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ABSTRACT: Dynamic DNA nanotechnology, a subfield of DNA nanotechnology, is
concerned with the study and application of nucleic acid strand-displacement reactions.  nanotechnology
Strand-displacement reactions generally proceed by three-way or four-way branch
migration and initially were investigated for their relevance to genetic recombination.
Through the use of toeholds, which are single-stranded segments of DNA to which an
invader strand can bind to initiate branch migration, the rate with which strand
displacement reactions proceed can be varied by more than 6 orders of magnitude. In b* E5b 3 b — b*E4b b
addition, the use of toeholds enables the construction of enzyme-free DNA reaction

networks exhibiting complex dynamical behavior. A demonstration of this was provided in

the year 2000, in which strand displacement reactions were employed to drive a DNA- ?

h* h h* h

based nanomachine (Yurke, B.; et al. Nature 2000, 406, 605—608). Since then, toehold- ? | biosensors é ts)mghge;lc
mediated strand displacement reactions have been used with ever increasing sophistication s - |

and the field of dynamic DNA nanotechnology has grown exponentially. Besides molecular

machines, the field has produced enzyme-free catalytic systems, all DNA chemical oscillators and the most complex molecular
computers yet devised. Enzyme-free catalytic systems can function as chemical amplifiers and as such have received considerable
attention for sensing and detection applications in chemistry and medical diagnostics. Strand-displacement reactions have been
combined with other enzymatically driven processes and have also been employed within living cells (Groves, B.; et al. Nat.
Nanotechnol. 20185, 11, 287—294). Strand-displacement principles have also been applied in synthetic biology to enable artificial
gene regulation and computation in bacteria. Given the enormous progress of dynamic DNA nanotechnology over the past
years, the field now seems poised for practical application.
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1. INTRODUCTION

In biological organisms, DNA’s chief function is to serve as a
read-only memory whose information content is transcribed

into RNA before this information is used to orchestrate life’s
functions through the synthesis of protein and RNA-based
molecular machines. During cell division a specialized subset of
these molecular machines manufacture copies of the DNA
through template replication, thereby enabling each of the
daughter cells to possess a copy of the read-only memory. In
spite of its specialized function in biological organisms as an
information storage medium, like wood, hide, and bone, DNA
has proven to be a versatile biomaterial with which humans can
fashion objects of utility, but now at the nanometer scale. The
field in which DNA is used in such an artificial manner is
referred to as DNA nanotechnology,”™” but as the term is
commonly understood, also includes the construction of
nanodevices and systems out of RNA and synthetic nucleic
acid analogues.

Several physical properties of DNA contribute to its utility as
a construction material. DNA’s linear structure, its large
combinatorial base sequence space,” and Watson—Crick base-
pairing enable the design of sets of oligomers that in aqueous
solution spontaneously self-assemble into target structures.
The stiffness of duplex DNA enables the assembly of rigid two-
and three-dimensional structures.” The nearly two-order-of-
magnitude difference in stiffness between duplex DNA and
single-stranded DNA facilitates the construction of nano-
devices with movable parts' in which single-strand DNA
functions as hinges or flexible tether between rigid elements. It
also enables the construction of tensegrity structures in which
single-stranded DNA functions as guy wires.” The relative
weakness of the supramolecular interactions involved in base-
paring enables hybridization and strand-displacement reac-
tions, thereby providing a means to animate DNA nanostruc-
tures.

Automated synthesis of oligomers with a variety of
modifications that include fluorescent labels and chemically
reactive groups greatly facilitates the use of DNA as a
construction material, as does the variety of biological or
biologically derived enzymes that operate on DNA in specific
ways.

DNA nanotechnology can be divided into several subdisci-
plines.'” One is structural DNA nanotechnology’ which is
concerned primarily with the construction of static structures
such as DNA origami and DNA brick structures. Another is
dynamic DNA nanotechnology'® which is concerned with the
construction of nanostructures that can be animated and with
reaction networks based on DNA hybridization.

The focus of this review is on dynamic DNA nano-
technology, with an emphasis on “all-DNA systems” which are
driven by hybridization and strand invasion reactions alone.
However, there are other means by which motion can be
induced in DNA systems. The first dynamic DNA device was
driven by the B-Z transition of duplex DNA induced via a
change of buffer composition.'' Light-driven nanodevices have
been created which employ photochromic molecules to induce
conformational changes.'” DNA systems have also been
animated by employing protein'® or nucleic acid based'*
enzymes to make or break covalent chemical bonds.

A synopsis of the history of dynamic DNA nanotechnology
is provided here. Early work on DNA strand displacement
reactions'>~ ' addressed physical chemistry aspects of these
processes and their biological relevance, especially to genetic
recombination. Interest in DNA strand displacement reactions
greatly increased in 2000 with the publication by Yurke et al.,'
demonstrating that toehold-mediated strand displacement
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reactions could be used to cycle DNA nanostructures through
a sequence of differing conformational states. This early work
sought to emulate the function of biological motors in a
polymer (ie, DNA) that differed from that employed by
biological organisms (i.e., protein) and thereby open a pathway
for the construction of artificial molecular motors. The initial
devices functioned more like stepper motors™~>* rather than
autonomus motors such as kinesin, myosin, or dynein. To
more closely emulate these biological molecular motors,
metastable DNA nanostructures were devised that, in principle,
could serve as fuel for autonomous DNA nanomachines in
which the nanomachine, in the process of catalytically releasin

the energy stored in the metastable fuel, performs work.”>”

With the demonstration of DNA systems in which metastable
fuel is catalytically consumed, work in dynamic DNA
nanotechnology10 diverged into three major directions: (i)
the construction of DNA nanodevices’’ > and DNA
responsive materials,**** (ii) the construction of hybrid-
ization networks that could function as detector or sensor
systems,”~** and (iii) the construction of chemical reaction
networks that can carry out analog or digital computation.*~**
This work has stimulated theoretical and computational efforts
to better understand DNA hybridization and strand-displace-
ment reactions® ' and to develop design tools to aid in the
design of dynamic DNA systems.*>*”**~>° DNA hybridization
and strand displacement networks are often plagued by
undesired leak reactions that limit system performance. A
considerable amount of experimental and theoretical work has
been devoted to finding means to eliminate or mitigate against
these reactions.”***’~°° Dynamic DNA nanotechnology has
seen the greatest amount of activity in research directed to the
practical application in medical diagnostics®”*® and therapeu-
tics,”>~”" an area that appears especially attractive due to the
biocompatibility and the ease with which nucleic acid based
devices and systems can be interfaced with biological DNA and
RNA. DNA hybridization networks, functioning as nucleic acid
detectors, achieving attomolar’>~”> and even subattomolar
DNA detection sensitivity’*~’® have recently been reported.

Here are listed a few of the other highlights of the field to
convey a sense of what has been accomplished since the year
2000: (i) DNA walkers that walk on DNA substrates much as
myosin motors walk on actin,”** (ii) nanofactories,® ~** (iii)
oscillatory DNA reaction networks,”” (iv) a DNA polymer-
ization motor®* that emulates the actin polymerization motor
of Listeria bacteria, (v) polymerization reaction networks for
biological labeling85 and analyte detection,” (vi) strand-
displacement systems operating in living cells,” and also (vii)
chemical reaction networks, consisting of hundreds of DNA
strands that carry out computational tasks.**

Dynamic DNA nanotechnology has grown exponentially
over the past years. For this reason, the authors of this article
have found the task of reviewing the field quite daunting, and
we certainly cannot claim that it is complete in any sense. We
say little about logic gates and computing-network architec-
tures. An early review providing insight into the development
of the field has been given by Zhang and Seelig in 2011."
More recent work in enzyme-free nucleic acid dynamical
systems has been discussed by Srinivas et al,*” whereas the
review by Bi, Yue, and Zhang40 focuses on hybridization chain
reactions and their application to biosensing, bioimaging, and
biomedicine. A recent review focusing on the design of
enzyme-free DNA reaction networks that carry out computa-
tion has been given by George and Singh.*

We now proceed with a discussion of the physical chemistry
of strand displacement reactions in order to describe the
elemental reaction mechanisms employed in all- DNA dynamic
DNA systems. Since sometimes the purpose of these reactions
is to perform mechanical work, the mechanochemistry of DNA
hybridization is also discussed. Then illustrations are presented
of the assembly of these elemental processes into complex
DNA-reaction networks including catalytic networks. This is
followed by a survey of the major applications of dynamic
DNA processes in nanotechnology, sensing, and synthetic

biology.

2. PHYSICAL CHEMISTRY OF STRAND
DISPLACEMENT REACTIONS

Three primitives for the construction of all-DNA reaction
networks are hybridization reactions in which complementary
sequences form duplex DNA, three-way branch migration
reactions in which a DNA strand displaces one member of a
DNA duplex, and four-way branch migration reactions in
which two duplexes exchange DNA strands. Toeholds are
typically short sections of single-stranded DNA that through a
hybridization reaction initiates branch migration. Toeholds
thereby provide a means to control the kinetics of strand
displacement reactions. These primitives along with the
thermodynamic forces that can be employed to drive reactions
in the desired direction are now discussed.

2.1. Hybridization Reactions

Figure 1 is a schematic of a DNA hybridization reaction. The
left-hand side shows two complementary DNA oligomers S

a
[ R A—— |17 a
—_— AT T
* a*
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Figure 1. DNA hybridization and dissociation. In the hybridization
reaction the complementary oligomers S and S$* having the base
sequences a and a* combine to form the duplex DNA D. The forward
and reverse rate constants are ky, and kg, respectively.

and S*. The right-hand side shows the duplex D formed by
hybridization. Such systems are often adequately modeled as a
two state system where the DNA strands are either fully
associated or fully dissociated. In this case, the forward reaction
is second order and its rate constant is denoted k. The
reverse reaction in which the duplex D spontaneously
dissociates is first order, and its rate constant is denoted by
kg The equilibrium concentration of reactants and reaction
products is determined by the equilibrium constant K given by
_ Kyt _[D]

kg [SIS¥] (1)

which is related to the standard Gibbs free energy change AG®
of the reaction via

KT = ¢ AGV/RT 2)

where I has the numerical value of 1 with units that make the
left-hand side of the equation dimensionless. The free energy
AG® and other thermodynamic quantities can be adequately
calculated for a duplex of any base sequence using a nearest-
neighbor model.”” Due to the propensity for single-stranded
DNA to form secondary structure the rate constants ky, and
kg are much more difficult to predict. The rate constant kyy,
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can vary by orders of magnitude® and depends on
temperature and buffer composition, but a value of 3 X 10°
M™'s 7! is representative for oligomers with lengths of a few
tens of nucleotides in commonly used hybridization
buffers.*”?° For an oligomer concentration of 10 nM, which
is typical of that employed in DNA nanotechnology, this rate
constant yields an experimentally convenient time-to-half
completion of ~30 s. Recently a weighted neighbor voting
prediction algorithm has been developed that is able to predict
the hybridization rate constant kyy, to within a factor of 3 with
~91% accuracy.”® An intuitive sense of the value of kg and
therefore a sense of the stability of duplex DNA for short
oligomers is provided by data reported by Morrison and
Stols.'® For the 10-mer they studied, kg, was measured to be at
1.1 X 1072 57" at 30.5 °C in a 1 M NaCl/10 mM NaH,PO,
buffer. Extrapolating the data for their 20-mer to the same
buffer conditions one finds for kg, a value of 1 X 10710 57,
That is, the half-life for dissociation of the 10mer duplex is
about a minute, while that of the 20-mer is about 300 years.
Thus, with oligomers a few tens of bases long, DNA
nanostructures can be assembled via DNA hybridization that
are stable against dissociation on the time scale of a human
lifetime.

2.2. Toehold-Mediated Strand-Displacement Reactions

2.2.1. Spontaneous Strand-Displacement Reactions.
Figure 2 illustrates a DNA exchange reaction in which one

a
5, T kf S ‘FFW‘!T!‘GH'HTH'W
—

a ~ a’

AT T / ATTTTTITTTTITITTT

D [ k, D’ IR
a a

Figure 2. DNA strand-displacement reaction in which, in the forward
reaction, strand S displaces from the duplex D the member a which
becomes the free strand S. Base sequences a and a’ are identical but
have been denoted differently to aid visualization of the exchange
process. Base sequence a* is complementary to a.

member of a duplex strand D trades partners S and §'.
Although the base sequences of S and S’ are identical in this
example, the DNA strands could carry labels allowing them to
be distinguished. Access of S’ to the complementary strand in
D is blocked by the complementary partner S. As a
consequence, the forward reaction is inhibited, as is the
reverse reaction. However, the reaction rates will not be zero
since, as already discussed, D can spontaneously dissociate. In
addition, breathing of the duplex strand or end fraying can
make bases of sequence a* available for binding with S to
initiate the exchange. An experimental study of the system of
Figure 2 has been carried out by Reynaldo et al.,”" who showed
that spontaneous dissociation dominates near the melting
temperature of the duplex while fraying-initiated three-way
branch migration occurs at low temperatures.

2.2.2. Toehold-Mediated Strand-Displacement Reac-
tions with Three-Way Branch Migration. Toeholds
provide a means to increase the rate of strand displacement
by increasing the attempt frequency for three-way branch
migration. The process is illustrated in Figure 3. In the overall
reaction from (A) to (F), strand Y (having sequence b), also
referred to as the incumbent, is displaced from the substrate
strand h*b* of duplex S by the invader strand X to produce the
duplex strand L. The toehold is the single-stranded extension
h* on the duplex S. The displacement reaction is initiated
when domain h of the invader strand hybridizes to the toehold

A B
h* h
E .
S X

E

F
h*Eh
P —
b* b§bq —_— j&%
Loy X&&

Figure 3. Toehold-mediated strand displacement via three-way
branch migration. (A) The toehold consists of the single-stranded
overhang h* on the duplex strand S. The invader strand X displaces
the incumbent strand b, also denoted as Y to form the duplex L in (F).
(B—E) Intermediate steps in the branch migration process.

as shown in (B). End fraying of Y then allows the invader
strand X to initiate a three-way branch migration process
(Figure 3C). The first step of this process consists of the
dissociation of a base of the incumbent strand from the
substrate strand which enables the invader strand to bind with
the substrate strand via one more base. This is the initial step
of a random walk process in which the invader strand
competes with the incumbent strand for binding with the
substrate strand (Figure 3D). The mean step time for a one-
base ste? of the branch point in this branch migration
process'®?* is 12—20 us. Shown in Figure 3E is the
configuration in which the branch point is at a position
where the invader is one base short of having displaced the
incumbent. Finally, the incumbent strand will be completely
displaced and the invader and substrate are fully hybridized,
forming the duplex L (Figure 3F). Due to the lack of a toehold
with which the incumbent Y can bind, the rate constant for the
reaction going from (F) to (E) will be small compared to the
association reaction going from (A) to (B). The toehold thus
drives the system from (A) to (F). When all the oligomers are
present at the same concentration, the ratio of the
concentrations of the complexes L and S is given by

w_ & _

—AG°/2RT

ST VK (3)

where k;is the overall or pseudo rate constant for S + X — L +
Y, k, is the corresponding rate constant for the reverse reaction,
and AG° is the standard free energy of hybridization of & with
h*. As AG® becomes more negative for longer toeholds, the
equilibrium is pushed more strongly toward the configuration
in Figure 3F.

Experimentally measured forward reaction rates as a
function of toehold length are shown in Figure 4. The data
conform qualitatively with expectations. For short toeholds, the
probability that the invader strand will remain attached to the
toehold long enough to displace the incumbent strand is small
due to the high dissociation rate and also due to the multiple
returns the branch point makes to the end of the substrate
proximate to the toehold. With a sufficiently long toehold the
probability of dissociation will be small compared to the
probability that the random walk of the branch point
completes a first passage to the distal end of the substrate
strand and displaces the incumbent. One thus expects the rate
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Figure 4. Effective rate constant kg as a function of toehold length for
several experimental systems (the data of Yurke and Mills (2003) are
from ref 90 and the data of Zhang and Winfree (2009) are from ref
93). Reprinted with permission from ref S1. Copyright 2013 Oxford
University Press.

constant to increase with toehold length for short toeholds and
then to saturate once the toehold has become sufficiently long.
Srinivas et al.>' carried out extensive energy landscape
modeling and coarse-grained molecular dynamics simulations
in order to obtain a quantitative understanding of the rate with
which toehold-mediated strand displacement reactions occur.
Two key findings of this work were (1) that the rate with
which a single step of the branch migration process occurs is
significantly slower than the fraying of a single base pair and
(2) that the initiation of branch migration incurs a
thermodynamic penalty due to the additional overhang it
engenders at the junction. Molecular dynamics simulations
carried out with oxDNA*»*%%* suggest that the greater
structural rearrangements required to advance the branch
point by one step account for the slower rate of this process
compared with base pair fraying. Further, the branch migration
initiation penalty results from partial disruption of the base
stacking and reduction of conformational freedom as the two
single-stranded extensions at the branch point (after the first
step) are forced to bend away from each other.

Studies of the strand exchange process have been carried out
in vitro and in vivo using plasmon rulers,”® a technique that
does not suffer from photobleaching and blinking. Li, Tian,
and Mao’® showed that toehold-mediated strand displacement
could proceed even if the incumbent and substrate strand were
engaged in triplex binding with a third strand but proceeds at a
much slower rate. Kabza, Young, and Sczepanski9 showed that
also PNA, an oligonucleotide analogue in which the sugar—
phosphate backbone is replaced with uncharged N-(2-
aminoethyl)glycine units, can function as an incumbent strand
or an invader strand for systems in which the other members of
the strand exchange system are either composed of natural
DNA consisting of D-deoxynucleotides or the corresponding
L-DNA enantiomers. The achiral molecule PNA is thus able to
couple D-DNA reaction networks with L-DNA reaction
networks.

