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In this study, we assembled a DNA tetrahedron containing single
stranded extensions in the middle of the struts. Using these extensions
as toeholds, the tetrahedron can be disassembled by nucleic acid
triggers via strand displacement. The release mechanism is sequence
specific, is functional in biological fluids such as serum and urine, and
the kinetics of the disassembly process can be controlled by different
molar ratios of the release strand. Such DNA nanostructures that
respond to external stimuli have potential use in biosensing and drug
delivery, and we demonstrate a proof-of-concept of this approach for
microRNA detection.

In a 1999 episode of X-Files, Fox Mulder races to find a cure for
his boss' condition, and is told that it is “technology that the
world believes is purely theoretical”, to which he exclaims
“nanotechnology”. Two decades later, the application of nano-
technology to health and medicine has moved beyond the
theoretical. While we are still a far cry from the complex, self-
replicating, and autonomous machines presented in science
fiction, scientists have created simple nanomachines in the lab.
Various versions have been based on metal nanowires, carbon
nanotubes, artificial biological assemblies, small molecule
motifs and mechanically interlocked molecules."> DNA is one
such material that is increasingly used as a building block for
the bottom-up construction of a wide variety of nano-
structures.>* The programmability of these structures allows
greater control over defined assembly and response to chemical
and molecular cues.®” Specifically, hollow or wireframe DNA
nanostructures® can encapsulate guest objects such as
proteins,” fluorescent biopolymers,’® quantum dots™ and
nanoparticles, with their target application being on-demand
cargo delivery.”* To achieve this, DNA nanostructures are
designed to respond to chemical or environmental cues such as
other biomolecules,** light," pH' or enzymes."” These cues
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affect the self-assembled DNA nanostructures leading to
conformational changes such as pore size widening,** unlink-
ing of cargo,® or complete dissociation,*®'” all of which result in
cargo release. Here we present a DNA tetrahedron that can be
controllably disassembled via toehold-based strand displace-
ment process*® that is activated upon binding to a specific
nucleic acid trigger.

The DNA tetrahedron used in this study is assembled from
three-point-star motifs that connect to each other via pro-
grammed sticky ends (Fig. 1a).** The motif contains one long,
threefold-repeating strand (L, colored orange in Fig. 1a), three
copies of medium strands (M, cyan), and three copies of short,
peripheral strands (S, red-and-dark blue). The center portion of
the motif contains 5T loops (on strand L) that provide flexibility
for the arms to associate into higher order structures (Fig. S17).
Each arm of the motif contains two helices connected by
a single crossover. Both helices of the motif are tailed with 7-nt
sticky ends (one extending from S and one extending from M) so
that motifs can join through sticky end connections to further
assemble into the DNA tetrahedron (a tetrahedron contains four
units of the motif). The edges of the assembled tetrahedron are
four turns of DNA (~14 nm). The resulting tetrahedron is robust
and remains stable at room temperature for a prolonged time
(Fig. S27).

To enable controlled disassembly of our tetrahedron, we
modified the design by extending the single-stranded overhang
on strand S by 8 nucleotides beyond the sticky end region (dark
blue region of strand S in Fig. 1a). Upon assembly, the DNA
tetrahedron contains single-stranded tails protruding from the
middle of the struts that act as toeholds to recognize external
nucleic acid triggers. The release strand (R, dark blue-red) is
designed to be complementary to the toehold region and to the
remainder of strand S. Addition of the release strand results in
strand displacement and elimination of the sticky end inter-
actions that hold the tetrahedron together, leading to disas-
sembly of the DNA tetrahedron into its component motifs
(Fig. 1Db).
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Fig.1 Design of assembly and toehold-activated release. (a) Scheme showing the assembly and disassembly of a DNA tetrahedron from three-
point-star motifs. The motif is tailed with single-stranded extensions that act as toeholds to initiate disassembly on the addition of a release
strand. (b) The release strand R is complementary to strand S, and the toehold region (dark blue region on strand S) initiates the strand
displacement process. Due to the inherent symmetry of the motif, strand displacement occurs at sticky regions on both helices in each arm of
the motif. This process leads to removal of the short strand from the tile, resulting in elimination of sticky ends and thus disassembly of the

tetrahedron into its component motifs.

