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DNA nanotechnology holds substantial promise for future biomed-
ical engineering and the development of novel therapies and diagnostic
assays. The subnanometer-level addressability of DNA nanostructures
allows for their precise and tailored modification with numerous
chemical and biological entities, which makes them fit to serve as
accurate diagnostic tools and multifunctional carriers for targeted drug
delivery. The absolute control over shape, size, and function enables
the fabrication of tailored and dynamic devices, such as DNA nano-
robots that can execute programmed tasks and react to various external
stimuli. Even though several studies have demonstrated the successful
operation of various biomedical DNA nanostructures both in vitro
and in vivo, major obstacles remain on the path to real-world appli-
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cations of DNA-based nanomedicine. Here, we summarize the current
status of the field and the main implementations of biomedical DNA

nanostructures. In particular, we focus on open challenges and

untackled issues and discuss possible solutions.

1. Introduction

DNA is the carrier of hereditary information and there-
fore serves as a central component of all life on Earth. That
said, due to its unique chemical and structural properties,
DNA can also be used as a programmable material! for the
controlled synthesis of molecularly defined artificial nano-
structures and even switchable nanodevices.”) Long consid-
ered an exotic niche topic, the field of DNA nanotechnology
has immensely grown over the past decade, both on the
experimental and computational side.”! As an indication of
this, DNA nanostructures (DN) are currently applied in
research areas as diverse as nanoelectronics, chemical sensing,
molecular computing, and biomedicine.” The latter field in
particular has recently made impressive progress toward the
utilization of DN in various therapeutic and diagnostic
applications.

Compared to other more conventional nanomaterials, DN
have some significant advantages when it comes to biomed-
ical applications. First, whereas many nanoparticle systems
have raised concerns regarding possible adverse effects,” DN
are essentially biocompatible, biodegradable, and non-cyto-
toxic. Second, DN and especially DNA origami (DO)!" can be
assembled in well-defined yet almost arbitrary sizes and
shapes and thereby provide a means to tuning their biological
availability and activity. Third, their surfaces can be modified
in a precisely controlled manner with molecular accuracy.
This is particularly true for DO, which are based on the
folding of a long, single-stranded DNA scaffold into a desired
nanoscale shape by hybridization with a set of short staple
strands. Each of these staples has a unique sequence and can
thus be unambiguously addressed and modified to carry
different entities such as dye molecules, proteins, nano-
particles, and drugs. In this way, dozens of different functional
species can be arranged with nanometer accuracy on the
interior and exterior surfaces of DO. This approach thus holds
great promise for various biomedical applications, as it does
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not only enable the defined loading of
the DN with various therapeutic
cargos, but may also be used to facil-
itate cell targeting, cellular uptake,
target binding, and their conforma-
tional switching in response to various external stimuli. In
general, DN may bridge biochemically relevant length scales
and sub-nanometer precision to macroscopic dimensions.
However, DN are intrinsically less stable than inorganic
nanomaterials, which may result in serious limitations regard-
ing their applicability in physiological environments that are
equipped with sophisticated machinery for identifying and
degrading foreign DNA. Stabilizing DN under such adverse
conditions without impairing their desired biomedical func-
tion thus represents the most prominent challenge that we
currently face on the road to real-world applications. In this
Review, we shall first introduce the various therapeutic and
diagnostic applications of DN before summarizing the
challenges imposed on DN stability and functionality by the
physiological environment. Finally, we will discuss strategies
and solutions to these challenges and, in particular, address
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shortcomings, unsolved issues, and potential conflicts with
regard to DN functionality.

2. Biomedical Applications of DNA Nanostructures

The biomedical applications of DN are just as numerous
as their shapes. With some exceptions such as the field of drug
discovery, which is seeing more and more DNA-nanotech-
nology-related works,””) most of these applications require the
exposure of the DN to biological media, either in vivo or
exvivo. The latter automatically provides a distinction
between the two major application areas: therapeutic appli-
cations typically aim at employing the DN inside the human
body, whereas diagnostic applications often (although not
always, see Section 2.2) only require exposure to (sometimes
diluted or purified) blood, serum, or tissue samples. In this
section, we will provide an overview of these two major
application areas of DN in the biomedical field. For further
in-depth discussions of the specific applications, the reader is
referred to the large number of recent Reviews that focus
specifically on these topics.™”

2.1. Therapeutic Applications

Doxorubicin (DOX) is widely and commercially used in
cancer therapy—especially for solid tumors—and it is a well-
known DNA intercalator by its nature. Therefore, at least in
principle, it should be one of the most promising candidates
for DN-based delivery, as it can be loaded into customized
nanostructures that may have a plethora of other functions.
There are multiple examples of DN that have been employed
as DOX carriers such as DNA tetrahedra (DT),!'*!"! twisted
3D DO, DO triangles, " rectangles"!! and helix bun-
dles,"™ as well as tubular DO loaded into liposomes." In
addition to DOX, its close molecular relative daunorubicin
has also been used as a drug for a (Trojan) “DNA horse”.['"]
Although the efficacy of DOX-loaded DNA nanocarriers was
verified in several in-vivo models,'*!:1314181 each approach
has its own and different loading and purification strategy,
environment, pH, as well as DOX and ion concentrations,
thus making the results extremely hard to compare to each
other. Not only are the spectroscopic!® properties of DOX
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the University of Applied Sciences Coburg,
Germany, and received his Ph.D. degree in
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strongly ion- and pH-dependent,'”) but DOX is also com-
monly employed in substantial excess to DN in the loading
process, although it is known to self-aggregate at high
concentrations.””) Moreover, DOX can also bind to partially
hybridized or self-hybridized staples that are used in excess to
DO-scaffold strand during folding. As the binding affinity of
DOX is only slightly DNA-sequence-dependent,?!! the effects
of staples should not be ignored. That being the case, studies
relying purely on the spectroscopic properties of DOX and
not taking into account all the above-mentioned factors may
produce ambiguous results and leave plenty of room for
speculation.

Besides broadly employed DOX, there are other potential
drugs that can be loaded into DN. Again, the nature of the
interaction between the chosen drug and DN depends on the
prevalent conditions, but the loading efficiency may also
depend on the DN superstructure. This has been demon-
strated for intercalating YOYO-1 and acridine orange mol-
ecules? as well as for groove-binding methylene blue.’!

