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ABSTRACT

Current advances in DNA nanotechnology pinpoint exciting perspectives for the design of customized, patient-specific treatments. This
advance is made possible by the exceptionally high precision and specificity that are typical for DNA base pairing on the one hand and our
growing ability to harness those features in synthetic, DNA-based constructs on the other hand. Modern medicine may soon benefit from
recent developments in this field, especially regarding the targeted delivery of drugs and the rational interference of synthetic DNA strands
with cellular oligonucleotides. In this Review, we summarize selected examples from the area of DNA nanotechnology, where the develop-
ment of precisely controlled, advanced functional mechanisms was achieved. To demonstrate the high versatility of these rationally designed
structures, we categorize the dynamic DNA-based materials suggested for precision medicine according to four fundamental tasks: “hold
& release,” “heal,” “detect & measure,” as well as “guide & direct.” In all the biomedical applications we highlight, DNA strands not only
constitute structural building blocks but allow for creating stimuli-responsive objects, serve as an active cargo, or act as molecular control/
guidance tools. Moreover, we discuss several issues that need to be considered when DNA-based structures are designed for applications in
the field of precision medicine. Even though the majority of DNA-based objects have not been used in clinical settings yet, recent progress
regarding the stability, specificity, and control over the dynamic behavior of synthetic DNA structures has advanced greatly. Thus, medical
applications of those nanoscopic objects should be feasible in the near future.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033378

I. INTRODUCTION

Leonardo da Vinci, both an artist and an engineer, had a strong
opinion on what mankind will be able to achieve in terms of designing
functional objects: “Human subtlety will never devise an invention

robots to smart containers and bipedal systems. Up to now, very infor-
mative reviews have been published about structural DNA nanotech-
nology, and these works cover the different aspects of this subject.”
However, the complementarity of Watson-Crick base pairing not only

more beautiful, more simple, or more direct than does nature because
in her inventions nothing is lacking, and nothing is superfluous.” Up to
now, he might still be right; yet, our understanding of how nature uses
molecules as high-precision tools with specific functions is increasing
day by day. Thanks to one of the most important biomacromolecules
found in all life forms, i.e., DNA, the field of structural nanotechnology
was made possible. Since Seeman' introduced the DNA nanotechnol-
ogy in 1982, and Rothemund” showed that it is possible to fold DNA
to form nanoscopic patterns, numerous objects have been generated
by employing artificial DNA strands as building blocks; examples
range from funny-looking objects (smiley-faces) over nanorockets and

allows for the controlled self-assembly of DNA strands into complex
shapes: by the rational integration of non-ideal, imperfect hybridiza-
tions in combination with offering alternative binding options with a
higher degree of complementarity, strand displacement reactions were
introduced that enabled a precise control over the dynamic behavior
of DNA-based objects.

In the last decade, significant progress was made in the field of
DNA-based nanotechnology regarding the development of functional
objects. For instance, DNA-PAINT, a technique that is based on tran-
sient binding of DNA constructs to molecular target, reduces the need
for complex detection hardware, and enables imaging of subcellular
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elements at molecular-scale resolution.” ” Other examples are DNA-
based nanomotors mimicking the function of motor proteins® and
DNA microchips encoding digital information.” In combination with
advances in the field of materials science, DNA nanotechnology has
assumed an indispensable role for the creation of artificial, dynamic
systems—especially for those designed for biomedical applications.
Recent examples of dynamic DNA-based devices can be programmed
to interact with each other, respond to specific targets, and perform
logical operations even inside living organisms. In this Review, we
highlight such dynamic DNA-based devices, which establish control
mechanisms for applications in precision medicine; examples we dis-
cuss here include targeted delivery, real-time monitoring of therapies,
and medical diagnostics. Conventional medicine may greatly benefit
from the unique opportunities made possible by DNA nanotechnol-
ogy: a new generation of DNA-based nanodevices is able to interfere
with specific subsets of the cellular machinery, can control the delivery
and release of drugs, can detect early markers of diseases, and can per-
form therapeutic actions on their own. Further advances in this partic-
ular area of DNA nanotechnology may soon revolutionize the way we
diagnose and treat diseases.

Il. DYNAMIC DNA NANOMATERIALS PERFORM FOUR
MAJOR TASKS IN NANOMEDICINE

In the following, we will discuss four main functions of dynamic
DNA constructs that are important in the context of nanomedicine
(Fig. 1): holding and releasing drug molecules in a controlled fashion,
serving as therapeutic agents that directly interact with molecules from

p Task 1: hold & release p Task 2: heal

p Task 3: detect & measure p Task 4: guide & direct

FIG. 1. Schematic representation of the four main functions dynamic DNA-based
objects can fulfill in the context of healthcare-related applications: They can hold
and release pharmaceuticals, perform healing actions by direct binding, detect and
measure the status of the pathological conditions, and guide biological or synthetic
objects to selected targets or direct the temporal sequence of pre-programmed
events.
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the cellular metabolism, detecting and visualizing cellular dysfunction
based on the presence of molecular indicators, and acting as control
tools that guide the spatio-temporal sequence of microscopic pro-
cesses. For each of those functions, we discuss selected examples that
highlight how those functions are implemented in the DNA-based
constructs and how certain areas from the fields of nanomedicine,
diagnostics, or drug delivery may benefit from them.

