghosh,
H.-H. Wang and Z. Nie, Nano Lett., 2019, 19, 2603-2613.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

111 C. M. Blumenfeld, M. D. Schulz, M. S. Aboian,
M. W. Wilson, T. Moore, S. W. Hetts and R. H. Grubbs,
Nat. Commun., 2018, 9, 2870.

112 M. Zhang, J. Zhu, X. Qin, M. Zhou, X. Zhang, Y. Gao,
T. Zhang, D. Xiao, W. Cui and X. Cai, ACS Appl. Mater.
Interfaces, 2019, 11, 30631-30639.

113 E. M. Tottoli, R. Dorati, I. Genta, E. Chiesa, S. Pisani and
B. Conti, Pharmaceutics, 2020, 12, 735.

114 C. Wang, M. Wang, T. Xu, X. Zhang, C. Lin, W. Gao, H. Xu,
B. Lei and C. Mao, Theranostics, 2019, 9, 65-76.

115 R. Guo, S. Xu, L. Ma, A. Huang and C. Gao, Biomaterials,
2010, 31, 7308-7320.

116 R. Guo, S. Xu, L. Ma, A. Huang and C. Gao, Biomaterials,
2011, 32, 1019-1031.

117 C. Wiraja, Y. Zhu, D. C. S. Lio, D. C. Yeo, M. Xie, W. Fang,
Q. Li, M. Zheng, M. Van Steensel, L. Wang, C. Fan and
C. Xu, Nat. Commun., 2019, 10, 1147.

118 J. Zhu, M. Zhang, Y. Gao, X. Qin, T. Zhang, W. Cui, C. Mao,
D. Xiao and Y. Lin, Signal Transduction Targeted Ther., 2020,
5, 120.

119 Z. Mao, H. Shi, R. Guo, L. Ma, C. Gao, C. Han and J. Shen,
Acta Biomater., 2009, 5, 2983-2994.

120 S. T. M. Nillesen, P. J. Geutjes, R. Wismans, J. Schalkwijk,
W. F. Daamen and T. H. van Kuppevelt, Biomaterials,
2007, 28, 1123-1131.

121 O. Veiseh, C. Sun, C. Fang, N. Bhattarai, J. Gunn, F. Kievit,
K. Du, B. Pullar, D. Lee, R. G. Ellenbogen, J. Olson and
M. Zhang, Cancer Res., 2009, 69, 6200-6207.

122 G. Zhang, Z. Zhang and J. Yang, Nanoscale Res. Lett., 2017,
12, 495.

123 R. Singh, P. Yadav, H. Naveena A and D. Bhatia, Nanoscale,
2023, 15, 1099-1108.

124 K. Kansara, R. Singh, P. Yadav, A. Mansuri, A. Kumar and
D. Bhatia, ACS Appl. Nano Mater., 2023, 6, 13443-13452.

125 H. Ding, J. Li, N. Chen, X. Hu, X. Yang, L. Guo, Q. Li, X. Zuo,
L. Wang, Y. Ma and C. Fan, ACS Cent. Sci., 2018, 4, 1344-
1351.

126 A. Rajwar, S. R. Shetty, P. Vaswani, V. Morya, A. Barai,
S. Sen, M. Sonawane and D. Bhatia, ACS Nano, 2022, 16,
10496-10508.

127 M. A. Rahman, P. Wang, Z. Zhao, D. Wang,
S. Nannapaneni, C. Zhang, Z. Chen, C. C. Griffith,
S. J. Hurwitz, Z. G. Chen, Y. Ke and D. M. Shin, Angew.
Chem., Int. Ed., 2017, 56, 16023-16027.

128 Y. Wang, E. Benson, F. Férdds, M. Lolaico, I. Baars, T. Fang,
A. 1. Teixeira and B. Hogberg, Adv. Mater., 2021, 33(21),
2008457.