In contrast to the supposedly simple loading of the DNA
nanocarriers with intercalators or groove-binders, DN can
also be employed for the spatially controlled presentation of
functional molecules. Moser et al. recently conjugated ephrin-
mimicking peptides that bind to EphrinA2 receptors to the
tips of a DNA three-arm junction.? Ephrin-signaling path-
ways are involved in tumor development and may thus be
utilized in cancer therapy. The authors observed that the
oligovalent presentation of three ephrin-mimicking peptides
on one DN resulted in significantly increased EphA2
phosphorylation in PC-3 cells compared to monomeric
peptides. DN-templated oligovalence thus represents a prom-
ising concept for various therapeutic applications. Further-
more, it was found that even monomeric peptides showed
higher potency when coupled to the DN, which may provide
a rather simple route to tuning drug stability, distribution, and
activity.?¥

In cells, compartmentalization and precise organization of
active compounds such as enzymes is vital for specificity,
control, and enhancement of reactions. There are many routes
to achieve artificial compartments for enzymes, but the
unprecedented addressability of DN makes them highly
attractive candidates for this purpose. Protein encapsulation
is beneficial not only for multipurpose delivery applications
ranging from infectious to genetic-disease treatments,* but
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also for modulating protein properties such as stability and
function.’ It has been shown that the cellular delivery of
luciferase-loaded DO can be achieved and that the enzymes
retain their activity in the process.””’ Moreover, the activity of
these enzymes can be further modulated with cationic polymer
coatings of the hollow DO container (see also Section 4.2).2*
There is a wide variety of DNA-based vessels for enzymatic
cargos such as cascade nanoreactors” tubular hosts,*
reconfigurable vaults and capsules (Figure 1a, top panel),*"%
and various DNA cages (Figure 1a, bottom panel)*** as well
as nanosheets for nuclease delivery.” These types of (multi-
Jenzyme systems and vehicles with enzymatic payloads have
been reviewed in Refs. [26,36]. It is noteworthy that harnessing
DNA templates for protein assembly may have rather intrigu-
ing and unconventional implementations in tailored protein
design, as demonstrated by Rosier et al.’”l They assembled
a functional apoptosome by co-localization of multiple cas-
pase-9 monomers with the help of a DO platform. This
approach may pave the way for the engineering of artificial
enzymes that are involved in processes such as inflammation,
innate immunity, and necrosis.

In addition to drug and enzyme delivery, DN are
investigated as delivery vehicles for therapeutic nucleic
acids such as small interfering RNA (siRNA), antisense
RNAs (asRNA), and genes.’™* In a seminal study by Lee
et al., the authors employed DT to deliver siRNA sequences
into cells.”” They observed the suppressed expression of the
targeted genes only when the amount of cancer-targeting
ligands (folates) and their orientation was appropriate, thus
underlining the importance of the spatial addressability of the
DN. Moreover, these particles exhibited longer blood circu-
lation half-lives than the parental siRNA. Similar DNA
shapes have also been used in a nanogel-based siRNA-
delivery system.*!

Very recently, Li et al. showed that aptamer-equipped DN
could be used in the repair of cerebral ischemia-reperfusion
injury (IRI) in rats™! Oxidative stress combined with
inflammation is the main contributor to brain IRI, which is
intensified by the complement component 5a (C5a). There-
fore, the authors utilized DNA frameworks conjugated with
anti-C5a aptamers to selectively reduce C5a-mediated neuro-
toxicity and effectively relieve oxidative stress in the brain.

Immunostimulatory CpG oligonucleotides are a special
class of therapeutic nucleic acids. These CpG sequences
stimulate intracellular Toll-like receptors in macrophages and
dendritic cells, which results in T-cell activation.”! They can
thus be used in cancer immunotherapy and as vaccine
adjuvants. Numerous studies used DN to display CpG
oligonucleotides and deliver them into macrophage-like
cells without the need for transfecting agents.[***¥ Enhanced
immunostimulation due to DN-mediated CpG delivery was
also validated in vivo."!

In contrast to chemo-, immuno-, or gene therapy, photo-
dynamic!*! and photothermal therapy!*”! employ inert com-
pounds and materials that become active only upon inter-
action with light. These can be either photosensitizers that
generate reactive oxygen species upon illumination or
plasmonic nanomaterials such as gold nanoparticles that
heat up due to the resonant absorption of photons of a certain
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Figure 1. Dynamic devices for therapeutics. a) DNA nanocarriers for
enzyme encapsulation and display. Top panel: A pH-switchable DO
nanocapsule that can be reversibly closed and opened. Closing and
opening is characterized using Férster-resonance energy transfer
(FRET). Bottom panel: A temperature-responsive DNA cage for
enzyme trapping and release. b) DO nanorobots. Top left panel: An
antibody-loaded logic-gated shell-like robot. Bottom panel: Different
lock and key combinations of logic-gated robots analyzed by flow
cytometry. Top right panel: A thrombin-loaded tubular nanorobot that
opens through interaction between nucleolin proteins and “fastener”
strands. a) Top panel reproduced with permission from ref. [31]
(https://pubs.acs.org/doi/10.1021 /acsnano.9b01857). Copyright 2019
American Chemical Society. Further permissions related to the material
excerpted should be directed to the American Chemical Society.
Bottom panel reproduced with permission from ref. [33]. Copyright
2013 American Chemical Society. b) Top left panel and bottom panel
reproduced with permission from ref. [41]. Copyright 2012 AAAS. Top
right panel reproduced with permission from ref. [40] Copyright 2018
Springer Nature.

wavelength. Many of these photosensitizer and nanoparticle
systems, however, suffer from low solubility and low cell/
tissue uptake. At several instances, the application of DN-
based carriers was shown to overcome these drawbacks and
result in improved anticancer activity both in vitro and
in vivo.[45-5
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On top of the above-mentioned examples, DN address-
ability, activity, and emerging multifunctionality may find uses
in targeted therapy, where the designed vehicle can perform
multiple tasks. One of the earliest works manifesting this kind
of utility was a dynamic logic-gated nanorobot designed by
Douglas et al. (Figure 1b, top left panel).*!] The authors
equipped a hollow-shell-like and spring-loaded DO with
antibodies and closed the device using an aptamer “lock”
system (dsDNA) that can only be opened through binding of
a specific antigen “key”. They demonstrated the logic gating
with a two-input system by assembling a logic AND gate
through aptamer encoding, that is, a gate where both locks
needed to be opened simultaneously to activate the robot
(Figure 1b, bottom panel). Furthermore, they presented the
versatility of the system by building a handful of distinct
versions of these aptamer-encoded devices and testing the
response with multiple different cell lines. Later on, similar
nanorobots were employed in performing universal comput-
ing in living cockroaches.F!l This approach by Amir et al. was
based on dynamic interactions between the robots. These
interactions served as logical outputs that were further
relayed to switch molecular payloads on or off, thus opening
new avenues in the computational control of therapeutics.