In the last decade, the implementation of synthetic DNA has
experienced strong growth through structural nanotechnology, which
allows for the design of various shapes using DNA oligonucleotides as
building blocks.'” With the use of the robustness of the Watson—Crick
nucleic acid hybridization principle, oligonucleotide bases can be used
with the simplicity of Lego blocks, and self-assembled templates with
various shapes were generated with extremely high precision. One of
the impressive advantages is that numerous modifications (e.g., attach-
ment of a fluorescent molecule, ligands, or magnetically controllable
nanoparticles) can be applied to these building blocks to achieve the
desired function. The DNA origami approach can be used in the
design of functional materials such as hydrogels, nanoparticles, or
nanotubes. This unprecedented control over the size and shape of
nanoarchitecture has led to successful transport of those DNA-based
constructs even across the blood-brain barrier'"'” or into lymph
nodes."” Yet, the developments in this area are not limited to the crea-
tion of static materials, but also allow for the generation of active,
dynamic objects that can undergo configurational changes, i.e., they
can switch from one defined state to another in a pre-programmed
fashion. In the following section, we highlight a few examples of such
dynamic DNA structures that comprise a smart response mechanism
useful for drug delivery.

A. Task 1: Hold and release on demand

After the development of the first functional DNA tetrahedral
cage loaded with one molecule of cytochrome ¢,'* the use of DNA
nanomaterials in on-demand delivery applications has gained a lot of
interest. Whereas the first DNA-based cage could serve as a container,
it did not possess a mechanism that would allow for a controlled
release of its cargo. Such control was achieved first in a DNA-based
nanobox, which contained a programmable lid made from DNA
strands.'” Here, a strand displacement mechanism was employed for
the first time as a trigger to open a container [Fig. 2(a)]. To date, a
variety of dynamic DNA structures have been developed that were
inspired by this DNA-based opening mechanism and serve as carrier
objects for molecules.'®

A key advantage of DNA structures is their ability to undergo a
conformational change in response to a pre-defined trigger. In early
designs, control over this structural change was obtained by supplying
an external, synthetic trigger molecule that binds to the DNA scaffold.
Recent examples from the field of DNA-based drug encapsulation and
release, however, are now able to manipulate the shape of structures
by making use of the certain site- or disease-specific biological condi-
tions, thus abolishing the need for externally adding a trigger sub-
stance. A global destabilization of DNA structures can be achieved,
e.g, in response to strong pH alterations'” or elevated glutathione
(GSH) concentrations.'® In a way, those attempts open a piggy bank
by cracking it open with a hammer-efficient, but not very subtle.
More recent examples make use of biological triggers to induce drug
release events from DNA-stabilized nanostructures by locally
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FIG. 2. Examples of nanocarriers where synthetic DNA strands keep the carrier in a closed state until a correct trigger, i.e., a single-stranded DNA sequence, is introduced to
the system. (a) DNA-based nanobox. (b) Mesoporous silica nanoparticles with DNA strands acting as control gates. (c) Condensed mucin glycoproteins that are transiently sta-

bilized by DNA strands.

unlinking stabilizing elements in the DNA construct. For instance, the
Linko lab has recently developed a DNA-based dynamic nanocarrier
that can be loaded with various types of loads."” There, even small pH
changes (i.e., on the order of ~0.5 pH units) were sufficient to induce
a configurational change of the “latch” strands, which, in turn, allows
the nanocapsule to release its cargo.

Examples of these biological molecules that induce such a con-
trolled alteration in the drug carrier structure make use of pathological
marker molecules, e.g., overexpressed microRNAs or aptamers. For
instance, mesoporous silica-coated quantum dots, loaded with drug
molecules, were successfully sealed with a DNA hybrid that can serve
as a dynamic gate closing the nanoparticle pores [Fig. 2(b)]. When
exposed to the correct trigger strands, these DNA-based gates opened,
and the nanoparticles released their load.”” In this study, cellular DNA
sequences could act as keys to initiate a drug release process. However,
to maintain the therapeutic efficiency, cellular key strands had to be
amplified to achieve efficient nanoparticle opening. A recent study
made use of mucin-based drug carrier nanoparticles that were partially
stabilized by self-complementary DNA strands.”’ There, the DNA
sequences were designed such that the drug-loaded nanoparticles
maintained their stability, thus, holding their cargo, under normal
physiological conditions [Fig. 2(c)]. However, in the presence of
sufficiently high concentrations of cellular miR-21 (and the nucleotide
levels in the target cells were high enough), drug release inside the tar-
get cells was enabled-but not in control cells where the expression
level of miR-21 was significantly lower. In another example, human

telomerase expression was successfully employed as a “key” to elongate
the primers of the drug-loaded DNA icosahedron, and-by design-this
unlocking event can release platinum nanodrugs to cisplatin-resistant
tumor cells.”

