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ABSTRACT

The development of programmable biomaterials for use in nanofabrication represents a major advance for the future of biomedicine and
diagnostics. Recent advances in structural nanotechnology using nucleic acids have resulted in dramatic progress in our understanding of
nucleic acid-based nanostructures (NANs) for use in biological applications. As the NANs become more architecturally and functionally
diverse to accommodate introduction into living systems, there is a need to understand how critical design features can be controlled to
impart desired performance in vivo. In this review, we survey the range of nucleic acid materials utilized as structural building blocks (DNA,
RNA, and xenonucleic acids), the diversity of geometries for nanofabrication, and the strategies to functionalize these complexes. We include
an assessment of the available and emerging characterization tools used to evaluate the physical, mechanical, physiochemical, and biological
properties of NANs in vitro. Finally, the current understanding of the obstacles encountered along the in vivo journey is contextualized to
demonstrate how morphological features of NANs influence their biological fates. We envision that this summary will aid researchers in the
designing novel NAN morphologies, guide characterization efforts, and design of experiments and spark interdisciplinary collaborations to
fuel advancements in programmable platforms for biological applications.
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I. INTRODUCTION

A fundamental axiom that holds true across biology and architec-
ture states that “form follows function”; the rational design of systems
and choice of materials provides a foundation for structural perfor-
mance. On the scale of nanomaterials, the ability to construct tailored,
self-assembling platforms for use as sensors and drug delivery vehicles
in vivo has been catalyzed by advances in the field of nucleic acid (NA)
nanotechnology.1 By exploiting the well-defined rules of standard
Watson–Crick (WC) base pairing, NA strands can be designed to
anneal predictably in solution, forming a near endless array of arbi-
trary shapes.2,3 These NA nanostructures (NANs) can take on a range
of morphologies from simple geometric shapes formed from a few oli-
gonucleotides to more complex nanoparticle platforms by a network
of hundreds of annealed strands. Through synthetic chemistry and
bioconjugation techniques, versatile component oligos can be modi-
fied with moieties that impart a variety of functions, including loading
small molecule drugs, to attaching fluorophores, enzymes, antibodies,
and nanoparticles.4 While DNA serves as the primary and traditional
NA-material for nanofabrication, structural designs have been evolv-
ing rapidly with the use of RNA and synthetic NA analogs, broadly
referred to as xenonucleic acids (XNA). However, with the increasing
molecular complexity of NA-based materials, modification strategies,
and nanocomposites, there is a gap in the literature regarding a com-
prehensive evaluation of the connection between choice of NA materi-
als and morphology with the resulting biological fate of the assembly.
A detailed understanding of the fate pathways of NANs within living
organisms is critical to advance the technology toward future clinical
relevance.5

To narrow our review’s scope to provide maximal impact, we
direct our focus to discrete nucleic acid nanostructures (NANs),
defined herein as planar (2D) or volumetric (3D) shapes, featuring a
finite size, formed primarily by annealing NA-based materials with at
least four synthetic strands. Although larger megadalton or mesoscale
heterogeneous assemblies, such as the products of hybridization chain
reactions6 or rolling circle amplification,7–10 tile-based aggregate
assemblies,11 spherical NANs built on non-NA nanoparticle plat-
forms,12 and others have significant utility in biological applications,
readers are directed to in-depth analysis of these platforms in the prior
literature.13,14 We will place further emphasis on nanostructures and
nanocomposites that have been demonstrated in cellular or in vivo
conditions across applications in biology, sensing, or medicine. As
such, this review will be divided into three main sections: (1) an intro-
duction to NA materials and relevant nanostructures, (2) a survey of
in vitro and in vivo characterization methods and resulting data, and
then (3) an analysis of how this prior research informs our under-
standing of cross-disciplinary links between morphology and biologi-
cal fate and what phenomena remain to be elucidated.

A. NAN applications and considerations

NA-based nanomaterials are uniquely different from other mate-
rials used in nanofabrication and offer several significant advantages
with regard to biological applications.15 Compared to polymers, the
well-defined base pairing properties of NAs enable programmable
assembly of molecularly defined structures with tunable size, shape,
and functional features. The capacity for bottom-up fabrication gives
scientists unambiguous control over the position and valency of

functional components, including therapeutic agents and ligands for
targeting or other activities. This feature is critical for the design of
drug delivery vehicles or biosensors and is a unique advantage to NA-
based structures in comparison to conventional nanomaterials such as
lipid or metal oxide nanoparticles that exhibit significant heterogene-
ity. Furthermore, synthetic NA strands are generally regarded as bio-
compatible, biodegradable, and non-cytotoxic16 whereas other
systems, such as gold and silica nanoparticles, may have concerns with
possible adverse effects of the component materials.17 These attributes
highlight the properties of NA materials that are favorable for biologi-
cal applications as delivery vehicles or other functional structures.

The first example of a NAN used in vivo was in 2011 when a
DNA I-switch was demonstrated for pH-responsive fluorescent imag-
ing in C. elegans.18 Since then, functional nanomaterials formed from
NAs with molecular addressability in vivo have rapidly expanded
through a variety of design strategies.1,19–22 Recent literature is abun-
dant with works emphasizing the range of potential uses of NANs as
drug delivery vehicles,23–25 therapeutics,26–30 and technologies for a
variety of other biomedical applications.15,31–36 Additionally, NANs
have been developed for detection and imaging of a range of analytes
in biological systems,37,38 including pH,39,40 ions,40 and small mole-
cules.39,41 For a more in-depth summary of the timeline26 and breadth
of applications of NANs in living systems, readers are directed to the
following reviews.16,42–46 Applications for NANs as tools in nanofabri-
cation, computing, and other in vitro areas have been thoroughly
reviewed elsewhere.47–50 Herein, we will focus on the design, applica-
tion, and characterization of NA nanostructures that are used for bio-
logical applications, including therapeutics and sensing.

An essential consideration for any material designed for in vivo
use is the structural and functional compatibility of the platform with
the targeted application. When designing a NAN for performance in a
living system, a researcher must broadly reflect on a few key parame-
ters, including choice of material, morphology, surface modification,
and structural properties including stability, as highlighted in Fig. 1.
Choice of the NA material (e.g., DNA, RNA, or XNA) directly impacts
the base mechanics as strand modifications affect the helical orienta-
tion, thermal stability, solubility, and geometry of annealed duplexes.51

The sequence of the material must also be carefully screened to control
the biological consequences of signaling sequences, such as toxicity
and immune stimulation.52 The morphology of a structure as defined
by its size and shape is a crucial feature that impacts biodistribution,
biotransformation, and cellular interactions.53 These in vivo fate con-
sequences are also directly influenced by surface modifications that
impact the charge and hydrophobicity of the structure.54,55 The inher-
ent chemical and biological stability of the NAN is critical to defining
the scope of biological applications.56 While NANs are more resistant
to degradation compared to their linear counterparts,57 free DNA can
be rapidly degraded by endogenous nucleases. Finally, researchers
must consider the practicality of their nano-constructs for in vivo per-
formance as defined by a careful balance between the functional effi-
cacy and the structural complexity, mechanisms of actuation, and cost
of production. The manufacturing of synthetic nucleic acids as thera-
peutics is ranked among the costliest platforms and it is anticipated
that broader translation of NANs to biological applications may be
even more expensive due to the complexity of structures.58 This
increased cost could be offset if enhanced targeting and delivery meth-
ods enable use of smaller quantities of therapeutics.59 However, design
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and fabrication efforts to keep nanostructures and methods as simple
as practical for their respective applications are likely necessary for
broader applicability.

II. NA MATERIALS FOR NANOFABRICATION

To understand the physical principles underlying the biological
fate of NA nanostructures, it is important to first review key aspects of
NA nanotechnology assembly. In the three decades since the creation
of structural DNA nanotechnology by Seeman et al.,60–62 several
design strategies have emerged for bottom-up fabrication of tailored
NANs ranging in size, shape, molecular complexity, and functionality.
The core commonality among these materials is the use of synthetic
biopolymers of nucleobases (i.e., adenine, thymine, guanine, cytosine,
and uracil) that form predictable Watson–Crick (WC) base-pairing or
other non-canonical interactions. DNA is the predominant form of
NA utilized, although there is growing popularity in using materials
with variations in backbone architecture, including RNA or XNAs. A
comparison of the chemical structures of the different NA materials is
highlighted in Fig. 1. Understanding the respective structural and
chemical features of the NA building block materials enables engineer-
ing synthetic structures with atomic-level control over formation of
the complexes.

A. DNA-based nanomaterials

The use of NAs as materials was born out of careful consideration
of the well-defined geometry of DNA. Double-stranded DNA
(dsDNA) in the B-form features a right-handed helical twist with a
rise of approximately 10.5 base pairs per turn, with 0.34 nm spacing
between bases and a diameter of about 2.0nm.8 The observation that
DNA can deviate from its standard duplex conformation to form
mobile four-way junctions (WJs) during the biological process such as
genetic recombination served as the inspiration for building unnatural

structural motifs using DNA.62,63 Since its inception, the field of DNA
nanotechnology has advanced into a variety of approaches to assemble
structures.9,64 Here, we provide a brief overview of the different DNA
design motifs to aid later discussion on morphological impact. A sum-
mary of the different DNA design motifs for bottom-up nanostructure
fabrication is shown in Fig. 2.

The first form of structural DNA nanotechnology came in the
form of tile-based assemblies. DNA tiles are generally formed from a
series of partly complementary ssDNA that hybridize into three-way
or four-way junctions, also termed Holliday junctions. Use of single-
stranded DNA (ssDNA) overhangs on the ends of these motifs,
referred to as sticky ends, enable hybridization between different junc-
tions to form a network of tiles in a DNA lattice. Variations on the
tile-based motifs were further developed to increase structural rigidity
though double crossover (DX) motifs between adjacent helices as well
as triple crossover (TX), paranemic crossover (PX),65 and other
motifs.11,12 Typically, DNA lattices are two-dimensional assemblies
that form an expansive periodic crystalline network, although by care-
ful sequence design aided by computational tools,13 finite shapes can
be formed from single stranded DNA tiles,14 or through 3D tiled
building blocks in the form of DNA bricks.15 While the tile-based
design strategy is inherently tailorable, the designs often exhibit low
yields dependent on precise stoichiometry and increasing complexity
of design upon scaling.9

From the concept of DNA lattice creation through sticky-end
ssDNA strands came the DNA framework design strategy. This
method uses three-way and four-way junctions with sticky ends to
form defined polyhedral shapes, such as a tetrahedron, cube, octahe-
dron, and icosahedron.61,66 Most prominently, fabrications based on
the DNA tetrahedron have expanded into a separate subfield of tetra-
hedral framework NAs (TFNAs).32 Variations on the crossover motifs
between component strands have led to more rigid tile-based

FIG. 1. An overview of key parameters to consider for the design of nucleic acid nanostructures for biological applications. Critical features that can be tuned include (a) the
choice of NA material, (b) morphological features including size and shape, (c) physiochemical properties of the structure, and (d) any modifications to the surface to facilitate
delivery or include ligands for functional applications. These features directly impact (e) the in vivo fate of the structures. Part (d) is modified with permission from Jiang et al.,
Chem 7(5), 1156–1179 (2021). Copyright 2021 Elsevier. Part (e) is created using BioRender.
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framework structures. Building from advances in DNA framework
structures,67 the method of DNA origami emerged as first described in
2006 by Rothemund.3 This method involves folding a long ssDNA
strand, called the scaffold, into a precise shape through the use of
shorter ssDNA strands, called staples, which hybridize several noncon-
secutive regions of the scaffold in anti-parallel adjacent helices by dou-
ble crossover motifs. Most commonly, the M13mp18 phage plasmid is
used as a scaffold due to its accessible bioproduction, and the series of
up to hundreds of staple strands are prepared synthetically.68 The use
of a scaffold strand enables higher yields compared to tile-based
designs and promotes the formation of more complex shapes through
enhanced structural integrity.19,69 Originally, DNA origami enabled a
diverse array of flat, 2D-shapes that can be visualized upon surface
immobilization. Advances by the Shih and Yan groups brought the
technique into the third dimension through developing design rules
for multilayered lattices70–73 and complex curvatures.74 The Bathe,
H€ogberg, and Yan groups additionally expanded origami complexity
through developing mesh wireframe junctions.75,76 For a more in-
depth summary of DNA origami design principles, readers are
directed to the following reviews by Dey et al.19 and Castro et al.69

While DNA is the most common NA material for nanofabrication
due to its synthetic and biologic accessibility, it may not the most suit-
able material for all programmable applications. Nanostructure assem-
blies built from RNA and XNA have emerged as alternatives to DNA
to maintain programmability while offering the potential for immune
evasion and enhanced biostability.