Along these lines, Li et al. created their own version of
a dynamic in-vivo nanorobot (Figure 1b, top right panel).’!
They used a thrombin-loaded rectangular DO that was
further wrapped into a tubular shape with DNA “fastener”
strands and functionalized with targeting aptamers. The
fastener strands were designed in such a way they could
open through the interaction with nucleolin proteins that are
expressed at the surface of actively proliferating tumor
vascular endothelial cells. When the encapsulated cargo was
displayed and exposed through the nucleolin-induced recon-
figuration of the robot, thrombin activated blood coagulation
at the tumor site. The authors used mice to demonstrate the
specific delivery of robots to tumor-associated blood vessels
and the resulting intravascular thrombosis. Finally, this led to
tumor necrosis and inhibition of tumor growth.

Related to above examples, Liu et al. have also shown that
drug-molecule-loaded delivery devices with multifunctional
properties can be assembled using the DO technique.'¥ The
authors integrated gene delivery with cancer therapy by
loading a DO triangle with DOX molecules and equipping it
with two linear tumor-therapeutic genes (p53). In a similar
manner, the same group used a combination of RNA
interference (RNAi) and chemotherapy by incorporating
siRNA and DOX into a single DO.* These multifunctional
devices could enter multidrug-resistant tumors (MCF-7R)
and inhibit their growth both in vitro and in vivo. Further-
more, the research group of Ding has also shown that DOX,
gold nanorods, and the tumor-specific aptamer MUC-1 can all
be incorporated into one DO vehicle for effective circum-
vention of drug resistance.*”

Jiang et al. recently demonstrated that even non-modified
DO can have therapeutic potential (Figure2).*® They
observed that the DO preferentially ended up in the kidneys
(Figure 2b), whereas partially folded nanostructures and
unfolded scaffold strands were sequestered by the liver or
experienced rapid renal clearance. Most astonishingly, the
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Figure 2. DN against acute kidney injury (AKI). a) Schematics of using
non-modified DO as therapeutics in mice: Rectangular DO alleviate
AKI via scavenging of reactive oxygen species (ROS). b) Positron-
emission tomography (PET) shows rapid accumulation of *Cu-labeled

DO in the kidneys of mice with AKI. Reproduced with permission from
ref. [55]. Copyright 2018 Springer Nature.
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authors also found that at least one of the DO shapes
exhibited renal-protective properties. Rectangular DO could
efficiently alleviate acute kidney injury (AKI) in mice via the
scavenging of reactive oxygen species (ROS, Figure 2a). The
therapeutic response was rapid, which indicates that DO may
be promising candidates for the treatment of various kidney-
related diseases. Importantly, the authors also showed that the
selected rectangular DO shape was not toxic to organ
functions and it did not elicit an immune response in vivo.
However, it should be pointed out that DO may still require
additional protection mechanisms for efficient targeting and
enhanced pharmacokinetic bioavailability, which might
change their biodistribution from what has been shown
here. Nevertheless, the possibility of using DN themselves
as drugs by exploiting their ROS-scavenging abilities is very
appealing and deserves further in-depth investigation.

2.2. Diagnostic Applications

Being fully composed of DNA, it is rather straightforward
to decorate DN with a well-defined arrangement of capture
probes for the specific binding of preselected, medically
relevant nucleic-acid sequences such as cancer-related micro-
RNAs (miRNA)P or disease- or pathogen-specific genes.
Target binding can be detected using various techniques, with
the DN often being used for signal enhancement, trans-
duction, or the implementation of logic operations. One of the
earlier demonstrations by Ke etal. used barcoded DO
substrates to arrange three different capture sequences
complementary to regions of three different genes and
detected the site-specific binding of target RNAs using
atomic force microscopy (AFM, Figure 3a, right panel).””
Wang et al. further advanced this concept by implementing
strand-displacement-based logic operations for the simulta-
neous detection of two different input miRNAs."¥ Kuzuya
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Figure 3. DN-based diagnostics and imaging. a) DN for AFM-based
microRNA (miRNA) detection. Right panel: A rectangular DO tem-
plate. Left panel: A dynamic plier-like DO. b) Electrochemical nucleic-
acid detection using DN. Top panel: Switchable DT at a gold electrode.
Bottom panel: DO-based electrochemical miRNA platform. c) A DO
for the aptamer-based detection of a malaria protein biomarker. d) DN
for imaging applications. Left panel: DO with gold nanorods for two-
photon luminescence. Right panel: A DT labeled with near-infrared
emitters and a radioactive Tc isotope. a) Right panel reproduced with
permission from ref. [57]. Copyright 2008 AAAS. Left panel reproduced
with permission from ref. [59]. Copyright 2011 Springer Nature. b) Top
panel reproduced with permission from ref. [67]. Copyright 2014
American Chemical Society. Bottom panel reproduced with permission
from ref. [68] (https://pubs.acs.org/doi/10.1021/acsomega.9b01166).
Copyright 2019 American Chemical Society. Further permissions
related to the material excerpted should be directed to the American
Chemical Society. c) Reproduced with permission from ref. [70]. d) Left
panel reproduced with permission from ref. [49]. Copyright 2015 John
Wiley and Sons. Right panel reproduced with permission from ref. [71].
Copyright 2016 American Chemical Society.

et al. developed a dynamic plier-like DO device that enabled
the detection of several molecular species including miRNAs
(Figure 3a, left panel).”” Target binding resulted in a change
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in DO shape that could be detected either by AFM or by
fluorescence readout using dye-modified DO constructs./*”

As of now, fluorescence-based signal readout is the most
widely used technique for the detection of target DNA/RNA
binding to DN. This is mostly because the use of DN
substrates for fluorophore presentation provides several
advantages over free nucleic-acid probes. For instance, DN
enable the construction of multicolor-fluorescence systems
that can enter living cells for the detection of intracellular
RNAs.®! Furthermore, DN provide several means for
enhancing fluorescence intensities. Decoration of beacon-
like DO with multi-fluorophore arrays resulted in enhanced
FRET signals for target DNA detection down to 100 pm
concentrations.” Zhu et al. recently demonstrated the pH-
controlled intracellular release of hairpin probes from triple-
helix-functionalized DT, which initiated a hybridization chain
reaction upon interaction with target mRNA for the amplifi-
cation of fluorescence signals.”® By modifying DO with gold
or silver nanoparticles, plasmonic nanoantennae can be
constructed for the plasmonic enhancement of the fluores-
cence signal obtained from single fluorophores by several
orders of magnitude.® Ochmann et al. combined such nano-
antennae with fluorescence-quenching hairpins to detect
Zika-virus DNA and RNA sequences.®” This approach not
only enabled target detection at 1 nM concentrations in
human serum but was also extended toward multiplexing by
combining multiple antenna designs.

