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Uptake and stability of DNA nanostructures in cells: A cross-
sectional overview of the current state of the art

Divita Mathur,*? Angelica R. Galvan, ¢ Christopher M. Green,® Kevin Liu,? and Igor L. Medintz®

The physical and chemical properties of synthetic DNA have transformed this prototypical biopolymer into a versatile
nanoscale building block material in the form of DNA nanotechnology. DNA nanotechnology is, in turn, providing
unprecedented precision bioengineering for numerous biomedical applications at the nanoscale including next generation
immune-modulatory materials, vectors for targeted delivery of nucleic acids, drugs, and contrast agents, intelligent sensors
for diagnostics, and theranostics, which combines several of these functionalities into a single construct. Assembling a DNA
nanostructure to be programmed with a specific number of targeting moieties on its surface to imbue it with concomitant
cellular uptake and retention capabilities along with carrying a specific therapeutic dose is now eminently feasible due to
the extraordinary self-assembling properties and high formation efficiency of these materials. However, what remains still
only partially addressed is how exactly this class of materials is taken up into cells in both the native state and as targeted
or chemically facilitated along with how stable they are inside the cellular cytosol and other cellular organelles. In this
minireview, we summarize what is currently reported in the literature about how (i) DNA nanostructures are taken up into
cells along with (ii) what is understood about their subsequent stability in the complex multi-organelle environment of the
cellular milieu along with biological fluids in general. This allows us to highlight the many challenges that still remain to
overcome in understanding DNA nanostructure-cellular interactions in order to fully translate these exciting new materials.

Introduction

The importance of formulating a predictable relationship between
the properties of DNA nanostructures (DNA NS or NS) and their
structural integrity along with their intracellular behavior is
emphasized in their now frequently demonstrated potential as
designer nanoscale platforms for targeted medical interventions.
DNA NS have shown potential superiority in delivering pharmaco-
chemical or nucleic acid therapeutics against several diseases as
compared to current drugs. The targeted delivery of
chemotherapeutic drugs via DNA NS in comparison to direct
intravenous administration can dramatically reduce off-target
toxicity.>® Their versatility is highlighted by examples where
thrombin-DNA aptamer chemistry has been leveraged in DNA
platforms to, on one hand, induce targeted damage in the
vasculature of tumor sites in Chinese hamster animal models® and,
on the other hand, prevent thrombosis during hemodialysis by
sequestering protein activity from plasma.'% 11 |n another example of
this material’s versatility, RNA-targeting protein RNAse A bound to
DNA platforms via sulfo-SMCC protein-DNA chemistry was able to

induce cell death in cancer MCF-7 cells.12 Optimizing the display of
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ligands,13-16 gptamers,17-19 and antigens2% 21 on the NS surface to
match the spatial pattern of membrane receptors improves the
therapeutic efficacy, particularly the B-cell recognition, of
engineered DNA NS as vaccines,® 20 cancer treatment, or
immunogenic treatments. In addition to interfacing with cells, DNA
NS can potentially be programmed to remain inactive until the right
biological signal stimulates a mechano-chemical actuation; these
cues can include that originating from light-induced antigen
binding,?2 aptamer-protein binding,® 23 antigen-ligand binding,2* and
many others that are yet to be incorporated into prototypical
biomedical systems.?> 26 Combining imaging with therapeutic
application is also possible due to the multiplexed functionality of
DNA nanoparticles.?” Alongside performing the aforementioned
delivery functionalities, the off-target immune response elicited by
DNA NS is often low up to considerably high doses.?® Most excitingly,
delivering genes for Cas9-mediated genome integration is possible
using the superior structural properties of DNA NS.2°

As synthetic DNA-based therapeutic NS mature and start being

prototyped for the aforementioned applications, confident
prediction of the stability and structural integrity of a DNA NS inside
the body at any point in time persists as a significant challenge. There
are general observations that suggest that, depending on the
structural and/or functional “complexity” of a DNA NS, it could
remain “stable” up to a certain number of hours within the
extracellular environment, serum, blood, and the cytosol (vide infra).
Whole animal delivery studies show that the shape of a DNA NS
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DNA which can be leveraged for renal intervention.3° Collectively
processing such observations to formulate a framework that could
guide future design criteria has yet to be done and this is something
that is crucial prior to clinical trial scrutiny.

The complexity of the journey that a DNA NS will undergo for delivery
into a cell should be appreciated. Using the context of targeting a
solid tumor in an animal model as a descriptive model, the NS will
most likely be first administered as a bolus or by slower infusion in
the blood stream, intramuscularly, to the lymphatic system, or even
in a transdermal manner. Assuming a targeting moiety is attached to
the NS, such as an arginylglycylaspartic acid (RGD) peptide motif or
folic acid targeting tumors displaying integrin or folic acid receptors,
respectively, the NS will then selectively bind to the tumor cell
surfaces.3l The DNA NS then are usually taken up into the cells by
some form of endocytosis that in this case is most likely receptor
mediated, but which for untargeted NS may be a more non-specific
mechanism, these are reviewed in refs.2 32 Now once inside the
endolysosomal system and entrapped in endosomal vesicles, the
DNA NS need to escape this harsh environment to access the cytosol
and subsequently enter the nucleus or mitochondria if those
organelles are the required targets of the intervention. Figure 1
provides an excellent overview of the interactions occurring during
the endocytic uptake of a DNA nanorod into H1299 (transformed
lung carcinoma epithelial) cells as followed by transmission electron
microscopy (TEM), which, in this case, also shows the hydrolysis of
the structure after being present in acidic lysosomes over 24 h.33
Suffice to say that DNA NS have already been shown to discreetly
access these different components of a mammalian cell - they can
robustly match the spatial pattern and maximize their interaction
with membrane receptors,?> 21 undergo endocytosis to access
intracellular space,3*35 and make deliveries into the cytosol and even
the nucleus.?? 3> How one DNA NS accomplishes all this while another
different assembly architecture does not, how they can be
engineered specifically enough, and the fundamental rules that
determine a given intracellular pathway remain poorly understood.