B. RNA-based nanomaterials

Using similar methodologies as DNA, the field of RNA nano-
technology has emerged for bottom-up assembly of versatile nanoscale
materials.77 The presence of a 20-OH on the sugar-phosphate back-
bone and the substitution of uracil for thymine distinguishes RNA as
chemically different from DNA. Consequently, double-stranded RNA
(dsRNA) typically adopts the A-form confirmation with approxi-
mately 11 base pairs per turn.78 There are two primary strategies to
assemble RNA into nanostructures: (1) folding RNA to form specified
structures through standard WC base pairing and (2) the use of natu-
rally occurring RNA motifs as building blocks to construct hierarchal
NANs. A brief highlight of these strategies is shown in Fig. 3. As RNA
is more chemically labile than DNA, the ability to stabilize RNA
duplexes is key to unlocking the potential of R-NANs for nanotechnol-
ogy applications in biological systems.79 Chemical modifications, such
as 20-modification80 or 20-40 linkage,81 improve the stability of RNA
without changing folding properties or biological functions.

A common strategy for assembly of all RNA nanostructures (R-
NANs) on the small scale is to use framework motifs formed from
multi-way junctions. One of the most well studied RNA motifs is
found in packaging RNA as a three-way junction (pRNA-3WJ),
derived from bacteriophage phi29.82 The pRNA-3WJ is a thermody-
namically and chemically stable motif83 and can be used to construct a
variety of 2D and 3D R-NANs. Additional nanostructured motifs
include hairpins, 90�-kinks, open junctions (o3WJ and o4WJ), stacked
junctions (s3WJ), and three-way loops (3WL).84 RNAs can also self-

FIG. 2. An overview of different DNA design strategies. (a) DNA tiles are designed with sticky ends to self-assemble into a network structure. (b) Framework DNA objects are
assembled using the addition of several component oligonucleotides. (c) The DNA origami method involves the use of a uniform scaffold, that is, folded through addition of
partly complementary staple strands. (d) Wireframe DNA origami is a method that combines the DNA origami annealing method with the design of framework objects to form
more stable wireframe architectures. Modified with permission from Jiang et al., Chem 7(5), 1156–1179. (2021). Copyright 2021 Elsevier.
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assemble into relatively stable complexes using noncanonical base-
pairing through tertiary interactions with the loop and bulge regions
of the RNA in the form of kissing loops. RNA loops play a critical role
in R-NAN stability driven by the underlying sequences.85 Further
RNA-based motifs are available in databases and can be additionally
tuned by their interchangeable units.86 A method for designing RNA
origami was developed by Geary and Andersen using a similar meth-
odology to the original DNA origami technique.87 RNA origami is
often formed from a single strand and uses double crossover (DX)
motifs much like DNA origami, although additional stabilizing motifs
are required due to the structural differences between DNA and RNA.
Incorporation of kissing loops in origami enables single RNA strands
to be co-transcriptionally folded assembled as building blocks,88 and
crossover strands are used to tether and determine the spacing of adja-
cent helices.89

Research on stability, design, and conformations of R-NANs has
greatly facilitated the development of RNA nanotechnology toward
in vivo applications. Forming RNA into nanostructures improves the
thermal and biological stabilities of RNA,90,91 while the kinetics in the
living body change depending on the R-NAN shape and size.92 For
more information on RNA’s versatility, flexibility, and thermostability
in nanostructures and their applications, we direct readers to the fol-
lowing reviews by Haque et al.82 and Binzel et al.93 Notably, Mao and
colleagues have developed a programmable strategy for both in vitro
and vivo production of R-NANs, a promising method for synthesizing
nanostructures on a large scale at a low cost.84 In this review, our focus
will be on structures assembled from chemically or enzymatically syn-
thesized oligonucleotides with an emphasis on the structural and func-
tional perspective.

C. XNA-based nanomaterials

The use of non-natural analogs of NAs as materials for nano-
structures has emerged as a strategy to improve upon properties of

DNA and RNA based nanostructures94 such as enhancing thermody-
namic stability,95 nuclease resistance,56 and preventing adverse biologi-
cal interactions.96 These analogs, also known as XNAs, feature
chemical modifications to the sugar or phosphate or total replacement
of the sugar-phosphate backbone with another type of connectivity as
highlighted in Fig. 4(a). There is an additional class of XNAs featuring
unnatural base pairs (UBPs),97,98 although incorporation of these
strands into structures is currently limited. Given the chemical and
conformational differences, XNAs retain the ability to anneal into
duplex secondary structures similar to DNA and RNA counterparts
with geometric differences as shown in Fig. 4(b). Development of
XNA-only nanostructures (X-NANs) is not yet widespread due to the
limited knowledge of stable XNA:XNA motifs outside of the duplex,
so XNAs are typically incorporated into framework NANs as hybrids
into established structures with DNA or RNA. Notably, the
DNA:XNA, RNA:XNA, and XNA:XNA duplexes present with a wide
range of helical conformations,78 so researchers must consider these
variations when designing hybrid NANs.

By modifying the deoxyribose or ribose sugar in the standard NA
backbone, researchers can create a wide variety of XNAs with tunabil-
ity in properties, such as thermodynamic stability, rigidity, and nucle-
ase resistance. Glycerol NA (GNA) was the first XNA assembled into
4WJ X-NAN99 and serves as a promising scaffold for chemical func-
tionalization due to its structural simplicity.100 Locked NA (LNA) fea-
tures a methylene bridge connection between the 20O and 40C,
instilling backbone rigidity that has been used to enhance the thermo-
dynamic stability and nuclease resistance of NANs.101,102 Direct modi-
fications to the natural sugar in the form of 20-fluoro (20F) and
20-methoxy (20O-Me) NAs have been shown to increase thermostabil-
ity and reduce immunogenicity of component strands.103 The
20-fluoro-arabinonucleic acid (FANA) analog has also shown promise
as a nuclease resistant DNA mimic in several biomedical applica-
tions.104–106 Additional XNAs have been utilized in forming stable
duplex and stem-loop structures, including arabinonucleic acid

FIG. 3. An overview of common RNA design motifs. (a) Commonly utilized fundamental motifs in RNA nanofabrication include the kink tun, kissing loop, three-way loop, three-
way junction, and four-way junction. (b) Similar to DNA, framework RNA objects are assembled from the addition of several complementary oligonucleotides. (c) RNA origami
structures can be fabricated through methods similar to DNA origami with crossover (CX) regions or they can also be assembled by a single strand and feature loop (L) and
kissing loop (KL) regions. Part (a) modified with permission from Li et al., Nature 9, 2196 (2018). Copyright 2018 Springer Nature, licensed under a Creative Commons
Attribution (CC-BY) license.
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(ANA),107 cyclohexene NA (CeNA),108 hexitol NA (HNA),105 a-L-
threofuranosyl NA (TNA),109 glycerol NA (GNA),99 and 30-20 phos-
phonomethyl-threosyl NA (tPhoNA).110

Substitutions to the phosphate component of the NA backbone
represent another avenue for XNA structural diversity to modify
charge and hydrophobicity properties. One of the most commonmod-
ifications features substitution of a phosphate oxygen for a sulfur in
the form of phosphorothioate linkages (PS), which induce bends in
the NA backbone and enhances resistance to nuclease degradation.111

Other emerging analogs featuring neutral backbone modification that
could prove useful in future NAN designs include P-alkyl phospho-
nate NA (phNA),112 nonionic sulfone-linked RNA analogs (rSNA),113

and boranephosphonate-linked NA (PB).113 Two of the most com-
mon XNAs to feature complete backbone modification include pep-
tide NAs (PNAs) and phosphordiamidite morpholino oligos (PMOs).
The PNA technology takes advantage of the solid-phase synthetic
accessibility of peptides and the programmable base pairing of NAs to
create a self-assembling material.114 PNA nanostructures feature a
neutral backbone with PNA:PNA and PNA:DNA hybridization pre-
senting greater stability than the sequence corresponding DNA:DNA
strands.115 The PMO structure also features a neutral backbone and is
commonly employed in applications of antisense therapy due to its
high binding affinity to DNA and RNA.116 Notably, while there have
been many advances in expanding the structural diversity of XNAs,
there are still several unknowns and cost of production barriers that
prevent widespread nanostructure fabrication efforts. While there
have been advances in high throughput bioproduction of DNA and
RNA scaffolds, preparations of most XNAs are dependent on costly
chemical synthesis techniques. Future work in XNA enzyme engineer-
ing117,118 and production techniques are necessary for more

widespread implementation of XNA-based NANs. Applications using
X-NANs are still relatively new to the NA nanotechnology field and as
more studies on novel XNAs are emerging, future in vivo applications
could prove promising.

III. NA-BASED NANOSTRUCTURES

The process by which new NAN platforms move from conceptu-
alization to reality is through many iterations of design, synthesis, and
benchtop optimization. This cycle, as shown in Fig. 5, revolves around
the critical validation of the intended features of the structure, includ-
ing morphology, functionalization, and performance.119 The field of
structural NA nanotechnology is not at the stage where this process is
autonomous—there is still a high degree of trial and error in the
assembly process. Advances in computational design tools have rap-
idly facilitated the design and application of a variety of new NAN
morphologies. Furthermore, advances in functionalization strategies
have widely expanded the breadth of applications where NANs can be
effective. Through more in depth understanding of the design pro-
cesses and breadth of available structures for NANs, the field can work
toward collaborations to bring more functional NANs for biological
uses.

A. The NAN design and assembly process

As NANs are complex objects formed from self-assembly of
numerous component sequences, several software tools have emerged
to facilitate the process of design and sequence generation. The
conventional approach to convert a desired 2D or 3D shape into a
DNA-based structure is done manually by a researcher with the aid of
software tools, such as Tiamat120 and CaDNAno70 for framework and

FIG. 4. Examples of xenonucleic acids (XNAs) used in nanotechnology applications. (a) Molecular structures of XNAs with modifications to either the sugars (orange), phos-
phates (blue), or total backbone replacement (green). (b) Crystal structures of naturally occurring NA duplexes in comparison to the geometry of homoduplexes and heterodu-
plexes of XNAs with DNA or RNA. Part (b) is reproduced with permission from Anosova and Kowal, Nucleic Acids Res. 44(3), 1007–1021 (2015). Copyright 2015 Oxford
Press.
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DNA origami strategies, respectively. These programs utilize a con-
strained set of design parameters and enable users to design lattice-
based or free-form geometries, then generate a list of corresponding
strand sequences. Software solutions for molecular modeling and
coarse-grained simulation tools, including CanDo121 and oxDNA,122

can aid in prediction of structural formation, followed by extensive
experimental validation to confirm the geometry. Advancements in
modeling and simulation software have taken top-down approaches
using geometric inputs to automate DNA wireframe design.2,123–125

Further information regarding the breadth and depth of computa-
tional D-NAN design approaches has been reviewed elsewhere.126,127

Biological applications of NANs necessitate computational design
strategies that can accommodate more than just DNA as RNA, XNA,
proteins, and other molecular entities are often incorporated. RNA
design algorithms must consider the variety of non-canonical interac-
tions that can occur to facilitate structure assembly.128,129 Design and
simulation of 3D RNA motifs has been made possible by the
RNAMake algorithm,130 and design of RNA origami structures can be
facilitated by a program called ROAD (RNA Origami Automated
Design).89 The design capabilities for XNAs have been expanding with
the development of the proto-Nucleic Acid Builder,131 the first tool
specifically for XNA duplexes. Future integrations of such helical sim-
ulation parameters may aid in facilitating XNA hybrid nanostructures
in future development. Recent advancements of integrative design,
visualization, and simulation platforms such as Adenita,132

oxView,133,134 and the oxDNA.org135 ecosystem are expanding the
capabilities of the standard design programs into more user-accessible
interfaces with the ability to model DNA and RNA hybrid structures
with proteins. Future developments in hybrid NAN design and simu-
lation software will increase the accessibility of these structures to

researchers and lower the barrier to assembling new functionalized
structures for biomedical applications.