In addition to AFM and fluorimetry, various electro-
chemistry-based sensing concepts for the detection of nucleic-
acid binding to electrode-immobilized DN have also been
evaluated (Figure 3b).°* Here, immobilizing target-bind-
ing probe sequences on electrode-supported DN typically
resulted in a higher detection sensitivity and sequence
specificity compared to direct immobilization at the electrode
surfaces.

Employing dynamic DN allows for the implementation of
novel sensing concepts. Funck et al. recently demonstrated
the detection of a hepatitis C virus RNA sequence using
a cross-shaped DO comprised of two gold nanorod-carrying
arms connected with a flexible pivot point.”) Target RNA
binding triggered a strand-displacement reaction that resulted
in the switching of the DO device from a mostly achiral to
a right-handed chiral geometry, which could be detected by
circular-dichroism spectroscopy. The sensitivity of the device
was determined as 100 pm and successful detection of 1 nm
target RNA was accomplished in 10 % serum.

In a rather different approach, DO have been used as
shape IDs not for DNA detection but for genotyping. To this
end, Zhang et al. developed a set of differently shaped and
modified DO that were used for the site-specific labeling of
genomic DNA extracted from human blood samples.’? Using
AFM for shape ID visualization, the authors could detect and
distinguish various single nucleotide polymorphisms (SNPs)
with a lateral solution of about 10 nm. This approach was later
extended to identify the genotype of hepatitis B viruses.”

The general detection concepts introduced above can also
be adapted for the detection of proteins and other biomark-
ers. This usually requires the introduction of target-specific
aptamers into the DN.Y Detection of the bound analyte can
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then be achieved using AFM,""™ electrochemistry,”! fluo-
rimetry,® and CD spectroscopy,/”™ and successful target
detection was recently demonstrated even in whole blood."!
Nevertheless, most of these works can be considered proof-of-
principle studies that employed well-characterized aptamers
with a high affinity toward some model targets such as
thrombin,> " ATP®* 7 or adenosine.”” Successful aptamer-
based detection of an infection-related target was demon-
strated by Godonoga etal., who incorporated aptamers
against the malaria-protein biomarker P/LDH in 2D DO
substrates (Figure 3¢).""! Using AFM, target-protein binding
could be detected at a concentration as low as 500 nm and also
in the presence of human plasma. Kwon et al. decorated star-
shaped DN with a regular pattern of aptamers that matched
the expression pattern of their target proteins in the dengue-
virus envelope, resulting in strong oligovalent virus binding.["”!
By introduction of fluorophore-quencher pairs, DN-virus
binding could be detected in human serum and plasma at
a superior sensitivity compared to PCR-based detection.
Furthermore, arranging the aptamers on the DN also
enhanced their inhibition efficacy.

As an alternative to aptamers, DN can also be directly
modified to carry antibodies or antigens. For instance, Kuzuya
et al. used fluorescein-modified DO pliers for anti-fluorescein
IgG detection.’ Pei etal., on the contrary, developed
a sandwich-type assay in which an antibody against TNF-
a was attached to DT immobilized on a gold electrode.™”!
After capturing TNF-a from solution, a second antibody
carrying a HRP enzyme was bound to the captured TNF-a to
translate target binding into a detectable electrochemical
signal. This sandwich-type assay was subsequently further
advanced toward the detection of antibodies™! and patho-
gens.®® For instance, Wang et al. recently reported the
highly sensitive detection of pneumococcal surface protein A
from Streptococcus pneumoniae lysate.™ This assay not only
had an extremely low limit of detection of 0.093 CFUmL™!
equivalent of S. pneumoniae lysate, but was also able to
quantify S. pneumoniae in different swab samples from
a human subject.

DN can also be employed as carriers of functional species
for in-vivo-imaging applications.®” Many studies have
employed fluorophore- and quantum-dot-labeled DN to
visualize their biodistribution by fluorescence microsco-
py.[1338:8 While most of these works focused on the efficacy
of the DN as vehicles for the transport of therapeutic cargo,
this approach may also find its way into purely diagnostic
applications. For instance, Kim et al. used a fluorophore-
labeled DT for sentinel-lymph-node imaging.*”) Here, the use
of a DN resulted in enhanced lymph-node translocation and
a prolonged retention time at the node.

In addition to fluorescence imaging, DN have recently
also been utilized in other in-vivo-imaging techniques. Jiang
et al. employed a dual-modified DT carrying a near-infrared
(NIR) emitter and a radioactive Tc isotope for combined
NIR-fluorescence imaging and single-photon-emission-com-
puted tomography of targeted tumors in mice (Figure 3d,
right panel).! Similarly, the in-vivo biodistribution of *Cu-
labeled DO was evaluated using positron-emission tomog-
raphy. Finally, gold-nanorod-modified DO have been
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employed for two-photon luminescence (Figure 3d, left
panel)*! and optoacoustic imaging.””

3. Challenges for Applying DNA Nanostructures in
the Physiological Environment

The application of DN in physiological environments
faces two major challenges: limited stability in biological
media and the induction of an adverse immune response. On
top of that, the structures usually suffer from poor cell uptake.
Naturally, these challenges are more severe for in-vivo
applications than for ex-vivo diagnostics. However, even
though many ex-vivo assays may use biological media that
have been purified, inactivated, supplemented with stabilizing
salts, or simply diluted, the ultimate goal is to directly analyze
patient samples with as little pre-processing as possible, in
particular in the field of point-of-care diagnostics.*!

3.1. Limited Stability

Early on, the stability of DN in biological media has
attracted considerable attention and initial results appeared
very promising. Keum and Bermudez have shown that DT are
more stable in the presence of diluted serum than their linear
counterparts.® Similarly, Mei et al. demonstrated the stabil-
ity of various 2D and 3D DO in cell lysates.”” Nevertheless,
Castro et al. observed the complete degradation of 3D DO in
the presence of nucleases in less than one hour.’l Finally,
Hahn et al. have identified two major factors that limit DO
stability in cell-culture media, namely low Mg>" concentra-
tions and the presence of nucleases.””