Herein, a progress report consolidating the knowledge gained so far
in elucidating the uptake mechanisms and stability of DNA NS in
cellular and biological environments is presented. The DNA NS
discussed here constitute 10-200 nanometer (nm) structures, or
sometimes larger, as prepared by self-assembly of a pool of single
stranded DNA (ssDNA) molecules via thermal annealing. DNA
materials of this kind are typically designed based on two
overarching strategies, namely, DNA origami3® and complete ssDNA
assembly.3”. 3 For more information on the DNA materials
themselves and their properties, along with potential applications in
the current context, the interested reader is referred to refs. 1.4 39,40
Of particular interest are DNA NS that are examined for their innate
cellular uptake abilities rather than when coupled with transfection
agents* such as chitosan,*! gold NPs,*2 condensing agents,” %3 or viral
capsids.** These examples along with delivery of materials that are
electroporated into cells, while valuable, are outside the current
scope. A more extensive discussion on the in vivo implications of DNA
NS is also reviewed recently. 1 4> The context of interest being
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examined is that of understanding which properties of DNA NS
facilitate interaction with the cell membrane or otherwise affect the
rest of the internalization path at this stage of their development.

Uptake of DNA NS into mammalian cells

Tables 1 and 2 summarize published reports describing the state of
the investigation into the uptake properties of DNA nanoparticles.
Table 1 focuses on DNA NS applied in different therapeutic contexts
while Table 2 summarizes studies geared towards fundamental
understanding and typically do not contain DNA NS that were
functionally modified with a drug or protein. The uptake studies
listed in Table 1 fall under the context of three overarching
therapeutic applications, namely, immune-modulation, nucleic acid
delivery, and pharmacochemical delivery. For each study, the type of
DNA NS studied, cell type, displayed targeting moieties, dosage, and
the tracked end-point are identified. Abbreviations of cell types are
further defined in the table’s footnotes. Predominantly, the DNA
tetrahedron (~10 nm) is used in these studies but over the last
several years larger DNA origami structures (~100 nm) have become
more common, likely due to the availability of more sites to couple
biocompatible signaling molecules. We observed that the display of
targeting antigens or ligands on the surface of the DNA NS is not a
requirement for uptake and that DNA NS with?21.31,46,47 gnd without>
34,48, 49 targeting moieties have been reported to be internalized by
cells. The spatial arrangement of antigens on the DNA NS does,
however, perform significantly better in immunostimulatory
applications since it leverages B/T-cell receptor antigen pattern

recognition and macrophage functionality.20 21,50

It is generally agreed that the primary mechanism of NS uptake into
cells without active delivery modalities such as electroporation is
almost universally that of endocytosis. Indeed, almost all the studies
listed in Table 1 and Table 2 directly or indirectly align with this
consensus. The most common mechanism of uptake was found to be
receptor-mediated endocytosis wherein the DNA NS interact with
membrane receptors and are internalized via endocytic vesicles
(Figure 1). A clear uptake mechanism explaining the efficiency of
internalization or the interaction of DNA NS with membrane
receptors is still not fully elucidated. Colocalization of the
fluorescence of dyes (typically Cyanine 5 — Cy5) coupled to DNA NS
prototypes and cell lysosomal staining suggests that the structures
reach the lysosomes in a NS-dependent timeframe.5! The DNA NS in
lysosomes may or may not be fully intact; some clarity is needed as
to what extent the Cy5 fluorescence colocalization within lysosomes
is attributed to stable DNA NS.32 52 Macrophage cells such as
RAW264.7 (established from a tumor in a male mouse induced with
the Abelson murine leukemia virus) are known to perform
phagocytosis on what the human body would normally consider

foreign material, but in the case of DNA NS, the distinction between

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 15



Pleasedo\ k1

Journal Name

AuNP Barcodes on LR

st margins

ARTICLE

—p  Staged
fYYY§55 YYYYYY,C {YYY Y=Y-

'\( 7’

Stage-lll &< ;.