Following the design of a new NAN, structures are assembled
from chemically or enzymatically synthesized single strand oligonu-
cleotides through a thermal annealing protocol. Often the intended
NAN morphology is thermodynamically stable but not kinetically
favorable, so a temperature ramp (e.g., 95–4 �C) and time are adjusted
to control the annealing process.136,137 Folding of D-NANs is also sen-
sitive to ionic composition, with critical buffer concentrations of Mg2þ

at 5–20mM or high mM-range NaCl required to mitigate electrostatic
repulsion from the folded backbones of adjacent helices.72 For frame-
work NANs assembled primarily from a set of oligos, precise control
of stoichiometry is critical to maximize yield of the structure contain-
ing all compositional strands. For NANs using origami-based folding
methods, a large excess of staple strands to scaffold is required to push
the annealing reaction toward thermodynamic completion.
Optimization of the annealing conditions is an iterative process, that
is, achieved when a high yield of a single thermodynamic product is
present as monitored by gel electrophoresis. However, undesired
kinetic endpoints can indicate nonideal topology of the assembled
strands,138 suggesting that the re-design of the structure could be nec-
essary. In these instances, particularly for highly complex NAN archi-
tectures, part-by-part assembly through subsequent additions of staple
pools may help to control the mechanical folding pathways.139

Structures comprised of RNA and XNA are annealed with similar var-
iable control as with D-NANs,140,141 with uncharged XNAs such as
PNA oligos capable of annealing into simple structural motifs follow-
ing a rapid isothermal incubation step.142 In most cases of NAN
assembly, side products or excess component strands remain in the
sample after annealing, thus requiring removal through a purification

FIG. 5. An overview of the workflow for the design and validation process to develop new NANs for in vivo applications. Researchers first begin with a set of design require-
ments and constraints that match the needs of their targeted applications. Structures are designed, synthesized, and assembled, with characterization techniques used for vali-
dation at each step along the process. Results are reviewed intermittently to determine agreement with predetermined design requirements. The in vitro cycle continues until
the requirements are satisfied, then in vivo evaluation is performed. This process is not always straightforward, and often many iterations of design and assembly are needed
before validation experiments can be initiated. This figure was created using BioRender.
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technique prior to downstream applications. Isolation of the assem-
bled NANs from other constituents in solution can be performed
through centrifugal filtration, gel-based extraction, liquid chromatog-
raphy, affinity-capture methods, or other techniques,143 depending on
the yield and resolution required.

Following assembly and purification, NANs encounter a number
of challenges in order to remain structurally intact in buffers during
storage and especially when introduced to complex biological matrices.
The stability of a NAN can be defined in terms of the chemical, biolog-
ical, and mechanical conditions under which the structure remains
fully intact and stability profiles are highly specific to the NAN design.
The chemical integrity of a NAN is driven primarily by the ionic com-
position of the assembly and the secondary media following any puri-
fication or application-specific procedures.144 As the formation of a
NAN involves the folding and twisting of NA helices through non-
natural geometries and structural motifs, cations such as Mg2þ or Naþ

are also required to stabilize the intact structure after assembly by miti-
gating electrostatic repulsions that would unfold the complexes. When
stored in an EDTA-free buffer, even with low Mg2þ concentrations
NANs, such as DNA origami triangles and helix bundles (HB), have
been reported to remain structurally intact at room temperature for
over 2 months145 and for extended periods, including at least 32
freeze-thaw cycles with the use of cryoprotectants.146 However, in
physiologically relevant conditions, cations are not pervasive at high
enough concentrations to sustain NAN integrity over long periods of
time.95 Furthermore, a major barrier to the biological stability of a
NAN is the presence of nucleases both extra- and intracellularly that
can dismantle the structures. Nucleases can latch onto ss toeholds,
uncapped 50- or 30-ends, as well as exposed dsDNA or dsRNA
domains and break down the strands into component bases or oligos
through cleavage of phosphodiester bonds.147 The structural integrity
of NA duplexes is also linked with applied mechanical stress, such as
shearing or unzipping,148 which can occur under flow or through
enzymatic activity. To adequately prepare a NAN for biological appli-
cations, researchers must find a balance between the chemical, biologi-
cal, and mechanical stability of the structure and match the stability
profile with the desired functional application.

B. NAN morphologies utilized for biological
applications

While the molecular addressability of NAs enables near endless
design possibilities for NANs, so far there is only a series of morpholo-
gies that have been utilized for applications in living systems. This is
likely due to the fact that nanomaterials for use in vivo necessitate a
strict set of design requirements with regard to stability, toxicity, and
practicality.58 Broadly, NAN morphologies can be divided into the fol-
lowing categories: 2D motifs, framework polyhedrons, and 2D or 3D
origami objects, with special considerations for complex and dynamic
structures. Herein, we will briefly discuss discrete NAN morphologies
and considerations for NA nanoplatforms for use in biological
applications.

NANs are defined as 2D when the entire composite is formed
with a single layer of helices and are typically designed for simplicity
or surface-tethered applications. The simplest two-dimensional (2D)
framework design motifs are based on the use of unique sequences of
oligonucleotides (�8–60-nt in length) to form multi-strand junctions,
such as an immobile Holliday junction,62 RNA three-way junction

(3WJ),92 or other motifs formed into planar geometries. Structures
that are 2D can be formed over a range of sizes from small framework
shapes such as a triangle and pentagon (�5–10nm) to large planar
DNA origami rectangles and triangles (�80–120nm in length)
depending on the assembly method and complexity of component
strands as shown in Fig. 6(a). Small rigid 2D morphologies, including
RNA nanosquares,149,150 are advantageous for certain biological appli-
cations, including drug delivery due to their molecular simplicity in
assembly and characterization. Larger 2D origami structures can
exhibit significant strain and floppiness in solution, making solution
size and shape difficult to predict.151 This inherent flexibility of large
2D NANs can be harnessed to facilitate biodistribution in narrow pas-
sageways such as those of the kidney.152

NANs are considered 3D when multiple layers of helices are uti-
lized, or the structure is designed with a polyhedral framework with a
defined length, width, and depth. The motifs utilized in 3D NAN con-
struction are similar to 2D, with consideration for depth to form
framework polyhedrons, hollow nanocontainers, or dense 3D objects
as shown in Fig. 6(b). A wide range of 3D polyhedral NA nanopar-
ticles have been demonstrated ranging from framework tetrahe-
drons,66,153 cubes,61,154 and octahedrons155,156 comprised of DNA or
RNA through larger origami structures, including the icosahedron.2

Dense 3D origami objects with enhanced rigidity and compactness,
such as rods and bricks,157,158 have also been demonstrated in biologi-
cal applications. Use of 3D nanostructures is advantageous for most
biological applications due to nanoparticle-like properties in addition
to enhanced transport properties and structural stability. More com-
plex 3D nanodevices, such as a DNA origami pH-controlled nanocap-
sule159 or nanorobot,160 have not yet been utilized in biomedical
applications but have significant potential for future applicability.

The morphological building blocks of the 2D and 3D nanostruc-
tures can be controlled to tune expected in vivo fate outcomes. Thus
far, there are several structural motifs that have generally been linked
with more favorable in vivo outcomes as shown in Fig. 6(c). Stabilizing
modifications, including use of multiple helix layers69 or increased
numbers of interhelical crossovers,161 are also linked with prolonged
in vivo lifetime.56 As such, compact 3D dimensional structures are
more likely to achieve higher rates of cellular internalization with
improved nuclease resistance over similar 2D or wireframe architec-
tures.158 Minimizing accessible single-stranded loops results in pro-
longed stability as demonstrated through the closed topology of a
DNA nanoswitch.162 Increasing the thermodynamic stability of the
component strands through use of RNA instead of DNA or through
XNA modifications, including 20-OMe, L-DNA, or LNA, can further
enhance the structural integrity which may lead to more favorable
in vivo outcomes.51

In addition to discrete 2D and 3D NANs, dynamic structures
that can change shape or topology in response to a stimulus are attrac-
tive for biological applications, including biosensors and drug deliv-
ery.163 These structures are complex in design and feature multiple
modifications for coordinated functions. One prominent example of a
dynamic DNA origami nanorobot platform for drug delivery27 is illus-
trated in Fig. 6(d). The nanorobot is assembled first as a rectangular
sheet through DNA origami annealing and loaded with thrombin
cargo for cancer therapy. The structure is then folded into a tube
through fastener strands in combination with nucleolin-binding
aptamers to protect the cargo on the interior. In response to binding
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with the tumor vessel biomarker nucleolin, the tube opens to expose
the interior cargo. This particular opening-based delivery strategy has
also been utilized in a number of 3D nanocontainers, including DNA
origami boxes164,165 and nanocapsule robots.159,160 Dynamic NANs
can be actuated between states in response to analytes, such as
pH,18,60,166,167 metal ions,60,166 proteins,168 and target NA sequences
through toehold-mediated strand displacement.169,170 Physical stimuli
can also induce coordinated motion in NANs, such as through
changes in temperature,171,172 photoirradiation,173–175 and magnetic176

or electric177 fields. While many of the dynamic NA structures have
been thoroughly evaluated for performance in vitro, limited studies
have been conducted looking into how the incorporation of moving or
changing parts affects the resulting stability and fate in vivo. One study
from the Graugnard group demonstrated that the topology of a
dynamic NAN influences the lifetime in human serum due to differ-
ences in nuclease accessibility between open and closed states.178

Further research is needed to elucidate the impacts of structural com-
plexity and topology in dynamic NANs in order to predict how such
features impact in vivo fate.

Hybrid NANs featuring a mix of DNA or RNA with XNA com-
ponents have been developed with the goal of use in biological applica-
tions for improved physical stability, enzymatic resistance, targeting,
or activity in biological systems. For example, a DNA nanosuitcase
with LNA insertions, hexaethylene glycol spacers, and loaded siRNA
cargo demonstrated enhanced nuclease stability in addition to favor-
able cargo release profiles in fixed cells.102 In another study, tetrahedral
structures comprised of L-DNA or DNA with 20OMe or 20F

modifications were developed for siRNA delivery and demonstrated
in vivo.179 Additional NANs constructed using XNAs have been
reported with characterization data, including tetrahedra and octahe-
dra made from 20F-RNA, FANA, HNA, and CeNA,105 and 4WJ struc-
tures made of GNA, TNA, or PNA.142,180 There is an extensive review
that discusses the structural diversity of hybrid duplex structures with
at least one strand being entirely composed of XNA.78 However, there
have been limited studies regarding the biostability and application of
all XNA or XNA hybrid nanostructures. As future studies are required
to elucidate generalized trends for in vivo fate in these XNA-based
nanostructures, our review will focus on the DNA and RNA discrete
NANs as discussed above with XNA modifications highlighted as a
promising area for future studies.