The examples discussed so far required one type of key mole-
cule only to trigger the release event from the carrier. However, by
making use of multivalent interactions, DNA nanostructures can
be turned into “vault-like” structures that only grant access if
several keys are presented at the same time. For example, Douglas
et al”’ engineered a hexagonal DNA barrel such that it responds
to the correct combination of protein cues; only if the correct com-
bination of keys, i.e., cell-surface antigens, is present, the configu-
rational change-subsequently-a selective interface with target cells
to deliver cargo materials, is initiated. Furthermore, these robotic
DNA mechanisms allow for combining external and internal cues:
for instance, an external DNA sequence (that prevents opening of
the structure by further locking it) can be mounted onto another
DNA-based construct. Then, opening the vault structure is only
possible in the absence of the locking agent.”* With this implemen-
tation, logical gates were implemented that combine different
pieces of molecular information to decide if and where cargo
release should occur. Amazingly, this complex combination of
molecular interaction events could even be realized in living
animals (in cockroaches), which demonstrates that such precise
control mechanisms to control the therapeutics and bioprocesses
are actually possible at physiological conditions.
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B. Task 2: Heal by binding

In addition to holding, transporting, and releasing drugs, ratio-
nally designed DNA nanostructures can also directly perform thera-
peutic actions within cells. This ability to act as a “healing” agent is
mostly based on the DNA strands’ ability to interfere or replace spe-
cific disease-related genes. Especially in modern research, since several
cancer-related issues have been identified to be associated with irregu-
larities in RNA expression levels, synthetic oligonucleotides are used
as therapeutic molecules. Compared to conventional drugs that cannot
easily be guided to their required molecular target only, synthetic oli-
gonucleotides can be programmed such that they perform therapeutic
actions on the envisioned target gene, e.g., by silencing, amplifying, or
even degrading a selected cellular nucleotide sequence.

In 1998, Fire and Mello coined the phrase “RNA interference”
(RNAI) and demonstrated that non-coding RNA can be a central gene
expression regulator in multicellular organisms:”” Small interfering
RNA (siRNA) regulate gene expression by inducing messenger RNA
(mRNA) cleavage, and this prevents the production of the encoded
proteins. Three years after this discovery, successful use of siRNA in
the treatment of hepatitis C was achieved in vivo.”® To date, the thera-
peutic efficacy of synthetic siRNA has been verified for the treatment
of various diseases; examples include hypercholesterolemia, liver cir-
rhosis, viruses-induced diseases, and certain cancer t}lpes.37‘28

Another strategy to achieve synthetic oligonucleotide-based
genetic intervention targets microRNAs (miRNAs), i.e., short, non-
coding RNA molecules. Since each miRNA strand can interact with
multiple mRNAs through complementary base pairing, interfering
with the cellular machinery on the level of miRNA strands is a very
efficient strategy. About 50% of the miRNA sequences discovered so
far are predominantly located in cancer-associated genomic regions or
at such sites where an unphysiological up- or downregulation nega-
tively impacts the immune response.”” Nowadays, it is possible to tar-
get specific miRNA strands by binding synthetic, well-matching
nucleotides to them or by mimicking them with engineered constructs.
As a consequence of such intracellular mediations, the biological fate
of a cell can be altered: for instance, it is possible to suppress tumor
growth, to block cell invasion into neighboring tissues, to prevent
metastasis, and to promote apoptosis.”’ Some examples of signature
miRNA strands, the pathological scenario they are associated with,
and a typical therapeutic approach in which they are manipulated are
listed in Table L.

One of the therapeutic interventions applied to silence the upre-
gulated miRNAs is the delivery of anti-microRNA (antimiR) strands.
Those can form selective and stable base pairings with the target, thus
suppressing its activity. For example, Dahl and co-workers’' used
FDA-approved poly(lactic-co-glycolic acid) (PLGA) nanoparticles as
antimiR-21 and antimiR-10b carriers to reprogram tumor cells and
increase their sensitivity to chemotherapy. By facilitating the cellular
uptake of these DNA-functionalized nanoparticles via ultrasound and
microbubbles, enhanced antimiR delivery to deeper areas of liver and
kidney tissues was achieved in vivo without affecting the neighboring,
healthy tissue. Alternatively, DNA nanotechnology can also produce
miR-mimics that increase the cellular concentrations of selected,
downregulated miRNAs sequences. Combinatory approaches, where a
specific miR-mimic and an antimiR are delivered simultaneously, can
provide an efficient expression modulation to combat aggressive
tumors both in vitro and in vivo.”” Such an approach is highly relevant