The vast majority of protocols for DN assembly employ
Mg** concentrations in the mm range in order to compensate
the electrostatic repulsion between neighboring DNA heli-
ces.””l Relevant biological media such as blood or serum,
however, have much lower Mg?** concentrations.”? Even
though physiologically more abundant monovalent cations
such as Na* or K* are, in general, also able to stabilize the DN,
they are less efficient and may again require concentrations
that exceed those of physiological environments.”**! This is
due to ion-specific differences in the type of interaction,
binding site, and binding affinity between DNA and the
individual ion species.”**® Recently, Roodhuizen et al. per-
formed atomistic molecular-dynamics simulations of DO
stabilization by various cations.” They found that Mg>*
ions bind strongly to minor-groove atoms and the backbone
phosphates, whereas Na* binding is much weaker and barely
involves the phosphates. This strong binding of the Mg*" ions
is responsible for the somewhat surprising observation that
DO assembled in a Mg*'-containing buffer can be gently
transferred into Mg*"-free buffers and even pure water
without a loss of integrity.’”*”! Under such conditions,
however, other buffer components such as EDTA or phos-
phate ions also become important as they may interfere with
the DNA-bound Mg”" ions and thus promote DO denatura-
tion.”! Furthermore, DO shape and superstructure also
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appear to play a significant role in DO stability and
denaturation under low-ionic-strength conditions.”>**

While these ionic-strength-related destabilizing effects
are typically more pronounced in large DO that feature
a dense arrangement of many negatively charged double
helices than in smaller DN, DT and single-stranded-
tile (SST)-based DNA nanotubes!'"™ may also turn out
sensitive toward low mono- and divalent salt concentrations.
In particular, Kocabey et al. observed that SST-based DNA
nanotubes may undergo complete denaturation in phosphate-
buffered saline with a physiological Na* concentration of
135 mm when supplemented with less than 2 mm Mg*+ 1l
Even more intriguing, they found that low-salt denaturation is
more pronounced when siRNA sequences are hybridized to
single-stranded overhangs on the nanotube surface.

DNA-degrading nucleases are found in virtually all types
of tissues and bodily fluids,"*>'®! and thus represent a serious
threat to the integrity of therapeutic or diagnostic DN.
Consequently, a number of studies have evaluated DN
stability in the presence of selected nucleases or serum-
containing media. Unfortunately, the obtained results remain
somewhat ambiguous so far. While Keum and Bermudez
observed that DT are more stable in 10 % fetal bovine serum
(FBS) and in the presence of DNase I than simple double-
stranded DNA ! Goltry et al. have shown that the situation
is more complex.'™ In particular, they observed not only that
the stability of a simple DNA nanomachine in 70 % human
serum depends on its local topology, but also that it was in
general less stable than corresponding duplex DNA. Fur-
thermore, the introduction of fluorophore and quencher
labels resulted in a reduced stability of both the nanomachine
and the duplex DNA. This observation is in line with the
results by Kocabey et al., who found that siRNA-decorated
DNA nanotubes were degraded in 10% FBS within 1h,
whereas unmodified nanotubes survived for at least 8 h under
identical conditions."™ As was recently shown by Lacroix
et al., this rapid enzymatic degradation of fluorescently
labeled DN in cell-culture medium may cause severe artifacts
in in-vitro cellular-uptake studies.'® For larger DO, exposure
to 10 % FBS resulted in notable degradation already after two
hours.”! This fast degradation is caused by the very high
nuclease activity of FBS. In human serum, about sixfold
longer lifetimes have been observed.!'" Using FBS, the lower
nuclease activity of human serum can be mimicked by heat
inactivation,'™ which resulted in completely intact DO after
24 h incubation.””

Castro et al. investigated the susceptibility of 3D DO-
helix bundles toward degradation by various nucleases and
observed significant digestion only for T7 endonuclease I and,
most importantly, DNase I/l which is the most abundant
nuclease in blood and serum.'® Nevertheless, DNase-I-
induced degradation was much slower for the DO than for
duplex plasmid DNA.PY Absolute time scales of DNase-I-
induced DO degradation, however, strongly depend on the
experimental conditions. For instance, Castro et al. observed
the complete digestion of a DO 24-helix bundle (2 ng in 20 pl)
by one unit DNase I within 1 h at 37°C.”"! Auvinen et al., on
the contrary, observed no degradation at all for a 60-helix
bundle (310 ng in 20 ul) exposed to one unit DNase I within
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1 h at room temperature.'"”” These differences may result not
only from the different temperatures and DNA concentra-
tions employed in these experiments, but also from the
different DO shapes. Indeed, as was recently shown by our
labs, DO shape and superstructure play an important role in
modulating global as well as local DNase-I activity (see
Section 4.1).11%7)

3.2. Adverse Immune Response

Albeit DNA molecules are inherently biocompatible
polymers and act as key players in many biological and
cellular processes, they may nonetheless elicit severe inflam-
matory responses.'” In the case of DN, Perrault and Shih™!
as well as Auvinen et al."® observed remarkable immune
activation in mice splenocytes incubated with plain 3D DO
just by monitoring their cytokine production, namely inter-
leukin 6 (IL-6) and/or interleukin 12 (IL-12) levels. Never-
theless, when these primary spleen cells were treated with
lipid- or protein-coated DO (see also Section 4.2), both
groups demonstrated a proper camouflage of DNA, in other
words, a negligible immune response. Schiiller et al. (see also
Section 2.1) also probed the immune response of mice
splenocytes, but in this case, they used tubular DO with and
without immunostimulatory CpG oligonucleotides and fol-
lowed the secretion of three different immune markers, IL-6,
IL-12, and transmembrane C-type lectin (CD69).* Cell
incubation with CpG-modified tubes resulted in elevated
levels of all markers, while unmodified DO induced only IL-6
and IL-12 responses. In contrast, a study by Xia etal.
employing dendritic RAW264.7 cells (mouse-macrophage-
precursor immune cells) and small DT did not show any IL-6
or IL-12 activation."” Nevertheless, the direct comparison of
these results is rather challenging, as the amount and size of
DN vary from study to study."")

4. Strategies and Solutions
4.1. Design Factors

DN can be designed in a variety of shapes, and for a long
time, it was speculated that their shape and size should have
a significant influence on the efficacy of their cellular
transport, similar to nanocarriers made of other materials.
Bastings et al. thus systematically studied the living-cell
uptake of DO having a size range of 2 to 5 MDa and multiple
structures such as different-diameter bundles, circles, barrels,
and other nanoshapes (Figure 4a, left panel).'' They
observed that large and compact structures are preferentially
internalized (Figure 4 a, right panel), indicating that both the
aspect ratio and mass play an important role in the process.
Nevertheless, they reported that the transfection rates are
actually even more dependent on the used cell type than the
DO themselves.