C. Modification strategies for tailored biological
applications

Nanomaterials comprised of solely structural NAs exhibit limited
utility for biological applications and can experience issues with stabil-
ity and toxicity. As such, NANs designed for in vivo use often contain
one or more modifications with NA or non-NA materials primarily to
enable (1) performed functions, (2) structural protection, or (3) trans-
port facilitation.42 Advances in the diversity of synthetic methods
available to modify NAs have enabled a wide range of functionaliza-
tion strategies. Specific chemical methods utilized to modify NAs for
nanotechnology have thoroughly been reviewed by Madsen and
Gothelf.4 Furthermore, functional modification strategies and

FIG. 6. Overview of the morphological features of NANs used in biological applications. NANs can be assembled in 2D (a) or 3D (b) morphologies depending on the desired
goals of stability and size. (c) Structural features linked with improved stability include increasing helix layers, increasing the number of strand crossovers, restricting topology
to minimize single-stranded overhangs, and using NA analogs with higher melting temperatures. (d) An example of the assembly of a complex dynamic NAN in the form of a
shape-changing DNA origami tubular nanorobot for delivery of a thrombin cargo following nucleolin binding in tumor microvasculature. Part (a) reproduced with permissions
from Khisamutdinov et al., Nucleic Acids Res. 42, 15 (2014). Copyright 2014 Oxford University Press, licensed under a Creative Commons Attribution (CC-BY) license and
Jiang et al., Nat. Biomed. Eng. 2, 865–877 (2018). Copyright 2018 Springer Nature. Part (b) reproduced with permissions from Li et al., Adv. Mater. 28, 34 (2016). Copyright
2016 John Wiley and Sons; Høiberg et al., Biotechnol. J. 14, 1700634 (2018). Copyright 2018 John Wiley and Sons; Bastings et al., Nano Lett. 18(6), 3557–3564 (2018).
Copyright 2018 American Chemical Society; and Ij€as et al., ACS Nano 13(5), 5959–5967 (2019). Copyright 2019 American Chemical Society, licensed under a Creative
Commons Attribution (CC-BY) license. Part (d) is modified with permission from Li et al., Nat. Biotechnol. 36, 258–264 (2018). Copyright 2018 Springer Nature.
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approaches to mitigate nuclease resistance have been detailed in
reviews by Kizer et al.181 and Chandrasekaran56 among others.32,42

Herein, we will briefly describe some examples of the modification
strategies and components that are utilized to prepare functional NA-
based nano-constructs for biological applications.

One of the most commonmodifications to NA nanoarchitectures
is to incorporate components that are designed to perform specific
functions ranging from delivery of therapeutic cargo to stimuli
response as shown in Fig. 7(a). Functional NAs, such as aptamers,182

siRNA,183 and CpG184 motif oligonucleotides, have been incorporated
into NANs to enact targeted binding, gene silencing, and immunosti-
mulatory properties, respectively. Non-NA cargoes have also been
loaded onto NANs for delivery of therapeutics ranging from small
molecules like doxorubicin185 to larger moieties, including peptides
and proteins.186,187 Covalent attachment of optically active materials,
such as fluorophores, radiotracers, and gold nanoparticles, is used to
enable image-guided tracking of NANs in vivo, as well as to administer
photothermal therapy.188–190 Additional functional elements can be
incorporated to make structures responsive to stimuli, including pho-
tocleavable linkers,175 pH-responsive nanoswitches,18,166,167

aptamers,182 and strand-displacement reactions.191 By incorporating
one or more of these functional elements in addition to adding protec-
tive or trafficking modifications, researchers can design multi-
functional NANs for use as in vivo biosensors or responsive drug
delivery platforms.35,192,193

As NANs are prone to degradation through chemical, biological,
or mechanical means, strategies for stabilization through structural
protection are critical for in vivo applications. Three examples of struc-
tural protection strategies are depicted in Fig. 7(b). Surface coating
strategies, such as PEGylated oligolysine,194,195 dendritic oligonucleoti-
des,196 cationic polymers,197 peptoids,198 and proteins, aim to protect
NANs from nuclease degradation and disassembly. Strand-based
modifications including terminal groups, such as hexaethylene gly-
col162 or use of XNA motifs,51,199 further improve biostability of
NANs. Additional approaches such as encapsulation of a D-NAN in a
PEGylated lipid bilayer to achieve a “virus-like” morphology200 show
promise for preventing nuclease digestion in addition to decreasing
immune activation while increasing circulation lifetime. Strategies to
mitigate chemical and mechanical instability in addition to nuclease

resistance of NANs include cross-linking or ligating component
strands as well as silica coatings.201–204 When deploying protection
strategies, researchers must find a careful balance stability in one
aspect with instability or reduced performance in another area. For
example, while lipid encapsulation and PEG-based coatings can effec-
tively protect the NAN from nuclease degradation, there may be unde-
sired physiochemical profiles or reduced accessibility for ligand or
antigen interactions.178,205 Furthermore, while increased helical cross-
overs can greatly stabilize DNA origami to nuclease degradation, this
comes at penalty of reduced ionic stability under low-Mg2þ conditions
due to lower structural malleability.206

There are several approaches to equip NANs with functional
components that facilitate transport to application-specific destina-
tions inside of biological systems with examples shown in Fig. 7(c).
Aptamers, signal peptides, and other moieties like folate can be used to
traffic the NAN to engage with specific cellular receptors for targeted
delivery.186,207,208 Hydrophobic modifications such as dendritic alkyl
chains on a DNA nanostructure have been used to bind with human
serum albumin for transport and increased serum stability.209

Integrating cholesterol into NANs is a strategy to regulate binding
with lipoproteins210 in the blood in addition to enabling tethering or
embedding of structures in lipid bilayers for membrane-localized
applications.211,212 Furthermore, increased efficiency of cellular uptake
has been controlled using cholesterol213 or viral capsid proteins55

among other moieties. When incorporating ligands for targeting or
functional applications, it is important to note that the valency, linker
length, and receptor accessibility are critical to ensure that the struc-
tures are practical and efficient.187,214,215

IV. CHARACTERIZATION TOOLS AND SUMMARY
OF NAN ANALYSIS TECHNIQUES

In the development of technology intended for use in a living sys-
tem, in vitro characterization is used as a predictive tool for in vivo per-
formance. There are a variety of accepted methodologies and
analytical techniques that can be used to evaluate the structure and
performance of assembled NANs. Herein, we will narrow our focus to
some of the most utilized techniques for validating NANs and place
particular emphasis on the methods that offer translatable information
prior to biological applications.216 Notably, there are many other tech-
niques that can be used for NAN analysis in vitro and more

FIG. 7. Examples of functionalization strategies to improve biological properties of NANs. Modifications to the NAN architecture can be utilized to (a) enable specific functions,
such as imaging or stimulation of the immune system, (b) protect the structure from degradation, and (c) facilitate transport to the intended biological location. Part (a) repro-
duced with permissions by Jiang et al., ACS Appl. Mater. Interfaces 8(7), 4378–4384 (2016). Copyright 2016 American Chemical Society; Veneziano et al., Nat. Nanotechnol.
15, 716–723 (2020). Copyright 2020 Springer Nature; and Li et al., ACS Nano 5(11), 8783–8789 (2011). Copyright 2011 American Chemical Society. Part (b) reproduced with
permission by Kiviaho et al., Nanoscale 8, 11674–11680 (2016). Copyright 2016 Royal Society of Chemistry, licensed under a Creative Commons Attribution (CC-BY-NC)
license; Kim and Yin, Angew. Chem., Int. Ed., 59, 700–703 (2019). Copyright 2019 John Wiley and Sons; and Perrault and Shih, ACS Nano 8(5), 5132–5140 (2014). Copyright
2014 American Chemical Society. Part (c) reproduced with permission from Whitehouse et al., Bioconjugate Chem. 30(7), 1836–1844 (2019). Copyright 2019 American
Chemical Society; Sakai et al., Genes 9, 571 (2018). Copyright 2018 MDPI, licensed under a Creative Commons Attribution (CC-BY) license; and Xia et al., Biochemistry
55(9), 1326–1331 (2016). Copyright 2016 American Chemical Society.
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information on those techniques can be found elsewhere.217 As a gen-
eral guideline provided by Lacroix and Sleiman,5 it is recommended
that every new structure should be systematically studied for under-
standing the: (1) thermal stability by a melting temperature assay, (2)
chemical stability by analyzing structural integrity in various buffers,
and (3) biological stability in relevant enzyme-containing media, in
addition to assessing (4) the morphological features. Furthermore,
assays and simulations to understand cellular interactions, immunoge-
nicity, clearance, and biological functions can facilitate greater under-
standing of the performance potential of a particular NAN.26

A. Analyzing NAN morphology and physical properties

The standard method to validate structure assembly according to
designed specifications is through gel electrophoresis, sometimes
referred to as an electrophoretic mobility shift assay (EMSA). For
NANs built from several oligonucleotides, such as framework polyhe-
drons, a stepwise assembly experiment is often performed to show
cooperative hybridization of each combination of component strands.
The complete structure should consist of a single band as the stable
thermodynamic product, although bands representing combinatorial
intermediates or branched aggregates can form as kinetic endpoints.138

For these oligonucleotide-based structures, precise control of stoichi-
ometry and buffer composition is critical to maximize yield of the full
structure. For NANs formed using the origami folding method, gels
demonstrate full conversion of the scaffold strand into a uniform
product band to optimize assembly conditions. As with oligo-based
assemblies, kinetic traps can form intermediate structures as secondary
products. However, due to the limited resolving power of gels, high-
resolution imaging techniques and other methods are required to
identify if any of the annealed products match the designed molecular
topology.

There are several morphological features of assembled NANs
that are critical to verify prior to application in terms of the nanostruc-
ture size, shape, and surface charge. Bulk sample measurement techni-
ques, such as dynamic light scattering (DLS), can be used to assess the
hydrodynamic size distributions of larger NA nanoparticles (>10nm)
and detect the presence of aggregates. Although easily accessible, DLS
measurements may not always be reliable as they are sensitive to tem-
perature and solvent viscosity and often struggle to distinguish mole-
cules that are similar in size (e.g., monomer from dimer).218 Use of
zeta potential measurements can additionally aid in confirmation of
the presence of any charge-modifying coatings, such as PEG or dex-
tran.219 Additional methods based on optical, separation, or biophysi-
cal characterization can be utilized to confirm the presence of
incorporated modifications, such as fluorophores or ligands into the
component NAs or structure populations. Advanced molecular imag-
ing techniques are required in order to directly assess the shape and
size of individual NANs. Atomic force microscopy (AFM) is utilized
most frequently to probe the morphologies of individual structures
that are typically dried onto a substrate surface, which affects the con-
formation, although advances in liquid-mode have made it possible to
image hydrated nanoassemblies.220 While AFM can be one of the
most powerful morphological assessment methods for NANs, access
to instrumentation can be limited and a significant barrier to attaining
high-quality images exists for inexperienced researchers. Transmission
electron microscopy (TEM) has also been used for analysis of larger

structures that have been stained with an electron-dense material,
such as uranyl formate and possibly metal nanoparticle labels.221

The physical properties of a nanostructured morphology further
offer critical insight into the practical application of a NAN design.
Melting curve analysis is a simple and practical approach to assess the
thermal stability of a NAN through absorbance222 or fluorescence223

monitoring in a thermal cycler or by thermophoresis.224 This process
to determine the melting point of a structure yields insight into the
temperature at which the majority of the structure exists as unhybri-
dized domains and is a useful metric for assessing stability and opti-
mizing annealing protocols. Recent advances in data processing
methods have demonstrated improved melting curve precision for
topology-specific origami analysis.225,226 Additional techniques for
probing fundamental NAN mechanical properties often require highly
skilled technicians, although these methods can measure force-
extension, rigidity, elasticity, and other significant mechanical proper-
ties through AFM or optical and magnetic tweezers experiments.227,228

For example, these techniques have been used to investigate the elastic-
ity of DNA- and RNA-based nanosquares229 and demonstrate that
RNA and DNA exhibit different elasticity230 and helical twist231

responses. Computational methods have also been applied to a limited
subset of DNA motifs to predict the stiffness of domains using coarse-
grained and atomistic molecular dynamics simulations.232,233