REVIEW scitation.org/journal/bpr

as insufficient levels of tumor suppressor miRNAs are a hallmark of
cancer development. For example, the simultaneous delivery of differ-
ent potent, endogenous tumor-suppressive miRNAs (e.g., from the
miR-24a and miR-34 family) is a promising approach to obtain syner-
gistic effects in the fight of tumor growth, and this strategy has already
successfully been implemented both in vitro and in vivo.””* Another
example from the area of cancer therapy tackles the resistance to medi-
cal treatment;”” here, miR-based approaches have also been developed.
For instance, the nucleotides from the miR-200 family are downregu-
lated in certain tumors, which is responsible for a high aggressiveness
and metastasis propensity of the tumor. Yet, preclinical models could
demonstrate that the delivery of miR-200c mimics (e.g., via lipid-
based carriers) enhances the radiosensitivity of lung cancer cells, thus
facilitating their eradication.”® A similar approach can also increase
the treatment efficiency of other targets: examples include diabetes-
related kidney complications, cardiac regeneration, and myocardial
infarction.””

C. Task 3: Detect and measure

Both the correct selection of a therapeutic strategy and the site-
specific treatment of a disease rely on the accurate detection of unphy-
siological alterations. Identifying such alterations is based on our
ability to distinguish the “target” cells/tissues from others by a suitable
parameter (or a combination of several parameters). Indeed, DNA-
based devices can also detect biological signals and convert them into
a measurable output. Such strategies can be based on various mecha-
nisms, such as an electrical, fluorescent, or topological response.
Examples include the use of AFM, electrochemical aptasensors, mag-
netic microparticles, fiber-optic surface plasmon resonance (FO-SPR),
and fluorimetry, e.g., via FRET-pairs.”” Incorporating a sensitive and
specific detection mechanism into dynamic DNA assemblies can con-
tribute to decoding the molecular basis of diseases, allow for monitor-
ing their progress, and provide information on the treatment success.

Aptamers (originating from a combination of the Latin word
aptus—fit and the Greek word meros—part) are oligonucleotide or pep-
tide molecules that can serve as molecular investigators. They selec-
tively bind to intracellular, extracellular, or cell-surface markers (e.g.,
proteins, small molecules, metal ions). Even though their function is
not based on selective hybridization processes, aptamers are able to
recognize their ligand through non-covalent interactions with high
specificity.

Indeed, the integration of aptamers into DNA-based nanomateri-
als has been shown to enhance the accuracy of the detection-and this
property allows them to be used for detection, bioimaging, and tar-
geted delivery.”” For instance, Jin et al®’ developed a DNA-based
nanosensor based on Forster resonance energy transfer (FRET) and
employed it to detect pathogenic bacteria in tap/pond water and milk
samples. There, two metallic nanoparticles bound to each other via
DNA hybridization, and one hybridization partner is an aptamer
sequence. In the “off” state of this DNA-based sensor, the two nano-
particles are connected via imperfect hybridization [Fig. 3(a)]. In the
presence of target bacteria (here, E. coli), however, this connection is
broken since the aptamer strands preferably bind to the bacteria. As a
result, a shift in the color of the fluorescent signal occurs, which can be
quantified. A similar strategy was also used for cocaine”” or mycotoxin
detection,”’ and much shorter processing times and higher sensitivities
were achieved compared to conventional methods.
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TABLE I. Specific modulation of disease-related expression of miRNAs.
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Expression Delivery techniques
Target alteration Physiological role Related diseases for the modulating agent
miR-1 171 Calcium signaling controller in Coronary artery disease, gastric Intramuscular injection*
heart muscles*' cancer
miR-10b 1 Metastasis activator™ Cancer (e.g., breast, glioblastoma, ~ Polymer nanoparticles (NPs), sys-
melanoma) temic injection, locked nucleic acid
oligonucleotides (LNAs)***
miR-15/16 cluster ] Tumor suppressor, impairs migra- Cancer (e.g., ovarian, prostate) and LNAs, viral vectors'”**
tion, decreases proliferation® multiple myeloma
miR-21, miR 221/ 1 Cell growth, migration, prolifera-  Cancer (e.g., cervical, breast, Polymer/metal/silica NPs, stent

222 cluster

miR-29 i}
miR-33 T
miR-34 family ]
miR-103, miR-107 1
miR-122 171
miR-132, miR-134 !
miR-141 1
miR-143 !
miR-155 1
miR-192 !
miR-200 family ]
miR-506 !
miR-520 |

tion stimulator, suppression of
apoptosis'”*’

Cell survival regulator, collagen
expressor, modulator for the reacti-
vation of silenced tumor suppres-
sor genes”’

Regulator of the genes involved in
cellular cholesterol export, fatty
acid oxidation, insulin signaling,
glucose production”®

Tumor suppressor, immune eva-
sion, and cell cycle modulator™”
Regulator of multiple genes
involved in insulin signaling”’
Upregulates the replication of the
hepatitis C virus RNA genome,
tumor suppressor”’