129 W. Engelen, C. Sigl, K. Kadletz, E. M. Willner and H. Dietz,
J. Am. Chem. Soc., 2021, 143, 21630-21636.

130 S. M. Douglas, I. Bachelet and G. M. Church, Science, 2012,
335, 831-834.

131 S. Arnon, N. Dahan, A. Koren, O. Radiano, M. Ronen,
T. Yannay, J. Giron, L. Ben-Ami, Y. Amir, Y. Hel-Or,
D. Friedman and I. Bachelet, PLoS One, 2016, 11, e0161227.

132 Z. Wang, L. Song, Q. Liu, R. Tian, Y. Shang, F. Liu, S. Liu,
S. Zhao, Z. Han, J. Sun, Q. Jiang and B. Ding, Angew.
Chem., Int. Ed., 2021, 60, 2594-2598.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

133 S. Liu, Q. Jiang, X. Zhao, R. Zhao, Y. Wang, Y. Wang, J. Liu,
Y. Shang, S. Zhao, T. Wu, Y. Zhang, G. Nie and B. Ding, Nat.
Mater., 2021, 20, 421-430.

134 S. Li, Q. Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, J. Wang,
Y. Zou, G. ]J. Anderson, J.-Y. Han, Y. Chang, Y. Liu,
C. Zhang, L. Chen, G. Zhou, G. Nie, H. Yan, B. Ding and
Y. Zhao, Nat. Biotechnol., 2018, 36, 258-264.

135 Q. Zhang, Q. Jiang, N. Li, L. Dai, Q. Liu, L. Song, J. Wang,
Y. Li, J. Tian, B. Ding and Y. Du, ACS Nano, 2014, 8,
6633-6643.

136 S. Zhao, R. Tian, J. Wu, S. Liu, Y. Wang, M. Wen, Y. Shang,
Q. Liu, Y. Li, Y. Guo, Z. Wang, T. Wang, Y. Zhao, H. Zhao,
H. Cao, Y. Su, J. Sun, Q. Jiang and B. Ding, Nat. Commun.,
2021, 12, 358.

137 G. F. Deleavey and M. J. Damha, Chem. Biol., 2012, 19, 937-
954.

138 B. Smolkova, T. MacCulloch, T. F. Rockwood, M. Liu,
S. J. W. Henry, A. Frtis, M. Uzhytchak, M. Lunova,
M. Hof, P. Jurkiewicz, A. Dejneka, N. Stephanopoulos and
O. Lunov, ACS Appl. Mater. Interfaces, 2021, 13, 46375-
46390.

139Y. J. Ooi, Y. Wen, J. Zhu, X. Song and J. Li,
Biomacromolecules, 2020, 21, 1136-1148.

140 T. Zhang, H. Ma, X. Zhang, S. Shi and Y. Lin, Adv. Funct.
Mater., 2023, 33, 2213401.

141 R. Yan, W. Cui, W. Ma, J. Li, Z. Liu and Y. Lin, ACS Nano,
2023, 17, 8767-8781.

142 J. Li, H. Pei, B. Zhu, L. Liang, M. Wei, Y. He, N. Chen, D. Li,
Q. Huang and C. Fan, ACS Nano, 2011, 5, 8783-8789.

143 Q. Chi, Z. Yang, K. Xu, C. Wang and H. Liang, Front.
Pharmacol, 2020, 10(1585).

144 Q. Mou, Y. Ma, G. Pan, B. Xue, D. Yan, C. Zhang and X. Zhu,
Angew. Chem., Int. Ed., 2017, 56, 12528-12532.

145 T. Wang, Y. Liu, Q. Wu, B. Lou and Z. Liu, Smart Mater.
Med., 2022, 3, 66-84.

146 M. ékugor, J. Vvalero, K. Murayama, M. Centola,
H. Asanuma and M. Famulok, Angew. Chem., Int. Ed.,
2019, 58, 6948-6951.

147 X. Liu, J. Zhang, M. Fadeev, Z. Li, V. Wulf, H. Tian and
1. Willner, Chem. Sci., 2019, 10, 1008-1016.

148 L. Chen, Y. Liu, W. Guo and Z. Liu, Exploration, 2022, 2,
20210099.

149 R. E. Kohman, S. S. Cha, H.-Y. Man and X. Han, Nano Lett.,
2016, 16, 2781-2785.

150 Y. Feng, Y. Cheng, Y. Chang, H. Jian, R. Zheng, X. Wu,
K. Xu, L. Wang, X. Ma, X. Li and H. Zhang, Biomaterials,
2019, 217, 119327.