' Stage-IV

Late Endosome/Lysosome

Stage-Il: Initiation of invagination

Figure 1: DNA nanoparticle endocytosis into cells. Visualization of the uptake and endocytic pathway in H1299 cells of a rod-shaped DNA nanoparticle (NP) labeled with
spherical gold nanoparticles which allow for tracking via TEM imaging. (a) Schematic and representative electron microscopy image of the DNA nanorod with 6 gold
nanospheres displayed along the length of the DNA nanoparticle. (b) Schematic representation of the uptake mechanism hypothesized for DNA nanorods through the four
stages of endocytosis. (c-f) Step-wise representation of the transport of gold-labeled DNA nanorods from extracellular membrane to lysosomes where it can be seen that the
nanorod has disintegrated (clustered instead of linearly arranged gold spheres). Reprinted (adapted) with permission from Ref. 33 Copyright 2018 American Chemical Society.

their endo- and phagocytosis and other uptake mechanisms by these
cells is yet to be studied further.30 Preliminary studies have tracked
certain DNA NS in endosomes and even lysosomes of RAW264.7 cells
through fluorescence colocalization studies.?% 53

The shape or structural complexity of DNA NS is a factor that
modulates the timeframes in which the structures enter the cell and
collect in the lysosomes before complete degradation.33 While it is
not immediately evident from Tables 1 and 2 how the
physicochemical properties of DNA NS determine which endocytic
pathway they might trigger (since 7-400 nm large rods, tubes,
polyhedral, disks, and other shapes are amenable to uptake),
preliminary experimental and computational analysis suggest that

This journal is © The Royal Society of Chemistry 20xx

the vertices of polygonal DNA NS offer the path of least resistance in
terms of interfacing with the negatively charged cell membrane for
endocytosis.>* 5> More recent work by Bhatia and co-workers more
systematically corroborates that tetrahedron endocytosis occurs
more readily than for other larger polyhedral structures, and the size
of the tetrahedral shape (14.3 nm “medium” size versus “large” 32
nm or “small” 11 nm) can affect its endocytic efficacy.>® Cancerous
cell lines have higher uptake propensity for DNA NS than non-
cancerous. The implication of understanding the role of NS shape in
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over uptake can be considered crucial to formalizing the physical
factors of DNA NS that determine their cellular interaction.

Stability of DNA NS in biological environments

Over the last decade, considerable effort by the scientific community
has helped decipher the preliminary structural stability of DNA
nanoparticles in some extracellular in vitro-related environments;
knowledge of this forms one of the primary barriers to the
development of any translational biomedical products. These
environments include cell culture media, blood serums (most
commonly fetal bovine serum — FBS), and various buffers with salt
and pH conditions mimicking what could be experienced in vivo for
mammalian cells and the body, as summarized in Tables 3 and 4. In
biological environments, the integrity of DNA NS can be rapidly
compromised through attacks by various DNA nucleases (DNases),
low divalent cation concentrations (common to nearly all
physiological environments), and large variations in ionic strength
and pH, particularly upon uptake into cells or ingestion into the
stomach with its inherently acidic environment which is naturally
hydrolytic.39 40 For eventual therapeutic applications, a DNA NS must
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be sufficiently robust to maintain structural integrity long enough to
enter the body, travel to a target of interest, and undergo any desired
interactions, such as uptake, macrophage capture, or viral capture.>’-
58 The timescales for such interactions range from minutes to tens of
hours, though most applications require lifetimes on the order of
several hours in the body.

In vitro studies have played a particularly outsized role in deciphering
the relationship between DNA NS design and resilience in
physiological environments, owing to the fine-grained control of
environmental conditions that cannot be achieved in vivo, as well as
compatibility with large, multiplexed assays that can probe many
design criteria and conditions simultaneously. Studies of the
resilience of DNA NS against nucleases have shown that stability
varies widely depending on the physical properties of the NS, as
highlighted in several recent reviews,32 39, 40,59-61 gnd structures with
greater topological complexity, helical density, and crossover density
have been shown to possess greater resistance to degradation by
nucleases.62%4 Unfortunately, DNA NS with these characteristics tend
to possess reduced thermal stability and require higher divalent
cation concentrations to remain stable in solution. This is particularly
notable in closely packed structures with high charge densities and
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Figure 2: Stability of selected DNA NS in FBS containing serum without and with non-covalent (nc) linkage. The NS studied, namely, (a,b) Tetrahedral (TD) and (c,d) Chainmail
(CM), were covalently interlocked via alkyne-azide linkage between ends of adjacent DNA molecules. Stability was studied in the presence of 10% FBS serum and measured via

agarose gel electrophoresis with the results of the corresponding densitometric analysis shown in the accompanying plots. Reproduced from Ref 69 with permission from the

Royal Society of Chemistry. Copyright 2019.
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to a lesser extent in structures with high crossover densities, often
achieved with crossovers at nonideal positions and/or by shortening
the length of complementary domains in the structure.%3 64 Despite
the potential drawbacks, these modifications can improve the
stability of native DNA NS in the presence of nucleases by an order
of magnitude or more and are thus useful tools in the design of
nuclease-resistant nanostructures.