Synapse formation and
maturation”’
Epithelial-mesenchymal transition
(EMT), chemotherapy resistance
stimulator”’

Cell proliferation and invasion
inhibitor’”

Formation of blood cells, immune
system, malignant growth, homeo-
stasis regulator’”

Targets e-cadherin (regulator of
epithelial cell morphology), angio-
genesis regulator’’

Modulator of tumor metastasis,
invasion inhibitor, plays role in
EMT, reactive oxygen species sig-
naling regulator”’

Modulator the expression of pro-
teins involved in tumor metastasis,
cellular senescence, DNA damage
response”’

Tumor suppressor, modulator for
the expression of proteins involved
in metastasis, tumor growthsS

esophagus, liver, pancreas), cardiac
hypertrophy, lupus, kidney fibrosis
Scleroderma, cancer (e.g., lung,
breast, cholangiocarcinoma), acute
myeloid leukemia

Atherosclerosis

Cancer (e.g., bladder, colon, brain),
B cell lymphoma, myeloma

Type II diabetes, obesity, colorectal
cancer

Cancer, hepatitis C infection and
related liver diseases

Alzheimer’s disease, schizophrenia,
bipolar disorder

Cancer (e.g., prostate, lung,
colorectal)

Cancer (e.g., head, neck tumors),
lymphoid leukemia

Cancer (e.g., liver, thyroid, kidney),
viral infections, cardiovascular dis-
eases, Burkitt lymphoma,
inflammation

Diabetes-related kidney complica-
tions, cancer (e.g., ovarian, renal)

Cancer (e.g., breast, ovarian, lung)

Cancer (e.g., ovarian, lung)

Cancer (e.g., breast, ovarian)

coatings, LNAs, hydrogels, packag-
ing RNA™"

Lipopolyplex nanoparticles, sys-
temic delivery”’

LNAs, polyplexes™

Polymer/lipid/silica NPs, Yiral vec-

. . 59,
tors, dendrimers, micelles™”*’

Lipid NPs®*

Locked nucleic acid antisense oli-
gonucleotides, liposomes™*
68,69

Polymer NPs

Hydrogels, carbon nanotubes’”!

Liposomes, polymer NPs"*"*
Peptide nucleic acids, polymer
NPs/(w 78

Liposomes™

. 36,82
Xenografts, liposomes ™

Liposomes, polymeric Nps®>#*

Liposomes™
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FIG. 3. DNA-based tools enable the detection of a variety of nanoscopic/microscopic targets: (a) pathogenic microorganisms, (b) ATP, and (c) viral DNA. Those strategies
make use of fluorescence signals modulated by the presence or absence of Forster transfer [(a) and (b)] or alter the electrophoretic mobility of their targets (c).

Another FRET-based sensor was introduced by Zhao et al:”

they developed a DNA nanodevice that can measure the cytoplasmic
ATP levels in living cells [Fig. 3(b)]. To prevent off-target (i.e., extra-
cellular) signal detection, a photocleavable DNA sequence was inte-
grated into the structure to stabilize the aptamer in its “off” state (i.e.,
it cannot bind to ATP). Then, after the target cells successfully inter-
nalized this device, near-infrared light (NIR) was used to remove the
locking strand via photolysis to degrade the stabilizing strand into
short DNA fragments that do not interfere with the function of the
aptamer sequence. As a consequence, the aptamer molecule was made
accessible so it can bind to ATP-and such binding was quantified as a
change in fluorescence based on FRET.

Of course, metabolic imbalances cannot only occur in the cyto-
plasm but also in cellular compartments; yet, subcellular dysfunctions
are more difficult to detect. However, there is an increasing effort to
make use of DNA-based detection methods in different subcellular
microenvironments. Indeed, a DNA-based device designed by Leung
et al.” allows for such a microscopic analysis by conducting a spatio-
temporal mapping of lysosomal ion concentrations and pH levels in
living cells. This makes it possible to discriminate between healthy and
diseased cells from biopsies conducted on patients with certain genetic
diseases. Such quantitative information obtained on subcellular condi-
tions may enable monitoring the current status of a disease. As
another design approach, cellular membrane-bound DNA constructs
were also applied to detect both intra- and extracellular ion levels,
which have important roles in cellular metabolism.”**”

There are also examples where the diagnostic abilities of DNA-
based sensor templates rely on the detection of a specific target

molecule (e.g., an oligonucleotide sequence, antibody, or polypeptide).
Here also, successful binding of the DNA sensor to its target is typi-
cally detected optically, e.g., via an amplified fluorescent signal.
However, when a specific microRNA sequence is selected as a target,
this is not always trivial: specific miRNA overexpression in the context
of two (or more) different pathological conditions can lead to an
ambiguous result. For example, the overexpression of miR-21 can be
detected in both cancer and some cardiovascular diseases. Therefore, a
logic gate would be required to allow for distinguishing the two dis-
eases. Zhu et al.”® developed a programmable nanodevice containing a
“cancer assessment operator” in which only a combined overexpres-
sion of miR-21 and downregulation of miR-145 in the same cell
returned a positive signal. Of course, such a strategy requires a more
complex design of the DNA-based sensor, and current applications of
this approach have not yet been attempted in vivo.