B. Examining NAN stability and interactions
in biological systems

The structural integrity of NANs under application specific
in vitro buffer conditions is commonly assessed in bulk using gel elec-
trophoresis as a simple and straightforward approach to track extent
of degradation. Validation of specific structural changes upon destabi-
lization can be assessed using a morphology confirmation technique,
such as AFM or TEM imaging.234,235 For example, through these tech-
niques, it has been shown that DNA origami triangles and helix bun-
dles (6HB, 24HB) can remain intact in several Mg-free buffers145

while the presence of EDTA, chaotropic agents, and other ionic species
can compromise NAN stability by mechanisms that can be difficult to
predict based on the topology of the structure.144 When assessing sta-
bility of biologically-derived materials in vitro, gel-based analysis can
provide an efficient approach to monitor degradation by specific
enzyme treatments (e.g., DNaseI) or low concentrations of biofluids
such as 10% fetal bovine serum (FBS).236 It is typical to extract NANs
from complex or concentrated biofluid matrixes prior to analysis by
gel or AFM methods due to the high background signal from the
matrix that can interfere with data collection and interpretation.235 If
intercalating dyes or conjugated F€orster resonance energy transfer
(FRET) dye pairs are used to label the structure, fluorescence can be
used to track the kinetic profile of NAN degradation by the loss of sig-
nal over time during biofluid incubation.178 Recently, a label-free
approach was demonstrated by our group using size exclusion chro-
matography (SEC-HPLC).237 With this method, the degradation pro-
file of a DNA tetrahedron in high concentrations of biological matrix,
up to 50% human serum, was achieved through a ratiometric data
analysis technique.237 Further advances in separation methods or mul-
timodal analytical techniques will improve the efficiency of in vitro sta-
bility analysis and expand the set of conditions that can be screened in
the NAN development process.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 10, 011304 (2023); doi: 10.1063/5.0121820 10, 011304-11

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/are


Probing the structural stability and interactions of NANs in live
cells requires a different set of characterization techniques than the
bulk biofluid methods due to the relevance of spatial context in the cel-
lular milieu. The standard technique for directly assessing cell mem-
brane interactions and internalization of NANs is fluorescence
microscopy (FM) by colocalization of the tagged analyte with the
intact stained cells and readout using a minimum of two spectrally dis-
tinct fluorophores.238 For example, a method to study lysosomal deg-
radation of NANs within the coelomocytes of C. elegans was
demonstrated by FM monitoring.239 Time-lapse live cell imaging by
confocal laser scanning microscopy (CLSM) can further aid in real-
time monitoring of uptake kinetics or release of cargo over timescales
of seconds to minutes.185 While these methods are powerful in prob-
ing real-time kinetics of uptake, it is important to consider that labeled
degradation products could yield false signals by CLSM,240 and it is
analytically challenging to distinguish the uptake of intact from
degraded NANs by this method. Recently, an advanced technique
using three-color FRET monitoring by CLSM following single-cell
microinjections demonstrated stability assessment of NANs in the
cytosol, independent of cell uptake dynamics.241 Cellular internaliza-
tion and intracellular trafficking of DNA origami has also been studied
using gold nanoparticle labels to enable visualization by TEM on the
single cell level.242 Further method development for direct study of
NANs in cells will improve understanding of uptake and cellular traf-
ficking destinies.

Sample processing is often a necessary step before characterization
techniques can be used to evaluate the stability, uptake, and interactions
of NANs within bulk cell populations and tissues. CLSM can be used in
conjunction with flow cytometry to monitor internalization efficiency of
different cell types quantitatively.158 Immunohistochemical methods in
combination with CLSM enable analysis of fluorescently labeled NA
nanostructures in tissues.157 Further techniques probing cell lysates can
offer indirect insight into stability and uptake profiles. For example,
analysis of uptake of a DNA octahedron nanocage was performed by
gel electrophoresis, following extraction of DNA from cell lysates and
secondary labeling by biotin–streptavidin dot blot staining.243

Furthermore, quantitative real-time polymerase chain reaction (qPCR)
can be used to quantify the number of intracellular DNA origami struc-
tures.244 Emerging analytical techniques applied to NA nanotechnology
studies, such as proteomic profiling, have begun to pinpoint interactions
between NANs and specific proteins in the cellular and biofluid envi-
ronment.245 Computational approaches using dissipative particle
dynamics and molecular docking simulations serve as additional tools
to probe interactions between NANs and cell membrane proteins238,246

as well as predict mechanistic interactions between NANs with ligands
and cargo, to better inform delivery mechanisms.247,248

C. Contextualizing in vitro characterization results
toward in vivo applications

The resulting data from all in vitro characterizations of NA nano-
structures must be carefully considered in the context of relevant con-
trols before cross-work comparisons can be made and predictions of
in vivo fate can be drawn. This is particularly important when moving
to animal studies which require that the in vitro characterizations
should be performed under relevant physiological conditions. To high-
light this point, Graugnard and colleagues demonstrated that the use
of in vitro test media such as FBS for examining nuclease susceptibility

of DNA nanostructures grossly underestimates the viability of these
structures in human-derived biofluids.178 In addition, there is often an
inaccurate assumption that NANs shown to remain intact in serum
can remain intact until they reach the targeted site in vivo, considering
cell clearance pathways and other mechanisms of biotransformation.
Furthermore, despite the wide array of methods and strategies avail-
able for characterizing NAN properties, there still remains a lack of
standardized protocols249 and validation of these techniques across a
wide array of morphologies. Differences in analysis protocols, reported
performance metrics, and model systems present as major hurdles
toward moving the field forward.5 With this information in mind, vali-
dation of new NAN designs should proceed with the end application
always in sight, applying careful selection of appropriate controls and
metrics for reporting the resulting data.

V. INSIGHT INTO THE IN VIVO FATE OF NUCLEIC ACID
NANOSTRUCTURES

The ultimate fates of NA platforms in vivo are contingent on the
connection between the biophysical and structural properties of the
NANs as they interact with biological components that impact their
structure and its intended function. The complete picture of the trans-
port pathways for NA-based materials is emerging and complex, but it
is clear that NANs are significantly altered by the conditions of physio-
logical environments. While nuclease resistance is a fundamental con-
sideration for predicting susceptibility to degradation in vivo, there are
many additional factors that should be considered. In this section, we
aim to outline the current understanding of the in vivo journey of
NANs from administration through clearance. We will discuss how
factors such as animal model and cell types can set the course for dif-
ferent transport mechanisms and fates. Throughout each section, we
will offer insight into how the physiochemical properties of the NANs
impact each outcome. We will conclude with a reflection on morpho-
logical trends and suggestions for studies to fill the gaps in understand-
ing for future research.

A. In vivo entry: Route of administration and animal
model considerations

The in vivo journey begins when a NAN is first introduced into
an organism. The route of administration sets the course for the initial
obstacles that NANs must overcome through different transport path-
ways.250,251 The most common delivery method used in NAN research
is an intravenous (IV) injection into the tail vein of a mouse. Notably,
IV introduction leads to NANs first encountering the bloodstream,
which can result in rapid clearance due to several biotransformation
events which will be discussed in detail in Secs. VB and VC.
Alternative routes of administration may be advantageous to consider,
depending on the disease model and application being studied. For
example, in a study of framework DNA tetrahedrons in a tumor
mouse model, transdermal administration resulted in high tumor pen-
etration and carrier efficacy with �75% of structures remaining intact
compared to IV injection which lead to rapid degradation and clear-
ance.43 Similarly, more localized site delivery of NANs through oph-
thalmic,252 intraarticular,253 or intrathecal254 routes may be beneficial
to bypass the circulation for targeted applications. As the IV injection
method is the most common approach to introduce NANs in vivo, it
will serve as the basis to guide our discussion of fate. The choice of an
animal model system is another consideration that will impact
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contextualization of the resulting data. The first studies for NANs
in vivo centered on I-switch DNA nanostructures in Caenorhabditis
elegans, a roundworm.18,255 This model is advantageous as it enables
the user to track real-time fluorescence signals as the NANs traverse
throughout the transparent organism, although the resulting data may
not be directly translatable to mammalian systems. As the most com-
mon animal studied is a mouse, our discussion of in vivo fate will be
centered around data from mouse models. Other animal models that
have been used in NAN performance or toxicity studies include cock-
roaches,256 rats,254 and miniature pigs.27

B. Degradation: Extracellular nucleases
and physiological conditions

The biochemical composition of biological fluids presents a
major barrier to the structural integrity of NANs in vivo. Physiological
conditions, such as low salinity, low Mg2þ concentration, and body
temperature at 37 �C, can destabilize NANs through unfolding and
aggregation processes.95,144,145,257 The use of flexible and high cationic
charge density ions such as spermidine or poly-L-lysine (K10) have
been shown to improve physiological stability of DNA origami by sta-
bilizing the charge repulsions of closely packed helices.258 Design strat-
egies, such as a high density of helical crossovers,206 dendritic
oligonucleotide coatings,196 or use of XNA motifs,106 have further sta-
bilized NANs to unfolding in under low salt increased temperature
conditions. Furthermore, the presence of extracellular nucleases in bio-
fluids, such as blood, urine, and saliva, can severely compromise the
NA structure as demonstrated in Fig. 8(a). These endogenous nucle-
ases for DNA and RNA are indispensable for life functions such as
replication and repair as well as host immune responses, and function
through cleavage of the phosphodiester bonds in the NA backbone in
sequence-specific or nonspecific mechanisms.147 It is understood that
the folding of NA material into non-natural architectures itself confers
some degree of nuclease resistance over linear and single-duplex coun-
terparts.57,162 However, the NANs can still be accessible to rapid nucle-
ase digestion, in some cases leading to rapid structure degradation. NA
design strategies to improve structural stability as discussed in Sec.
III B in this context are typically achievable longer circulation lifetimes.
Furthermore, modification strategies to prevent enzymatic degrada-
tion of NANs as highlighted in Sec. IIIC are of critical importance,

and have been the subject of numerous studies198,200,239,259 and
reviews.56,260,261 As some nucleases utilize specific sequences in the
form of restriction sites or strand termini to degrade NA domains, it
has been shown that positioning these sites closer to three-way junc-
tions on the corners of a DNA tetrahedron can sterically restrict nucle-
ase access compared to a linear dsDNA domain.57 This implies that
stability of a NAN could be tailored to restrict or grant access to nucle-
ases to enhance or promote degradation depending on the applica-
tion.56,96 Generally, some strategy to mitigate nuclease digestion, such
as sequence modification, close-packed helices, cross-linking, XNA
strand incorporation, terminal group modification, or coating, will
likely be required in order to facilitate IV administration in vivo.
Furthermore, as nucleases are abundant in tissues of the pancreas and
kidney and present in other organs, including the liver, spleen, heart,
and thymus,262 a nuclease resistance strategy is important for main-
taining the designed structure throughout the biodistribution process.

C. Biotransformation: The protein corona

Biofluids contain an abundance of proteins that are known to
interact with and adsorb nonspecifically onto foreign materials. This
phenomenon, known as the protein corona, represents a complex
series of protein interactions with a nanomaterial surface in both
reversible and irreversible ways that can be challenging to understand
and predict.263,264 The composition of the protein corona is known to
directly impact the physiochemical properties of a nanomaterial as
well as transport, opsonization, cell interactions, endosomal escape,
and clearance mechanisms.265–268 In the broader nanomedicine field,
the chemical and biophysical signatures of the protein corona have
been studied to elucidate impacts on biological fate.269 It is understood
that inherent properties of nanomaterials, such as size, shape, and sur-
face functionalization, are known to have a direct impact on the popu-
lations of proteins that bind and interact in the corona.270–272 Protein
corona formation has been verified to occur on the surface of NANs,
as shown in Fig. 8(b). While characterization studies have expanded
over the past decade for a variety of nanomaterials, the impacts of the
protein corona on NANs are still emerging. It is known that larger
DNA structures show higher comparative abundances of proteins on
their surface when incubated in serum, as demonstrated in a proteo-
mics study by Xu et al.273 In that study, the populations of proteins
that adsorbed electrostatically were not of a particular charge type and
were shown to vary depending on the health status of the serum
donor. This suggests that NAN protein corona formation, and thus,
in vivo fate of NANs may vary widely when different materials are
administered to different groups of subjects.273 Thus, it may be even
more challenging to predict in vivo fate than previously thought.