Beyond the use of native DNA NS, many strategies to modify and/or
protect DNA NS in biological environments have been successfully
demonstrated, such as polymer coatings adhered to structures
electrostatically or chemically,*1- 6567 staple strand ligation and cross-
linking (Figure 2) with chemical,®® %9 enzymatic,® and photoactivated
strategies,’® incorporation of nucleic acids with nuclease-resistant
backbones such as enantiomeric L-DNA,7? phosphorothioate DNA,72
peptide nucleic acids (PNA),”” and various modified RNAs,”3:74 as well
as protection with hard coatings such as silica.”> 76 Such
modifications can potentially extend the lifetimes of DNA NS in
biological environments beyond that achievable with native
structures, often without compromising and sometimes improving
thermal and low-salt stability. A recent review article by
Chandrasekaran highlights several approaches to creating nuclease
resistance DNA NS.“0 Figure 2 is an example of small DNA NS that
possess better serum stability when the strands are covalently linked
within them versus when they are not.®® From the various reports in

the literature gathered here, some general trends for structures in
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similar environments can be identified. The lifetime of single-
stranded and duplexed DNA prior to assembly into DNA NS is
typically on the order of an hour or less in serum/media and 10 min
or less in buffer with nucleases.>% 67.78 The lifetimes of native DNA NS
are improved to several hours or longer in serum/media,> 6% 7°
though native structures are often fully degraded within an hour in
buffer with nucleases.”® 8% 81 Modified DNA NS tend to have lifetimes
in serum/media on the order of days and several hours in buffer with
nucleases,® %71 though some oligolysine-based coatings have been
shown to extend lifetimes to days even in exposure to high nuclease
concentrations.8!

It remains a challenge to identify more than basic trends from the
consolidated studies of DNA NS stability due to a general lack of
standardization and best practices between studies. Studies often
vary ways between nanostructure design, buffer
conditions, nuclease activity, types of nucleases, methods of

in several

characterizing structural integrity, and reported measures of
stability.l 32 40. 82 This makes it extremely hard to correlate results
amongst these studies. Additionally, it is not yet common practice to
calibrate the enzymatic activity of nucleases in serums and buffers,
which can vary with aging and handling, prior to their use,3% 6172 thus
it is possible for studies to report different values for stability of the
same DNA NS under identical conditions. Until some form of

standards are adopted, we must rely on the consistency within
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Figure 3: Schematic representing a study on the cytosolic stability of small DNA nanoparticles. Schematic with scale shown of the (a) nanocrosshair and (b) tetrahedron
structures whose stability was observed directly in the cytosol of live cells. The location of dye labels and FRET pathway on each structure are also shown. COS-1 cells
microinjected with the nanocrosshair (c) and (d) tetrahedron shown at t = 0 min and t = 60 min. After 60 min the FRET changed based on the change in stability of the DNA
structure can be seen. (e) Plot of the change in acceptor dye to donor dye fluorescence ratio over time in the nanocrosshair versus tetrahedron DNA structure. (f) Plot of the
change in acceptor dye to donor dye fluorescence ratio over time for microinjected samples of the nanocrosshair supplemented with the indicated concentrations of
aurintricarboxylic acid nuclease inhibitor providing evidence that degradation resulted from nuclease activity. Reprinted (adapted) with permission from Ref.86 Copyright 2022
American Chemical Society.
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individual studies to elucidate the preliminary rules dictating DNA NS
stability in biological environments.

Conclusions and Future Outlook

From reviewing the consolidated summary of DNA NS uptake
behavior (Table 1), it can be surmised that the overall size of the NS
tested thus far ranges from a few nm (with 7 nm tetrahedron being
the dominant test-bed) to 100 nm per side, which translates to an
approximate range of 30 kilodaltons (kDa) up to 4 megadaltons
(MDa) in terms of globular mass. The amount of different DNA NS
that have been administered in uptake related studies, however, do
not bear a direct correlation to NS mass, making it challenging to
compare their performance in a systematic manner. This review also
does not focus on the intracellular mechanisms of DNA NS
endocytosis since a definitive consensus or enough data is still being
sought by the field. A similar issue emerges for the stability studies
highlighted in Tables 3 and 4, and if these issues persist, every DNA
NS employed for therapeutic applications will require a case-by-case
stability evaluation. It would be extremely beneficial if the field could
collaborate and actively formulate a protocol for standardized
quality control expected from each study that will be undertaken in
the future.®? Such assay cascades have been put into place for other
nanomaterials being developed for potential clinical use.8

The progress in recent decades on biomedically applied DNA NS is
exemplative of a promising role of the field in targeted and
combinatorial therapeutic interventions. Future directions that the
field has already seen some movement towards are in vaccine
development through strategic antigen display or through delivery of
antigenic cargo to immune cells. Combinatorial therapies, wherein
adjuvants such as CpG, nanoparticles, and intercalating drugs are
simultaneously delivered via a targeted DNA NS, are also of high
interest. Lastly, delivery of functional nucleic acids through DNA NS
such as silencing RNA (siRNA), or even epitope-expressing genes,
warrant further investigation.

Towards achieving a status that currently favors lipid and viral-based
nanoparticles as delivery systems, a few concerted efforts are
needed and already underway. Consolidation into a repository of
DNA NS that have been designed and engineered by the rapidly
growing expert community will help repurpose successful NS in
application-specific translational studies, much like the tetrahedron
(originally designed by Goodman et al.3?) has become prototypical in
fundamental studies. Nanobase.org by Poppleton et al. is one such
endeavor that is creating a database of DNA and RNA NS.85 From such
collaborations, one can anticipate certain DNA NS to emerge (or
evolve) as superior cell- and intervention-specific (immune-
stimulation versus nucleic acid delivery versus pharmacochemical
delivery) options, but will more importantly be informed with
recommendations on dosage, targeting moieties, and site-directed
modifications by relevant studies in the literature.