2.2.3. Toehold-Mediated Strand-Displacement Reac-
tions with Four-Way Branch Migration. Four-way branch
migration, a process in which the branch point consists of a
mobile Holliday junction, has found use in all-DNA reaction
networks.”*** Toehold initiated four-way branch migration is
illustrated in Figure S. In (A) are shown two duplex strands
with the one on the left possessing toeholds b and ¢*, while the
one on the right possesses the complementary toeholds b* and
c. Four-strand branch migration is initiated when domains b
and ¢* hybridize with the corresponding complementary

A b .
a & b a*
TTTTTTTTITTTIT
a* *'Q 4 a

P —
—

P
-

Figure S. Toehold-mediated strand displacement via four-way branch
migration. (A) Two complementary DNA constructs each possessing
a pair of single-stranded overhangs that serve as toeholds. (B) The
two constructs combine into a Holliday junction through hybrid-
ization of complementary toeholds. (C—E) depict the random walk
executed by the branch point through four-way branch migration,
which results in two new duplex strands (F) having a greater number
of base pairs.

toeholds to form the Holliday junction shown in Figure 5B.
Through rearrangement of base pairing in the junction core,
the branch point excites a random walk where, in a given step,
two opposite arms shorten while the other two lengthen by a
base pair. Representative configurations as the random walk
progresses are shown in Figure 5, panels C—E. Upon making a
first passage of the branch point from the end distal to the
toeholds, the complex dissociates into two duplex strands
having a greater number of base pairs, as shown in Figure SF.
As with the system employing three strand branch migration,
the energy of hybridization of the toeholds pushes the
equilibrium toward the configuration shown in Figure SF.
Four-way branch migration occurs at a slower rate than three-
way branch migration. The rate is strongly dependent on the
valency of the salt cation of the buffer and rapidly decreases
with lower temperature.'” The mean step time was measured
to be 0.3 s at 37 °C in the buffer containing Mg**, while in the
buffer containing only Na" the step time was measured to be
1000 times shorter."”

2.3. Thermodynamic Driving Forces

In the examples of toehold-mediated strand exchange
presented so far, the change in the free energy resulting from
the hybridization of a toehold with its complement has been
used to drive the strand exchange reaction forward.
Configuration entropy differences and concentration disequi-
libria provide alternative means by which toehold-mediated
strand exchange reactions can be driven in a desired direction.
These alternative thermodynamic driving forces have been
used to great advantage in the construction of complex
reaction networks.**%®

2.3.1. Configuration-Entropy Driven Reactions. A
reaction can be driven in the forward direction if the number
of products is greater than the number of reactants, due to the
increase in configuration entropy. As examples, consider the
systems shown in Figure 6 where the number of constituents
increases from two to three in the overall reaction. On the right
side of Figure 6A is shown one strand of single-stranded DNA
X having base squence ba and a duplex strand consisting of two
DNA strands with sequences a and b hybridized to a strand
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Figure 6. DNA reaction systems driven in the forward direction by an
increase in configurational entropy due to an increase in the number
of constituents. In particular, in these systems two reactants give rise
to three products, but the number of base pairs remains the same. The
system in (A) lacks a toehold, and relaxation to equilibrium will
proceed slowly. The system in (B) has a toehold (domain c* of strand
D). This provides an attachment site for X, which possesses the
domain c that is complementary to the toehold, thereby increasing the
rate of the reaction.

with sequence a*b*. On the left is shown two strands of single-
stranded DNA Y| and Y, having base sequences a and b,
respectively, and a duplex consisting of the strand X hybridized
with the strand having sequence a*b*. The system on the right
has the same base pairs as the system on the left. Hence, there
is no gain or loss in free energy due to a change in the number
of base pairs to drive the reaction one way or the other.
However, since the system on the left consists of two entities
while the system on the right consists of three, the
configurational entropy is greater on the right. This entropy
difference will push the equilibrium concentration in the
forward direction. The strength of this thermodynamic driving
force can be estimated as follows: the system on the left can be
regarded as the same as that on the right except that the 5" end
of Y, is forced to be colocalized with the 3" end of Y,. Let this
colocalization volume be denoted as V. Now consider the case
when all oligomers X, Y;, Y;, and a*b* are present at equal
concentrations p. Then the volume the 5’ end of Y, occupies
when it is not forced to colocalize with the 3" end of Y, is V, =
1/p. The change in entropy going from the system on the left
to that on the right is AS = kg In(V,/V;), corresponding to a
free energy change of

AGs = —TAS = —k;T In(V,/V;) (4)

A reasonable estimate of the colocalization volume V; is 1
A®. Considering the case when all the oligomers in the system
are present at 100 nM concentration, V, is 1.67 x 10" A%,
Taking T to be 300 K, eq 4 yields AGg = —0.6 eV. As the
average free energy of hybridization is ~0.073 eV per base
pair,1 the entropic driving force in this example is equivalent to
the formation of eight base pairs, which actually is quite
comparable to that inferred by the experiment.”® The reactions
of Figure 6A will proceed slowly since all the bases in duplex
structures D and D’ participate in base pairing with a
complementary base. Figure 6B shows that toeholds can
increase the reaction rate without additional base pairing to
push the reaction in the forward direction. This is
accomplished by attaching a toehold domain ¢* as an overhang
to the a*b* strand of the duplex D and a corresponding
complementary domain ¢ to X. In addition, the domain b of X
has been truncated at the end distal from the toehold by the
same number of bases that are in the toehold so that the total

length of X remains unchanged. Thus, the driving force
remains the change in entropy due to the increase in the
number of components that are free to diffuse throughout the
solution. Given the estimate that the driving force is equivalent
to the binding of 8 bp at 100 nM concentration, b’ could be
truncated by an additional 8 bp before the configuration on the
left side would be thermodynamically favored over that of the
right.

An advantage of employing configuration entropy as a
driving force in DNA reaction networks is that it is insensitive
to temperature, pH, and buffer composition. Entropy-driving
has been successfully used to implement cascade networks and
catalytic and autocatalytic networks.”®

2.3.2. Concentration Imbalance Driven Reactions.
Concentration imbalances have been used to drive reactions
forward in the most complex hybridization reaction networks
devised to date.*****?'%° To illustrate the use of this principle,
consider the system shown in Figure 7, in which reactants X

t,
X ke Y o
—_
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Gy Lo k, Gy Iy
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Figure 7. A toehold-mediated strand exchange system driven by
concentration imbalance. In the forward reaction invader X reacts
with Gy to produce Y and Gy. When the toeholds ¢ and t§* have the
same free energy of hybridization with their complements, there is no
change in hybridization free energy. A change in the concentration of
one of the reactants will cause the system to readjust the
concentration of all the constituents to a new equilibrium.

and Gy react to form the products Y and Gy. The reactant Gy
consists of duplex DNA with a short toehold ¢f. The reactant X
functions as an invader that binds to the toehold and by three-
way branch migration displaces the incumbent strand Y to
form the duplex strand Gy with the short toehold #F. This
second toehold results in an appreciable reaction rate for the
reverse reaction. For the case when t, and t, are the same, there
is no change in the number of base-pairs between the left and
right configuration of this reaction, and thus no change in
hybridization energy to drive the system in one direction or
another. However, if a concentration imbalance is introduced,
the system will adjust to a new set of equilibrium
concentrations through the toehold-mediated strand exchange
reactions. For instance, when the forward and backward rate
constants are the same and the initial concentrations [Y], and
[Gyly are zero, the equilibrium concentrations for the
components of the system are given by

2 2
X1, = L, Gyl = &
Xy + [Gxlo (X1 + [Gxlo (5)
and
[X1,[Gxly
Yl =[Gyl = ———X0_
e =164 = B+ 164 ()

If [X]y = [Gylo, the system settles to an equilibrium in which
each component of the system is present at a concentration of
[X]o/2. In contrast, when [X], is in large excess over [ Gy], that
is [X], > [Gyl, the equilibrium concentrations of the
constituents are [X], =~ [X]p [Gxle =~ 0, and [Y], =
[Gyle = [Gxlo- Hence, a high concentration of X provides a
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concentration-disequilibrium force that drives the effective
reaction X + Gy = Y + Gy forward.

Employing elemental reactions of the form depicted in
Figure 7, Qian and Winfree*®””'% have developed a practical
scheme for the synthesis of large scale DNA reaction networks
that can carry out digital and analog computation. Due to the
back-and-forth nature of the dynamics of the system of Figure
7, the DNA-based gates employed by Qian and Winfree>*””'*°
are referred to as “seesaw gates”.

2.4. Finite-State Machines and Hybridization Motors

DNA strand-displacement reactions have already been studied
for about a half century due to their biological relevance in
DNA recombination reactions. However, interest in these
reactions greatly increased with the insight that they can also
be used as a means to drive nanomachines constructed out of
DNA." Through the addition of a specific sequence of invader
strands, these machines can be cycled through a corresponding
sequence of states; in other words, these devices function as
biomolecular “finite state machines”. These machines can also
function as DNA-hybridization motors and perform mechan-
ical work.

Perhaps the simplest such system is shown in Figure 8. Here,
a DNA strand M, is successively cycled between a state in

=l

Ny

Figure 8. A prototypical finite state machine driven by the free energy
of hybridization of the fuel strand F with its complement F*. The
finite state machine consists of the DNA oligomer M, that is cycled
between the single-stranded state and the state in which it is a
member of the duplex M, formed by hybridization with a
complementary domain in F. The toehold domain of F is labeled t.
The fuel complement F * releases M; from the duplex through
toehold-mediated strand displacement and in the process forms waste
product W.

which it is single-stranded and a state in which it is a member
of the duplex M,. The transition from the single-stranded state
to the member-of-a-duplex state is induced by the introduction
of a strand F, which has a domain that is complementary to M.
F has a toehold domain t at one of its ends which becomes an
overhang when M, and F are hybridized. The reverse transition
from the member-of-a-duplex strand to the single-stranded
state is induced by the introduction of a strand F*
complementary to F. This strand binds with the toehold on
M, and then displaces the incumbent M;. A waste product W
consisting of F hybridized with F* is formed each time the
cycle is completed.

In the free state, M, is a flexible linear oligomer having a
persistence length of ~1 nm. As a member of a duplex strand,
M, is an ordered helix in which the duplex is a stiff linear
structure having a persistence length of ~50 nm. These
changes of state can be used to induce mechanical changes in
structures coupled to M;. The strand M, can thus also be

viewed as a prototypical motor that operates on the free energy
of hybridization of F with F*. Strands F and F * are referred to
as the set and reset strands, respectively.”

To emphasize the analogy with an internal combustion
engine in which a chemical fuel is reacted with oxygen to
produce mechanical work, F is also often referred to as the fuel
strand and F* as the removal strand or fuel complement." In
the initial demonstration of toehold-mediated strand displace-
ment to drive DNA-based finite state machines,’ the DNA
device driven was a pair of tweezers composed of two duplex
arms connected by a flexible hinge consisting of a short single-
stranded section of DNA. The motor consisted of two long
single-stranded overhangs extending off of the tips of the
tweezers. The fuel strand had domains complementary to both
overhangs and, upon hybridization with the overhangs, would
close the tweezers. The fuel complement would restore the
tweezers to the open configuration. In contrast to autonomous
motors, this motor functions like a stepper motor since it is the
successive application of F and F* that cycles the motor
through its states.

2.5. DNA Hybridization Mechanochemistry

DNA nanomachines powered by DNA hybridization motors
can exert forces and perform mechanical work. An early
demonstration of this was the use of a hybridization motor to
pull an aptamer from a thrombin molecule.'”" A DNA tweezer-
like device has also been used to actuate the activity of an
enzyme/cofactor pair.'”> Given the potential of DNA hybrid-
ization motors as tools for mechanochemical investigation, it is
worth considering the magnitude of the forces that such
motors could develop. The mechanical force depends on the
mechanical advantage with which the structural changes
induced by base pairing are coupled to the structural changes
of the nanodevice. Figure 9 depicts two Gedanken experiments
in which DNA hybridization is used to lift a weight against the
pull of gravity.

A B
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Figure 9. Gedanken experiments in which DNA hybridization is used
to lift weights against gravity. In the experiments of A and B, the
weight moves up a distance that is twice the spacing between basis in
single-stranded DNA when a base pair is formed. In the experiment of
C and D, the weight moves up a distance that is the difference
between the spacing between bases in single-stranded DNA and
double-stranded DNA when a base pair is formed. Ax is the distance
the weight travels. ds and d,; are the spacing between bases on single-
stranded DNA and between successive base pairs on double-stranded
DNA, respectively. Because the displacement Ax is smaller for the
system on the right, it will develop a greater stall force.

If the weight is small, hybridization will proceed, but as the
weight is made heavier, a point will be reached where DNA
hybridization will no longer proceed. The force exerted by the
weight at this point is referred to as the stall force F;, which is
given by
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AG

P;tall - Ax (7)
where AG is the change in free energy upon forming a base
pair and Ax is the displacement of the weight that results from
the formation of that base pair. In the Gedanken experiment
shown in Figure 9, panels A and B, when a base pair is formed,
the weight is lifted by twice the distance d; between bases in
single-stranded DNA, that is Ax = 2d,. Assuming d, = 0.43 nm
and taking the average free energy for formation of a base pair
to be 1.2 x 107" J yields a stall force of ~14 pN, which is in
line with the experimentally measured force required to pull
apart duplex DNA.'*>'** In the experiment of Figure 9, panels
C and D, upon forming a base pair, the weight is lifted by a
distance that is the difference between the distance d; of bases
on single-stranded DNA and the distance d; = 0.34 nm
between base pairs in duplex DNA (i.e., Ax = d,—d; ~ 0.09
nm). However, not the full free energy of base pair formation is
available to lift the weight since some of it is used to twist the
DNA. Therefore, in this case, the right side of eq 7 has to be
multiplied by the additional mechanical advantage factor d,/
DO where D is the diameter of the DNA and 6 is the angle of
twist between successive base pairs. Using D = 2 nm and 6 =
7/S (since there are ~S base pairs per half turn of the helix),
one obtains an estimated stall force of 78 pN which is
comparable to the measured overstretching force for duplex
DNA.'*'% Hence, in principle, a DNA hybridization engine
consisting of single-stranded DNA could develop a force
comparable to the DNA overstretching force along the duplex
axis when a complement hybridizes with it.

3. CATALYTIC PROCESSES BASED ON STRAND
DISPLACEMENT

Free-running biological molecular motors such as kinesin,
myosin, and dynein are catalysts, ATPase enzymes that break
down the high energy fuel molecule adenosine triphosphate
(ATP) into adenosine diphosphate and a phosphate ion.
Inspired by these biological examples, the initial impetus for
devising enzyme-free DNA reaction networks displaying
catalytic behavior was to make artificial systems that behave
like free-running motors rather then the stepped DNA motors
briefly discussed above.”® Since catalytic systems can function
as chemical amplifiers,”® the application of enzyme free DNA-
based catalytic networks as sensor and detector systems later
became a major driving force in the development of these
systems.”®106-109

3.1. Hybridization Catalysts

Initial work on hybridization catalysts focused on the
construction of metastable DNA complexes, analogues of
ATP, whose collapse to a lower energy configuration could be
triggered by strand invasion by a catalyst strand. During the
decay of the metastable complex, the catalyst strand is released
and can thus catalyze the decay of the next complex.

Figure 10A illustrates the first such enzyme-free catalytic
system devised by Turberfield et al.* In this reaction system, a
single-stranded DNA catalyst C* operates on a metastable
mixture of DNA strands composed of the loop complex LS*
and the single-stranded oligomer L* which is complementary
to L. LS* and L* can react with each other to form the single-
stranded product S$* and the duplex LL*, which is energetically
favored by the additional base pairs that are formed in the loop
region of L. In the absence of the catalyst C*, this reaction is
sterically hindered due to the difficulty of threading L* through
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Figure 10. Early enzyme free catalytic DNA systems. (A) Scheme of
Turberfield et al.>® In this scheme, the catalyst C* facilitates the
reaction of L* with the loop structure LS* to form the products S*
and LL*. (B) A reaction intermediate I is shown. Scheme of Seelig et
al?® In this scheme, the catalyst C* facilitates the decay of the
metastable structure F, consisting of two complementary loop
structures held together by a kissing interaction, into the products
LL* and SS* Two reaction intermediates I1 and I2 are shown. In
both systems, the catalyst strand C* increases the reaction rate by
opening a loop through toehold initiated strand invasion.

the loop of LS*. The catalyst increases the rate of the reaction
by opening up the loop via toehold-initiated strand displace-
ment, thereby releasing the steric constraint (cf. the
intermediate complex in the figure). When the toehold of C*
is short, the catalyst is released through dissociation at the
toehold upon strand displacement of C* by L*. The catalyst is
thus not consumed in the overall reaction.

Figure 10B illustrates a modification of the catalytic system
of Figure 10A, first investigated by Seelig et al,”® which
exhibits a marked improvement in performance. Here the L*
of the metastable system of Figure 10A has been replaced by
the loop L*S which is complementary to the loop LS*, absent
the toehold. It was found that these two loops formed a
metastable complex F through the kissing interaction between
the loops. This structure was remarkably stable; it could be gel
purified and stored on the time scale of a week without serious
decay into the products LL* and SS*. The catalyst operates by
opening the LS* loop, thereby forming the intermediate
complex I. The catalyst is released by strand invasion of the L*
strand of the SL* loop. In the process, a Holliday junction is
formed that via four-way branch migration decays into the
products LL* and SS*. The catalyst of this system exhibited a
total turnover of 40. From the experiment, it was inferred that
limited turnover was due to capture of defective oligomers in
intermediate complexes.

As with the simple finite state machine of Figure 8, the
catalyst C* of the systems of Figure 10 can be regarded as a
prototypical molecular motor since it undergoes a conforma-
tional change from single-stranded to duplex DNA, and this
motion could in principle be harnessed to drive nanomachines.
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In contrast to stepped hybridization motors, this functions as a
free running molecular motor in that it autonomously cycles
between the two states as long as fuel is present.