Several studies have explored the use of functionalization strate-
gies to direct NAN interactions with biofluid proteins to achieve mod-
ulation of transport properties. For example, modification of the
terminal ends of a DNA cube with dendritic alkyl chains resulted in
high affinity binding to human serum albumin.209 Similarly, binding
to albumin proteins has been achieved with PS-XNA modified oligos
in antisense oligonucleotide applications as a result of the increase in
strand hydrophobicity.274 These strategies could be used to better
understand the impact of the protein corona on NAN transport, as
well as serving as a hitchhiking mechanism to prolong circulation
half-life. Tuning the NAN surface properties can also serve as a strat-
egy to prevent the corona formation. For example, the use of

FIG. 8. Two primary challenges faced by NANs in the bloodstream are nuclease
degradation and formation of a protein corona. (a) NANs are susceptible to cleav-
age by endogenous extracellular nucleases in blood and other biofluids. (b)
Proteins within the blood interact with and adsorb onto the surface of NANs based
on hydrophobicity and charge properties in patterns that are often challenging to
predict.
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polythymidine (polyT) ssDNA overhangs on a DNA origami rod was
demonstrated to inhibit protein binding.273 Alternative coatings as
well as chemical and sequence modifications may offer additional ben-
efits for protein corona modulation, although work in this area is cur-
rently limited.26,275 One important consideration regarding the
protein corona and its impact on NAN performance has been demon-
strated by Smolkova et al.268 In this work, they established that the
endosomal escape efficacy of an peptide-functionalized D-NAN can
be significantly inhibited if structures were first incubated in a serum-
containing medium.268 Thus, careful consideration and analysis of
biomolecular interactions with NANs should be utilized in moving
platforms forward toward in vivo studies. The formation of a protein
corona could be advantageous to increase circulation lifetime by
hiding a NAN from degradation or immunosurveillance or it could be
detrimental by altering the intended functions of the structure. Future
studies in this realm would be beneficial to elucidate trends in forma-
tion and improve prediction of the biological fates of NANs.

D. Interactions with cells: Mechanisms of uptake

NANs can interact with cell membranes through both receptor-
mediated and non-receptor mediated pathways, leading to cell
stimulation and uptake. Understanding the mechanisms of NAN
interactions with cells an area of great interest because it informs our
understanding of how biological behavior can be tuned using synthetic
approaches for targeted applications.31,33,276–278 For an in-depth
summary of biophysical phenomena governing DNA nanostructures
interacting with cell membranes and subsequent applications, readers
are directed to a comprehensive review by the Taylor group.212

Herein, we will summarize these phenomena from the morphological
perspective of the uptake of multidimensional NANs designed for
in vivo applications.

Unmodified single strands of NAs are unlikely to be internalized
by cells as a result of electrostatic repulsions with the cell membrane
and early macrophage-mediated removal upon administration.279,280

Transfection agents, such as lipofectamine, are typically used to deliver

gene-length NAs into cells in vitro; however, NANs are able to enter
cells without the need of transfection agents.281 It is hypothesized that
the compact 3D geometry of NANs enables cell entry through one of
several active internalization pathways as shown in Fig. 9(a). For
NANs internalized without targeting ligands, the specific uptake path-
way is directed by parameters such as the morphology and surface
functionalization of the structure, as well as the physiological condi-
tions, including cell type.278 The biophysical processes that facilitate
nonspecific entry of D-NANs into a variety of cell types has been
investigated both experimentally and computationally.242,246,282 A
group of membrane-bound proteins, known as scavenger receptors
(SRs), are known to play a critical role in mediating the endocytotic
entry of polyanionic substrates, such as D-NANs.157,283 Higher rates
of internalization through SR binding are associated with higher sur-
face polyanionic density and lower levels of serum protein opsoniza-
tion.284 For geometric 3D structures such as a DNA tetrahedron,
“corner attack” engagement with SRs including LOX-1208,243,285 mini-
mizes electrostatic repulsion compared to interactions at one of the
faces of the shape, leading to a lipid charge redistribution process that
facilitates cell entry.246,282 Similarly, for long, tubular D-NANs, cell
entry is permitted by first engaging with surface SRs in the longitudi-
nal orientation, followed by rotation to the narrowest transverse orien-
tation to enter narrow endosomal vesicles with minimal electrostatic
repulsion.242 Following surface receptor engagement, NANs undergo
one of several mechanisms of uptake through endocytotic and non-
endocytotic processes.

One of the most commonly reported cellular uptake process for
NANs is through caveolin-mediated endocytosis (CVME).278,286 This
is an active pathway associated with receptor-dependent, nonspecific
entry of negatively charged particles and occurs primarily in epithelial
and fibroblast cells.269 Upon recognition of cargo through multivalent
binding to LOX-1 or other SRs, “flask-shaped” pockets form in the
membrane composed mostly of the caveolin-1 structural protein.287

Studies of the entry mechanisms of viral particles have revealed that
caveolar vesicles are flask shaped with a 10–50nm neck and 60–80nm
base,288 suggesting a potential size cutoff or orientation requirement

FIG. 9. (a) An overview of mechanisms of cell internalization utilized by NANs. (b) The efficiency and extent of uptake can be enhanced due to modifications to the NAN mor-
phology, such as increasing the compactness, size, and 3D-character. Functional modifications, including cholesterol or other hydrophobic moieties, cationic proteins,
aptamers, or cell penetrating peptides, can further increase uptake. Part (b) is modified with permissions by Bastings et al., Nano Lett. 18(6), 3557–3564 (2018). Copyright
2018 American Chemical Society; Wang et al., J. Am. Chem. Soc. 140(7), 2478–2484 (2018), Copyright 2018 American Chemical Society; and Zeng et al., J. Mater. Chem. B
6. 1605–1612 (2018). Copyright 2018 Royal Society of Chemistry.
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for cargo entry through this mechanism.238 Once internalized in the
cell, caveolar carrier vesicles containing cargo typically fuse with early
endosomal compartments and the cargo proceeds down the endo-
lysosomal degradation pathway. Deviation from this classical pathway
can occur upon recognition of certain ligands to direct caveolar
vesicles to fuse with caveosomes for intracellular trafficking to the
organelles, such as the endoplasmic reticulum, although the underly-
ing mechanisms are not well understood.289 Another reported uptake
mechanism for NANs is through clathrin-mediated endocytosis
(CLME). Binding of molecular cargo to proteins in clathrin pockets of
mammalian cell membranes leads to formation of acidic clathrin-
coated pits that internalize the cargo into the cell in the form of
clathrin-coated vesicles.290 These vesicles then disassemble from the
clathrin coat and fuse together with early endosomes to follow the
endo-lysosomal degradation pathway.278

The specific internalization pathway that NANs proceed through
is governed by physiochemical properties of the cargo in addition to cell
type, although there are some uncertainties in establishing a central
pathway in the NA nanotechnology community. For example, several
studies have reported that D-NANs of a variety of shapes and sizes
from small framework polyhedral to large DNA origami rods are inter-
nalized through primarily CVME mechanisms as tracked in HeLa
cells.238,242,291 Alternatively, a recent study validated that CLME is
responsible for uptake of several framework DNA polyhedra in a variety
of cell types, spheroid models, and an in vivo zebrafish model.292 Other
studies suggest CLME is the dominant mechanism, particularly when
CVME pathways are inhibited or not,293 or cargo such as siRNA and
spermidine are included.294 Variations in experimental conditions
including the use of controls and characterization techniques for uptake
tracking are likely a significant cause of discrepancies in uptake mecha-
nisms between studies.249 Future cross-study validation of structures
and techniques are needed to further assess dominant pathways, which
will be critical to inform the intracellular destinies of internalized NANs.

Additional mechanisms for cell entry of NANs that are less com-
monly studied include caveolin- and clathrin-independent endocytosis
(CIE), phagocytosis, and micropinocytosis. Internalization of cargo
through CIE processes such as through lipid raft formation may occur
in a variety of cell types, although exact mechanisms and applications
to NANs are limited.278 Phagocytotic uptake by macrophages is typi-
cally observed for particles greater than 250nm, especially for NANs
coated with a protein corona and subsequently opsonized for
immune-mediated removal by the reticuloendothelial system
(RES).278 Macropinocytosis (MP) is a process driven by actin-rich
membrane protrusions that engulfs usually larger particles and facili-
ties transport to the lysosome in cell-type specific mechanisms.278 The
role of this process in NAN uptake is not known, although there is evi-
dence that DNA tetrahedra can be internalized through sorting nexin
five protein-mediated MP, particularly when caveolin-mediated entry
is blocked,245 and the use of an AS1411 aptamer can facilitate MP
uptake of tetrahedra in cancer cells.295

Parameters, including cell type and NAN morphology, surface
charge, hydrophobicity, and use of targeting ligands, are known to
directly impact the efficiency and rate of cellular uptake, as shown in
Fig. 9(b). Regarding cell type, immune cells and dendritic cells that are
inherently designed to recognize and respond to foreign material will
internalize NANs at a higher rate than epithelial cells that are designed
to serve as protection barriers.158,181 Concurrently, immune cells have

higher expression levels of SRs on their surfaces,283 which are primar-
ily utilized by NANs in cell entry. These SRs are also highly present on
the surface of inflamed cells and cancers, which serves as an additional
factor to explain why NANs can exhibit preferential tumor uptake in
addition to the EPR effect.296 The morphology of a NAN is known to
facilitate differential interactions with cells through modulation of cel-
lular internalization biophysical processes. Through screening studies
of various DNA origami objects, it has been demonstrated that larger
structures with more compact domains such as bricks157 and barrels
will exhibit a higher extent of cell uptake compared to less compact
rods and rings of similar mass in various epithelial and cancer cells.158

However, in a separate work comparing tetrahedral and rod-like
geometries on small (233–240 kDa) and large (3.7–3.9 MDa) scales,
the larger structures were more readily internalized in human cancer
cell lines with rod-like structures favored presumably due to stronger
membrane interactions.242 As seen with the cell uptake mechanism
studies, the use of different experimental methods may be a source of
this shape trend discrepancy,249 but these results could also represent
interesting variations in internalization dependent on cell type. The
rigidity of the NAN is also likely to influence the degree of internaliza-
tion as demonstrated by a 3D DNA origami triangle exhibiting more
efficient uptake in breast cancer cells compared to planar 2D rectangle
and cross shaped origami structures.185 Regarding smaller framework
NANs, DNA tetrahedrons studied in HeLa cells over the range of
13–37 bp edges (10–280nm3) exhibit nearly size-independent trends
in uptake efficiency.286 Similarly in adipose stem cells, TDNs with
edges from 7 to 37 bp (�2–13nm) showed nearly size-independent
uptake, although TDN-21 showed increased internalization compared
to the other sizes.297 Across this smaller NAN size range, tetrahedral
geometries are considered more favorable to cell entry than prisms or
cubes,292 perhaps due to favorable corner-mediated entry processes.282

The efficiency of cellular uptake can be improved through several
functionalization strategies,212 including surface charge modulation or
use of hydrophobic moieties or targeting ligands. Electrostatic coatings
with cationic complexes, such as virus capsid proteins,55 have been
shown to increase internalization efficiency of D-NANs. Hydrophobic
modifications, such as cholesterol, can be used to anchor NANs into
the lipid bilayers of the membrane for applications as nanopores298 or
for prolonged imaging applications.299 This anchoring strategy with
cholesterol can also improve the uptake efficiency of D-NANs that are
not readily internalized.213 Use of cell-penetrating peptide ligands has
been used to increase cell entry of DNA and PNA conjugates through
receptor-mediated endocytosis.186,300 Further targeting applications
using can direct interactions with specific cell types,207,301 such as the
use of a MUC1 aptamer to target MCF-7 epithelial cancer cells.302,303

Use of transferrin conjugates has also been demonstrated in planar
DNA origami to increase entry into KM carcinoma cells.304 Notably,
functionalization strategies may be a requisite for neutral X-NANs to
facilitate internalization as there is evidence that they are unlikely to
enter cells without a delivery mechanism or carrier, such as incorpora-
tion into a DNA tetrahedron.25 However, due to limited studies of
NANs comprised of only XNAs, it is unclear if specific morphologies
may be developed to facilitate intracellular delivery.