The need of the hour is more cell-directed studies elucidating the
programmable release and stability of DNA NS inside the cell. Figure
3 shows results from a recent report where dye-labeled DNA

6 | J. Name., 2012, 00, 1-3

structures were directly microinjected into the cytosol of a variety of
different primary and transformed cells and the stability of the
structures evaluated by tracking the resulting FRET over time.86 This
format was exploited to bypass the complications of endocytic
uptake so that the only variable became that of cytosolic stability.
This study confirmed that the high-torsion DNA tetrahedron is more
stable in the cellular cytosol than linear structures. Perhaps it is
worth exploring the feasibility of adopting techniques of cytosolic
delivery through endocytosis that have shown promise for other
non-nucleic acid nanoparticles. Like DNA NS, calcium phosphate
nanoparticles (CPN) aim to be carriers that introduce medication into
the cell in a noninvasive manner.8”. 8 Both nanoparticle types are
taken into the cell via endocytosis and face stability issues as they are
transported into the lysosome.®”: 8 Some stability issues can be
alleviated if the CPNs can undergo endosomal escape into the
cytoplasm.8790  Research using CPNs has shown successful
endosomal escape of the nanoparticle via destabilization,?”- 88 thus
we can attempt to integrate destabilizing methods, like cationic
polymers8® 8 and pH sensitive polymers®” 8 in DNA NS
administration to investigate if the same effect is observed.
Furthermore, expanding cytosolic studies to other DNA NS types as

well as integration of stabilizing techniques are needed.8¢

Feasibility of DNA NS based therapies on a scope where patient
impact is significant are required as well. For example, to what extent
are DNA NS based anti-cancer interventions advantageous from an
economic standpoint is being evaluated.?! It is also notable that the
dosage of DNA NS tested in Tables 1 and 2 are in the nM scale, urging
careful evaluation of scalable synthesis needed for translating DNA
NS based therapies into in vivo studies, let alone clinical use.
Formulations testing oral or topical administration of DNA-based
well.?2 93 Additionally

aerosolization, lyophilized storage,®* scalable production,® and long

treatments are slowly emerging as
term stability®® °7 of DNA NS have seen preliminary success in some
cases but are topics in which ongoing research is actively engaged. In
order to realize the widespread applicability of these fascinating
materials within a medical context, everything comes back full circle
to understanding their fundamental structural integrity and
functional properties intracellularly and this still remains the first

challenge.
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Table 1: Overview of application-specific studies reporting uptake of DNA nanostructure by mammalian cell and animal models.
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Application DNA nanostructure Cell type Targeting moiety on DNA / Drug or Dosage (in x10* cells)* Tracked end- Cytotoxicity* Ref. (Year)
(size nm/mass kDa) Primary [ transformed Protein point +
Immune-stimulation: Rectangle reconfigured as tube (90 nm) BMDC, mice OVA, gp100, and Adpgk peptides 2 nMin 3x endosome 98 (2021)
Octahedron (50 nm), Tube (400 nm/4 MDa), . None > 7d
Nanorod (89 nm/4 MDa) 3T3, HEK-293, H441 none 1nMin 1x - 79 (2014)
Disk (80 nm/4 MDa) RAW264.7 CpG 10-1000 nM in 2x endosome None >5h 21 (2022)
Tetrahedron (7 nm/82 kDa) RAW264.7 CpG 100 nM in 50x -- None >24h 99 (2011)
Rectangle (90 nm/4 MDa) RAW264.7, THP-1 IgG 1 uM DNA in 3x - -- 50 (2021)
Tube (80 nm/4 MDa) splenic macrophages CpG, CpG PTO, CpG chimera i;{nM >0 L DNA in lysosomes None > 18h 72(2011)
Tetrahedron (7 nm/82 kDa) RAW 264.7, primary dendritic cellsCpG, streptavidin 62.5 nM in 2.5x-25x  lysosomes - 53(2021)
Nucleic acid delivery: Tetrahedron (7 nm/82 kDa) Hela siRNA 10-80 nM in 15x - None >24h 31 (2012)
Tube (27 nm/140 kDa) Hela none 10 nM endosome None >24h 100 (2014)
Rectangular prism (10 nm/160 kDa) Hela DNA trigger strand 75 nMin 1x -- None >72h 26 (2016)
Cube (7 nm/82 kDa) Hela, primary B-lymphocytes DNA trigger strand 250 pmoles in 10x - -- 101 (2014)
Rectangle, tube (32 nm - 64 nm) DMS53, NSCLC siRNA 16.7 nM in 1x cytoplasm None >8h 46,47 (2020)
Tetrahedron (7 nm/82 kDa) Mice SARS-CoV-2 aptamer 500 nM 100 pL inj. -- None >12h 19 (2022)
Tetrahedron (7 nm/82 kDa) Mice TGF-B1 mRNA 1uM 200 pL inj. Liver targeting None >24h 102 (2022)
Tetrahedron (7 nm/82 kDa) Mice BACE1 aptamer 1 uM 100 pL inj. cross BBB - 18 (2022)
Pharmaco- Triangle (120 nm), rod (400 nm) MCF-7 None / DOX 50-100 uM - None >48h 6 (2012)
chemical/drug: Disk (62 nm/4 MDa), Donut (44 nm/4 MDa), . None > 48h
MCF-7, MDA-MB-231 MUC1 aptamer / DOX 1nMin 0.3x - 5(2022)
Sphere (62 nm/4 MDa)
Cross, Rectangle, Triangle (50 nm/4 MDa) MDA-MB-231 None / DOX 1.25-5nMin 0.3x lysosomes -- 8(2018)
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MDA-MB-231, MDA-MB-468, and 50 - 15000 nM Dox in -