In any case, these structures will eventually face the
adaptive immune system (see above) and endonucleases,
which may digest and eventually destroy them. Keum and
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or strongly resistant toward
enzymatic cleavage, depending
on the local mechanical and
topological properties in the
vicinity of the individual
Site.[114’115]

The bulk of these data sug-
gests that DN can be rationally
designed for increased serum
stability and cell uptake, for

279.7 s 3833s

instance, by making them
mechanically very rigid to sup-
press nuclease binding. How-
ever, the desired performance
of a given DN depends not only
on its stability and uptake but
also on other aspects such as
drug loading efficiency and
release  kinetics, which are
affected by the same design fac-

8184s 10049 s

tors. Individual design-related
properties will thus have to be
weighed against each other,
favoring, for instance, efficient
drug intercalation over serum

100 10! 102 108
Fluorescein

Figure 4. Design factors that affect DN delivery and stability. a) Left panel: DO with varied shapes and
masses for studying their cellular uptake. Right panel: The results indicate enhanced delivery with
increasing compactness of the DN. b) DO under DNase-| attack analyzed in real time using high-speed
AFM. c) DT with bioorthogonal base-pairing systems, L-DT (red) design enhances Hela (left) and NIH-
3T3 (right) intracellular delivery and outperforms p-DT (blue), as shown by flow cytometry (untreated
cells shown in black). a) Reproduced with permission from ref. [111]. Copyright 2018 American Chemical
Society. b) Reproduced with permission from ref. [107]. Copyright 2019 John Wiley and Sons. c) Repro-

duced with permission from ref. [113].

Bermudez have reported that simple DT with different shapes
and sizes may be resistant to specifically and non-specifically
digesting nucleases.® Kim et al. used a DNA cage library of
16 different shapes for the in-vivo screening of tumor
targeting in mice and found that the tumor specificity was
closely related not only to the cellular uptake of the cages but
also to their nuclease resistance.'’! By selecting the most
potent cages, the group demonstrated tumor-specific damage
by delivering macromolecular apoptotic proteins solely into
the tumor tissue.

Ramakrishnan et al. studied how DNase I would enzy-
matically cleave multiple distinctly designed DO by monitor-
ing the structures in real time on mica substrates using high-
speed AFM.""! They observed that these 2D shapes exhibit
structure-specific degradation profiles, thus confirming that
digestion is structure-dependent (Figure 4b). In particular,
DO degradation by DNase I seems to be most efficient at
mechanically flexible sites that can accommodate the struc-
tural duplex distortions associated with DNase-I binding.
Similar observations were also made by Stopar et al. who
investigated the enzymatic cleavage of the DO scaffold by
several restriction endonucleases at their respective recog-
nition sites."'" They found that these sites can be either active
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stability.

As an interesting addition to
the different designs discussed
above, Kim etal. employed
a bio-orthogonal base-pairing
system, that is, L-DNA instead
of natural p-DNA, for their DT
vehicle to avoid undesirable
interaction between the carrier
and the attached proliferative
aptamer cargo (Figure 4c).l"
This modification also led to strongly enhanced serum
stability and increased intracellular delivery rates. Similarly,
Liu et al. introduced unnatural base pairs into DNA junctions
and nanotubes, resulting in increased melting temperatures
and exonuclease resistance.'' It remains to be seen, how-
ever, how such oligonucleotide modifications affect the
loading with intercalating or groove-binding drugs.

10° 10' 102 10°
Fluorescein

4.2. External Modifications

The most intuitive way to tackle possible immunogenicity,
poor transfection rates, and low stability is to employ coating
or self-healing strategies. Perrault and Shih demonstrated that
the DNA strand-mediated lipid-bilayer coating of a spherical
DO not only attenuated the immune response (see Sec-
tion 3.2), but also improved the stability against nucleases and
increased the in-vivo pharmacokinetic bioavailability (Fig-
ure Sa, top left panel).®™ The stability and resistance to
nucleases can also be increased by decorating the exterior of
DN with dendritic oligonucleotides as shown by Kim and Yin
(Figure Sa, top right panel).""”! Lacroix et al. used a human-
serum-albumin (HSA) coating based on the attachment of
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dendritic alkyl-conjugated DNA strands for achieving serum
stability and protection against nucleases (Figure 5a, bottom
right panel).'? It is noteworthy that the employed HSA
coating did not hinder the activity of structure-bound gene-
silencing oligonucleotides inside cells. In addition to the study
by Lacroix et al., it has also been shown that discrete protein
modifications can enhance the cellular delivery of DN.
Schaffert et al. incorporated multiple DNA-modified trans-
ferrin proteins into a planar DO and managed to increase the
transport rates into cancer cells up to 22-fold compared to
naked DO.M™¥ Yet another direct DNA-linking-based
approach to increase the bioavailability of DN is self-healing
(Figure 5a, bottom left panel). Li and Schulman demon-
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strated that the degradation process of long poly(ethylene
glycol) (PEG)-coated DNA nanotubes in 10% FBS could be
reversed by an excess amount of small PEG-conjugated DNA
tiles to seal the broken parts and repair defects.'””) With this
strategy, the serum lifetime of DNA nanotubes could be
extended to several days.

All the coating approaches mentioned above rely on
modified DNA strands that can be anchored via hybridization
to the designed positions in the larger structure, where they
may equally serve as binding sites for further functionaliza-
tion. While the addressability is arguably an advantage, these
methods may require expensive modifications of dozens of
individual strands. Therefore, instead of DNA conjugation,
simple electrostatic coating and shielding of the negatively
charged DN may be more feasible in many occasions. There is
a plethora of techniques that take advantage of cationic
polymers, such as poly(2-dimethylaminoethyl methacryla-
te)(PDMAEMA)-PEG copolymers (Figure 5b, top right
panel),® chitosan and linear polyethyleneimine (PEI),!*"
oligolysine—-PEG (Figure S5b, bottom right panel),* and
polylysine-PEG copolymers (Figure 5b, left panel).l*!
Recently, it was demonstrated that the nuclease resistance
of DO coated with PEGylated oligolysine can be further
enhanced by a chemical crosslinking of the polymer coat-
ing.[lzs]

Besides synthetic polymers, it is equally possible to apply
protein-based coatings using electrostatic interactions. Mik-
kila etal. disassembled chlorotic cowpea mottle virus
(CCMV) to obtain single capsid proteins (CPs) with pos-
itively charged residues at the N-terminus."?? These CPs were
then complexed with rectangular DO, resulting in wrapped-
up morphologies (Figure 5S¢, left panels) or fully CP-encap-
sulated DO. The HEK 293 cell-transfection efficiency of CP-