151 H. Zhao, X. Yuan, J. Yu, Y. Huang, C. Shao, F. Xiao, L. Lin,
Y. Li and L. Tian, ACS Appl. Mater. Interfaces, 2018, 10,
15418-15427.

152 Y.-F. Chen, M.-W. Hsu, Y.-C. Su, H.-M. Chang, C.-H. Chang
and J.-S. Jan, Mater. Sci. Eng. C, 2020, 114, 111025.

153 R. Mo, T. Jiang, W. Sun and Z. Gu, Biomaterials, 2015, 50,
67-74.

154 F. Li, W. Yu, J. Zhang, Y. Dong, X. Ding, X. Ruan, Z. Gu and
D. Yang, Nat. Commun., 2021, 12, 1138.

Nanoscale Adv, 2024, 6, 386-401 | 399


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

155 V. A. Turek, R. Chikkaraddy, S. Cormier, B. Stockham,
T. Ding, U. F. Keyser and J. ]J. Baumberg, Adv. Funct.
Mater., 2018, 28, 1706410.

156 Z.Yu, N. Li, P. Zheng, W. Pan and B. Tang, Chem. Commun.,
2014, 50, 3494-3497.

157 ]J. Wang, H. Wang, H. Wang, S. He, R. Li, Z. Deng, X. Liu and
F. Wang, ACS Nano, 2019, 13, 5852-5863.

158 J. Wang, S. Yu, Q. Wu, X. Gong, S. He, J. Shang, X. Liu and
F. Wang, Angew. Chem., Int. Ed., 2021, 60, 10766-10774.

159 F. Liu, X. Liu, Q. Shi, C. Maffeo, M. Kojima, L. Dong,
A. Aksimentiev, Q. Huang, T. Fukuda and T. Arai,
Nanoscale, 2021, 13, 15552-15559.

160 M. Chang, C.-S. Yang and D.-M. Huang, ACS Nano, 2011, 5,
6156-6163.

161 Q. Liu, H.-B. Cheng, R. Ma, M. Yu, Y. Huang, L. Li and
J. Zhao, Nano Today, 2023, 48, 101747.

162 T. Tian, T. Zhang, S. Shi, Y. Gao, X. Cai and Y. Lin, Nat.
Protoc., 2023, 18, 1028-1055.

163 S. Li, Q. Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, ]J. Wang,
Y. Zou, G. J. Anderson, J.-Y. Han, Y. Chang, Y. Liu,
C. Zhang, L. Chen, G. Zhou, G. Nie, H. Yan, B. Ding and
Y. Zhao, Nat. Biotechnol., 2018, 36, 258-264.

164 Y. Zhan, W. Ma, Y. Zhang, C. Mao, X. Shao, X. Xie, F. Wang,
X.Liu, Q. Li and Y. Lin, ACS Appl. Mater. Interfaces, 2019, 11,
15354-15365.

165 W. Fu, C. You, L. Ma, H. Li, Y. Ju, X. Guo, S. Shi, T. Zhang,
R. Zhou and Y. Lin, ACS Appl. Mater. Interfaces, 2019, 11,
39525-39533.

166 K.-R. Kim, D. Bang and D.-R. Ahn, Biomater. Sci., 2016, 4,
605-609.

167 X.Ji, H. Lv, J. Guo, C. Ding and X. Luo, Chem. - Eur. J., 2018,
24, 10171-10177.

168 A. Fragasso, N. De Franceschi, P. Stommer, E. O. van der
Sluis, H. Dietz and C. Dekker, ACS Nano, 2021, 15, 12768-
12779.

169 M. A. Rahman, P. Wang, Z. Zhao, D. Wang,
S. Nannapaneni, C. Zhang, Z. Chen, C. C. Griffith,
S. J. Hurwitz, Z. G. Chen, Y. Ke and D. M. Shin, Angew.
Chem., Int. Ed., 2017, 56, 16023-16027.