T-nanotube, S-nanotube (100 nm/4 MDa) None / DOX endosomes 103 (2012)
MCF-7 20x

Tetrahedron (7 nm/82 kDa) U87MG tumor penetrating peptide / DOX 50 nM in 0.4x - - 104 (2016)

3D DNA NS (100 nm MCF-7, mice MUC1 aptamer 4 uM in 10x -- - 105 (2022)

Protein delivery: Rectangle reconfigured as a tube (90 nm/4 . . None > 72h
MDa) HUVEC, mice AS1411 aptamer / Thrombin -- 9(2018)
a
Rectangle (90 nm/4 MDa) MCF-7 MUCL1 aptamer / RnaseA 1nM - None >48h 12 (2019)

Abbreviations: Adpgk = neoantigen peptide derived from MC-38 colon carcinoma, CpG = unmethylated cytosine—guanine dinucleotide motifs, DOX = doxorubicin, gp100 = peptide vaccine from
melanoma antigen glycoprotein, MUC1 = Mucin 1 protein overexpressed in malignant cells, OVA = ovalbumin peptide epitope presented by class | major histocompatibility complex, PTO =
kinase substrate, siRNA = small interfering RNA, inj = tail vein injection, BBB = Blood Brain Barrier.

Cell types: BMDC = bone marrow derived dendritic cells; COS = monkey kidney fibroblast cells; DMS53 = human small cell lung cancer cells; H1299 = human non-small cell lung cancer cells;
H441 = human distal lung epithelial cells; HEK293 = human embryonic epithelial kidney cells; HeLa = human cervical cancer cells; Huh7 = human epithelial cancer cells; HUVEC = human umbilical
vein endothelial cells; MCF-7 = human breast cancer cells; MDA-MB = human epithelial breast cancer cells; NSCLC = human non-small cell lung cancer cells; NIH-3T3 = mouse embryonic
fibroblast cells; RAW264.7 = mouse macrophage cells; THP-1 = human leukemia monocytic cells; U87MG = human glioblastoma.

*dosage is given as x10* cells. For example, first entry represents 3x10* cells.

*+Cytotoxicity in the presence of bare DNA NS only (not the treatment in some cases).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11
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Table 2: Studies focused on DNA nanostructure uptake in mammalian cells.
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DNA nanostructure Cell type Targeting moiety displayed Dosage (in x10* Tracked end-point Cytotoxicity** Ref. (Year)
(size nm/mass kDa) Primary [ transformed on the DNA NS cells)*
Thin rod, Thick rod, Small ring, Large ring, Barrel, . None > 12h

BDMC, HEK293, HUVEC none 1 nMin 10x 106 (2018)
Octahedron, Block (50 nm - 400 nm/4 MDa)
Octahedron (11 nm/160 kDa) COS fibroblasts none 2 ug/mLin 100x cytoplasm, endosomes - 34 (2016)
Tetrahedral nanocage (8 nm/82 kDa), Octahedral -
nanocage (11 nm/180 kDa), Chainmail (25 nm/180 C0s-7 none 6 ug/mlin 100x lysosomes 69 (2019)
kDa), Square box (35 nm), Rectangle (80 nm/4 MDa)
Tetrahedron (7 nm/82 kDa) HEK none 1 ugin 30x cytoplasm None > 72h 49 (2019)
Cube, Tetrahedron nanocages (10 nm) Hela none 150 nM lysosome, mitochondria - 52 (2019)
Tetrahedron (7 nm/82 kDa) Hela none 150 nM None > 3h 55 (2021)
Tetrahedron (7 nm/82 kDa) Hela, COS-7 none 100 nM in 8x lysosome, nucleus -- 35 (2014)
Small tetrahedron (11 nm), Large tetrahedron (47 nm), None > 1h

Hela, H1299, DMS53 none 250 nM lysosome 33 (2018)
Small rod (32 nm), large rod (127 nm)

. . . . endosome, lysosome, None >24 h
6-helix bundle (6 nm x 7 nm) HepG2, Huh7 oligolysine 50 nM in 10x 48 (2021)
cytoplasm

Concave-DNA origami structure (34 nm/4 MDa) Hela, HepG2, MCF-7, DC2.4 pH low insertion peptide** 15 nM In 10x endoplasmic reticulum - 107 (2022)
Icosahedron (10 nm/160 kDa) Caenorhabditis elegans 10 kDa FITC-Dextran 12-15 uM endosome - 108 (2011)
Tube (400 nm/4 MDa) NIH-3T3 none 10 nM lysosome -- 109 (2013)
Tetrahedron (7 nm/82 kDa) RAW264.7 none 10 nMin 2.5x cytoplasm None > 6h 110 (2009)

Cell types: BMDC = bone marrow derived dendritic cells; COS = monkey kidney fibroblast cells; DMS53 = human small cell lung cancer cells; H1299 = human non-small cell lung cancer cells; HEK293 = human

embryonic epithelial kidney cells; HeLa = human cervical cancer cells; Huh7 = human epithelial cancer cells; HUVEC = human umbilical vein endothelial cells; DC2.4 = immortalized murine dendritic cells; NIH-3T3

= mouse embryonic fibroblast cells; RAW264.7 = mouse macrophage cells.