Figure 5. External modifications of DN. a) Coating and healing strat-
egies for various DNA shapes using direct DNA linking. Top left panel:
A sphere-like DO with virus-inspired lipid coating. Top right panel: A
dendritic oligo-coated DNA brick. Bottom left panel: A DNA nanotube
that self-heals in serum. Bottom right panel: A HSA-equipped DNA
cube. b) Electrostatic polymer coating of DO. Left panel: Reversible
cationic polymer coating of a DNA bundle. Top right panel: A cationic
polymer-coated DNA brick. Bottom right panel: An oligolysine-coated
barrel-like DO. c) Peptide and protein-coated DN. Left panels: A
rectangular DO complexed with virus capsid proteins yielding different
morphologies. Top right panel: Rectangular and tetrahedral DN with
diblock polypeptides. Bottom right panel: A bovine serum albumin
(BSA)-coated brick-like DO. a) Top left panel reproduced with permis-
sion from ref. [85] (https://pubs.acs.org/doi/10.1021/nn5011914).
Copyright 2014 American Chemical Society. Further permissions
related to the material excerpted should be directed to the American
Chemical Society. Top right panel reproduced with permission from
ref. [117]. Bottom left panel reproduced with permission from

ref. [119]. Copyright 2019 American Chemical Society. Bottom right
panel reproduced with permission from ref. [120]. Copyright 2017
American Chemical Society. b) Left panel reproduced with permission
from ref. [121]. Copyright 2017 John Wiley and Sons. Top right panel
reproduced with permission from ref. [28]. Bottom right panel repro-
duced with permission from ref. [86]. c) Left panel reproduced with
permission from ref. [122]. Copyright 2014 American Chemical Society.
Top right panel reproduced with permission from ref. [123]. Copyright
2017 American Chemical Society. Bottom right panel reproduced with
permission from ref. [106].
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coated DO could be increased up to 13-fold compared to bare
DO. Kopatz et al. used a similar strategy as above, but their
components were CPs of simian virus 40 (SV40) from the
polyomavirus family and a nearly spherical 3D DO with
a well-defined diameter.'” In this case, CPs were fully
encapsulating the DO, and the complex resembled the native
SV40 in shape, symmetry, and size. In addition to viral capsids,
serum albumin has also been used for the protection of DO.
Auvinen etal. demonstrated the bovine serum albumin
(BSA) coating of a brick-like DO by covalently coupling
positively charged and branched dendron molecules to BSA
(Figure 5c, bottom right panel).'"! It was not only shown that
the BSA corona attenuated the immune response as
explained earlier, but also that the cell-transfection rates
and stability against DNase I were clearly improved.
Recently, cationic HSA (cHSA), an albumin derivative, was
utilized in a similar way to complex rectangular DO."?” Yet
another way of making use of protein-based shielding is to
attach protein polymers!'® or diblock polypeptides!'>! to DN
to protect them from enzymatic degradation (Figure 5c, top
right panel).

Several issues need to be considered when employing such
coatings in biomedical DN. While it has been demonstrated
that oligolysine—PEG coating of DO did not compromise the
functionality of single-stranded DNA handles protruding
from the DO surface,® this may not be the case for all
coatings and functional surface modifications reported in
literature. In particular, the binding affinity of surface-bound
aptamers may be drastically reduced by the application of
such coatings. Furthermore, many of the coatings discussed
above are not compatible with the conformational switching
of dynamic DN. Finally, coating of DN will restrict access to
any encapsulated cargo™ and thus (positively or negatively)
affect drug-loading and release properties.

4.3. Enzymatic and Chemical Modifications

A general problem faced by virtually all DN results from
the fact that they consist of short oligonucleotides that are
hybridized with each other via domains comprising only
a small number of base pairs. Therefore, the melting temper-
atures of these oligonucleotides are often rather low. Fur-
thermore, even a moderate nuclease attack resulting in only
a few cleaved oligonucleotides may already lead to the
spontaneous dehybridization of the even shorter fragments
and thus the complete collapse of the DN. Consequently,
various studies have attempted to increase DN stability by
introducing covalent bonds between neighboring oligonucle-
otides.

A rather obvious strategy for the covalent linking of
(selected) oligonucleotides is their phosphorylation and post-
assembly enzymatic ligation. O’Neill et al., for instance,
demonstrated that ligation of tile-based DNA nanotubes
not only increases their melting temperature but also renders
them stable in pure water.'” Even though the dense duplex
arrangement in DO most likely makes a significant fraction of
nicks non-accessible for the ligase,"”'' the enhanced
stability of ligated DO under denaturing conditions was
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Figure 6. Enzymatic and chemical modifications of DN. a) Redesigned
(left) and ligated (right) DO triangles for enhanced stability. b) Chem-
ical ligation of a rectangular DO tile. c) DO staples are crosslinked by
forming covalent UV-induced cyclobutane pyrimidine dimers between
thymine bases. d) Top panel: Combination of design and chemistry:

a custom scaffold allows tailored UV-crosslinking throughout a DO.
Bottom panel: After the UV-treatment the DO pointer structure retains
its shape when incubated for 48 h in low ionic strength phosphate-
buffered saline (PBS) at 40°C. a) Reproduced with permission from
ref. [130]. b) Reproduced with permission from ref. [133]. Copyright
2014 John Wiley and Sons. c) Reproduced with permission from

ref. [135]. d) Reproduced with permission from ref. [136]. Copyright
2019 American Chemical Society.

recently demonstrated (Figure 6a)."*") Hamblin et al. further
demonstrated that decreasing the number of backbone nicks
renders DNA nanotubes resistant against nuclease degrada-
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tion in 10% FBS.! In their case, this was achieved not by
enzymatic ligation but through the use of continuous back-
bone strands produced by rolling-circle amplification.

Similar covalent crosslinks can also be achieved via
chemical modifications of the employed oligonucleotides.
Casinelli et al. assembled SST-based six-helix tubes from (3'-
alkyne,5'-azide)-modified oligonucleotides."*! Each of these
oligonucleotides then was cyclized by covalently connecting
its ends in a post-assembly click reaction, which resulted in
the topological interlocking of the SSTs. This interlocking
resulted in a significantly enhanced stability of the DNA
nanotubes under low-salt conditions and enhanced resistance
against exonuclease digestion. Kalinowski et al. followed
a different approach and chemically ligated the oligonucle-
otides in a DO via phosphoramidate linkages between 3'-
amino-modified staples and their 5-phosphorylated neigh-
bors (Figure 6b).'3) Recently, Raniolo et al. evaluated the
stability of various crosslinked and non-crosslinked DN both
in 10% FBS and inside cells."* They found that enzymatic
ligation of DNA cages as well as cyclization of SST-based
DNA nanotubes resulted in a significantly enhanced stability
compared to both their non-crosslinked counterparts and
non-ligated DO.