170 B. R. Madhanagopal, S. Chen, C.-D. Platt
A. R. Chandrasekaran, iScience, 2023, 26, 106564.

171 P. Wang, Z. Xia, J. Yan, X. Liu, G. Yao, H. Pei, X. Zuo, G. Sun
and D. He, Nanoscale, 2015, 7, 6467-6470.

172 H. Kim, S. P. Surwade, A. Powell, C. O'Donnell and H. Liu,
Chem. Mater., 2014, 26, 5265-5273.

173 J. Hahn, S. F. J. Wickham, W. M. Shih and S. D. Perrault,
ACS Nano, 2014, 8, 8765-8775.

174 T. Tian, Y. Li and Y. Lin, Bone Res., 2022, 10, 40.

175 E. Goux, E. Dausse, V. Guieu, L. Azéma, G. Durand,
M. Henry, L. Choisnard, J.-J. Toulmé, C. Ravelet and
E. Peyrin, Nanoscale, 2017, 9, 4048-4052.

176 D.Yuan, X. Fang, Y. Liu, J. Kong and Q. Chen, Analyst, 2019,
144, 3886-3891.

177 S. Shiu, L. Fraser, Y. Ding and J. Tanner, Molecules, 2018,
23, 1695.

178 B. Zhang, T. Tian, D. Xiao, S. Gao, X. Cai and Y. Lin, Adv.
Funct. Mater., 2022, 32, 2109728.

and

400 | Nanoscale Adv, 2024, 6, 386-401

View Article Online

Review

179 C. Yang, Y. Shi, Y. Zhang, J. He, M. Li, W. Huang, R. Yuan
and W. Xu, Anal. Chem., 2023, 95, 10337-10345.

180 L. Kong, Z. Han, M. Zhao, X. Zhang, Y. Zhuo, Y. Chai, Z. Li
and R. Yuan, Anal. Chem., 2022, 94, 11416-11424.

181 Z. Dong, X. Xue, H. Liang, J. Guan and L. Chang, Anal.
Chem., 2021, 93, 1855-1865.

182 X. Bi, J. Yin, A. Chen Guanbang and C. Liu, Chem. - Eur. J.,
2018, 24, 8042-8050.

183 E. Akbari, M. Y. Mollica, C. R. Lucas, S. M. Bushman,
R. A. Patton, M. Shahhosseini, J. W. Song and
C. E. Castro, Adv. Mater., 2017, 29, 1703632.

184 L. C. Meiser, B. H. Nguyen, Y.-J. Chen, ]J. Nivala, K. Strauss,
L. Ceze and R. N. Grass, Nat. Commun., 2022, 13, 352.

185 S. C. Hsiao, B.]. Shum, H. Onoe, E. S. Douglas, Z. J. Gartner,
R. A. Mathies, C. R. Bertozzi and M. B. Francis, Langmuir,
2009, 25, 6985-6991.

186 G. G. Borisenko, M. A. Zaitseva, A. N. Chuvilin and
G. E. Pozmogova, Nucleic Acids Res., 2009, 37, e28.

187 R. J. Weber, S. I. Liang, N. S. Selden, T. A. Desai and
Z. ]. Gartner, Biomacromolecules, 2014, 15, 4621-4626.

188 P. Shi and Y. Wang, Angew. Chem., Int. Ed., 2021, 60, 11580~
11591.

189 M. Kwak and A. Herrmann, Chem. Soc. Rev., 2011, 40, 5745.

190 J. Li, K. Xun, K. Pei, X. Liu, X. Peng, Y. Du, L. Qiu and
W. Tan, J. Am. Chem. Soc., 2019, 141, 18013-18020.

191 M. Xiao, W. Lai, H. Yu, Z. Yu, L. Li, C. Fan and H. Pei, J. Am.
Chem. Soc., 2021, 143, 3448-3454.

192 Z. Xu, N. Chokkalingam, E. Tello-Ruiz, M. C. Wise,
M. A. Bah, S. Walker, N. J. Tursi, P. D. Fisher,
K. Schultheis, K. E. Broderick, L. Humeau, D. W. Kulp
and D. B. Weiner, Cancer Immunol. Res., 2020, 8, 1354-1364.