Zhang et al.”® later devised enzyme-free catalytic systems
that employed an increase in configurational entropy to drive
the reaction forward, the principles of which have been
discussed in connection with Figure 6. Figure 11A illustrates
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Figure 11. An enzyme free entropy-driven catalytic system.”® In (A),
the overall reaction is depicted. The reactants consisting of the fuel
stand F and the substrate S are catalyzed by strand C to produce the
products consisting of waste product W, a signal strand SB, and an
output strand OB (i.e., two reactants become three products). In (B),
the catalytic cycle is depicted with hypothesized intermediates
displayed. Toehold domains 3 and S are chosen to be sufficiently
short so that the fraction of catalyst bound to the waste product is
small and the dissociation of SB from intermediate I2 is fast.
Reprinted with permission from ref 98. Copyright 2007 AAAS.

the overall reaction, in which the substrate complex S and the
fuel strand F react to form the waste product W and release the
oligomers SB and OB. The reaction is entropically favored due
to the increase in the number of components from two to
three. In Figure 11B, the reaction mechanism with
hypothesized intermediates is displayed in more detail.

Note that this reaction network employs a hidden toehold 3
that becomes exposed when SB is released from intermediate
I2. This toehold provides an attachment site for the fuel strand
F, which then drives the reaction to completion by toehold-
initiated strand invasion. Another hidden toehold has already
been encountered in the system shown in Figure 7; the control
of reactions by hidden toeholds has now developed into an
important principle for the design of enzyme-free DNA
reaction networks.

The catalytic system of Figure 11 can be cascaded with other
similar catalytic systems. In particular SB and OB can serve as
catalysts for other catalytic systems by virtue of the freedom
available in choosing the base sequences for domains 1 and
2.”® Of particular note, the base sequence of the output strand
OB can be chosen to be identical to that of the catalyst C. The
resulting system is then autocatalytic, and the number of free
catalyst strands is doubled with the completion of each
catalytic cycle, resulting in exponential growth of catalyst
concentration before substrate depletion.”® The catalytic
system of Figure 11 also is of interest as a chemical amplifier
in enzyme free DNA-based detector applications (cf. section
S).

3.2. Hairpin Toeholds

Another effective way to “hide” toeholds is provided by DNA
hairpins. In particular, the single-stranded loop of a hairpin can
function as a sequence domain which is, due to steric
constraints, unavailable for hybridization until the hairpin is
opened. This principle has been employed to construct
hybridization polymerization systems [the “hairpin chain
reaction” (HCR)],"'® catalytic systems [“catalytic hairpin
assembly” (CHA)J],""" and even polymerization motors.** In
particular, HCR has found a vast number of applications in
dynamic DNA nanotechnology, and both HCR and CHA are
used extensively in the context of biosensors, as will be
reviewed in detail in sections 4 and S.

3.2.1. Hybridization Chain Reaction and Hybrid-
ization Polymerization. The hybridization chain reaction
was first described by Dirks and Pierce in 2004 and is based on
toehold-mediated strand invasion into stable hairpin structures
with long stem duplexes.''” As shown in Figure 12, the HCR
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Figure 12. Principle of the hybridization chain reaction (HCR)."'? (A) The two hairpins H1 and H2 metastably coexist. (B) Initiator strand I can
bind to H1 by toehold-mediate strand invasion. (C) The opened I-‘H1 complex can invade hairpin H2 via the toehold c. This process continues by
polymerization of the H1 and H2 hairpins. In a sensor application, the analyte is used as (or somehow transformed into) the initiator strand.
Reprinted with permission from ref 110. Copyright 2004 National Academy of Sciences.
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Figure 13. A DNA strand exchange reaction in which strands S and S’ having base sequences a and a’, respectively, trade partners with a
complementary strand having sequence a# to form the duplex strand D or D’. The sequences a and a’ are identical but have been identified
differently to clearly display the exchange process. Reprinted with permission from ref 84. Copyright 2007 Nature Research.
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Figure 14. Two implementations of catalytic hairpin assembly (CHA).*”"'' (A) The initiator I, playing the role of an analyte in sensor
applications, catalyzes the reaction of the hairpins A and B into a duplex structure, regenerating strand I after each cycle. Reprinted with permission
from ref 57. Copyright 2008 SpringerNature. (B) Similar as in (A), strand C1 catalyzes the hybridization reaction between H1 and H2. Sequence
domain 2%, which is exposed in H1-H2 duplexes, can be used to generate a fluorescence output for sensor application. Reprinted with permission

from ref 111. Copyright 2011 Oxford University Press.

system is constituted of two types of DNA hairpins H1 and
H2, which possess single-stranded toehold extensions at their
5" and 3’ ends, respectively. Ingeniously, the loop region of H1
contains the complement of the H2 toehold, whereas the H2
loop is complementary to the H1 toehold and the double-
stranded stems of H1 and H2 are identical. Due to the long
double-stranded stem region, the two hairpins metastably
coexist. Upon addition of a trigger molecule with appropriate
sequence (complementary to the toehold and the adjacent
stem sequence), one of the hairpins is opened via toehold-
mediated strand invasion, which makes the loop sequence
freely accessible. The loop sequence can now attach to the
toehold of the other type of hairpin and thereby start a chain
reaction, in which multiple H1 and H2 molecules bind to each
other to form long double-stranded polymers.

In the original design, the toehold/loop regions were chosen
to be 6 nt long, while the stem region had a length of 18 bp. As
pointed out by Dirks and Pierce in 2004, the design

considerations for HCR hairpins are actually opposite to
those for molecular beacons,''> which are widely used as
FRET sensors for nucleic acid sequences. Molecular beacons
typically have a relatively short stem of only a few bp and a
long loop region required for specific sequence detection. The
short stem of a molecular beacon facilitates fast switching in
the presence of the nucleic acid analyte. By contrast, in order
to ensure metastable coexistence of H1 and H2, the stem
duplex has to be rather long (which in fact makes HCR
comparatively slow). Furthermore, increasing the size of the
loop results in an increase of leaky strand invasion in the
absence of a trigger, while decreasing the size of the toehold
slows down or even completely diminishes the HCR process.
These effects are coupled, as the length of the loop region and
their complementary toehold are the same. Thermodynami-
cally, each step of the HCR process is driven by the enthalpic
contribution of additional base-pairing and base stacking and
an entropic contribution from loop opening.
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A variant of HCR employing four-way branch migration has
been utilized for the construction of hybridization polymer-
ization systems (Figure 13).84 In this case, the reaction
between H1 and H2 is initiated by the introduction of the
DNA complex AR. The overhangs a* and x of this complex
bind with the complementary overhangs a and x* of hairpin
H1 to produce a mobile Holliday junction (state 1 in Figure
13). By four-way branch migration this structure transforms
into state 2, in which hairpin H1 has been unfolded to expose
the toehold domain c. Toehold domains ¢ and y are now
available for hairpin loop H2 to bind to, creating another
Holliday junction intermediate (state 3). The configuration
relaxes to that of state 4, in which two new domains x and a*
have become available for loop H1 to bind. The sequence of
hybridization events now repeats cyclically to produce a long-
nicked duplex strand as indicated in the figure. This system has
been used to mimic the actin polymerization motor of
Rickettsia bacteria,** and recently such polymerization motors
have also been used to drive the swelling of DNA-cross-linked
hydrogels.””*®

3.2.2. Hairpin Fuels and Catalytic Hairpin Assembly.
Rather than catalyzing the formation of polymers as in HCR,
systems can be devised in which the catalyst simply catalyzes
the formation of a duplex from two hairpins, a concept which
was initially introduced by Turberfield and co-workers'" as a
means to fuel autonomous DNA nanomachines (cf. section 4).

Two versions of such “catalytic hairpin assembly” (CHA) by
Yin, Pierce, and co-workers®’ and by Li, Ellington, and
Chen''" are shown in Figure 14. In contrast to HCR, in a set
of hairpin fuels H1 and H2, the loop sequence of each hairpin
is partly complementary to the stem regions of the respective
other hairpin. As a result, the CHA process does not result in
polymeric products but generates DNA duplexes. Li and co-
workers''" realized that this reaction scheme can be used as an
isothermal sensor for DNA and RNA molecules (cf. section 5).
To this end, they augmented the hairpins with sequences that
could be read out via hybridization to fluorescent probes.

3.3. Other Tools within the Dynamic DNA Toolbox

The dynamic DNA design principles discussed so far do not
exhaust the design tools available to the designer of enzyme
free DNA reaction networks. In addition to duplex DNA,
depending on base sequence or buffer conditions, DNA can
exist in a three-stranded form, triplex DNA, or a four-stranded
form, the G-quadruplex. Toehold-mediated strand exchange
reactions can be implemented also with these structures. For
example, an early DNA hybridization motor used toehold-
mediated strand exchange to cyclically unfold and refold a G-
quadruplex.”® Triplex binding depends on pH, and this has
made possible toehold-mediated strand invasion systems that
are pH sensitive,' 'S

The toehold examples that have been discussed above
consist of toehold domains on the same DNA strand involved
in branch mi_gration. We note that also the use of remote
toeholds''®"'” and toeholds that are activated by hybridization
between toehold and branch migration domains (associative
toeholds)''® have been investigated.

4. APPLICATIONS IN DNA NANOTECHNOLOGY

One of the main benefits of the strand displacement technique
is the possibility to reverse a DNA hybridization process at a
constant temperature (as opposed to thermal melting of a
stable DNA duplex). While, as mentioned, this can be also

achieved by other chemical means (addition of salts,
denaturants, a change in pH, etc.), toehold-mediated strand
displacement has the advantage of being highly sequence-
specific. Thus, addition of a strand displacing oligonucleotide
will only affect molecular processes or devices that carry the
correct “address”, while it will leave all others essentially
unaffected. In the context of DNA nanotechnology, this
capability has been utilized in manifold ways. For one,
hybridization and strand displacement can be used to
reversibly connect separate DNA nanostructures or other
nanoscale objects with each other. In a similar way, it can be
used to connect and disconnect movable parts of machine-like
molecular assemblies and thus drive such devices through their
“machine cycle” (cf. section 2.2). Many processes also utilize
the fact that double-stranded DNA (with a persistence length
of L, = 50 nm) is a much more rigid polymer than single-
stranded DNA (L, & 2—4 nm). Thus, hybridization and strand
displacement can be used directly for mechanical actuation and
make parts of a molecular assembly either more rigid or more
flexible.

Importantly, the ability to “switch” molecular conformation
or processes also supports their characterization; the ability to
switch between multiple possible states of a system in a
controllable manner helps prove that such well-defined states
exist in the first place.

4.1. DNA Fuel for Nanomachines

4.1.1. DNA-Based Molecular Switches and Devices.
Following the development of the DNA tweezers as the first
DNA machine driven by strand displacement processes, a large
variety of similar switchable devices were developed. Yurke and
Simmel described a variation of the tweezers that could stretch,
relax, contract, and thus cycle between three distinct
mechanical states.””''” In later work, DNA tweezers were
modified with various aptamer-based functionalities, which
made their opening and closing dependent on the presence
small molecules like adenosine'” or proteins such as
thrombin'*"'** or the malaria biomarker PILDH (Plasmodium
falciparum lactate dehydrogenase).'*?

Similarly, light-switchable DNA tweezers were developed
using fuel strands containing azobenzene moieties.'”* As
shown by Asanuma and co-workers,'>'*® azobenzene in the
trans conformation fits into DNA double helices and stacks
with neighboring base-pairs. Induction of the trans-to-cis
conformational change of the photoswitches by irradiation
with UV light (4 = 330 — 350 nm) destabilizes the helix,
resulting in helix dissociation, while irradiation with blue light
(4 = 440— 460 nm) promotes the cis—trans transition and thus
hybridization. This principle allows cyclic light-induced
switching of DNA nanodevices and represents an alternative
to toehold-mediated strand displacement but can be easily
combined with it.

A wide variety of DNA devices involving noncanonical base-
pairing were developed, mainly involving quadruplex for-
mation”***'°" or pH-dependent i-motif'*” or triplex switch-
ing."** Particularly i-motif switching has been very successfully
used for the development of nanomechanical DNA devices
that operate inside living organisms as this conformational
transition can be used to monitor intracellular pH in
endosomes'*”"*” or the trans-Golgi network."*' These devices
do not require, however, the use of strand displacement
processes; salt concentrations or pH are more readily available
input triggers for DNA nanomechanical devices in the cellular
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Figure 15. Nonautonomous walker on a DNA origami platform."** (A) Schematic of a standard rectangular origami platform (top view) with
indication of foothold positions for the walker. (B) Design of the two-legged walker and its placement on the origami structure. The structure of the
walker is identical to that originally conceived by Shin and Pierce.** (C) Movement of the walker can be read out via fluorescence via modification
of the start and end site with a FRET acceptor and labeling of the walker with a FRET donor. (D) Operation cycle of the walker for one step.
Addition of fuel strand F2 places the leading foot onto its foothold T2. Subsequent addition of antifuel AF1 lifts the lagging foot. In ref 135, Nir and
co-workers automated the process of fuel/antifuel addition using a microfluidic device, enabling walker stepping over long distances. Adapted and
reprinted with permission from ref 135. Copyright 2017 American Chemical Society.

context, while intracellular RNA (miRNA or mRNA) has been
mainly utilized in the context of intracellular computing and
biosensing (see sections S and 6). Nevertheless, pH-dependent
processes and strand displacement can be combined. For
instance, Ricci and co-workers demonstrated nanodevices
based on pH-controlled DNA strand displacement switching
by “clamping” one of the reaction partners of a strand
displacement process inside of a pH-dependent DNA
triplex.''* Depending on the pH value, the clamp was released
and thus strand displacement enabled.

Apart from their basic functionality as molecular switches or
motors, applications of DNA-based devices were mainly
envisioned for biosensing and biocomputing applications. For
an overview of the huge diversity of DNA-based devices
developed to date, not exclusively utilizing strand displacement
for their operation, and their potential applications the reader
may consult dedicated reviews such as refs 132—134.

4.1.2. Molecular Walkers. A major class of DNA devices
are the “molecular walkers”, for which a fuel-consuming
chemical cycle is coupled to directed movement along a
molecular track. As DNA walker systems involve the transfer of
the “walker” between specific binding sites on a track, most
implementations so far utilized strand displacement reactions
in one way or another.

The first DNA walker was developed by Shin and Pierce and
involved a double-stranded walker “body” with two single-
stranded extensions that served as “feet” (cf. Figure 15B). The
latter could be connected to distinct single-stranded foothold
periodically spaced along a double-stranded molecular track.*’
With the use of appropriate fuel and antifuel DNA strands,
each foot could be addressably released from its foothold via
toehold-mediated strand displacement and then attached to
another foothold. A similar principle was applied by Sherman
and Seeman who used a more complex double-crossover
molecule as the walker structure.””

Both of these walker devices were “non-autonomous” (i.e.,
they had to be driven from one binding site to the next by the
external addition of the corresponding fuels). While this
automatically provides clocked, synchronized stepping of the
walkers, the process is relatively cumbersome and slow. To
address these issues, Nir and co-workers came up with several
improvements over the original strand displacement schemes.

For one, based on insights gained from single-molecule
experiments, they developed optimized fuel strands with
more predictable hybridization kinetics without kinetic
trapping of the structures.'*® In order to facilitate fast stepping,
high fuel concentrations are desirable; however, this causes
undesirable effects such as two fuel strands simultaneously
binding to walker and track without connecting them. To
overcome this problem, the authors employed hairpin fuels,
which connected to the walker first, which then activated
binding to the track. They also came up with a technical
solution to speed up the clocked addition of fuel strands. Using
a microfluidic system, they were able to drive a DNA walker
over 32 steps along an origami-based track (Figure 15), which
demonstrated the extraordinarily high stepping efficiency
achieved."**

A number of variations of nonautonomous strand displace-
ment walkers have been demonstrated. Instead of DNA
molecules walking along a linear track, Tian and Mao
demonstrated two DNA circles rolling against each other,
using the same fuel/antifuel approach as Shin and Pierce."*’
Using a set of three different set/reset strands, Wang et al.
created a system they termed a “DNA transporter”."*® In this
system, a walker module was used to connect the vertex of a
DNA three-way junction and reversibly connected to one of its
three extensions. The walker/transporter could thus be
programmably transferred from one docking position to the
other, which was demonstrated using FRET experiments.
Turberfield and co-workers showed that walkers can be also
“programmed” to navigate a network of tracks, in which the
choice to turn left or right at network junctions was controlled
by the addition of corresponding hairpin fuels.*” One of the
most advanced achievements to date was the employment of
DNA-clocked molecular walkers for the realization of a DNA-
based “assembly line” by Seeman and co-workers.*” In this
work, a three-legged walker based on a triangular DNA
structure could be moved along a series of “pick-up” sites on a
DNA origami, where the walker could take up gold
nanoparticles to programmably generate a variety of different
nanoparticle assemblies.

Using aptamers or photosensitive compounds, the motion of
DNA walkers can also be controlled by the addition of
molecules (the ligands of the aptamers)'*>'*" or light
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Figure 16. Molecular “spiders” on an origami track.">" (A) Structure of the spiders: a streptavidin “body” is connected to three “legs” containing an
RNA-cleaving 8—17 deoxyribozyme. The additional capture leg serves for initial placement of the walker onto the start site of the track. (B) The 8—
17 deoxyribozyme cleaves its foothold when bound to a substrate strand. This exposes part of the 8—17 enzyme as a toehold, which facilitates
transfer of the leg to a neighboring, uncleaved substrate. (C) The spider is released from its start site by a trigger strand via toehold-mediated strand
displacement and then diffusively walks toward regions with uncleaved substrates. (D and E) Substrate track and additional molecular features
defined on a standard rectangular origami structure. Reprinted with permission from ref 151. Copyright 2010 Nature Research.
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Figure 17. An origami-based strand displacement scheme for diffusive transport of cargo.159 (A) Similar as in seesawing (cf. Figure 7), the “robot”
strand containing two feet (which act as toeholds) can either bind to the track strand on the left or on the right, leading to a diffusive motion of the
robot on a track of footholds. (B) With the use of an additional toehold (the “hand”), the robot can pick up cargo from a corresponding storage
site. (C) In combination, the robot can diffusively pick up and transport cargo until it is delivered to a thermodynamically stable site (the goal).