*dosage is given as x10* cells. For example, first entry represents 10x10* cells (or 105 cells).

*The different cells were first treated with artificial membrane receptor (AMR) that enabled uptake and targeting of the DNA NS.

++ Cytotoxicity in the presence of bare DNA NS only (not the treatment in some cases).
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Table 3: Stability of DNA nanostructures in serum.
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. DNA Dimensions / Modifications for . . Ref.
Environment . Reported Stability Reporting Notes
Nanostructure mass stability (Year)
Media/Buffers with serum
. ssDNA 63,96 nt / 24,36 kDa o ssDNA T1/2:0.8-4 h Cy dye position: 3' > int >5'
DMEM-Mg with +/- HEG termination PAGE o i
Tetrahedron (Tet.) 7 nm /82 kDa . Tet.112:7-8 h HEG termination > native 52(2019)
10% FBS, 37 eC 3',int., 5' Cy dyes denat. PAGE
Cube 7 nm /124 kDa Cube112:3.5-5.5h Tet. >> Cube > ssDNA
i Disc origami 62 nm dia. / 4 MDa Disc<12h
DMEM with K . X X
10% FBS. 37 2C Donut origami 44 nm dia. / 4 MDa -- Donut <24 h AGE No degradation observed. 5(2022)
6 FBS, 37 2 . ) .
Sphere origami 42 nm dia. /4 MDa Sphere <12 h
RPMI with . . . X
Octahedron origami 45 nm dia. / 4 MDa -- <24h AGE, TEM No degradation observed. 79(2014)
10% FBS, 37 °C
. While PS decreased structure
DMEM with . . AGE, PAGE, . ) N
Triangular prism 10 nm / 160 kDa PS T2 : 2-7 h (decreased w/ PS) stability, single strand stability 111(2013)
10% FBS, 37 °C denat. PAGE .
increased
Tetrahedron (Tet.) 7 nm /82 kDa o FBS: Tet.>24h,DS~4 h
10% FBS, 37 eC . Enzymatic ligation K . AGE Tet. > 3x more stable than DS 78(2009)
Linear dsDNA (DS) 63 bp /41 kDa DNase: Tet. < 10 min, DS ~ 3 min
Tetrahedron (Tet.) 7 nm /82 kDa Tet.<24h
50% FBS, 37 °C -- AGE Tet. > 4x more stable than DS 99(2011)
Duplex 63 bp /41 kDa Duplex<4h
DMEM with Triangular prism 10 nm / 160 kDa . Prism: ~ 2 h, HEG prism: >24 h . .
HEG ended DNA oligos PAGE HEG > 10x increased stability 67(2013)
10% FBS, 37 °C ssDNA 63 bp /41 kDa ssDNA: <1 h, HEG ssDNA: 28 h
Oligolysine (K4-K20
RPMI with . . . & y. (. ) For Native/K10/K10:P5k in FBS: Best nuclease stability with
Barrel origami 60 nm dia. / 4 MDa PEG Oligolysine . K AGE, TEM 65(2017)
10% FBS, 37 °C T1/2 =5 min/55 min/36 h K10:P5k
(K10:P1k-10k)
Tetrahedron (Tet.) 7 nm /82 kDa Enzymatic ligation .
Native structures: t12 ~12 h
Octahedron (Oct.) 11 nm / 180 kDa (Tet., Oct.) )
10% FBS, 37 eC R R . . o Ligated structures: t1/2 ~36 h AGE Tet. most stable structure 69(2019)
Chainmail rod (CM) 25 nm /180 kDa Click-chemistry ligation . . )
X i Native origami: t1/2 ~24 h
Rectangular origami 90 x 60 nm / 4 MDa (CM)
Pyramid 10 nm / 94 kDa Native structures: <1 h
. . . 2'-Fluoro-RNA (2F) . P
10% FBS in Triangular prism 12 nm / 105 kDa , 2F structures: > 24 h > 24x improved stability with
2'-0-Methyl-RNA (20Me) AGE 71(2019)

TAE+Mg, 37 °C

Cube
Rugby-ball

12 nm / 140 kDa
18 nm / 140 kDa

Enantiomeric L-DNA

20Me structures: > 24 h
L-DNA structures: > 24 h

modified backbones

ARTICLE

Abbreviations: Fetal Bovine Serum (FBS), Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) medium, Tris Acetate EDTA (TAE), Agarose Gel Electrophoresis (AGE),
Polyacrylamide Gel Electrophoresis (PAGE), Transmission Electron Microscopy (TEM), Hexaethylene glcol (HEG), single stranded DNA (ssDNA), phosphorothioate (PS), half-life (t1/2), hours (h), internal

(int).