We assembled the DNA tetrahedron by mixing strands L, M,
and S in a ratio of 1 : 3 : 3 in Mg>"-containing tris-acetate-EDTA
(TAE) buffer and slowly annealing the solution from 90 °C to
4 °C. This one-step annealing forms the individual three-point-
star motifs which further self-assemble to form the DNA tetra-
hedron. We validated the formation of our toehold modified
DNA tetrahedron (TET) using polyacrylamide gel electropho-
resis (Fig. 2a, lane 4), a technique well-established to analyze
such DNA nanostructures.” The introduction of single-
stranded toeholds does not seem to affect the self-assembly of
the tetrahedron from three-point-star motifs (Fig. S31). By

adding the release strand, we confirmed that the tetrahedron is
disassembled into its component motifs (Fig. 2a, lane 5).
Addition of the release strand did not have any effect on
a tetrahedron without a toehold, confirming that disassembly
proceeds by toehold-mediated strand displacement (Fig. S47).
To further investigate the disassembly process, we next
measured the progression of disassembly at different time
points for different concentrations of the release strand (1 : 2,
1:5 or 1:10 molar ratios of tetrahedron : release strand)
(Fig. 2b, full gels in Fig. S57). To better visualize the kinetics of
disassembly, we calculated the conversion by quantifying the
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Fig.2 Assembly of tetrahedron and disassembly kinetics. (a) Polyacrylamide non-denaturing gel showing the formation of the tetrahedron (lane
4) and its disassembly on the addition of the release strand (lane 5). (b) Gels showing disassembly of the tetrahedron at various molar ratios of the
release strand and at different time points. (c) Quantitative analysis of tetrahedron disassembly.
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Fig. 3 Specificity of release mechanism. Polyacrylamide non-denaturing gel showing the disassembly of the tetrahedron only on the addition of
the correct release strand (lane 3) and an incorrect release strand has no effect (lane 4).

band intensity of the tetrahedron at different time points
(Fig. 2c). Results show that the release mechanism can be
effective in as little as 10 minutes for 1 : 10 molar ratio. The
kinetics of the release is also affected by the toehold length, with
8 nucleotides providing the fastest disassembly compared to
shorter toeholds (Fig. S67).

Moving toward biological applications, we investigated the
specificity of the release mechanism and compatibility with
biological fluids. To test the specificity, we used a non-specific
release strand at a 1:10 ratio and showed that the tetrahe-
dron is not disassembled under those conditions (Fig. 3). We
further tested the specificity by using a release strand that
contains a single nucleotide mismatch in the toehold region
(Fig. S71). Results showed that the tetrahedron was not dis-
assembled by a release strand with even a single nucleotide
mismatch. Extending this concept beyond a single off-target
release strand, we challenged the tetrahedron disassembly
process by testing in Fetal Bovine Serum (FBS) and in synthetic
urine. In both cases, the tetrahedra maintained stability in
these fluids and only disassembled in the presence of the
release strand (Fig. 4).

The features of our tetrahedron disassembly approach could
be useful for various nucleic acid sensing applications. One
such area of interest is detection of microRNAs, small RNA
fragments (sometimes similar in sequence) that are increas-
ingly recognized for their roles in gene regulation and as disease
biomarkers.”*** To demonstrate this as a potential biological
application of our approach, we redesigned the tetrahedron to
be disassembled upon recognition of a specific microRNA. The
resultant tetrahedron had a lower yield (Fig. S8f) than our
native tetrahedron, likely due to sensitivity to component
sequences that were optimized for self-assembly in the native
structure. Even with this lower yield, however, we showed that
the tetrahedron was successfully disassembled in the presence

This journal is © The Royal Society of Chemistry 2019

of the correct microRNA. Disassembly was progressively
reduced but not completely eliminated when presented with
microRNA variants that differ by 1 nt and 2 nt.
Stimuli-responsive  DNA nanostructures are increasingly
shown to be useful in biosensing and drug delivery applica-
tions. The inclusion of a toe-hold is a programmable feature,
and via strand displacement, allows reconfiguration of small
DNA objects,” nanodevices®® or larger DNA origami struc-
tures.”* In this work, we show that designed single-stranded
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Fig.4 Biostability of construction and release. The DNA tetrahedron is
stable in 10% FBS and in synthetic urine and the release mechanism is
fully functional in both biofluids on addition of release strand and
incubation for 1 hour.
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extensions in DNA tetrahedra can be used as toeholds to con-
trollably disassemble the nanostructure into its component
units. This concept could be extended to other DNA polyhedra®
and possibly combined with macromolecular sensing strate-
gies. Our preliminary data shows that tetrahedra can be
designed to recognize microRNAs, adding to the existing suite
of DNA nanotechnology biosensors.>*?* Since the tetrahedron
and other polyhedra contain internal cavities that could be
loaded with cargo, our strategy also has the potential to be used
for drug delivery platforms. Considering the demonstrated
stability in biological fluids and the ability to be triggered open
on recognizing biologically relevant nucleic acids, these struc-
tures show promise in the creation of “sense-and-act”
nanomachines.
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