Reprinted with permission from ref 159. Copyright 2017 AAAS.

e 142-147
irradiation, in an analogous manner to what has been

used for the operation of other DNA-based devices (cf.
previous section 4.1.1).

Apart from “clocked” molecular walkers, a variety of
autonomous schemes for DNA-based molecular motors have
been developed, which either utilized the action of DNA-
processing enzymes or deoxyribozymes or were based on
hybridization catalysis (cf. section 3). The first example of an
enzyme-driven “walker” was demonstrated by Yin et al. in
2004."> With the use of an ingenious reaction scheme
involving a T4 DNA ligase and two restriction endonucleases
(BstAP I and PAIM I), a six-nucleotide long DNA fragment
could be transferred along a track of anchor sites arranged
along a double-stranded DNA scaffold. While this scheme did
not involve strand displacement processes, using a similar
mechanism based on nicking enzymes (N.BbvC IB) and
branch migration, DNA walker systems were developed shortly
thereafter, which were capable of moving larger DNA
fragments along a track.'*® Nicking enzyme schemes were
later employed for various other walker systems. Wickham et
al. used AFM to directly observe the motion of such a walker
on a track laid out on an origami platform'* and later also

demonstrated navigation of a walker on a branched net-
work.'*°

Instead of nicking enzymes, also RNA-cleaving deoxyribo-
zymes were employed for walking. Tian et al. designed a walker
molecule containing the RNA-cleaving 10—23 DNAzyme that
could bind to DNA substrate molecules (containing an RNA
base at the cleavage site), which were aligned along a linear
DNA track.">” Cleavage of a substrate by the walker exposes a
toehold on the walker/docking duplex, which can be used for
strand invasion by the substrate molecule on the next site of
the track. This progressively and autonomously transfers the
walker from one docking site to the next. On the basis of a
similar idea, three-legged “molecular spiders” were designed
(Figure 16), which were composed of three biotinylated feet
(each containing a 8—17 DNAzyme) bound to a streptavidin
“body”.">* This allows the spiders to autonomously walk on
surfaces modified with substrates for the deoxyribozyme; upon
cleavage of a substrate, the spider can lift one of its legs and
step to a neighboring substrate site. Even though the motion of
molecular spiders is essentially diffusive, there is a bias to walk
toward regions with intact rather than cleaved substrate
molecules. This property was later utilized to direct molecular
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Figure 18. Catenanes made from three interlocked single-stranded DNA circles, which are partially complementary to each other. Two of the rings
are labeled with gold nanoparticles with diameters 5 and 10 nm, respectively. Using appropriate sets of fuel and antifuel strands, the three rings can
be placed into the different configurations indicated. This also changes the distance between the gold particles, which influences their plasmonic
interactions. Reprinted with permission from ref 173. Copyright 2013 Nature Research.

spiders along specific substrate tracks defined on DNA origami
platforms.""

An autonomous walking scheme based exclusively on DNA
hybridization reactions, not requiring enzymes or deoxyribo-
zymes, was demonstrated by Yin et al. in 2008, in which a
bipedal DNA construct stochastically moved along a track of
docking sites driven by a hairpin fuel. A scheme for rectifying
the motion of such a walker was next presented by Turberfield
and co-workers,">* who developed a bipedal walker whose
stepping was coupled to the hybridization of two hairpin fuels,
thereby acting as a hybridization catalyst. Using an intricate
walker design, the two feet were made to communicate with
each other such that only the lagging foot was lifted in the
operation cycle and thus the walker could walk unidirection-
ally. The same scheme was also employed using deoxyribo-
zymes rather than hybridization catalysis.'>> A different scheme
for unidirectional motion of a bipedal motor along a DNA
track, also involving metastable fuel molecules, was demon-
strated by Omabhego, Sha, and Seeman’*® (cf. also the
discussion of both systems in ref 157). For a more recent
review exclusively focusing on DNA walkers, the reader is
referred to the overview by Pan et al.'>®

Several origami-based strand displacement schemes similar
to walker systems have been demonstrated also in other
contexts such as DNA computing and DNA robotics. For
example, Thubagere et al. recently demonstrated “cargo-
sorting” by a molecular robot on DNA origami.*” The
“robot” was composed of only a single strand of DNA, which
diffusively moved between binding sites on the origami in a
way similar to the seesaw gate principle (cf. Figure 7). The
robot also carried binding sites (“hands”) for cargo DNA,
which could be transferred from origami docking sites to the
robot and in turn from the robot to target sites on the origami,
in each case using toehold-mediated strand displacement
(Figure 17). A different approach for a diffusive DNA walker,
in which a single DNA strand was transferred from one binding
site to another in a “cartwheeling” motion (i.e, changing the
strand orientation with respect to the substrate with each step)
was studied by Li et al.'®” The steptime for the cartwheeling
motion was found to be only on the order of 1 s. Walker-
inspired strand transfer processes have been also demonstrated
to occur between footholds attached to cell membranes via
hydrophobic modifications.'®"

4.1.3. Mechanically Interlocked Molecules. Already
before the development of DNA nanotechnology and DNA-
based nanodevices, chemists have attempted to create

machine-like devices based on supramolecular assemblies of
organic molecules (efforts for which Sauvage, Stoddart, and
Feringa earned the Nobel Prize in Chemistry in 2016'%).
Mechanically interlocked molecules and, concomitantly,
mechanical bonds play a central role in the development of
molecular machinery as they provide a means to achieve and
control motion in molecular systems. Two of the major classes
of interlocked molecules are termed catenanes and rotaxanes.
Catenanes comprise several interlocked ring molecules,
whereas rotaxanes consist of a ring molecule thread onto a
linear “axle”, which has two bulky terminal groups acting as
“stoppers” that prevent dethreading of the ring.

In the past years, several research groups have created large
interlocked molecular assemblies also from DNA, which could
be switched between the multiple different conformational
states accessible to such assemblies, again employing the strand
displacement technique (the interested reader is referred to the
dedicated reviews on interlocked structures by Willner et al.'**
and Famulok et al.'®®).

Famulok and co-workers created the first DNA-based
rotaxanes, in which a double-stranded DNA ring was threaded
onto a double-stranded axle with DNA-based “spherical”
stoppers. By introducing gaps in the ring and the axle, the ring
could be localized to a binding site on the axle by hybridization
between the exposed single-stranded regions. Addition of a
trigger oligonucleotide complementary to the gap on the axle
could then be used to mobilize the ring. The same group later
demonstrated light-switchable rotaxanes (involving azoben-
zene-modified oligonucleotides)'®* and also interlocked “daisy-
chain” rotaxanes that could be reversibly switched between
their various mechanical states via toehold-mediated strand
displacement.'®® As a potential application, Famulok and co-
workers recently demonstrated the allosteric control of
oxidative catalys1s with a DNA rotaxane containing a split
DNAz yme

Also a wide range of DNA catenane structures has been
developed.'”” The Willner group created a variety of
complicated DNA catenane structures composed of multiple
single- stranded rings such as the olympladane (containing $
rings)'®® and even a seven-ring structure.'® Using toehold-
mediated strand displacement, the rings could be actuated and
rotated with respect to each other. The resulting reconfigurable
devices could be switched between multiple different states. As
for the simple DNA devices and DNA walkers, incorporation
of aptamers, ribozymes, or the i-motif can provide additional
functionalities'’°~"7* and make the switching process depend-
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Figure 19. DNA origami-based nanomechanical device that can be used as
arms carries two gold nanorods. Depending on the angle between the arms,

a plasmonic switch.'”® (A) An origami cross-structure with movable
the structure has a left-handed or right-handed chirality, which affects

the plasmonic response to circularly polarized light. (B) Operation cycle of the devices, in which two sets of fuel/antifuel strands are used to switch
between the two conformations. Reprinted with permission from ref 190. Copyright 2014 Nature Research.

ent on other trigger molecules than strand-displacing
oligonucleotides. A series of DNA catenanes modified with
metallic nanoparticles were generated to explore potential
applications of such devices for switchable nanoplasmonics
(Figure 18).173

One of the main conceptual advantages of interlocked
structures is their defining feature that the components are
connected to each other via mechanical bonds. Thus, the
release of the movable rings from their binding sites does not
lead to a complete dissociation of the structures. An interesting
application of this property was recently demonstrated by
Famulok, Walter, and co-workers who created a hybrid
biomolecular motor involving a DNA catenane structure.'”*
One of the rings of the catenane included the promoter
sequence for T7 RNA polymerase. Upon addition of T7RNAP,
a highly processive rolling circle transcription process was
started, resulting in a long RNA product with repetitive
sequence. Importantly, the process was accompanied by a
rotation of one of the catenane rings with respect to the other.
Placed on a six-helix bundle origami substrate with periodically
spaced footholds with a sequence complementary to the RNA
product, the catenane motor then processively moved along
the track.

As will be discussed further below, recently larger and more
rigid rotaxane assemblies were created using the origami
technique, which have been developed as molecular mechan-
ical components that more closely resemble macroscopic
machine parts.

4.2. Switchable and Reconfigurable Assembly of
Nanomaterials

Rather than cycling DNA nanodevices through their
mechanical states, an obvious application for strand displace-
ment techniques is the control of assembly and disassembly
reactions of DNA-based nanostructures, opening up the
possibility to create reconfigurable nanoassemblies and, on a
larger scale, even materials with switchable physical properties.

4.2.1. Reconfigurable Assembly of DNA Nanostruc-
tures. Obviously, the most direct application in this context is
the reconfiguration of nanostructures that are made from
DNA. Chen et al. demonstrated the realization of DNA
origami-based tubes with reconfigurable chirality.'”> In  this
work DNA origami was used to create 30 nm short, cylindrical
tube “monomers”, which could be stacked on top of each other
to form long tubules. With the use of different sets of

connector staples, the monomers could be connected with
each other to form structures with different chirality.
Reconfiguration was achieved by replacing the connector
staples using a strand-displacement process. The same group of
researchers also studied the kinetics of folding and unfolding of
flat DNA origami tiles into tubes in more detail, which further
elucidated some of the mechanical properties of the origami.'”

Bryan Wei and co-workers demonstrated more complex
reconfigurations of DNA nanostructures in the context of
single-stranded tile (SST) assemblies.'’® In contrast to DNA
origami, the SST technique does not require a scaffold strand
but utilizes a large number of single-strands connected with
each other via hybridization to build up arbitrarily shaped 2D
or 3D objects."””'”® One approach is to create a rectangle
(2D) or cuboid (3D) as a molecular “canvas” and selectively
leave out some of the SST pixels/voxels to define the desired
shape. Using DNA strand displacement, this can also be used
to reconfigure the shape. For instance, Wei et al. showed that it
is possible to “cut out” pieces from a DNA sheet or “carve”
holes into a 3D block.

A different type of reconﬁguratlon was achieved by Yan and
co-workers who created a “Mobius strip” structure from DNA
origami. By “cutting” the strip along its length at different
positions using DNA strand displacement, the structure could
be reconfigured into a larger ring or a catenane consisting of
two small interlocked rings.'””

Sleiman and co-workers developed a wide variety of DNA
structures, which could be reversibly switched in shape,'®’
assembled into superstructures such as DNA nanotubes'®" and
selectively loaded with or emptied of molecular cargo'®'®’
(see also section 4.4 on molecular containers). Other groups
have studied the reversible assembly and disassembly of DNA
structures into multimeric structures. For instance, Peng et al.
demonstrated strand displacement-mediated assembly and
disassembly of DNA-based nanoprisms attached to giant
liposomes. ** We note in passing that reconfiguration of DNA
nanostructures has also been achieved using a wide variety of
other mechanisms than DNA strand displacement (e.g,, light-
switching using azobenzene-modified DNA molecules). 189

4.2.2. Reversible Assembly of Metallic Nanoparticles.
Since the first demonstration of DNA-directed assembly of
gold nanoparticles by Mirkin, Alivisatos, and co-workers, %187
a large body of work has been devoted to the study of such
systems. Among the main interests here are the DNA-
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Figure 20. Sequential assembly of droplets.”® (A) Oil-in-water droplets encapsulated by a lipid monolayer are modified with different DNA tags.
(B) Sequential addition of linker DNA molecules connects droplets involving a strand displacement process. (C) Examples for droplets assembled
in the correct order. Scale bars: 10 ym. Modified and reprinted from ref 200 under the license CC BY 4.0.

programmable crystallization of nanoparticles for the gen-
eration of new (meta-)materials, and the utilization of
plasmonic effects that depend on the distance between the
nanoparticles. One of the first examples of reversible
aggregation and deaggregation of gold nanoparticles employing
DNA strand displacement was demonstrated by Niemeyer and
co-workers."®® Due to plasmonic interactions between the
particles in the aggregated state, the switching process was
accompanied by a reversible change in the spectral properties
of the gold nanoparticles. In a related approach, Song and
Liang achieved control of gold nanoparticle aggregation via a
hybridization catalysis scheme, in which the assembly of a
DNA-modified gold particle onto a gold-labeled double-
stranded DNA scaffold could be triggered by the addition of
a catalyst oligonucleotide.'®’

For advanced plasmonic applications, a more controlled
variation of interparticle distance and orientation is desirable,
which may be achieved using reconfigurable catenane
structures'”® (see above) or switchable DNA origami
nanostructures modified with metallic nanoparticles. The first
origami device enabling such control was demonstrated by
Kuzyk, Liu, et al,'”® who created a reconfigurable plasmonic
“cross structure”, in which the arms of the cross were
decorated with gold nanorods (Figure 19). The cross could
be switched between a left-handed and a right-handed
configuration, resulting in a change in chirality of the nanorod
assembly. This in turn created a large, reversible change in the
plasmonic circular dichroism of the structure. Liu and co-
workers further created a plasmonic walker system using a
strand displacement scheme similar to the first DNA walkers
created by Shin and Pierce.”” In their system,'”’ a gold
nanorod covered with DNA strands could be reversibly
attached to DNA footholds extending from a DNA origami
platform, which was modified with a second gold rod in
perpendicular orientation on its other face. Using DNA strand
displacement, the nanorod walker could be translocated across
the platform, leading to a measurable change in circular
dichroism. For a review dealing with concepts for dynamic
DNA-based plasmonic nanodevices, the reader is further
referred to the paper by Zhou et al.'”?

Reversible assembly of gold nanoparticles was also utilized in
the context of nanoparticle crystal assembly. Gang and co-
workers utilized a DNA strand displacement mechanism to

control the interparticle distance between DNA-modified gold
nanoparticles.'”> When assembled into a colloidal superlattice,
the change in interparticle distance change translated into a
contraction or expansion of the lattice, which could be directly
monitored using in situ small-angle X-ray scattering (SAXS)
measurements. Incorporation of chromophores into the lattices
led to strong changes in their optical response upon
reconfiguration.'*

4.2.3. Reversible Assembly of Biomolecules. DNA
strand displacement has also been used to reversibly assemble
biomolecules in various ways and for a wide range of different
applications. For example, Flory et al. introduced toehold-
mediated strand displacement as a gentle method for the
purification of PNA-protein complexes, which they applied for
the creation of protein-functionalized tetrahedral DNA
nanocages.' > In their purification method, the protein of
interest is first conjugated to PNA and then hybridized to an
auxiliary DNA structure which helps in the subsequent
purification from unconjugated protein by size exclusion
chromatography. The auxiliary DNA can be removed by
strand displacement.

Using strand displacement, Song et al. achieved reversible
immobilization of DNA-modified enzymes such as alkaline
phosphatase, horseradish peroxidase, or trypsin to DNA-
covered magnetic beads.'”® The immobilized enzymes
displayed increased long-term stability and maintained their
activity when exposed to elevated temperatures.

Chen et al. demonstrated various applications of reversible
assembly of two conjugated proteins onto a linear DNA
scaffold."”” HaloTag-conjugated proteins were first loaded
onto the scaffold using a strand displacement process and
could also be removed from the scaffold using dedicated
disassembly strands. Bringing two proteins into close proximity
was used to create a FRET signal (using two fluorescent
protein conjugates) but also to switch the catalytic activity of
an “artificial cellulosome”. For the latter application, conjugates
of endoglucanase CelA and the cellulose-binding module CBM
were used, which display an enhanced catalytic rate in cellulose
degradation when in close proximity.

A different application involves the DNA-mediated
aggregation of large unilamellar lipid vesicles (LUVs) of
~0.4 um diameter, which can be sped up using a toehold
exchange mechanism.'”® Parolini and co-workers modified
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LUVs with cholesterol-conjugated DNA molecules bearing
single-stranded sticky end extensions. These could either form
loops by hybridization of two extensions on the surface of the
same liposome or create a bridge between two separate
vesicles. In the absence of a toehold, due to the high local
concentraton on the membrane, loop formation was favored.
Introduction of a toehold sequence then led to much faster
aggregation facilitated by toehold exchange.

Chaikin, Brujic, and co-workers demonstrated that it is also
possible to assemble lipid-covered oil-in water droplets
employing DNA molecules as connectors.””” Using DNA
strand displacement processes, they were able to direct
sequential assembly of the droplets into various different
arrangements”’’ (Figure 20).

An interesting application in the emerging field of molecular
robotics of the ability to assemble and disassemble different
types of biomolecules was demonstrated by Sato et al.**!