E. Inside the cell: Endo-lysosomal pathways

The specific mechanism of internalization involved in cell entry
of NANs sets the course for the fate of NANs inside the cell. Following
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endocytotic vesicle internalization and fusion, many framework struc-
tures can remain stable in the vesicles for several hours.305 If cargo
entry was facilitated through CVME, the structures engage with recep-
tors and undergo a sorting process to either the endo-lysosomal degra-
dation pathway, fusion with caveosomes for organelle delivery278 or
recycling back to the cell surface (i.e., endosomal escape)306 as shown
in Fig. 10(a). Following CLME or other receptor-mediated entry pro-
cesses, the NANs are processed through the endo-lysosomal pathway.
In this process, endocytotic vesicles fuse to form early endosomes
which contain low concentrations of available Mg2þ (0.25–1mM),285

so D-NANs without a stabilizing strategy may rapidly disassemble. As
the endosomes mature, fusion with acidic vacuoles containing lyso-
somal components such as degradative enzymes will transform endo-
lysosomes into the final lysosomes. The highly acidic and enzyme-rich
environment of the lysosome degrades NANs into component oli-
gos.242 Degraded materials can then be either released into the cyto-
plasm for reuse or trafficked out of the cell through exosomes. The
timescale of this process for NANs relates to the stability of the struc-
ture and cell type, although detailed molecular mechanisms are
unknown. While some structures are degraded rapidly in the lyso-
some, others such as a DNA icosahedron formed from framework
5WJ connections239 or crosslinked DNA origami structures285 can
sustain longer intracellular lifetimes. For NANs that are ultimately
digested in the lysosomes, the degradation process can be utilized as
an effective intracellular drug delivery mechanism for cargo that would
otherwise not be able to enter cells.307 However, it is important to con-
sider that since NAs are inherently genetic material, DNA nanostruc-
tures and their degradation products can be transcribed in cells.308 As
such, constituent sequences should be carefully screened to avoid
potential toxicities, although more work is needed in this area.309

Strategies for NANs to escape from the endo-lysosomal degrada-
tion pathway may be critical for sustaining longer bioavailability as
well as ensuring the NANs reach their target in vivo destinations.
Approaches for endosomal escape of NANs have been through func-
tionalization strategies. In one such example, researchers developed a
DNA-based 6HB with a protective poly-lysine (K10) coating and a
functional endosomal escape (EE) aurein 1.2 peptide.268 Notably,

while this K10-EE coating offered in vitro protection, formation of a
protein corona diminished the escape efficiency, suggesting such a
coating would not be effective if the structure was administered in
serum-containing media.268 Other strategies to escape the fate of lyso-
somal degradation include using alternative uptake mechanisms
entirely, such as dynamin-independent endocytosis through the use of
folate ligands,208 which avoids the lysosomal pathway, or localization
to specific organelles using signaling peptides.238 Further work is
needed to explore additional strategies to increase intracellular life-
times for NANs, perhaps drawing upon endosomal escape efforts
from the broader nanomaterial research community.310,311

F. Immune system interactions: Stimulation
and suppression

One of the major challenges in translating NA nanotechnologies
into further development for in vivo applications is the limited infor-
mation on the direct impact of NA materials on the immune system.58

It is well understood that introducing exogeneous materials into a liv-
ing system leads to varying levels of immunomodulation that ulti-
mately guide the resulting kinetics, dynamics, and toxicity profiles, all
of which are important to control.312 For example, immune stimula-
tion by NANs may be advantageous for researchers designing certain
therapeutic strategies but detrimental for in vivo biosensor platforms.
Thus, it is important to examine the current understanding of NAN-
based immunomodulation and strategies to control immune cell
interactions.313

Stimulation of the immune system by NA materials commonly
occurs intracellularly through endosomal receptor engagements, as
shown in Fig. 10(b). For DNA-based nanostructures, the most com-
mon pathway for immune system activation following internalization
is through recognition by endosomal toll-like receptor 9 (TLR9).
Inside the endosomal vesicles, TLR9 detects unmethylated cytosine-
phosphate-guanine motifs (“CpG motifs”), which are prominent in
the genomes of bacteria and viruses.52 Macrophages can recognize
long DNA strands with CpG motifs and endocytose them as a protec-
tive strategy against foreign genetic material.280 In response to CpG

FIG. 10. (a) The intracellular fates of NANs can follow one of several pathways, with the primary route following caveolin-mediated endocytosis as the endo-lysosomal route to
degradation. Alternative routes (in gray) include functional trafficking and endosomal escape to the cytoplasm, which are modulated by the NAN morphology and functionaliza-
tion. (b) Immunomodulation in the endosome occurs through toll-like receptors specific to DNA and RNA, leading to the production of proinflammatory signals (e.g., cytokines).
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recognition in macrophages and dendritic cells, the TLR9 pathway
induces Th-1 like secretion of cytokines and generation of cytotoxic T
lymphocytes.314 This proinflammatory activation has been harnessed
by several groups by incorporating single stranded CpG motif cargo
on a NAN to act as an immunotherapy or an adjuvant.184,315,316 The
extent of TLR9 mediated immune activation is found to be propor-
tional to the valency and accessibility of the CpG-containing
strands.184,316 However, concerns for toxic overstimulation of the
immune system may arise in cases where CpG stimulation is pro-
longed, leading to cytokine storms in mice.317 In the absence of CpG
motifs or other adjuvants, uncoated DNA origami are known to
induce low levels of immune activation in primary mouse splenocytes,
leading to production of IL-6 and IL-12 cytokines.200,318 This is
hypothesized to be a result of non-TLR9-mediated pathways as evi-
denced by a TLR9 knockout study,315 perhaps through one of several
cytosolic receptor pathways utilized for dsDNA recgonition.96

Notably, TLR9 is the only receptor that recognizes CpG-
containing DNA specifically within the endosomes. Other TLRs like
TLR3 and TLR7/8 recognize double and single-stranded RNA, respec-
tively, as well as several nucleoside analogs.319 As such, the immune
stimulation pathways for RNA and XNA-based NANs should not be
assumed to follow all DNA-based TLR9-mediated trends. For exam-
ple, RNA-based NANs have been shown to induce stronger stimula-
tion of interferons than shape and sequence-identical RNA-DNA
hybrids and DNA-based structures in different cell lines, with RNA
cubes showing the highest levels.318,320 This suggests that there is a
link between the physiochemical NAN properties and immunomodu-
latory activities, although more research is needed to further elucidate
the direct connection. Inside the endosome, double-stranded RNA
(dsRNA) recognition is known to trigger RNA interference (RNAi)
mechanisms that cleave the dsRNA into smaller fragments as part of
innate defense mechanisms against dsRNA viral infections.321 Small
interfering RNA strands (siRNAs) can trigger RNAi mechanisms
through sequence-specific binding to mRNAs in the cell. If NANs con-
tain siRNA cargo or antisense oligos, they can be functionally
degraded and enact changes in expression of proteins and immune
signaling.28,102,157,278,322–324

Despite sequence-specific immunostimulatory properties, DNA
nanostructures have also been used to suppress inflammatory activity
when administered in vivo. Molecularly, DNA is sensitive to reactive
oxygen species (ROS) which can form radical species that oxidize
bases and induce strand breaks and genetic DNA damage.325 Several
researchers have exploited this property to use D-NANs as ROS-
scavengers with anti-inflammatory properties. In one example, several
DNA origami structures with high renal accumulation demonstrated
ROS scavenging behavior to reduce inflammatory activity in a model
of acute kidney injury.152 Other structures such as functionalized
DNA tetrahedrons have shown similar activities in immunosuppres-
sion and reduced apoptosis.326,327 As there have been limited studies
exploring ROS-scavenging behavior of NANs, the range of structures
for which this trend can extend is uncertain, and the balance between
anti- and pro-inflammatory properties of NA-based materials has not
been elucidated.

The extent of immune activation can be mitigated through addi-
tional modifications outside of morphology and sequence. For exam-
ple, encapsulation in a PEGylated lipid membrane can prevent
inflammatory cytokine production by a DNA NanoOctahedron.200

Approaches for extracellular immune activation through the use of
ligand-receptor engagement is a strategy utilized by several groups for
drug delivery and immunotherapy. For example, use of eOD-
GT8:PNA immunogens arranged on DNA origami structures demon-
strated robust activation of B cell responses in vitro.187 Furthermore,
the use of aptamers can enable binding to specific immunomodulatory
targets, such as the case of a TNA aptamer that can enter the cyto-
plasm and stimulate immune activity through the PD-1/PD-L1 block-
ade.328 Notably, the valency, orientation, and spacing of ligands on the
surface of NANs has been assessed as critical to control the resulting
immunostimulatory activities.187,329,330 Further trends in the link
between NAN morphology, sequences, and functionalization on the
immunogenicity and subsequent clearance mechanisms have yet to be
elucidated and represent a promising subject for future research.96

G. Clearance and biodistribution pathways

In the traditional nanomaterial research community, it is well
understood that several major factors impacting patterns of biodistri-
bution and organ accumulation are the size, shape, and surface charac-
teristics of the material.331 Generally, larger particles (>200nm) have
a propensity to be phagocytized or trapped in the lungs, whereas
smaller particles (<6nm) can diffuse through the vasculature and be
removed by renal filtration.332 Particles with a size greater than 10nm
are more likely to be removed through the reticuloendothelial system
(RES), leading to liver accumulation.333 The biodistribution patterns
of NANs are complex and have not been investigated thoroughly,
although there are several morphology-centric trends that have been
identified. Following intravenous administration, free DNA strands
such as the M13mp18 phage ssDNA scaffold can be rapidly seques-
tered into the liver, likely as a consequence of RES-mediated removal
from circulation.152,334 Similarly, as DNA nanostructures without a
stabilizing or protection strategy can become quickly degraded in the
blood, circulation half-lives are often not much longer than the com-
ponent oligonucleotides.200 For discrete NA-based objects that with-
stand immediate degradation in vivo, the biodistribution and clearance
destinations are guided through mechanisms of renal filtration, RES-
mediated removal, and accumulation in tumors where applicable.
While there have been limited studies of in vivo pharmacokinetics of
NANs,335 it is understood that several morphology-centric trends have
been identified, as shown in Fig. 11.

As the primary filtering organ of the bloodstream, the kidneys
are responsible for removing the majority of small waste products
from the circulation. Intact NA nanoparticles that are much larger
than 6nm are usually size-excluded from renal filtration336 while
smaller particles and degradation products are removed and cleared
through the urine.200 However, some larger structures such as a DNA
origami planar rectangle and 6HB tube have demonstrated preferential
accumulation in and removal by the kidneys, thus escaping from
hepatic sequestration.152 This phenomenon is hypothesized to be a
consequence of the compactness of the structures that can rotate in
order to bypass standard glomerular filtration cutoffs.337 For NANs
around the 6–10 nm range, there is conflicting evidence regarding kid-
ney accumulation trends particularly with regard to functionalization.
For example, one 30-bp DNA tetrahedron with six siRNA-folate
motifs (�8–10nm) showed preferential kidney uptake in addition to
tumor accumulation.322 On the other hand, a similar 20-bp DNA tet-
rahedron with three dsDNA-folate motifs, a fluorophore, and a
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technetium-99m-labeled motif showed high levels of accumulation in
the liver, followed by gradual clearance through the kidney.189 Both of
these studies were performed using intravenous tail vein injection in
KB-tumor bearing mice, suggesting that regardless of the specific size,
ligand material and valency may play a critical role in determining
clearance and biodistribution mechanisms. Furthermore, it is impor-
tant to make a distinction between structures that are accumulated
intact in the kidneys, and cases where kidney uptake and urinary clear-
ance indicate degradation products. In the aforementioned study of
preferential uptake of DNA origamis in the kidney,152 researchers col-
lected mouse urine post-injection and verified through FRET analysis
that a significant portion of structures remained intact following uri-
nary excretion. In yet another example, a 30-bp DNA tetrahedron
with DNA-64Cu labeled motifs (�8–16nm) showed such efficient
renal uptake that it was demonstrated as a quantitative tool for kidney
function assessment in a mouse model, with structures found intact in
the urine.188 For other NANs with sizes above the renal filtration cut-
offs, rapid kidney accumulation and clearance most likely indicates
significant structural degradation upon administration.200

The reticuloendothelial system (RES), also referred to as the
mononuclear phagocyte system (MPS), is comprised of a collection of
the Kupffer cells of the liver, microglia cells in the brain, and macro-
phages that aid in removal of foreign material and waste from the

bloodstream.54,338 During RES-mediated removal, particles and
byproducts are directed to the liver where they are phagocytized and
broken down through lysosomal pathways. The RES-mediated
removal process is associated with greater hydrophobicity of the mate-
rial, such as those structures which have been coated with a protein
corona and tagged with opsonin labels, including albumin, antibodies,
and complement factors, also referred to as the process of opsoniza-
tion.54,338–340 NANs coated with polymeric protection strategies such
as PEGylated lipid bilayer encapsulation also exhibit liver accumula-
tion through RES-mediated processes.200 It is known that partially-
folded origami structures and the component M13mp18 ssDNA
scaffold can be rapidly sequestered into the liver,152 likely as a conse-
quence of exposing viral-derived DNA motifs that can activate
antiviral-like inflammatory responses.96 These findings emphasize that
the physiological stability of a NAN is linked to its activation of RES
processes, suggesting that instability of the structure in extracellular
biofluids will increase accumulation of NANmaterials in the liver.