When considering the growing impact of global pandemics,
high-cost and time-consuming laboratory detection methods are cer-
tainly among the biggest obstacles that make it difficult to control
spreading of the diseases. Still, there is a growing need for low-cost
detection tools to conduct analysis in a quick and reliable manner. To
overcome the limitations of current detection techniques, DNA nano-
switches can be considered as powerful, yet simple platforms. For
example, by making use of circular dichroism, Funck et al.” detected
viral RNA (from hepatitis C viruses) even at sub-nanomolar levels.
This was made possible by following a chiral orientation change trig-
gered by strand displacement reactions between the viral RNA and
surface-bound, synthetic DNA strands. Alternatively, by attaching a
specific molecule to the DNA sensor, a structural transformation from
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linear to looped state can be triggered.”” The resulting difference in
electrophoretic mobility enables the detection of a variety of molecules;
examples include antibodies, small molecules, cell receptors, and
enzymes.”” Zhou et al.'" recently reported a DNA nanoswitch that
can detect viral RNA [Fig. 3(c)]. By using Zika and Dengue viruses as
model targets, they succeeded in detecting viral oligonucleotides at
concentrations in the attomolar level. Furthermore, the detection of
SARS-CoV-2 RNA in human saliva was made possible at clinically rel-
evant concentrations. This high sensitivity—paired with unmatched
precision and accuracy-is certainly a hallmark of DNA nanotechnol-
ogy that is hard to match with other existing strategies.

D. Task 4: Guide and direct

An application area where DNA nanomaterials have only rarely
been used yet is to guide the trafficking of molecules/particles or to ini-
tiate a series of events in a biological environment. However, as we
highlight below, in such scenarios, specific base-pairing and strand-
displacement can also be powerful tools to achieve control over the
spatio-temporal positioning of nano/microscopic objects. Again,
aptamers can be employed here; through conjugation of specific
aptamers to drug carriers/molecules, the aptamers can guide them to a
particular target location. For example, to combat wet macular degen-
eration in the ocular compartment, vascular endothelial growth factor
(VEGF)-binding aptamers have successfully been employed to
increase the bioavailability of the drugs that they are conjugated to."”!

Artificial DNA sequences can also play a pivotal role in guiding
sequential release events, thus enabling control over the order in which
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drug carriers are liberated from a hydrogel environment [Fig. 4(a)]. By
adjusting the intrinsic properties of these semi-stable structures (e.g.,
using hybridizations with different melting temperatures),'”” or by
designing DNA-stabilized clusters where the liberation/addition of an
initiator sequence initiates a cascade of strand displacement reactions,
a step-by-step release of different molecules/particles can be pro-
grammed.'”” '”” Further adaption of such DNA-based control strate-
gies may provide an important stepping stone toward automated
medication management [Fig. 4(b)].

The guided transportation of molecules by DNA-based strategies
does, of course, not have to be limited to active pharmaceutical ingre-
dients, or their carriers. Also, direct immunomodulation strategies can
benefit from structural DNA nanotechnology. In mammals,
pathogen-associated molecular patterns (PAMPs) are recognized by
endosomal Toll-like receptors (TLR). TLRs detect unmethylated cyto-
sine-phosphate-guanosine oligodeoxynucleotides (CpGs, those typi-
cally appear in prokaryotic DNA but are rare in eukaryotic DNA'"")
and initiate a cellular signaling cascade that leads to the expression of
specific membrane molecules and the release of proinflammatory
cytokines—both of which stimulate further steps in the immune
response.'”” And, indeed, there are examples of how synthetic DNA-
based objects can modulate this immune response [Fig. 4(c)]. An
important strategy was introduced by Liedl and co-workers,'” who
generated DNA nanotubes carrying synthetic CpGs, thus mimicking
the presence of a prokaryotic PAMP. In this study, the successful
uptake of such CpG-functionalized DNA structures by mouse spleno-
cytes induced the expression of early markers of immune activation
in vitro. Importantly, these DNA constructs caused lower cytotoxic

(b)

FIG. 4. Synthetic DNA strands can achieve spatio-temporal control over the distribution of molecules and particles across complex barriers: They can orchestrate the sequen-
tial release of nanoparticles from hydrogels (a), stimulate the immune response (b), and guide pharmaceuticals to pre-defined target tissues (c).
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effects than commonly used transfection agents, which underscores
their good biocompatibility. A similar strategy was implemented with
other DNA-based immune modulators, e.g., peptide-modified DNA
dendrimers,'”” nucleic acid nanoparticles,''” and DNA wires,''" and
made it possible to stimulate cells such that cytokine secretion was
boosted.