In their work, giant liposomes (GUVs) with diameter >10
um were loaded with microtubules and DNA-modified kinesin
motors, while the lipid membrane itself was modified with
cholesterol-functionalized DNA anchors. Using DNA con-
nector strands, the motors could be attached to a membrane,
resulting in a rolling motion of the GUVs caused by the motors
acting on the artificial microtubule cytoskeleton. With the use
of toehold-mediated strand displacement, this process could be
switched off again via DNA “releaser” strands. Notably, the
activation of DNA connectors and releasers could be
controlled externally with UV light using photocleavable
protecting strands.

4.2.4. DNA Switchable Gels. Apart from structurally well-
defined nanodevices, soft and “amorphous” gel materials
involving DNA components have become increasingly popular
over the past years. While not providing nanometer-scale
spatial resolution of DNA nanostructures, they provide a route
toward the generation of macroscopic materials containing
“DNA intelligence”.”*>

One of the earliest achievements in this area was the
creation of DNA switchable polyacrylamide hydrogels. Using
oligonucleotides modified with the commercially available

compound “acrydite”, which can be copolymerized with
acrylamide, Langrana, Yurke, and co-workers were able to
generate polyacrylamide gels which were cross-linked with
DNA duplexes rather than bis(acrylamide). The mechanical
properties of these gels could be controlled by the DNA
modification density as well as the temperature; melting of the
DNA cross-links resulted in a gel—sol transition of these hybrid
gels.30 As an alternative to melting, also toehold-mediated
strand displacement could be used to dissolve these gels. In
order to demonstrate this capability, Liedl and co-workers first
trapped fluorescent nanoparticles inside of the gels and
triggered their release from the gel by the addition of the
corresponding strand-displacing release strands.”'

Apart from DNA-cross-linked hybrid gels, various research
groups have worked on the fabrication of hydrogels exclusively
composed of DNA. DNA gels can be easily created at a bulk
scale based on branched DNA motifs with sticky end
extensions (sometimes termed “X-DNA”, “Y-DNA”, and “T-
DNA” junctions”*****). Compared to the fabrication of DNA
crystals, the design criteria for the DNA motifs are relaxed, as
gel formation does not require rigid building blocks or cross-
links. Switching of gel structure was typically achieved by
stimuli such as pH, small molecules, light, etc., which were
coupled to aptamer recognition, enzyme action, or photo-
sensitive compounds. For general reviews of smart and stimuli-
responsive. DNA hydrogels the reader is referred to, for
example, refs 205 and 206.

Strand displacement switching mechanisms have not been
extensively employed in the context of pure DNA hydrogels,
however. One possible reason for this is that switching by
branch migration is a relatively slow process, in particular on
the macroscopic scale of the gels. DNA molecules employed
for switching either have to diffuse into the gels, if this is
permitted by the small pore size and the high charge of the
DNA gel, or otherwise attack the DNA cross-links of the gel
from its periphery.

A different application, which utilizes strand displacement
processes inside of a DNA gel to control its mechanical
properties was demonstrated by Romano and Sciortino.”®” In

DOI: 10.1021/acs.chemrev.8b00580
Chem. Rev. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00580
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.8b00580&iName=master.img-008.jpg&w=327&h=195

Chemical Reviews

REVE

their work, DNA sequences with a weight fraction of a few
percent were used to create four-way junctions with sticky end
extensions, which formed a DNA gel when cross-linked with
double-stranded “bridge molecules” containing complementary
sticky ends. Importantly, free bridge molecules could displace
other bridges inside of the gel via toehold-mediated strand
displacement. As a result, the internal cross-links were highly
dynamic and continuously reorganized without the network
ever disintegrating. The authors note that in consequence this
material represents an all-DNA vitrimer—a type of plastics,
which is internally dynamic due to bond-exchange reactions
and possesses stress releasing and self-healing properties.
Indeed, the DNA vitrimer also was able to self-heal any
internal fracture via toehold-mediated strand displacement.

An alternative way to control the mechanical properties of a
hydrogel is to change the cross-linking density by gel swelling.
In this context, Schulman, Gracias, and co-workers demon-
strated that the length of the cross-links in a DNA hybrid gel
can be expanded using a hairpin chain reaction mechanism (cf.
section 3.2.1).”” When the DNA cross-link contains a toehold
sequence which can act as the trigger for an HCR process, the
gel is correspondingly expanded at this point (Figure 21).
Importantly, a multilayered gel, in which one of the layers is
swollen via the addition of HCR hairpins, can be made to bend
and change its shape. Employing photolithographic structuring
of multilayered gels therefore allowed to create complex
shapes, of which different parts could be bent in a sequence-
addressable manner, opening up a new range of applications
for strand displacement processes in soft robotics.

4.2.5. Control of Chemical Synthesis. An exciting
application of strand displacement reactions is the control of
DNA-directed chemical synthesis. It has been demonstrated
that the efficiency of bimolecular reactions can be enhanced by
colocalizing the reactants onto a DNA scaffold, which increases
their local concentration.’®® In this context, He and Liu
demonstrated that a deoxyribozyme-based molecular walker
carrying a reactive amine at its 5" end can react with and pick
up several cargo molecules placed along a one-dimensional
track.”'

Turberfield and co-workers more recently developed an
alternative scheme for an autonomous chemical assembler
based on an ingeniously designed reaction cascade involving
chemically functionalized DNA hairpins (“chemistry hairpins”)
and additional hairpins that contain instructions for the
assembly process (“instructor hairpins”).”>” The process starts
with an initiator molecule in which one of the DNA strands is
modified with a functional group at its 3" end. During the
assembly process, which is similar to the hybridization chain
reaction, the initiator structure is extended by the addition of
hairpin molecules to an elongated duplex structure. In this
process, chemically reactive groups attached to the 5" end of
chemistry hairpins are colocalized with the molecules already
attached to the 3’ end of the growing end of the polymer.
Upon reaction, the incoming group is transferred to the 3’ end
of the chain. The instruction hairpins then supply the
information of which chemistry hairpin to incorporate next.
Depending on the mixture of instruction hairpins added to the
reaction (the “assembly program”), well-defined oligomers,
polymers, and also combinatorial reaction products of the
reactants can be generated.

4.2.6. Other Reconfigurable Structures. Strand dis-
placement techniques can be applied whenever controlled
hybridization and dissociation between DNA-modified com-

ponents is desired, which can be applied in a wide variety of
other contexts than discussed above. For instance, Feng Liu
and co-workers utilized DNA strand displacement to
regenerate the surface of a quartz crystal microbalance
(QCM) DNA biosensor.”'* They immobilized DNA capture
sequences on the gold-coated chip-surface of a QCM, which
was then modified with a reporter DNA molecule, causing a
measurable shift in the QCM frequency. The reporter was
designed such that the DNA to be detected could displace the
reporter from the capture strand in a toehold-mediated strand
displacement process. This resulted in another frequency shift
that served as the sensor signal and simultaneously recovered
the chip-surface for repeated use.

Also using DNA strand displacement, Krissanaprasit and co-
workers demonstrated switching of the conformation of a soft
and bendable DNA-functionalized polymer (APPV-DNA)
immobilized on a DNA origami platform.”'" The conducting
polymer could be forced into two bent conformations,
connecting a fluorescent donor molecule with two alternative
acceptors by either making a left or a right turn on the origami
substrate. This resulted in two distinct fluorescence spectra
indicating that Forster resonance energy transfer (FRET) took
place between donors and acceptors and was mediated by the
polymer.

A different application deals with the realization of a tunable
FRET-based photonic nanowire.”'” For this, Liang and co-
workers used an amplification scheme similar to seesaw gate
cycling to catalyze the binding of DNA molecules labeled with
FRET acceptors to a DNA scaffold containing a FRET donor.
With the use of two input strands labeled with two different
acceptors, different fluorescence emission spectra are generated
depending on the presence of the inputs.

Yet another application of strand displacement deals with
the creation of a DNA “rewritable memory” based on changes
in electrophoretic mobility of a long DNA molecule upon
intramolecular cross-linking. Chandrasekaran, Halvorsen, and
co-workers utilized the M13 scaffold commonly used for the
assembly of DNA origami structures and hybridized it with a
large number of short complementary strands, some of which
were augmented with sequences serving as molecular
“addresses”.”"? Cross-linking two addresses with a “set strand”
resulted in the formation of a DNA structure with an internal
loop, which had a distinctly different mobility in gel
electrophoresis. By adding various set strands or removing
them via strand displacement, different mobility patterns were
achieved, which could be interpreted as information storage or
erasure.

4.3. Origami-Based Nanomechanical Devices

The development of the DNA origami technique has enabled
the creation of much larger discrete DNA nanostructures than
previously achievable using other DNA assembly approaches.
Naturally, also these larger structures can be switched by
means of toehold-mediated strand displacement. Maybe the
first example of such a system was the iconic “DNA origami
box”, which was created by Andersen and co-workers in
2009.*'* In the DNA box, a single-layered origami structure
composed of six connected rectangles was folded into an
empty molecular cuboid box with dimensions 42 X 36 X 36
nm?. One of the faces of the cuboid was attached to the rest of
the box only via a flexible hinge, acting as the “lid” of the box.
The lid could be closed via DNA hybridization and opened via
a strand displacement mechanism similar as previously
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employed for simpler DNA nanomachines. One of the goals of
this work was the entrapment of molecules inside the box. For
instance, enzymes could be made accessible or inaccessible for
their substrates or drugs trapped and released. Later also a
smaller version of the box with a volume of only 18 X 18 X 24
nm’ or 4 zeptoliters was demonstrated.”"> In a similar way, List
and co-workers openened and closed a flat origami sheet using
toehold-mediated strand displacement in conjunction with
hydrophobic interactions, which were caused by cholesterol
modifications of the structure.*'®

Another switchable, container-like device was demonstrated
with the “logic-gated nano robot” by Douglas, Bachelet, and
Church.”"® The device consisted of a hollow cavity containing
antibodies or other protein ligands that could specifically
attach to certain cell surface epitopes. Composed of two parts
connected by a hinge, the cavity could open in response to the
presence of a trigger molecule. This was achieved by first
clamping the cavity with a duplex formed by an aptamer
sequence and its complement; in the presence of its ligand the
aptamer refolded and thereby unbound from the comple-
mentary sequence, opening the cavity. The preparation of the
loaded nanorobot structure was assisted by toehold-mediated
strand displacement, which helped to assemble the cavity to
high yield in its closed state. A conceptually similar device
consisting of a rolled up DNA origami sheet was recently
demonstrated to be capable of delivering thrombin specifically
to tumor-associated blood vessels and thus lead to tumor
necrosis and tumor growth inhibition in vivo.*"

Earlier, Sakai and co-workers described a couple of
“tweezers-like” origami devices, which they termed “DNA
origami pliers” and “DNA origami forceps”.””” These could be
switched by various triggers and also closed and reset into an
open state using toehold-mediated strand displacement. Kuzyk
and co-workers demonstrated an application for a similar
origami switch in the context of nanoplasmonics (cf. section
422).1°

An important contribution to the field of DNA origami
nanomechanics came from the Castro group who approached
the topic from the viewpoint of mechanical engineers.”'” In
engineering, kinematic mechanisms are devices that transform
an input motion into a defined output motion. They consist of
interconnected components whose motion is constrained by
kinematic joints such as hinges, sliders, and spherical joints. By
combining several components and joints, complex 3D motion
patterns can be generated. In their work, Castro et al
generated several origami implementations of joints for angular
and linear motion and then connected them into devices such
as a “crank slider” or a “Bennett linkage” (Figure 22). The
devices could be switched between different possible
configurations using toehold-mediated strand displacement.

Rotaxanes are molecular implementations of kinematic
joints for linear motion and apart from the examples already
mentioned above, also several origami rotaxanes were
demonstrated recently, in which the origami axle and the
ring were composed of separate origami structures.”*"*** With
the use of strand displacement, the ring could be attached to or
displaced from docking sites on the axle and thus linear motion
facilitated. Furthermore, a variety of devices were demon-
strated, in which a “nanorobotic arm” attached to the center of
an origami platform could be rotated between different
positions.”*»*** The arms could be addressably attached to
or removed from the docking sites via strand displacement. For

Figure 22. A DNA origami based “Bennett linkage”, which performs
3D motion with one degree of freedom.”’” (A) Scheme of the
Bennett linkage with indicated DNA anchors. The structure can be
fixed in one of the conformations using a set of linker strands, which
can be displaced by complementary antilinker strands. (B—D)
Corresponding electron microscopy images. Scale bars: 100 nm.
Reprinted with permission from ref 217.

an interesting review focusing on the engineering aspects of
origami-based mechanical devices, see ref 225.

Switchable origami devices also open up the possibility for
the realization of reconfigurable nanostructures. One example
for this was provided by Zhan et al, who created a DNA
origami tripod, in which the angles between the three arms of
the structure could be reversibly adjusted using different sets of
DNA struts.””® The structure was functionalized with gold
nanorods, which resulted in different dark field scattering
spectra for the different tripod configurations.

Next to strand displacement, also other switching principles
have been employed that utilize weak interactions such as
hydrophobic forces”'® or DNA stacking interactions. In this
context, an interesting reversible assembly scheme based on
shape complementarity was developed by Woo and Roth-
emund””’ and later generalized to 3D structures by Dietz and
co-workers.””® Obviously such interactions can be used in
conjunction with the strand displacement technique, which
can, for example, support, activate, or deactivate the other
switching modalities.

4.4. Switchable Cages and Containers

Switchable molecular cages and containers are a subclass of
nucleic acid nanodevices, which may function as molecular
machines for the controlled release of molecules. Ideally, the
molecules of interest are entrapped or hidden inside of the
containers and can be presented or released in response to a
specific signal. The entrapped molecules could be drugs or
other effectors (e.g, antibodies that activate a signaling
cascade) or enzymes that convert prodrug molecules into
drugs.

For a variety of the published DNA containers so far, the
release mechanism was based on a toehold-mediated strand
displacement scheme. This is based on the assumption that a
meaningful nucleic acid trigger molecule would be available for
the release process in vivo. Even though a series of publications
have used micro-RNA sequences as the inputs, it is not clear
how realistic such release scenarios in fact are; in a real
application, the (often rather large) containers would have to
be delivered inside of the target cells, where they would have to
interact with these intracellular triggers. An alternative scheme
could involve molecular transducers that sense a different type
of molecular signal, translate it into a nucleic acid trigger
molecule, and thereby cause the release of the payload. Other
containers respond to extracellular signals (e.g., cell surface
markers) via aptamer recognition but this does not necessarily
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Figure 23. A DNA container for an enzyme.””” (A) Schematic representation of the container and its strand displacement-based switching
mechanism. The encapsulated enzyme is bovine alpha-chymotrypsin and is anchored to the cargo anchoring site (CAS). Opening of the container
allows substrate molecules (labeled peptides) to be cleaved by the enzyme, resulting in a measurable fluorescence signal. (B—E) show more detailed
representations of the container in its closed and open form. Reprinted with permission from ref 229 under the license CC BY 4.0.

involve a strand displacement process. In any case, applications
in controlled release involve a variety of technological
challenges such as physiological stability of the structures,
crossing of biological barriers, and eflicient interaction with the
trigger molecules, which are too complex to be discussed in the
context of this review.””" For an overview of DNA-based
delivery vehicles, see also ref 231.

4.4.1. Actuation of Origami Containers via Strand
Displacement. Next to the DNA box,>'* the DNA nano-
robot,”'® and the hydrophobically switchable DNA enve-
lopes™'® introduced above, a variety of other DNA origami
containers have been developed. With the creation of a more
compact switchable DNA container than the original DNA
box, termed “DNA nanovault” (Figure 23), Grossi and co-
workers successfully demonstrated the control of enzyme
activity.”” To this end, they placed the enzyme a-
chymotrypsin into the 3 zeptoliter small inner cavity of the
nanovault. In the closed state, the enzyme was unable to
process its bulky substrate, fluorescein isothiocyanate (FITC)-
casein, while in the open state the enzyme was accessible and
active.

Sacca, Nienhaus, and Niemeyer demonstrated reversible
reconfiguration of a single-layered origami structure containing
a rectangular cavity in its center.”*” Later Sacca and co-workers
demonstrated the encapsulation of the serine protease DegP
inside of a 3D origami cavity with hexagonal cross-section. To
this end, the inner surface of the hollow DNA origami
structure was decorated with multiple peptide ligands that bind
to DegP, facilitating the encapsulation of 6-mers, 12-mers, and
even 24-mers with a molecular weight of up to 1 MDa. In this
work, the peptide ligands were removed after binding of the
DegP which, surprisingly, did not result in the release of the

protein complex. Apparently, the ligands were necessary to
initially load the cargo into the cavity, but then also other
molecular forces kept the DegP complexes in place.

4.4.2. Other Types of DNA Containers. Other cagelike
DNA assemblies not based on the origami technique have
been developed in parallel. An early example is given by a DNA
tetrahedron with a 2.6 nm small inner cavity assembled from
only four DNA strands,”** which could accommodate a small
protein such as cytochrome c.*** By replacing one of the rigid
edges of the tetrahedron by an extendable actuator comprising
a DNA hairpin, the tetrahedron could be switched between
several states using a strand-displacement mechanism.”*®

A wide variety of cagelike structures was also created by the
Sleiman group, some of which also could be switched by DNA
strand displacement. This involves switchable prismlike DNA
assemblies whose vertices were defined by organic linker
molecules'®” and also the extended hollow DNA nanotube
structures'®" already discussed above. An interesting applica-
tion of the strand displacement process involved the use of
hydrophobic alkyl-chain modifications of a DNA cube."**
Multiple modifications clustered inside of the cube’s cavity and
could be used to sequester hydrophobic guest molecules (in
this case Nile Red dyes). Removing the alkyl-modified strands
from the cube via strand displacement resulted in the release of
the molecules. A similar approach using hydrophobic drug
molecules is conceivable.