Several studies have begun to compare morphology-based trends
in biodistribution and clearance using controlled structural parameters.
For example, size-dependent analysis of RNA nanosquares demon-
strated that the smallest structure (5nm) was rapidly filtered by the kid-
neys while the larger structures (10 and 20nm) exhibited a slower
hepatic clearance mechanism in addition to tumor accumulation.150,341

FIG. 11. Examples of the biodistribution of NANs in mouse models. (a) PET images of the biodistribution of three 64Cu-labeled objects in healthy mice. The M13 ssDNA scaf-
fold shows RES-mediated removal and accumulation in the liver, while the flexible DNA origami rectangle (Rec-DON) and triangle (Tri-DON) show preferential accumulation in
the kidneys. Reproduced with permission from Jiang et al., Nat. Biomed. Eng. 2, 865–877 (2018). Copyright 2018 Springer Nature. (b) Comparison of the biodistribution of
sequence-identical tetrahedral NANs made of DNA (D-sTd), L-DNA (L-sTd), 20-O-Me-RNA (M-sTd), and 20-F-RNA (F-sTd). The L-DNA structure revealed the longest circula-
tion lifetime of all four structures with preferential kidney accumulation. Reproduced with permission from Thai et al., ACS Central Sci. 6(12), 2250–2258 (2020). Copyright 202
American Chemical Society.
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Differently shaped RNA planar polygons of the same 10-nm size includ-
ing a triangle, square, and pentagon demonstrated subtle differences in
biodistribution profiles. The triangle particles showed the fastest kidney
clearance with low RES-mediated activity while the pentagon particles
showed slow kidney clearance and high accumulation in the spleen.150

This trend is hypothesized to be a result of more symmetrical nano-
structures being more likely to interact with the immune system due to
similar morphological patterns to pathogenic microorganisms.342 In an
investigation of shape-based mechanical properties, a 20-nm 4WJ-RNA
square demonstrated high tumor uptake relative to kidney and liver
removal as a function of its enhanced rubbery properties.229 For three
dimensional polygons in the 10–20nm size range, there are limited
shape-based biodistribution trends, though the tetrahedral geometry
shows a slight improvement in tumor accumulation compared to a tri-
gonal pyramid, cube, and rugby ball-like construct.293

Outside of size- and shape-guided trends in biodistribution, the
influence of NA material and functionalization has been investigated.
Motifs that enable binding to serum proteins can lead to lower cell
uptake by mitigating SR recognition, thus increasing the circulation
lifetime and bioavailability of a NAN.209,343 The biodistribution pat-
terns of XNA tetrahedral structures has been demonstrated to be
backbone-dependent where an L-DNA structure demonstrated tar-
geted kidney tubular cell uptake with slow urinary clearance.179 The
corresponding DNA tetrahedron was rapidly degraded and cleared
through the kidney while 20O-Me-RNA and 20F-RNA tetrahedra
exhibited primarily liver uptake attributed to the increased hydropho-
bicity of the analog backbones.179 In further XNA polygon screening
studies, it has been shown that structures with higher serum stability
and RES evasion such as the L-DNA tend to have longer circulation
times and thus higher tumor accumulation.199,293 Functional strategies
to prevent formation of a protein corona demonstrate reduction in
macrophage uptake and thus reduced RES-mediated clearance.273,344

Biodistribution patterns of NANs can also be actively targeted using
ligands such as folate to target the folate receptors expressed in high
levels on solid tumors.189,322 Tumor accumulation for particles larger
than 20nm can occur through the enhanced permeability and reten-
tion (EPR) effect due to leaky vasculature leading to particle uptake.
Additionally, SRs are also highly present on the surface of inflamed
cells and cancers, which serves as an additional factor to explain why
NANs can exhibit preferential tumor uptake in addition to the EPR
effect.296 Suppression of RES uptake by small size (under 10 nm), as
well as the EPR effect leads to higher accumulation in tumors of can-
cerous mouse models, as demonstrated by an L-DNA tetrahedron.345

Combinatorial strategies of using the EPR effect with targeting
through aptamers or other ligands have been used for a variety of
NAN cancer therapeutic applications.28,35,207,346

Accumulation of NANs in vivo through mechanisms outside of
renal filtration and the RES system have been investigated, although
more validation studies are needed to elucidate trends. Preferential
accumulation of NANs into the lymphatic system has been demon-
strated for a DNA tetrahedron following subcutaneous injection into a
mouse forepaw.347 There is evidence that DNA tetrahedrons are able
to enter the brain tissue of tMCAo rats in an ischemic stroke model,348

possibly through CVME into the capillary endothelial cells of the
brain.349 Several studies have further shown that use of ligands, includ-
ing cholesterol, tocopherol, peptides, and aptamers, have been shown
to increase delivery of NA cargo across the blood-brain barrier

(BBB),254,350–352 although more work is need in this area to validate
broad applicability of targeted brain delivery of NANs. Through
expanded collaboration and in vitro screening studies, future work
may elucidate understanding of mechanisms to control delivery of
NAN cargo throughout the organ systems of the body for tailored
in vivo applications.

H. Summary and future perspectives

The rapid growth and development in the field of NA nanotech-
nology over the past two decades has led to greater opportunities for
tailored in vivo applications. In this review, we have highlighted the
importance of the inherent chemical and biological stability of the
NANs based on the choice of NA material, nanostructure morphol-
ogy, and surface modifications, while considering the practicality for
in vivo performance. Methods for characterization of the fundamental
properties of NAN platforms were summarized to inform how in vitro
tools can expand our understanding of in vivo outcomes.
Foundational design strategies and performance analysis then enable
assessment of the impact of morphology, physiochemical properties,
and functions on biological fate.

From this discussion, we have highlighted the evidence that
NAN morphology directly influences the resulting biological fate.
Based on current understandings of cellular uptake studies, non-
targeted structures that are large (e.g., greater than 20nm), three-
dimensional, and compact are more likely to be internalized into cells
than shape-comparable smaller or 2D structures, likely as a result of
increased surface receptor interactions. For these larger structures, tet-
rahedral or rod-like morphologies may result in more internalization
into epithelial cells due to corner-mediated entry processes compared
to planar, wireframe, or ring-like structures. However, making such
generalizations is currently challenging due to the limited scope of
studies and factors such as use of different cell types and experimental
conditions. For smaller NANs under 20 nm in size, internalization
appears to be nearly shape-independent with other physical properties
more likely to be the driving forces for setting trends in cell uptake.
For example, modifications with RNA, XNA, or other functional
motifs represent a promising strategy to promote or prevent internali-
zation of NANs into cells, in addition to directing the intracellular traf-
ficking of internalized NANs to enhance or escape from degradation
in lysosomes. The surface charge and degree of hydrophobicity are
additional properties that impact biological fates, including stability,
cellular interactions, and biodistribution. The use of cationic or hydro-
phobic surface modifications to several NANs has shown to improve
both ionic stability and nuclease resistance in addition to increased
rates of cellular uptake.55,213 Without such modifications, negatively
charged NANs still retain their ability to be internalized in cells
through receptor-mediated endocytotic mechanisms, although rates of
clearance through nuclease degradation and immunomodulation may
appear to be faster than their neutral or cationic NAN counterparts.
Increased surface hydrophobicity is associated with greater occurrence
of protein corona formation and, thus, altered biodistribution patterns.
Specific trends in NAN biological fate based solely on surface proper-
ties, such as charge and hydrophobicity, are challenging to predict,
although it is likely that these factors will play a combinatorial role
with other morphological features in guiding in vivo fate outcomes.

Further trends have emerged with respect to the influence of the
physiochemical properties of NANs on biological interactions.
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Strategies that increase the stability of NANs by maintaining structural
integrity and resistance to nucleases are associated with prolonged
in vivo lifetimes. Thus, the degradation of a NAN is a critical aspect
that must be attenuated or exploited by a researcher depending on the
intended applications. For example, intracellular degradation can be
harnessed for effective drug delivery while highly stable architectures
would be advantageous for long-term imaging applications.249 The
choice of protective strategies is likely to be a balancing act to block
nuclease accessibility while ensuring the steric availability of ligands to
engage in performed functions. Validation of the impact of these stabi-
lizing modifications presents an additional challenge to distinguish
between intact and degraded structures in vivo, such as NANs that are
intact and localized in the kidneys from the degraded oligos that are
removed through renal filtration.152 Moreover, while intact NA objects
generally present with low levels of immune stimulation, unfolded or
partially degraded structures can trigger immune-mediated clearance
mechanisms.152 As a result, the design of NANs will need to be tuned
to prevent or promote immunomodulation based on the intended
functions of the construct.96 The final biodistribution and clearance
destinies of NANs in vivo are complex and challenging to predict
based solely on the morphology and material properties of a NAN.
For example, if a researcher was designing a NAN for an application
requiring long-term circulation, that structure would need to with-
stand extracellular nuclease degradation, inhibit cellular uptake or
escape from intracellular degradation, bypass renal filtration, and
avoid activating the immune system by triggering RES-mediated
removal, among overcoming other obstacles, including protein corona
formation. Synthetic and analytical strategies to address this multiface-
ted set of biological challenges and improve understanding of the
in vivo fate of NANs represents an exciting and promising area of
future work.

There is immense potential in the development of programmable
and bioresponsive platforms using NANs, although to date there
have been limited validation studies of in vivo applications. To propel
the NA nanotechnology field forward toward developing structures
for in vivo applications, there are several remaining challenges that
need to be addressed, as discussed by others in previous
reviews.5,16,44,58,261,275,353 One challenge is in the shortage of standard-
ized protocols and methods for analyzing nanostructure perfor-
mance.217 To ensure that the data from one analytical method can be
accurately assessed against another, it is important to establish a set of
standard reporting metrics and controls,5 and perhaps a standardized
set of nanostructure morphologies for comparison. In a review by
Green, Mathur, and Medintz,249 the authors suggested that a standard
set of D-NAN designs to span the range of morphologies including
examples such as a framework tetrahedron, 2D origami triangle, 3D
origami rod, and wireframe icosahedron may represent sufficient
diversity to control for size, shape, and sequence across different meth-
ods. Utilizing this set would be particularly impactful for screening the
broad applicability of functional modifications, as well as the compara-
tive impacts of incorporating RNA or XNA materials to work toward
enhancement of tailored nanostructure performance. Furthermore,
with future advances in synthetic and bioengineered methods to
reduce costs and scale up production of component NA strands, there
is enhanced potential toward more translational studies.58 As a
research community, we can also look toward methods developed for
therapeutic NAs and other nanomedicines for inspiration on new

ways to deliver NANs and characterize their fates.216 We envision that
interdisciplinary collaborations across the NA nanotechnology field
will help address the existing gaps in knowledge regarding mecha-
nisms of morphology-centric patterns of cellular uptake, immunoge-
nicity, biodistribution, and clearance mechanisms for NANs.
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