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins



Hlscs el ieriNanoscale | 12k

ARTICLE

Table 4: Stability of DNA NS in buffers and media, buffers with nucleases, and intra/extracellular.

Journal Name

. DNA Dimensions / Modifications for . . Ref.
Environment . Reported Stability Reporting Notes
Nanostructure = mass stability (Year)
Buffers and media
i i . Tm (melting X .
1X PBS 6-HB origami 7 nm /36 kDa -- Tm=512CinPBS No added peptide stability ~ 48(2021)
temperature)
DMEM-Mg, 37 °C 60 nm dia. DMEM: >5h
8 Disk origami / -- AGE No serum or nucleases 21(2022)
MES buffer pH 5.5, 37 ¢C 4.5 MDa MES:>5h
30-90 nm dia., Oligolysine (K4-K20
. Barrel origami (x4) / & y (, ) All but PEI stabilized . .
RPMI media low Mg, 37 2C . X 4 MDa PEG oligolysine K Best salt stability with K6
. Block origami e . Structures in RPMI i | .
5 mM Tris with X i 50 nm /4 MDa Spermidine, Spermine . AGE, TEM All oligolysines stabilized all  65(2017)
24/6-HB origami . PEI compromised structures
1 mM EDTA, 37 °C . . 100-400 nm /4 MDa Polyethylenimine (PEI) . structures
Octahedron origami i . o R6 compromised shape
60 nm dia. / 4 MDa Oligoarginine (R6)
. X i Strand redesign . Ligation increased Tm
6M urea, 23 -42 2C Triangle origami 120 nm /4 MDa o upto 30 min AFM 112(2019)
Enzymatic ligation by 8 eC
Buffers with nucleases
1 U DNase 18-HB origami 140 nm / 4 MDa Origami: <1 h in DNase | . X X
. i i . Origami stable in all but
10 U Endonucl. (T7, Msel) 24-HB origami 100 nm /4 MDa -- Partial degradationin 1 h
. . . AGE, TEM DNase | and T7 Exo 80(2011)
10 U Exonucl.(T7, E.coli, lambda) 32-HB origami 70 nm /4 MDa by T7 Exo Origami >> plasmid
All in NEBuffer 4, 37 C pET24b ds plasmid 5309 bp /3.3 MDa Plasmid: < 5 min in DNase | & P
PEG oligolysine (K10P Native: t12 < 1 min K10P: ~400-fold improved
Wide barrel origami 90 nm dia. / 4 MDa . goly ( ) i v . X P
1 U/uL DNase I, 37 ¢C . X X Crosslinked K10P with K10P: t12 ~ 16 min AGE, TEM xK10P: ~10°-fold improved  81(2020)
Barrel origami 60 nm dia. / 4 MDa X .
(xK10P) with xK10P: 112~ 66 h over native structures
Tetrahedron (Tet.) 7 nm /82 kDa o Tet. < 10 min,
0.2 U DNase |, 37 °C . Enzymatic ligation . AGE Tet. > 3x more stable than DS 78(2009)
Linear dsDNA (DS) 63 bp / 41 kDa DS ~ 3 min
X Oligolysine (K4-K20) DNase for degradation in 1 h: . .
RPMI with . X X X . N Best nuclease stability with
X Barrel origami 60 nm dia. / 4 MDa PEG Oligolysine 0.5 U/mL native, AGE, TEM 65(2017)
varying DNase |, 37 °C K10:P5k
(K10:P1k-10k) >500 U/mL K10:P5k
Intra/Extracellular
Cell cytosol (COS-1, Fibroblasts, Tetrahedron (Tet. 7 nm /82 kDa Tet. > 1 hin all cell types
vt ( (_ ) / -- L. vp three-dye FRET Tetrahedron >> crosshair 86(2022)
Astrocytes, A549, and Hela cells) 4-arm crosshair (4ac) 23 nm /104 kDa 4ac < 15 min in Hela cells
Rectangle origami 90 x 60 nm / 4 MDa
Cell lysate at 4 °C, . K i .
Triangle origami 120 nm / 4 MDa -- All structures stable > 12 h AGE, TEM, AFM No degradation observed.  113(2011)

252C

14 | J. Name., 2012, 00, 1-3

Block origami

30nm /4 MDa
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Nanotweezer (Ntw) 10 nm /53 kDa Ntw: > 24 h in serum/blood
70% human serum, 37 C R

dsDNA probe (DS) 22 bp /17 kDa -- DS:>24 hin serum/blood AGE, FRET DS more stable than Ntw 62(2015)
97.5% whole human blood, 37 ¢C .

ssDNA 32 nt/10kDa ssDNA: < 2 hiin serum/blood

Tetrahedron (Tet. 7 nm /82 kDa Tet.>1 hin all cell types

(Tet) / vp three-dye FRET Tetrahedron >> crosshair 9(2018)

Flowing whole blood .
4-arm crosshair (4ac)

23 nm /104 kDa

4ac < 15 min in Hela cells

This journal is © The Royal Society of Chemistry 20xx
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