4.5. Localized Strand Displacement Cascades on DNA
Origami Platforms

As mentioned above, DNA origami structures have been
multiply utilized to define the tracks for molecular walking
devices. On a more general level, DNA origami provides an
exquisite platform to program and spatially organize dynamic
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Figure 24. Localized HCR for signal transmission and computation o

n an origami substrate.”* (A) Scheme for making a connection between an

input and an output node on the origami. A localized input hairpin is opened by an incoming input strand, which facilitates binding of a fuel strand
that in turn opens the output hairpin. Output opening is read out by displacement of a quencher-labeled strand from the reporter duplex. (B) The
same scheme can be used for communication along a chain of intermediate hairpins with identical sequence. Reprinted with permission from ref

239. Copyright 2017 Nature Research.

molecular processes. Spatial organization has several important
ramifications. By colocalizing molecules onto an origami
structure, their interaction volume is reduced to below V
~(10 nm)* = 107" L (i.e, 1 zeptoliter), corresponding to an
effective concentration of 1/(V x NA) = 0.17 mM. This is
10*°—10* times larger than typical concentrations used for
DNA-based reactions, and the speed of bimolecular reactions
is increased accordingly. This has the consequence that a
reaction between two colocalized molecules will take place
much more likely than a competing reaction with a reactant in
solution. Next to speeding up the reaction, the process should
therefore become more robust with respect to external
disturbances. What is important in the context of DNA
nanotechnology and DNA computing, this also means that
DNA sequences can be “re-used” on different origami
platforms without interference, and molecular processes such
as localized computations or walkers (or a combination
thereof) can be isolated from each other and run in parallel.
A theoretical proposal of localized strand displacement circuits
has been given by Reif and co-workers,”*® and the dynamics of
such localized processes were analyzed in more detail by
Dalchau et al.>*’

The effect of colocalization on the transfer of a DNA strand
from one “docking site” on a single-layered origami platform to
another was investigated experimentally by Teichmann et al.*’
In this work, a DNA strand initially attached to one docking
site on the origami was displaced from this site by an incoming
DNA strand via strand displacement. Upon release, the strand
could attach to an alternative docking site. For close distances
between the start and the end sites, a fraction of the strands
was indeed transferred directly on the platform. For larger
distance, most of the strands escaped from the platform by
diffusion. In a similar study, Elezgaray and co-workers

demonstrated a localized amplification circuit, in which the
presence of a single input strand led to the release of four
output strands, consuming four fuel strands via localized strand
transfers between different docking sites.”*® These studies
indicated that strand displacement reactions can indeed be
sped up by colocalization, and that an efficient transfer of DNA
strands on an origami platform requires a direct physical
contact between the strand and the docking sites.

Briefly after that Chatterjee and co-workers experimentally
demonstrated a viable approach for autonomous DNA signal
propagation and computation on origami platforms, which
utilized a localized version of the hybridization chain
reaction.”” In this concept, tracks are laid out on an origami
substrate by extending some of the staple strands with DNA
hairpins (Figure 24). Although the hairpins are in close
proximity (~10.9 nm), their size and secondary structure
prevents unwanted interactions. However, when the hairpin at
the start site is opened by an input strand, it can hybridize with
a fuel hairpin molecule from solution, which then facilitates
interaction with the neighboring hairpin. Strand displacement
creates a double-stranded bridge between the two sites and
activates the toehold region on the next hairpin. Importantly,
all the hairpins along the track can have the same sequences
and also use one generic fuel hairpin for signal propagation.
The concentration of the fuel hairpins can be chosen high
enough so that their hybridization with the track hairpins does
not limit the speed of the cascade, resulting in a comparatively
fast stepping time of only a few minutes. Next to linear signal
propagation, the authors demonstrated signal crossings,
localized logic gates, and even simple logic circuits. Using a
similar reaction scheme, Chao et al. created a stochastic DNA
“navigator” system, which autonomously explored paths
through mazes defined on DNA origami structures.”*"
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Figure 25. Biomolecular lithography employing strand displacement.”** (A) A DNA duplex comprising a hairpin loop with a photocleavable linker
is immobilized on a substrate via a biocompatbile PEG spacer. Upon UV irradiation, the loop dissociates, generating a toe hold for strand invasion
by displacing strand DIS. This can be used to attach gene length DNA molecules on the substrate. (B) Fluorescence image of three connected
microfluidic chambers containing immobilized genes for the fluorescent proteins CFP, YEP, RFP, which are expressed in a cell-free transcription/
translation system. Adapted with permission from ref 244. Copyright 2018 Wiley-VCH.

Helmig and Gothelf also succeeded in directly imaging the
progression of a HCR cascade localized on a DNA origami
platform.**' They could also demonstrate that the HCR
process can cross from one origami structure to another,
opening up the possibility to modularly create larger circuits on
extended DNA origami assemblies.

An alternative approach toward origami-localized strand
displacement processes, essentially diffusive motion based on a
seesaw concept, was utilized in the cargo-sorting robot by
Thubagere et al,,'*” which was already described in the context
of DNA walker systems.

Rather than for signal propagation or computation, origami-
localized strand displacement processes have also been utilized
for the operation of molecular “robot arms” that could be
rotated around a central pivot and switched between different
docking sites.”*****

4.6. Patterning and Lithography

A different field of application for strand displacement
processes in nanotechnology was found in the context of
biomolecular patterning on solid supports, either by adaptation
of classical lithographic methods or through the utilization of
reaction-diffusion processes for pattern formation. These
applications typically utilize UV-cleavable DNA modifications
which create a toehold for strand invasion upon irradiation.
4.6.1. Biocompatible Lithography Using DNA Strand
Displacement. One of the first demonstrations of a strand
invasion-based lithography process was provided by Huang et
al.** who immobilized thiolated DNA molecules on a gold
surface, which were hybridized to DNA molecules containing a
photocleavable spacer. Upon irradiation with UV light through
a photolithography mask, the exposed DNA molecules were
cleaved, and thus a pattern could be transferred into the DNA
layer on the surface. Importantly, this process could be utilized
to create single-stranded toeholds in the exposed DNA
molecules, which was then used to replace the cleavage
product by another oligonucleotide via toehold-mediated
strand displacement. This could be applied to demonstrate
multicolor lithography via immobilization of oligos with
different fluorescence labels, and also erasable lithography, in
which the same DNA layer was repeatedly used to create and
erase a pattern. The same approach was shown to be applicable
to the creation of patchy microparticles by UV exposure of
DNA-functionalized microspheres. A related technique was
later used by the same authors to trigger a hybridization chain
reaction at UV-exposed areas on a chip.”*’ Here, the
photocleavable group was placed into the loop of a surface-

immoblized DNA hairpin. Upon irradiation, the loop region
was cleaved, exposing a single-stranded DNA sequence
complementary to the toehold of one of the HCR hairpins.
More recently, Pardatscher and co-workers used a similar
approach (termed “Bephore” for “Biocompatible electron
beam and photo-resist”) to immobilize gene-length DNA
molecules rather than oligos onto biocompatible glass
surfaces.”** In their case, biotinylated, hairpin-forming DNA
molecules were attached to the substrate via a long
polyethylene glycol (PEG) spacer (Figure 25). Upon
irradiation with UV light, the hairpin containing a photo-
sensitive linker was cleaved, resulting in the dissociation of one
of the cleavage products. This led to the exposure of a toehold
sequence, which could be used for immobilization of labeled
dsDNA molecules up to several 1000 bp in length. Already in
earlier studies, Bar-Ziv and co-workers had demonstrated that
it is possible to express genes on a chip surface, which were
immobilized through the biocompatible PEG spacer
“Daisy”.”** Pardatscher et al. could demonstrate that also
with the Bephore approach, which is based on the Daisy
concept, it is possible to perform cell-free gene expression
reactions from lithographically structured gene brushes. One of
the advantages of the technique is that the high specificity of
the strand displacement reaction allows for a relatively
background-free implementation of multistep lithography.
4.6.2. Pattern Formation. An unconventional approach
toward pattern generation using DNA strand displacement
techniques was taken by Chirieleison and co-workers,**® which
combined UV cleavable DNA strands with catalytic hairpin
assembly (CHA, cf. section 3.2.2). The researchers designed a
spatially distributed incoherent feed-forward network,**’
comprising two photosensitive DNA species with activating
and deactivating function, respectively. The activating species
in the network was the CHA trigger sequence sequestered
within the loop of a stable hairpin structure containing a
photocleavable group. Upon irradiation, the trigger is released
from the structure, potentially initiating a CHA reaction. One
of the two hairpins of the CHA reaction, however, was
modified with a UV cleavable group in the toehold region,
rendering the hairpin catalytically inactive under light.
Chirieleison and co-workers embedded the components of
their circuits in a spatially distributed gel matrix and irradiated
the gel with light through a mask. As a result of the
deactivation of the CHA hairpin, no reaction was started by
the trigger molecules released in the bright regions. However,
trigger molecules could diffuse from irradiated to neighboring
dark regions within the gel and trigger a CHA cycle there,
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which was further translated into a fluorescence signal. As a
result, fluorescence was generated only at the boundary
between irradiated and nonirradiated regions, effectively
resulting in autonomous “edge detection” by the reaction
circuit.

4.7. Super-Resolution Imaging and DNA-PAINT

While not explicitly using toehold-mediated strand displace-
ment, the DNA-based superresolution microscopy method
DNA-PAINT at least philosophically also rests on this process.
For now more than a decade, researchers have developed
various approaches to break the diffraction limit for the
resolution of microscopic images. Next to more physical
approaches such as the STED technique,®*® a variety of
stochastic single molecule approaches like STORM or PALM
were developed that rely on fluorescence signals recorded from
single molecules.”* The crucial conceptual insight of these
approaches is the fact that while it is impossible to resolve two
light emitters with a distance on the order of the wavelength of
light, the position of a single emitter can be determined with a
much greater position (depending on the number of photons
that can be collected from it). Thus, determining the positions
of many single fluorophore labels on a sample allows the
reconstruction of a pixelated but super-resolved image. In a
collaboration of the Tinnefeld and Simmel laboratories, these
super-resolution techniques were utilized for the first time also
for imaging of DNA origami structures.”>” From previous work
on DNA driven nanodevices, it was clear that one could tune
the kinetics of binding of oligonucleotides to a complementary
binding position through their concentration (controlling the
on-rate) and length of complementarity (controlling the off-
rate). By choosing short enough sequence domains, one could
achieve fast and spontaneous duplex association and
dissociation at room temperature, without strand displacement.
It thus was an obvious step to utilize fluorescently labeled
“imager” strands to artificially generate a blinking fluorescence
signal, whose dynamics could be controlled by concentration
and sequence length. On the basis of this concept (termed
DNA-PAINT due to its similarity with a related super-
resolution technique called PAINT (points accumulation for
imaging in nanoscale topography),251 in 2010 Jungmann,
Tinnefeld, Simmel, and co-workers thus created the first super-
resolved images of DNA origami structures.”” In collaboration
with Peng Yin’s lab, Jungmann later refined the technique and
developed several variations such as Exchange-PAINT,*>
which allows 3D multiplex imaging. More recently, Jungmann
and co-workers achieved an impressive “super-resolution” of
only 5 nm between two neighboring imager binding sites.”>*
DNA-PAINT can be easily combined with strand displacement
processes. For instance, imager binding sites can be reversibly
blocked by inhibitor strands and activated via toehold-
mediated strand displacement.”> In principle DNA-PAINT
can thus also be combined with simple molecular circuitry, and
activation of docking sites can be made conditional on various
molecular inputs.

4.8. Challenges and Future Directions for Dynamic DNA
Nanotechnology

As pointed out in the preceding paragraphs, DNA strand
displacement is the central concept of dynamic DNA
nanotechnology. It has allowed the creation of a range of
prototypic molecular machines and motors and has been
utilized in a wide variety of reconfigurable DNA-based
nanostructures, which can be programmably switched between

different mechanical, conformational, or configurational states.
So far, however, there have only been few, if any, “real-world
applications” of such devices, and most of the work performed
in the field of dynamic DNA nanotechnology has been on a
“proof of concept” level. In this context, two major challenges
stand out: (i) the slow speed of strand displacement processes
and (ii) the availability of DNA fuels.

4.8.1. Speed. As mentioned above, the speed of toehold-
mediated DNA strand displacement processes can be
controlled by the length of the toehold. But even in the best
case (for long enough toeholds), the effective second-order
strand displacement rate will be on the order of only a few 10°
M s7'. As typical fuel strand concentrations used are in the
range of 1—100 nM, reaction times are on the order of
minutes. While this probably is acceptable for some
applications, for example the control of DNA assembly
reactions, it is prohibitively slow for molecular motors and
transport systems: if a single strand displacement reaction is
associated with a movement over a few nanometers, the
corresponding velocities inevitably are in the range of
nanometers per minute rather than the hundreds of nanome-
ters per second achieved by biological molecular motors.

We have discussed several attempts to increase the
performance and speed of strand displacement processes.
With the use of an improved theoretical understanding of
toehold-mediated strand displacement, processes can be used
to optimize DNA sequences to achieve maximum and
reproducible speeds. This involves avoidance or optimization
of secondary structures in toeholds, fuels, and other
participating strands. A common strategy in the past few
years has been to localize strand displacement systems on
origami platforms, which increases the local concentrations of
the strands and reduces unwanted cross-talk. Co-localizing
interacting components at ~10 nm between neighboring sites
on an origami roughly corresponds to a concentration of ~1
mM. With the use of a second-order rate of 10° M™" s™! results
in a typical reaction time of 1 ms. When the strand
displacement process is coupled to motion between the two
sites, this value corresponds to a velocity of ~#10 nm/s. This
would be something like the “speed limit” for molecular
motors that are exclusively driven by localized strand
displacement processes. If higher speeds are required by an
application, other means for driving the devices (e.g, by
coupling to other chemical processes or by use of physical
energy inputs) will become necessary.

4.8.2. DNA as a Fuel. The unconventional use of DNA as
a “fuel” comes with several unique features: the thermody-
namic driving force associated with a DNA fuel, the
hybridization free energy, is as high or even higher than the
free energy change associated with ATP hydrolysis and thus
can be used to generate similar forces as biological motors (see
discussion in section 2.3). Furthermore, DNA fuels are
sequence specific fuels; a given DNA fuel only drives a specific
process, which is in stark contrast to biology’s universal energy
“currency” ATP, which is indifferently used by almost all
energy-consuming processes in a cell.

Being able to use fuel strands simultaneously as “molecular
addresses” can be extremely useful if the control of a specific
group of devices among others is desired or when molecular
assembly processes have to be carried out in a specific order.
However, in other contexts sequence-specificity may be
undesirable or useless. For instance, driving each step of a
molecular motor with a separate fuel strand would be
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cumbersome and uneconomic. In fact, recent work on
substrate-localized strand displacement processes has already
been performed with “universal” fuel sequences.”*”**

One of the biggest problems associated with DNA fuels,
however, is their “availability”; they have to be synthesized,
prepared in a high energy state (for instance, hairpins),
externally supplied to a dynamic DNA system, and waste
products have to be removed somehow. In other words, there
is no artificial metabolism for dynamic DNA nanotechnology
that generates DNA fuels and removes them from a system.

It is conceivable to address these issues with a technological
solution: dynamic DNA systems could be operated in
microfluidic reaction chambers, which could be continuously
supplied with fuels to drive DNA strand displacement
reactions.'>> In principle, these DNA fuels could be
regenerated and resupplied in the same system, and micro-
fluidic control could even be used to “program” such systems.
While such an approach could be appropriate for nano-
technological applications such as molecular assembly lines
and the control of chemical processes, it is less obvious how to
implement and make use of “autonomous” DNA nanodevices
in a biochemical or biological context.

Single-stranded DNA is typically not available in a biological
context (even though it can be generated biochemically, for
example, using strand displacement amplification®>°), and
therefore RNA has been considered as an alternative, naturally
single-stranded “fuel” for nucleic acid nanodevices.””” As
discussed in section S, natural RNAs such as mRNA or micro-
RNAs have been frequently used as biological inputs for
biosensors based on strand displacement. However, so far
RNA has not been utilized for controlling assembly processes
or conformational transitions inside of cells. Given the recent
development of genetically encodable RNA-based nanostruc-
tures,”*>*" it is conceivable that also dynamic RNA nano-
systems can be realized in the near future, of which all the
components can be genetically expressed and operated in
living cells, thus piggy-backing on the cell's metabolism for
continuously driving nanotechnological processes.

4.8.3. Future Directions. In light of the challenges stated
above, it seems most likely that in the near future toehold-
mediated DNA strand displacement will be predominantly
used as a useful methodology for the control of DNA-based
self-assembly processes and for the realization of addressable
and reconfigurable nanostructures. Thus, the future of strand
displacement reactions will be intimately linked to the future
success or failure of DNA nanotechnology itself.

Given the biophysical restrictions discussed above, it seems
unlikely that we will develop molecular motors driven by DNA
strand displacement that are as fast and powerful as biological
motors, however. In order to achieve faster molecular
movements, other driving forces will be implemented in the
future instead; nevertheless, strand displacement will still be
used for “programming” or controlling these faster processes.
Speed is an issue when a certain time-scale is imposed from the
outside (e.g., for the realization of responsive systems that have
to quickly react to an external stimulus) or when a certain
throughput (e.g., the production rate of a molecular assembly
line) is required. In other cases, the speeds achievable with
strand displacement processes may be sufficient, however.

In fact, dynamic DNA nanotechnology could turn out to be
the ideal basis for the emerging discipline of molecular
robotics; as seen with the manifold examples presented in this
section, DNA plays the role of a structural material with built-

in information-processing capabilities that are also capable of
sensing and actuation. Thus, dynamic DNA nanotechnological
systems intrinsically are molecular robotic systems.