In addition to these purely chemical crosslinking strat-
egies, various routes for the photo-induced crosslinking of
DO have been reported. Rajendran et al. incubated pre-
assembled DO with the drug 8-methoxypsoralen (8-
MOP).I"l Subsequent exposure to UV light resulted in the
formation of covalent adducts between 8-MOP and pyrimi-
dine bases. The UV-crosslinked DO exhibited drastically
enhanced melting temperatures. Gerling et al. employed
a more direct photo-crosslinking.® They modified the
staple strands with single-stranded thymidines at predefined
positions and employed UV irradiation to crosslink thymi-
dines in close proximity via the formation of cyclobutane
pyrimidine dimers (CPDs). In this way, they introduced
various interhelical as well as some intrahelical crosslinks
(Figure 6¢). The UV-crosslinked DO displayed superior
stability under high-temperature and low-salt conditions as
well as in 10% FBS and in the presence of various nucleases.
Engelhardt et al. further advanced this approach by utilizing
a specifically designed scaffold with AA motifs at all possible
staple crossover positions, which therefore leads to adjacent
thymidines in staple strands that can be readily UV-cross-
linked without requiring any additional staple modifications
(Figure 6d)."* Finally, photo-crosslinking can also be rever-
sible, as recently demonstrated by Gerling and Dietz, who
employed 3-cyanovinylcarbazole-modified staple strands in
DO.'* Upon irradiation with UV light at 365 nm, this
modification can form a covalent bond with a thymine base in
its close vicinity. This bond can be reversibly cleaved upon
irradiation at a 310 nm wavelength, which enables the
transient stabilization of switchable DO devices.

Covalent crosslinking strategies as described above have
proven very successful in stabilizing DN under physiological
and denaturing conditions. However, there are certain issues
associated with the crosslinking concept in general that may
somewhat limit the application of these strategies in biomed-
ical settings. For instance, in many cases, covalent crosslinking
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may lock dynamic DNA devices in a fixed conformation and
thus inhibit any switching action in response to a detected
stimulus. Furthermore, crosslinking may alter the mechanical
properties of individual duplexes and thereby affect drug-
loading and release properties. In this regard, the impact of
covalent crosslinking on the performance of a given DN is
rather difficult to predict and needs to be assessed individ-
ually in each application.

As an alternative to covalent crosslinking, non-crosslink-
ing-based strategies may also be able to enhance DN stability.
Conway et al., for instance, demonstrated an improved serum
stability of prism-like DNA cages assembled from oligonu-
cleotides carrying terminal hexaethylene glycol and hexane-
diol modifications.'*) In particular, the introduction of hexa-
ethylene glycol modifications increased the lifetime of the
DNA cages in 10% FBS from about 2 h to about 15 h. This
strategy has the great advantage that interference with
structural properties and cargo accessibility is kept at a mini-
mum. Whether these modifications are also able to stabilize
larger DO, however, remains to be seen.

5. Summary and Outlook

Folding DNA into customized shapes with desired
functions is no more just a black-box system, since we
continuously gain more knowledge of its inner workings. This
progress has enabled better designs, faster production, higher
fabrication yields, and in some cases, more stable structures.
As a result, DN have found their way into numerous
application fields. In particular, the field of biomedical
DNA nanotechnology has seen immense advancements in
the last decade, with DN being employed in numerous
applications, ranging from pathogen detection to genotyping
to drug delivery and targeted therapy. Several successful
tumor treatments in animal models have been demonstrated
using DN delivery vehicles, and DN have even shown the
potential to be used as active therapeutics themselves.
Nevertheless, the limited stability under physiological con-
ditions and possible immunogenicity of DN have raised
concerns regarding impaired functionality and insufficient
biodistribution and circulation time on top of undesired side
effects.

Consequently, more and more research efforts focus on
elucidating and controlling the molecular mechanisms that
govern DN stability and degradation under physiological
conditions. Several routes toward controlling DN stability and
immunogenicity have already been explored, including
rational (re)design strategies, enzymatic ligation, chemical
and photo-crosslinking, protein and lipid encapsulation, and
polyelectrolyte coatings. While many of those approaches
have indeed resulted in significant improvements in DN
stability, biodistribution, and cellular uptake, they may also
carry the risk of interfering with the therapeutic performance
of the DN, primarily with the loading and release of
therapeutic cargo and the binding of diagnostic biomarkers.
Furthermore, many of the stabilization strategies investigated
so far are incompatible with a dynamic switching of the DN, as
used in several stimuli-responsive DNA nanorobots. Tailoring
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DN stability, immunogenicity, dynamic switching, cargo
loading and release, and analyte binding both simultaneously
and independently thus represents the most eminent chal-
lenge that biomedical DNA nanotechnology currently faces.

Another challenge that we did not discuss so far, even
though it will become a highly pertinent question at some
point in the future, regards the clinical translation of
therapeutic DN. Important subjects in this respect include
long-term storage and shelf-life, scalability, CMC- and GMP-
compliant production, and cost. A number of studies have
already addressed the issues of long-term storage of DN and
their pre-assembled components by lyophilization and cryo-
storage, and further identified appropriate conditions to keep
them intact for up to several years.””'*! With regard to
scalability and cost, previous in-vivo studies using intravenous
administration of DOX-loaded DN typically applied doses in
the range of about 100-600 pg DN per kg animal.'*!34 For
a human with a body weight of 75 kg, this would translate to
a about 10-50 mg DN per dose. Employing biotechnological
mass production, DO can be produced at an estimated €0.18
per mg," resulting in total DNA costs of less than €10 per
dose. This number, however, does not include additional costs
arising from CMC- and GMP-compliant production, which
may be rather challenging for biologics concerning issues of
sterilization, purity, and batch-to-batch consistency,'*’! and
thus increase the production costs significantly. However,
there may also be additional regulatory matters. While several
nucleic-acid-based drugs have been approved by the FDA and
are already in clinical use,"*! these comprise only synthetic
oligonucleotides without any genomic material. Therefore,
we expect that fully synthetic DN such as DT and SST-based
DN will have to overcome fewer hurdles on their way toward
FDA approval than DO that are based on a genomic scaffold.
Such DN also present the advantage that they can be
assembled from other DNA-like materials that are not
potentially genetically active.'™®! While GMP-compliant oli-
gonucleotides are significantly more expensive than standard
ones, large-scale synthesis in the multi-kg range will reduce
the price to a few euros per mg, which is comparable to
monoclonal antibodies. This would raise above estimate to
a few €10 per dose, which is fairly moderate for a biophar-
maceutical. For instance, under the above considerations, one
dose of Trastuzumab in the AC-TH regimen for the treatment
of HER2 + breast cancer costs around $900,l“ while the
antisense oligonucleotide drug Nusinersen for the treatment
of spinal muscular atrophy is prized at $125,000 per injec-
tion.'"”] Therefore, for therapeutic DN to enter clinical trials,
significant investments will be required due to the compara-
tively large costs of small-scale GMP-compliant oligonucleo-
tide synthesis. However, once a DN-based drug formulation
receives regulatory approval and enters the market, we expect
production costs as well as the final product prices to drop to
reasonable levels, thus rendering DN promising therapeutics
for the treatment of numerous diseases.
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