193 S. Surana, A. R. Shenoy and Y. Krishnan, Nat. Nanotechnol.,
2015, 10, 741-747.

194 H. Hemmi, O. Takeuchi, T. Kawai, T. Kaisho, S. Sato,
H. Sanjo, M. Matsumoto, K. Hoshino, H. Wagner,
K. Takeda and S. Akira, Nature, 2000, 408, 740-745.

195 C. Bode, G. Zhao, F. Steinhagen, T. Kinjo and
D. M. Klinman, Expert Rev. Vaccines, 2011, 10, 499-511.

196 V. J. Schiiller, S. Heidegger, N. Sandholzer, P. C. Nickels,
N. A. Suhartha, S. Endres, C. Bourquin and T. Liedl, ACS
Nano, 2011, 5, 9696-9702.

197 S. Sellner, S. Kocabey, K. Nekolla, F. Krombach, T. Liedl and
M. Rehberg, Biomaterials, 2015, 53, 453-463.

198 X. Liu, Y. Xy, T. Yu, C. Clifford, Y. Liu, H. Yan and Y. Chang,
Nano Lett., 2012, 12, 4254-4259.

199 A. R. Chandrasekaran, Nat. Rev. Chem, 2021, 5, 225-239.

200 K. E. Bujold, J. C. C. Hsu and H. F. Sleiman, J. Am. Chem.
Soc., 2016, 138, 14030-14038.

201 O. Birkholz, J. R. Burns, C. P. Richter, O. E. Psathaki,
S. Howorka and J. Piehler, Nat. Commun., 2018, 9, 1521.

202 V. De Leo, F. Milano, A. Agostiano and L. Catucci, Polymers,
2021, 13, 1027.

203 D. Menon, R. Singh, K. B. Joshi, S. Gupta and D. Bhatia,
ChemBioChem, 2022, 24, €202200580.

204 S. Zhang, S. Vijayavenkataraman, W. F. Lu and J. Y. H. Fuh,
J. Biomed. Mater. Res., Part B, 2019, 107, 1329-1351.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 dicembre 2023. Downloaded on 04/04/2026 16:40:07.

(cc)

Review

205 E. Cosgriff-Hernandez and L. H. Timmins, ACS Biomater.
Sci. Eng., 2022, 8, 4622-4624.

206 R. Veneziano, S. Ratanalert, K. Zhang, F. Zhang, H. Yan,
W. Chiu and M. Bathe, Science, 2016, 352, 1534.

207 A. V. Singh, V. Chandrasekar, P. Janapareddy,
D. E. Mathews, P. Laux, A. Luch, Y. Yang, B. Garcia-
Canibano, S. Balakrishnan, J. Abinahed, A. Al Ansari and
S. P. Dakua, ACS Chem. Neurosci., 2021, 12, 1835-1853.

208 K.-H. Yu, A. L. Beam and I. S. Kohane, Nat. Biomed. Eng.,
2018, 2, 719-731.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

209 W. Ma, Y. Zhan, Y. Zhang, X. Shao, X. Xie, C. Mao, W. Cui,
Q. Li, J. Shi, J. Li, C. Fan and Y. Lin, Nano Lett., 2019, 19,
4505-4517.

210 S. Li, Q. Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, J. Wang,
Y. Zou, G. J. Anderson, J.-Y. Han, Y. Chang, Y. Liu,
C. Zhang, L. Chen, G. Zhou, G. Nie, H. Yan, B. Ding and
Y. Zhao, Nat. Biotechnol., 2018, 36, 258-264.

211 M. Zahid, B. Kim, R. Hussain, R. Amin and S. H. Park,
Nanoscale Res. Lett., 2013, 8, 119.

Nanoscale Adv., 2024, 6, 386-401 | 401


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00692a

	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives

	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives
	Structural DNA nanotechnology at the nexus of next-generation bio-applications: challenges and perspectives