5. APPLICATIONS IN SENSING, DIAGNOSTICS, AND
THERAPEUTICS

The basic task of a molecular sensor is to facilitate detection of
a potentially tiny amount of analyte through the generation of
a measurable physical readout signal. Amplification reactions
therefore are essential components of most molecular
detection schemes, as they chemically “pre-amplify” the
concentration of the analyte before a physical detection
mechanism such as a fluorescence measurement is utilized. In
the context of nucleic acids, the most well-known and
successful amplification scheme is the polymerase chain
reaction (PCR). On the basis of a thermal cycling protocol
and repeated copying of the analyte sequence using a
thermostable polymerase, detection of very few, even only
single, DNA molecules of a specific sequence is possible. Even
though in this sense the PCR reaction is unbeatable in terms of
sensitivity, the PCR scheme cannot be utilized in all
applications. For instance, thermal cycling may be undesirable
(due to heat sensitivity of the analyte sample) or technically
impossible (e.g., in low-cost or field applications). To address
this issue, a variety of isothermal amplification schemes have
been developed [e.g, ligation chain reaction (LCR) loop
mediated amplification reaction (LAMP), recombinase poly-
merase amplification (RPA), or nucleic acid sequence-based
amplification (NASBA)]. However, all of these isothermal
schemes still require the action of DNA modifying or
amplifying enzymes.

In recent years, a variety of enzyme-free amplification
processes have been developed, which are based on catalytic
DNA reactions such as the hybridization chain reaction
(HCR) or catalytic hairpin assembly (CHA) described in
section 3. These have been utilized for the detection of nucleic
acids both in vitro as well as in vivo. Notably, hybridization-
based schemes can be directly coupled to DNA computing
routines and molecular actuation schemes. This allows the
implementation of not only sensors but also the subsequent
evaluation of the sensory input by a diagnostic DNA computer.
The output of the computer may further be used to trigger the
release of a therapeutic agent. In combination, DNA strand
displacement processes can therefore be used to realize
theranostic systems (systems that combine diagnosis and
therapy) or even nanorobotic systems for medical applications.

We note that sensors based on nucleic acid amplification
schemes have been extensively reviewed by others in the recent
past,**'*¥2%° and the interested reader is also referred to these
publications.

5.1. Sensing Based on the Hybridization Chain Reaction

5.1.1. In Situ Detection of mRNA Using HCR. An
exciting application of the hybridization chain reaction is its
use for in situ detection of mRNA molecules inside of (fixed)
cells. The low abundance of the molecules and the high
background fluorescence in cells requires amplification of the
signal “on the spot”. Choi et al. developed a method, in which
several sequence probes are designed to bind to a single target
mRNA sequence, which carry a common sequence extension
that acts as a trigger for HCR.®® For each mRNA molecule,
thus multiple HCR processes are triggered, which can be
detected by fluorescently labeling the H1 and H2 hairpins. In
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order to reduce background fluorescence, in situ hybridization
experiments are carried out under stringent conditions (using a
low ionic strength citrate buffer and formamide), which
prevents unspecific interaction between probes and non-
cognate targets. Choi et al. found that the original HCR
scheme was incompatible with stringent buffer conditions;
instead of the original 18 bp stem hairpins with 6 nt loops/
toeholds, they had to switch to RNA hairpins with a larger 10
nt loop size and 16 bp long stems (also utilizing the fact that
bases in A-form RNA duplexes have stronger stacking
interactions than bases in B-DNA). As fluorescently labeled
RNA probes represented a considerable cost issue, a “second
generation” HCR system for in situ hybridization amplification
was established, which consisted of DNA hairpins with 12 nt
toeholds/loops and 24 bp stems.”® This new system also
worked under permissive conditions (i.e., using a high ionic
strength buffer at T = 25 °C). More recently, the authors even
further improved the system: using split initiator probes,
triggering the HCR process becomes cooperatively dependent
on the presence of the two mRNA subsequences, which are
recognized by the probes.”®> This further reduces the
background and thus improves signal-to-noise ratio and spatial
resolution of the technique. In situ HCR v3.0 is now being
commercialized by Molecular Instruments, Inc.**®

One of the advantages of the HCR method for this
application is that the labeled hairpins can easily diffuse into
the cellular sample, and amplification by the chain reaction
directly takes place in situ. Furthermore, in contrast to enzyme-
mediated detection (such as chemiluminescence), which
generates diffusing signals, the fluorescence probes are directly
attached to the site of the mRNA, providing a higher spatial
resolution.

5.1.2. Other Bioanalytical Applications of HCR. HCR
reactions have been employed in a wide variety of other
sensing applications. First and foremost, HCR schemes have
been used for sensing and amplification of DNA or RNA
analy‘ces.gs’l10'264_279 HCR can be used, however, for the
detection of other molecules by utilizing aptamer''******" or
antibody recognition. Aptamer-based detectors either utilize a
structural rearrangement of the aptamer upon ligand-binding
that triggers the HCR reaction or they simply use the aptamer
as a tether for the trigger sequence. This has been utilized for
detection of analytes such as ATP,"'” interferon y,* platelet-
derived §rowth factor,”®’ thrombin,*®* or cell surface
epitopes.2 ?

Antibodies have been utilized in approaches such as
immuno-HCR,”® which are derived from typical antibody
sandwich assays. Here an analyte first binds to an antibody-
coated surface or particle. This allows binding of secondary
antibodies to which the HCR trigger DNA is covalently
attached. Addition of H1 and H2 hairpins then amplifies the
detection event on the spot for readout either via fluorescence,
plasmonic, or electrochemical effects. Antibody-coupled HCR
reactions were used to detect a wide variety of proteins such as
cytokines,”® carcinoembryonic antigen,”*® thyroxine,”®” and
others.

Rather than using linear amplification via HCR, branched
(Figure 26)*** and even “hyper-branched”**® HCR techniques
have been developed. HCR branching can be achieved via the
creation of two identical toeholds in one HCR step, which
leads to the growth of DNA dendrimers rather than linear
polymers, resulting in exponential instead of linear signal
amplification in the early growth phase. Hyperbranched HCR
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Figure 26. Branched HCR generates an exponentially growing
dendrimer rather than a linear polymer.”** In contrast to HCR, the
substrate duplex A contains two toehold loops, and next to a trigger,
two assistant strands are required. Reprinted with permission from ref
284. Copyright 2014 American Chemical Society.

(HB-HCR) utilizes two additional “super-hairpins” SH1 and
SH2 next to the H1 and H2 hairpins, which expose two
toeholds each upon hybridization to a growing dendrimer
structure.

In several cases, HCR was combined with another
amplification scheme such as circular strand displacement
polymerase reaction®® or catalytic hairpin assembly”’**”® (see
next section), which resulted in limits of detection in the
femtomolar range or lower. Instead of fluorescent probes,
HCR processes were read out using various other detection
schemes (e.g., excimer probes,274 bioluminescence,””" chem-
. . 264,268 . . 266
iluminescence, electrochemiluminescence, electro-

. . 267,270 . . 279
chemical detection, colorimetric,””” or quartz crystal

. LN 265 .
microbalance detection).”®> For a more complete overview of
HCR and its applications in sensing, imaging, and biomedicine,
the reader is referred to the dedicated review by Bi, Yue, and
Zhang*

5.2. Biosensors Based on Catalytic Hairpin Assembly

On the basis of catalytic hairpin assembly, a wide range of
sensors has been developed over the past few years. With the
use of similar principles as the HCR sensors discussed above,
the CHA reaction has been applied to the detection of the
same analyte classes (i.e., metal ions,”*7**° DNA and DNA
misma‘cches,zgé_305 mRNA,306 mi«:l‘oRNAs,3O7_3l1’311_327 pro-
teins,”*****73% and cells).™*® As for the HCR, analytes other
than nucleic acids can be detected by coupling the CHA
scheme to aptamer target recognition. CHA has also been used
in more unconventional applications (e.g., for the detection of
uracil-DNA églycosylase activity”” and in the context of food
safety).”*®**” For instance, CHA has been proposed for the
detection of tetracycline-based antibiotics in milk samples.***
In this application, one of the CHA hairpins (H1, cf. Figure
14) is designed to contain an aptamer sequence for
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tetracycline. In the presence of the drug, the aptamer
restructures and hybridizes with H2. This releases the analyte
and makes it available for another round of CHA. There have
also been reports on intracellular detection of disease-
associated mRNA molecules, which could have potential
applications in theranostics.”*’ A good overview of diagnostic
applications of nucleic acid circuits with emphasis on CHA is
given in ref 260.

5.2.1. Reaction Cascades and Networks Based on
Catalytic Hairpin Assembly. Rather than using CHA as a
detection scheme, a variety of CHA-based reaction networks
have been demonstrated, in which several CHA processes were
linked together or were coupled to other dynamic processes.
For instance, the output of enzymatic amplification schemes
such as strand displacement amplification (SDA) or rolling
circle amplification (RCA) was used as trigger for a subsequent
CHA process, which increased both the specificity and
sensitivity of the detection.”*"*** Cascading CHA reactions
into two-layer or even four-layer circuits led to signal
amplification of up to 600,000 fold!*** A cross-catalytic
network of two CHA amplification loops enabled exponential
signal am4pliﬁcation and was also used to implement logic
circuits.”*

Bhadra and Ellington also demonstrated the realization of
RNA-based CHA reactions.”** Using in vitro transcription
from DNA templates, they synthesized RNA hairpins and
trigger molecules for execution of various CHA circuits (e.g.,
signal amplifiers or OR logic gate processors). The circuits
could be executed either with purified components or
cotranscriptionally. Also more unconventional applications of
CHA in reaction circuits have been described. For instance, a
photosensitive CHA reaction was utilized for an in vitro
reaction network capable of autonomous edge detection,**®
which was already discussed in the paragraph on patterning
and lithography above (section 4.6).

5.3. Other Sensor Schemes Based on Toehold-Mediated
Strand Displacement

Apart from the HCR and CHA amplification schemes
discussed in more detail above, a plethora of other ingenious
sensor concepts have been developed over the past years that
utilized toehold-mediated strand displacement in one way or
another. In the following, we give a brief and probably
nonexhaustive survey of the main applications in the detection
of nucleic acids, proteins, small molecules, and metal ions, and
in other sensor applications such as whole cell biosensors.

5.3.1. DNA and RNA Detection. 5.3.1.1. Mismatch
Detection and Genotyping. The detection of single
nucleotide mismatches and single nucleotide polymorphisms
(SNPs) are key applications of DNA strand displacement in
identifying genetic variations and in disease diagnostics. As
many genetic diseases are caused by single point mutations, the
ability to detect these alleles is essential for their diagnosis. A
large variety of detection schemes has been developed, and also
first commercial applications are emerging.

One general approach is based on signal amplification by
toehold-mediated strand displacement recycling of a nucleic
acid sequence (i.e., hybridization catalysis). For instance, Wu
et al. created a DNA probe containing a target specific region
with an LNA base at the SNP position, which allows single-
base discrimination between different SNPs. The sensor
complex also comprises a fluorophore and a quencher labeled
sequence. The latter is displaced by the analyte sequence with

the “correct” SNP, leading to an increase in fluorescence.
Toehold-mediated strand displacement with two helper DNA
strands is used to recycle the analyte, enabling recognition of a
single nucleotide variant with a detection limit as low as 6
fM.**® A similar sensor scheme was combined with an
electrochemical sensor platform by Gao et al.>*’

As the kinetics of strand displacement processes are highly
sensitive to the presence of mismatches, this feature can also be
utilized for single-base mismatch discrimination. An interesting
approach toward SNP genotyping was developed by Khodakov
and co-workers who first used PCR of the analyte DNA to
generate dsDNA molecules with single-stranded overhangs
(“toehold-PCR products”). The toeholds were introduced by
using deoxyuracil-containing primers for PCR, followed by
digestion of the primers with uracil-DNA glycosylase. The
different kinetics of toehold-mediated strand transfer then
allowed for a discrimination of different SNPs and was also
used for sex genotyping®*® or to discriminate single nucleotide
polymorphisms in human mitochondrial DNA samples.**’

A different approach for thermodynamic discrimination
between target and nontarget strands (or mismatches) was
taken by David Zhang and co-workers.>** One of the problems
in discriminating long and very similar sequences is that even
in the presence of mismatches, hybridization at low temper-
atures can be very efficient. In order to discriminate between
matched and mismatched sequences, one approach is to
analyze the DNA samples of interest at the melting
temperature of the target strand. At this temperature, 50% of
the strands are, by definition, in a duplex form, while nontarget
strands have a much lower hybridization yield. On the basis of
a thorough analysis of the thermodynamics of strand
association, Zhang et al. came up with a new approach for
mismatch detection using so-called “toehold exchange probes”.
In this approach, the complement sequence C of the target
sequence X is initially hybridized to a protector strand P. The
complex PC contains a toehold for strand exchange with X.
Upon formation of the complex XC, P can displace X again via
a second toehold region (similar to the seesaw concept shown
in Figure 7). It turns out that the standard free energy change
for this toehold exchange reaction is close to zero, while that
for a strand with only a single mismatch is markedly positive.
This results in very different equilibrium concentrations of the
strands and complexes involved, allowing a very good
discrimination between very similar strands even at room
temperature. The authors also show that these probes are
robust with respect to changes in strand concentration (in
contrast to a melting temperature based approach). Toehold
exchange probes are currently being further developed by the
company “Nuprobe”*' and thus represent one of first
commercial products based on toehold-mediated strand
displacement.

Other approaches combined strand displacement with
isothermal DNA amplification,®*” utilized lambda exonuclease
activity,”®> or PCR amplification.*** Enzyme-free SNP and
mutation detection was achieved by several groups with a
nanomolar detection range,"’ss_"’57 and also DNA origami
platforms were explored for SNP-genotyping.”>®

5.3.1.2. Specific Detection of Nucleic Acid Sequences.
Rather than focusing on single base mismatches, a wide variety
of sensors have been described for the specific detection of
nucleic acid sequences. This involves toehold-mediated strand
displacement combined with molecular beacons,” dendritic
assemblies from DNA and PNA,**® and various sensors based
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on fluorogenic G quadruplexes.**"**> Strand displacement

schemes were combined with surface enhanced Raman
scattering (SERS),** electrochemiluminescence,”* or enzy-
matic amplification by acetylcholinesterase,*** to name but a
few. Depending on the specific scheme and the number of
amplification steps, limits of detection in the picomolar,**®
femtomolar,”>7%"73% or even attomolar range73’78’367 were
reported.

5.3.1.3. Detection of Nucleic Acid Amplicons. Strand
exchange reactions can also be utilized for real-time detection
of nucleic acid amplification products.368 In this context,
Ellington and co-workers demonstrated that products of a
loop-mediated isothermal amplification (LAMP) reaction
could be read out via a strand exchange reaction rather than
using an intercalating dye. This allowed a better distinction of
true amplicons from side products, SNP specificity, and also
real-time detection of different genes in multiplex LAMP
reactions.

5.3.1.4. RNA Detection. Direct detection of RNA can be
useful in biomedical diagnostics. For instance, toehold-
mediated strand displacement combined with a quantum dot
readout has been utilized to detect tuberculosis-related mRNA
biomarkers.”® In another approach, RNA target molecules were
used to trigger the formation of a Au-NP containing DNA
network for colorimetric readout, which facilitated differ-
entation between the 16S rRNAs of closely related bacteria
with a detection limit of >5 X 10° CFU.**® Similar as for the
HCR and CHA discussed above, also a large number of
miRNA sensors have been developed (Figure 27), which
utilize strand displacement reactions in their sensing scheme,
achieving detection of miRNA from the nanomolar down to
the femtomolar range.wg’370_385 Of note, Zhang et al 3%
achieved detection of miRNA at a concentration of 67 aM
using a DNA walker scheme, and Shen et al. also used strand
displacement techniques for sensitive miRNA imaging.**’
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Figure 27. An miRNA sensor exemplifying the principle of strand
displacement recycling.*”" In this scheme, the analyte (miRNA-21)
displaces a protecting strand PP from a DNA molecule immobilized
on a gold electrode. This enables hybridization of a methylene blue-
labeled electrochemical probe strand, which recycles the miRNA-21
analyte. Thus, a single analyte molecule is translated into multiple
labeled probe strands. Reprinted with permission from ref 371.
Copyright 2015 American Chemical Society.
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5.3.2. Protein Detection. Strand displacement techniques
have also been widely used in the context of protein detection.
Obviously, this requires a different type of interaction between
analyte and DNA than the base-pairing interactions utilized for
nucleic acid sensing. Most often, some kind of aptamer
recognition is used to “translate” from the protein to the
nucleic acid “language”, but also other interactions have been
utilized.

Aptamers in combination with toehold-mediated strand
displacement have been applied to sense cancer markers such
as epithelial cell adhesion molecules (EpCAMs) via
fluorescence (with a detection limit of 0.1 ng/mL**°) or an
electrochemical readout (LOD = 20 pg/mL’"’). Similar
approaches were used to detect thrombin,***** prostate-
specific antigen,””® vascular endothelial growth factor
(VEGE),””" or epidermal growth factor receptor-2
(HER2).*”> Huang et al. combined binding of a ligand-
modified DNA probe to a protein with proximity induced
photo-cross-linking followed by toehold-mediated strand
displacement to generate specific probe complexes consisting
of a protein tagged with two DNA sequences.’”” With the use
of graphene oxide (GO) as an amplifier for fluorescence
anisotropy, the toxic protein ricin was detected with a linear
range of detection between 1.0 and 13.3 pg/mL and an LOD
of 400 ng/mL (Figure 28).*”*

Implementing several steps of signal amplification is a
general strategy to create ultrasensitive sensors. For instance,
Yang et al. detected thrombin with a linear detection range
from 100 fM to 10 nM and an LOD of only 30 fM**° by
combining toehold-mediated target recycling, hybridization
chain reaction, and electrochemical readout. A variety of strand
displacement-based sensors were also developed for the
assessment of enzyme activity; this is most naturally achieved
for DNA-modifying enzymes such as T4 DNA ligase,**!
methyl transferase,®”® uracil-DNA glycosylase (UDG),*””**® or
telomerase.””