The final example we highlight here makes use of synthetic DNA
strands to guide a CRISPR/Cas9 system to edit/repair a specific loca-
tion on the cellular genome, which can result in a permanent change.
Guided by a single-guide RNA (sgRNA), the Cas9 protein is directed
to a specific location in the genome where it can create a single- or
double-stranded break by acting as molecular scissors."'” This tech-
nique, derived from the prokaryotic adaptive immune system, was
developed into a facile genome-editing method. CRISPR/Cas9-mediated
genome editing-whose inventors were was just awarded the Nobel
Prize-has stimulated completely novel approaches to treat a wide range
of medical conditions that originate from genetic disorders; examples
include Alzheimer’s disease, hepatitis B, and cancer.

Consequently, recent studies implementing CRISPR/Cas-based
strategies showed very promising results in vivo.'"”''° However, it
remains an open question how the target-specific delivery of such syn-
thetic CRISPR/Cas genome-editing machineries can be ensured at
high accuracy and efficiency. From a therapeutic point of view, this is
important to prevent undesired modifications of random genomic
loci, which can lead to off-target mutations. Current approaches
mostly rely on liposomal formulations and viral vectors to facilitate
the transport of synthetic CRISPR/Cas systems across the cellular
membrane. With the examples we discussed in Secs. ITA and IIC, it
seems very likely that DNA-based transport strategies may also be a
promising tool here: DNA-based nanomaterials offer good stability
(e.g., within endosomes or during circulation in the bloodstream), spe-
cific cell targeting, and cell-specific release from carriers—all of those
aspects can help improve the gene-editing efficiency of CRISPR-based
strategies. For example, a yarn-like DNA structure designed by Sun
et al.""” was shown to form a partially complementary complex with
sgRNA to guide the CRISPR/Cas complex into a cell. In another very
recent example, an aptamer-anchored tetrahedral DNA structure was
employed to guide the gene-editing tools to specific cells."'® Certainly,
with the rapid progress made in the field of DNA nanotechnology,
many more examples are to come, which will render the feasibility of
clinical CRISPR-based therapies much more likely.

I1l. CAVEATS WHEN DESIGNING FUNCTIONAL DNA
CONSTRUCTS FOR APPLICATIONS IN THE HUMAN
BODY

To date, the possibilities to use specific base pairing for generat-
ing objects with a precisely defined geometry have been explored
extensively. However, in order to design functional DNA-based nano-
materials, several additional parameters must be considered that go
beyond controlling the shape of the generated nanodevice. For
instance, even today, most of the rationally designed drug delivery sys-
tems suffer from low efficiency and off-target accumulation: e.g., only
0.7% of intravenously administered gold nanoparticles can be deliv-
ered into the tumor environment; even worse, although they were
functionalized with targeting ligands, less than 14 out of 1 million
could reach the cytosol of cancer cells in vivo."'” Such a low targeting
efficiency could have severe consequences in nucleic acid therapy,

scitation.org/journal/bpr

genome editing, and immunotherapy. As the examples we discussed
in Secs. Il A-1ID indicate, there are however strategies to address this
issue, and-at least in the lab-they returned very promising results. Of
course, to ensure both high functionality and delivery efficiency/preci-
sion at the same time, a DNA-based nanomaterial has to be designed
very carefully. Sequence design, object properties, and the biological
microenvironment influence each other, and the correct combination
of those aspects needs to be identified to ensure that the engineered
object can correctly fulfill its envisioned function (Fig. 5). Thus, to
allow for a rational planning procedure, the boundary conditions of
the target environment as well as the administration route must be
known in detail.

Among all the parameters that need to be considered, the stability
of a DNA-based nanomaterial constitutes one of the biggest chal-
lenges. To ensure sufficient stability, the melting temperature (T, ie.,
the temperature at which 50% of the base pairs are open) is a key
parameter. T,,, depends on the length of the oligonucleotide sequence,
its content of C/G and A/T pairs, and the presence of cations in the
buffer. In particular, divalent ions efficiently screen the negative
charges on the DNA backbone and allow single-stranded DNA
strands to hybridize. Of course, other ions can also induce such charge
screening effects, and the efficiency of this process depends on the
ion valency and concentration.'”’ In addition, neighboring bases
also play a role in the stability of a base pair, and such nearest
neighbor effects can be included into mathematical models to esti-
mate T,,. With the help of such software tools and considering the
aspects discussed above, the T,, of simple oligonucleotide sequen-
ces can be accurately predicted; however, complex designs involv-
ing chemically modified sequences require more advanced
models.'”" In addition, it is possible to estimate the probability
that the designed sequence forms secondary structures—which
might be an undesired side effect interfering with the envisioned
function of the designed sequence.

Some of the examples we discussed make use of DNA strands
linked to a specific cargo (e.g., drug molecules, CpG motifs, genome-
editing agents) or to a carrier object-the latter strategy is typically
applied to therapeutic DNA strands (e.g., siRNA or antisense oligonu-
cleotides). Such a linkage between oligonucleotides and other objects
can be established via several methods such as direct covalent/non-
covalent binding interactions, molecular ligands, or intercalating
agents. The particular choice of a linking strategy depends on whether
tunable stability of the generated functional object is required, e.g., if it
is supposed to be sensitive to a specific trigger. At this point, several
physicochemical properties of the created object such as size, geome-
try, stiffness, chemical composition, surface chemistry, and surface
charge are pivotal for controlling the behavior of those nanodevices in
biological settings.”” For instance, low Mg>" concentrations and
nuclease-mediated degradation adversely affect the stability of DNA-
based materials-but those conditions are present in a physiological
environment. This issue is particularly important for DNA-based
objects that are designed to perform targeted delivery tasks; here,
insufficient stability of the DNA structure would entail premature
cargo release and thus increase the risk of side effects. To tackle this
problem, strategies to increase the mechanical stiffness of DNA-based
structures have been proposed. Chemical and enzymatic modifications
of DNA, i.e., covalent conjugation and enzymatic ligation, increase the
stability of a DNA object;ll}’m‘ however, this comes at a price as
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FIG. 5. The sequence design of a functional DNA nanomaterial not only dictates the physico-chemical properties of an artificial DNA-based object but also defines how this
object will behave in a certain physiological microenvironment.

highly stable DNA structures tend to be less dynamic. Yet, it is possible
to obtain sufficiently high but tunable stability by employing oligopep-
tide/protein coatings, ””'*” or by using bioinspired, lipid-based enve-
to protect DNA constructs from low salt denaturation and

lopeslfw],132

nuclease-triggered degradation.

A major challenge a DNA-based device faces in vivo is that it will
encounter very different conditions at the organ, sub-organ, and sub-
cellular level:*> depending on the particular microenvironment, a
DNA-based object will not only be affected by the biological world it is

exposed to, it will also influence biological processes. For example,

TABLE II. Important considerations for the design of DNA-based nanodevices that are envisioned to perform a function in a complex biological setting.

Problem

Solution

Associated risk

Off-target biodistribution
(accumulation in organs, kid-
ney filtration)

Off-target action

Toxicity

Immunogenic reactions

Quick degradation in a biologi-
cal environment (e.g., by serum

RNase), endosomal
degradation

Low intracellular uptake

Increasing the molecular size by complex
formation with other molecules; altering the
object size, surface charge, or shape
Conjugation with target molecules (aptamer,
antibody, peptide, ligand, protein), choosing
highly specific gene targets

Using biodegradable vectors

Pretreatment using corticosteroids and
anti-allergy medications, 2’-O-methyl base
modifications

Altering the oligonucleotide chemistry,

(e.g., methylation, peptide conjugation, phos-
phorothioate modification), protective coatings
(oligolysine, PEG, polypeptides), using
endosomolytic agents (e.g., melittin), carriers
(polymer or lipid based)

Using cationic carrier particles, PEGylation,
transfection vectors, electroporation, lipid
conjugation

Cellular uptake will be more difficult

Local overdose, lower efficiency of drugs due to
conjugation

Premature release from the DNA construct
before it has reached its target
Overstimulation of the immune system

Cytotoxic effects, reduced activity (e.g., for

siRNA)

Aggregation with serum proteins, accumula-
tion of transport material in the cell
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whereas cationic objects are efficiently internalized by cells, they not
only tend to show increased cytotoxicity but have also been found to
be more sensitive toward serum proteins that tend to create a protein
corona around the object. Moreover, the propensity of such a corona
formation process also depends on the shape and size of the object.
Thus, the overall fate of an artificial, DNA-based device regarding a
putative immune response, its biodistribution, and cellular uptake
depends on several parameters. Insufficient cellular entry and endoso-
mal entrapment are key issues that need to be addressed if the DNA-
based object is supposed to take an action in the cytosol. Importantly,
overcoming the natural barriers of the human body can be even more
difficult when pathological alterations are present; examples include
an increased viscosity and altered composition of the extracellular
matrix in the tumor environment.'**

Several suggestions have already been made on how to overcome the
most common problems in this area. However, when designing functional
DNA-based nanomaterials, there is always a trade-off between addressing
the particular issue and not creating additional risks. Table II lists some
examples of those problems along with possible solutions as indicated in
the literature.”>'” Due to the complexity of this multi-faceted issue, it
was suggested to utilize decision matrices to identify key design parameters
specific to the particular object and its application,”*'*”

In conclusion, understanding different biological barriers at all
levels is equally as important for guaranteeing the functionality of a
DNA-based device as the meticulous design of its physicochemical
properties. The field of structural nanotechnology can create beautiful
objects such as happy smiley-faces, even a nanoscopic Mona Lisa por-
trait made from DNA staples with extremely high precision. However,
although medical nanotechnology also relies on the high level of preci-
sion and control made possible by base pairing, guaranteeing the func-
tionality of the engineered devices in a biological setting is certainly
the key challenge the field has to address in future research.
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