With the use of aptamer recognition combined with DNA
strand displacement, also whole cell sensors have been
developed. For instance, Guo and co-workers utilized an
aptamer-functionalized chip surface to capture circulating
tumor cells from blood samples. With the use of toehold-
mediated strand displacement, the cells could be detached
from the surface after washing and further characterized by
analysis of additional aptamers bound to the cells’ surfaces.*”’

5.3.3. Sensing of Small Molecules and lons. Coupling
aptamer recognition to strand displacement also has been
utilized for the detection of small organic compounds such as
cocaine,*** bisphenol A% and aflatoxin B1.'°° In the
approach by Chen et al,*** upon binding of bisphenol A to
its. DNA aptamer, a toehold sequence is exposed, which
catalyzes the assembly of multiple DNA Y-junctions from
DNA hairpins. The Y-junctions are resistant to Exo-III
digestion and can be detected via Sybr Green I, resulting in
a S fM LOD. Detection of aflatoxin B1 followed essentially the
same approach.' Also the frequently utilized DNA aptamer
for ATP was switched via a strand displacement process. For
instance, Peng et al. created a three-arm junction assembled
from three ATP binding aptamers,**” which could be switched
between ATP-binding and ATP-releasing conformations.

Finally, even ions, typically those of heavy metals such as
Hg*" or Pb*, can be detected by utilizing the ion-dependent
activity of deoxyribozymes or metal binding aptamers.
Combining these with electrochemical detection,”* graphene
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Figure 28. Detection of a protein (Ricin B-chain) by a combination of aptamer recognition and strand displacement recycling supported by
exonuclease I11.*** Upon binding of ricin to its aptamer, blocker DNA is released and displaces probe DNA from the graphene oxide (GO) sensor
surface. Exo III (attacking blunt or recessed 3’ ends) degrades only the fluorescently labeled probe, leading to a strong drop in fluorescence
anisotropy of the fluorophore compared to the GO-bound state, while the blocker strand is recycled in this process. Reprinted with permission

from ref 394. Copyright 2016 American Chemical Society.

oxide quenching,'”® exonuclease I1l-based target recycling, and
HCR amplification,**>*%° limits of detection in the picomolar
range were achieved.

5.4. Autonomous Diagnosis and Therapy

With the use of switchable nucleic acid nanostructures, it is
possible to directly couple biomedical sensor functions to the
release of therapeutics, resulting in autonomous “theranostic
nanodevices” or even biomedical “nanorobots”. A variety of
switchable molecular containers for controlled release
applications has already been described above.”'®*'? Delivery
of therapeutics does not necessarily require a cagelike
container, however.

You et al. designed DNA nanodevices (they termed “nano-
claws”) that combine aptamer recognition with strand
displacement reactions to detect cancer cell surface markers
and respond with targeted photodynamic therapy.”” The
devices consisted of Y- or X-shaped DNA nanoconstructs
whose extensions carried the aptamers Sgc8c, Sgc4f, and TCO1
which bind to three overexpressed markers on the surface of
human acute lymphoblastic leukemia cells (CCRE-CEM). One
of the extensions was modified with a quencher and an
effector, either a fluorescent dye or drug. Importantly, the
aptamer extensions were initially sequestered by complemen-
tary DNA containing a toehold region. Upon binding of the
nanoclaw to a cancer cell surface, the complementary DNA
was released and activated the effector molecule by displacing
the quencher strand. With the use of the same implementation
of strand displacement logic as in Seelig et al,”® this could be
made conditionally dependent on several input signals. For
photodynamic therapy, a porphyrin-based photosensitizer,
chlorine e6 (Ce6), was employed to induce the generation
of reactive oxygen species (ROS) upon light irradiation.””

Rudchenko, Stojanovic, and co-workers demonstrated a
similar molecular automaton that utilized antibodies for cell
surface markers (Figure 29), in their case the “clusters of
differentiation” CD45, CD20, CD3, and CDS8, which allow
distinction between B cells (CD45+CD20+) and T cells
(CD45+CD3+).*” These antibodies were conjugated to DNA

AB

Figure 29. A strand displacement cascade proceeding on a cell
membrane.*”” The DNA strands comprising the cascade are attached
to cell surface markers CD45 and CD20 via antibodies. In the process
shown here, the fluorophore CyS is quenched, while the fluorophore
F is unquenched. The reaction requires the presence of both CD45
and CD20 and can be read out via flow cytometry. Reprinted with
permission from ref 407. Copyright 2013 SpringerNature.

strand displacement probes, which, when bound in close
proximity onto a cell surface, executed a strand displacement
cascade that generated a fluorescent readout for flow
cytometry. Mixtures of automata strands could be used to
distinguish between different cell types but also detect the
absence of any marker.

Zhang et al. demonstrated smart nanocarriers consisting of
gold nanorods decorated with Y-shaped DNA constructs and
several shells of surface functionalization which allowed
efficient penetration of biological barriers. Inside of the cell,
the nanocarriers released the cancer therapeutic doxorubicin,
while the Y-DNA molecules released siRNA in response to the
presence of certain microRNAs. The nanocarriers were shown
to synergistically inhibit tumor growth in vivo by silencing
gene expression and inducing cell apoptosis.”’
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5.5. Challenges and Future Directions for Biosensors
Based on Strand Displacement

A large variety of ingenious sensor schemes have been
developed that utilize DNA strand displacement for the
detection of DNA, RNA, proteins, or small molecules. Some
schemes can discriminate single nucleotide mismatches while
others have limits of detection down to the attomolar range (1
aM corresponds to only 600 molecules in a 1 mL sample!).
Even though many schemes utilize strand displacement in
conjunction with enzymatic amplification, strand displacement
sensors in principle can be operated enzyme-free and
isothermally. This makes such sensors potentially low-cost
(when coupled to an inexpensive detection method) and
robust, which should be of great interest for point-of-care
testing and for applications in developing countries.

Strand displacement sensors are naturally best-suited for the
detection of nucleic acid analytes. On the basis of our extensive
knowledge of DNA hybridization thermodynamics and
kinetics, our understanding of strand displacement processes,
and the availability of computational prediction tools, it is
possible to rationally design probes for a given target sequence.
It is thus maybe not surprising that the first commercial
applications of strand displacement techniques have emerged
in this area (e.g,, Nuprobe),”" which develop isothermal DNA
probes with single mismatch discrimination, and Molecular
Instruments, Inc.?%3 commercializing in situ HCR for
quantitative mRNA imaging. It can be expected that also
other strand displacement-based detection schemes for nucleic
acids will find their way into commercial applications in the
near future.

As discussed, sensing of other analytes than nucleic acids
requires the utilization of aptamers or antibodies for the
primary detection event. The performance of such sensors is
thus strongly dependent on the properties of the aptamer or
antibody used. As a consequence, the details of the signal
amplification scheme as well as buffer and potentially
temperature requirements usually have to be adapted for
each analyte in order to account for varying dissociation
constants and specificities. This may be one of the reasons why
there has not been widespread application of strand displace-
ment-based protein or small molecule sensors yet. It is
conceivable, however, that sensors could be developed in a
modular fashion that consist of a variable aptamer-based input
stage that transduces a given molecular input into a standard
DNA signal, which is then amplified by a constant strand
displacement-based amplification stage. Similar to nucleic acid
detection, such sensors could potentially provide enzyme-free
and robust detection of a wide range of analytes.

As already mentioned, future research in dynamic DNA
nanotechnology will be directed toward the realization of
molecular robotic systems that integrate sensing and actuation
with information-processing. In this context, nucleic acid based
in vivo sensors will play an important role for the realization of
nanomedical robotic devices that couple molecular recognition
events to diagnostics and therapeutic action. In fact, some of
the first examples of such robotic devices were already
equipped with “aptamer locks”, which were used to couple a
sensing event to a conformational transition that led to the
presentation of molecular cargo.”'®*"”
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6. APPLICATIONS IN SYNTHETIC BIOLOGY

As discussed above, there have been a multitude of applications
for branch migration in nanotechnology and biosensing. In a
sense, DNA nanotechnology “traditionally” uses DNA in a
nonbiological context; DNA serves as a building material or is
utilized for the realization of molecular machines or computers.
However, nucleic acids do have a biological function, and their
sequence usually has a biological meaning.

This fact is already utilized for the DNA-based biosensors
reviewed in the previous section, which aim at the detection of
analytes of biomedical relevance. One can go even further and
ask whether one can utilize concepts such as toehold-mediated
strand displacement for the controlled interference with
biological functions or even the creation of synthetic biological
systems de novo, and this is where DNA nanotechnology
enters the realm of synthetic biology.

One of the goals of synthetic biology is the creation of
synthetic control circuits for biological functions in order to
implement logical computation, decision-making, or pattern
formation in biological systems. In contrast to other biological
molecules that are employed for these goals, nucleic acid
molecules again offer the unique possibility to rationally
program molecular recognition interactions through the choice
of their sequence.

The realization of strand displacement processes in the
cellular context differs considerably depending on the cellular
“chassis”, in particular whether their implementation is desired
inside of bacteria or eukaryotes. Bacteria grow and divide
relatively fast, and RNA degradation proceeds rapidly.
Therefore, RNA-based circuits in bacteria require constant
production of RNA species, and circuit operation has to
consider their continuous build-up and degradation. By
contrast, eukaryotic cells (most often mammalian cells in this
context) do not grow and divide as quickly, and RNA
degradation is slightly less of an issue. For applications in
mammalian cells, the circuit components can therefore be
delivered from the outside using transfection agents and then
operated within an approximately static cellular environment.
In addition, chemically stabilized nucleic acid species can be
used as they are not diluted by cell growth and division.

6.1. Synthetic Riboregulators

6.1.1. First Generation Riboregulators. RNA-based
gene regulatory processes are an obvious area of application
for strand displacement techniques in synthetic biology. One
interesting class of molecules in this context are the
riboregulators, which are related to naturally occurring
riboswitches. Riboswitches are aptamer-based regulatory
regions present in the S’ untranslated region (UTR) of many
bacterial mRNA molecules (some are also found in mRNAs of
archaea, plants, and fungi), in which the accessibility of the
ribosome binding site (RBS) is dependent on the binding of a
small molecule metabolite. In the presence of the metabolite,
the riboswitch undergoes a conformational change, which leads
to either sequestration or release of the RBS (depending on
whether this is negative or positive regulation).*"”

Synthetic riboregulators can be modeled after this scheme by
making the conformational switch dependent on another RNA
molecule instead of a metabolite. One of the first examples of a
synthetic riboregulator controlling the expression of GFP in E.
coli cells was provided by Isaacs et al. in 2004.*” They
designed a “cis-repressing” RNA motif, which inhibited
translation of an mRNA into GFP by sequestering the RBS
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within the stem of a hairpin structure placed in the 5" UTR.
Translation could be activated by the expression of a “trans-
acting” RNA molecule, which was capable of binding to the
hairpin of the cis-repressing RNA, breaking the secondary
structure and thus releasing the RBS. For the best
riboregulators, this scheme resulted in a &20-fold change in
gene expression upon activation. While not explicitly stated by
Isaacs and co-workers, the riboregulator design utilized the
loop region of the cis-repressing RNA as an internal toehold
for nucleation of the cis-repressing/trans-acting RNA inter-
action and thus was also based on a strand invasion
mechanism.

The design of the riboregulator switches was guided by
thermodynamic calculations using the Mfold prediction tool.
While such calculations are extremely important for the design
process, one has to consider that intracellular conditions may
differ strongly from the idealized experimental conditions
under which the thermodynamic data underlying the
predictions were generated. In this context, an interesting
study by Lucks et al. using the SHAPE-Seq technique
demonstrated that the riboregulator switches essentially folded
and performed in vivo as designed but that there were also
several deviations in the actually realized base-pairing
patterns.410

6.1.2. Toehold Riboregulators. The riboregulator design
of the Isaacs paper was re-engineered in 2014 by explicitly
using an external toehold for strand invasion into the
regulatory hairpin.*'" The mechanism of the “toehold switch
riboregulator” is depicted in Figure 30. In the new design, the
RBS is sequestered in the hairpin loop of the riboregulator,
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Figure 30. Principle of the toehold riboregulator switch*'' and multi-
input logic.*'* (A) In the OFF state of the toehold switch RNA, the
ribosome binding site (RBS) is sequestered in a hairpin loop as
indicated. Hybridization with a trigger RNA X opens the hairpin and
switches ON translation of the protein coding region of the RNA. (B)
The toehold switch principle can be extended to multi-input AND
and OR logic as indicated. Modified and reprinted with permission
from ref 412. Copyright 2017 Nature Research.
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while the start codon for translation (AUG) is placed into a
bulge loop in the stem. As a result, the remaining sequence of
the hairpin-stem loop can be freely chosen (i.e., it does not
contain an anti-RBS sequence). In addition, the hairpin is
extended at its 5’ end with a 12 nt toehold sequence. In the
folded state, the riboregulator is translationally inactive. Upon
addition of a trigger RNA molecule, which is complementary
to the toehold and (half of) the stem sequence, the hairpin
structure is broken by strand invasion, exposing the RBS and
AUG sequences. In this state, the ribosome can assemble on
the mRNA molecule and translate its coding region into a
protein. In a first round of rational design, a set of 168 toehold
switches was investigated that exhibited ON/OFF gene
expression ratios of up to 300. Thermodynamic analysis of
the structures resulted in a number of thermodynamic
“predictors” based on which the toehold switches could be
further improved in a “forward-design” step, resulting in 13
more riboregulators with one exhibiting an ON/OFF ratio of
more than 600!

Instead of synthetic trigger molecules, the authors were also
able to use naturally occurring small RNAs as inputs and also
mRNA molecules. For these natural RNA triggers, a secondary
structure had to be taken into account, and this also required
an extension of the toehold length to more than 24 nt. In
contrast to the synthetically triggered switches, activation by
natural RNAs resulted in reduced ON/OFF ratios in the range
of 10—50.

The possibility for mRNA detection by toehold switches was
then applied successfully by Pardee et al. for the realization of
paper-based biosensors.""> To this end, an in vitro tran-
scription-translation mix was freeze-dried on paper and then
used for the specific detection of disease-related mRNAs; for
instance, the sensor could be used to distinguish mRNA from
two different strains of Ebola virus.

More recently, Green et al. also demonstrated that toehold
switches can be used for complex RNA-based input logic,
which makes protein expression dependent on the presence of
more than one trigger RNA.*'* They showed multi-input AND
and OR logic and also the evaluation of more complex circuits
composed of AND, OR, and NOT components in disjunctive
normal form (DNF) (cf. Figure 30B).

6.1.3. Translational Inhibitors and the YUNR Motif.
Rather than translational activation as realized in the toehold
switches discussed in the previous paragraph, a similar scheme
may be employed to inhibit translation by masking the
ribosome binding site on an mRNA molecule. For instance, in
the naturally occurring RNA-IN/RNA-OUT system in E. coli,
the short noncoding RNA-OUT molecule binds to the
complementary RNA-IN and regulates the expression level of
insertion sequence IS10 both by masking its RBS and
increasing RNA degradation. Interactions between RNA-IN
and RNA-OUT are nucleated in the loop region of RNA-
OUT, which contains a pyrimidine-uracil-nucleotide-purine
(YUNR) motif, corresponding to an “internal” toehold in the
hairpin loop. On the basis of the RNA-IN/RNA-OUT system,
Mutalik and co-workers designed a library of 23 orthogonal
regulator pairs, in which 5 nucleotides in the RNA-OUT
recognition loop were mutated.”'* The library was tested
experimentally in vivo, displaying strong variations in transla-
tional repression efficiency, ranging from less than 5% to more
than 90%. Analysis of the results demonstrated that the YUNR
motif was not essential for the performance of the artificial
RNA regulators. The YUNR U-turn enforces a sharp bend in
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Figure 31. Controlling CRISPR interference via toehold-mediated strand invasion. (A) Structure of a guide RNA (gRNA) for Cas9, which binds to
the handle of the molecule. (B) Transcription (TX) of a genetic template by RNA polymerase (RNAP). (C) In CRISPR interference, transcription
is repressed by a catalytically inactive Cas protein (dCas9). gRNA directs dCas9 to bind to a sequence complementary to the spacer region, which
must be flanked by a “protospacer adjacent motif” (PAM) as indicated. In the example shown, the nontemplate strand downstream of the promoter
is targeted, which blocks transcriptional elongation by RNAP. (D) gRNA can be inactivated by disrupting the handle via strand invasion by an
antisense RNA molecule, preventing dCas9 from binding to the gRNA (cf. ref 419). (E) The spacer region of the gRNA can also be sequestered in
a riboregulator structure similar as in the toehold riboregulator described in Figure 30. The resulting “toehold” gRNA (thgRNA) can then be

activated by an appropriate trigger RNA molecule (cf. ref 420).

phosphate backbone of a stem-loop structure. The bases
following the bend are exposed to the solvent in a stacked
configuration, making them available for base-pairing. In their
study, Mutalik et al. found that also other § nt loop recognition
sequences performed well, potentially because the A-U rich
stem close to the loop provided enough flexibility for
nucleation of the first base pairs.

6.2. Combining Strand Invasion with CRISPR Mechanisms

In the past years, life science research has been transformed by
the development of new tools for genetic engineering based on
CRISPR (“clustered re%ularly interspaced short palindromic
repeats”) elements.*>*'® In particular the CRISPR/Cas9
technology has enabled the precise cutting of double-stranded
DNA molecules at arbitrary sequence locations, which can be
freely programmed by the choice of an appropriate “guide
RNA” (gRNA, see Figure 31A). Cas9 (CRISPR-associated
protein 9) is a ~#160 kDa large protein, which comprises two
distinct nuclease domains for cleavage of the target and
nontarget DNA strand.*'” Cas9 binds to guide RNA molecules
containing a specific handle sequence, and the sequence
contained in the “protospacer” section of the gRNA directs the
Cas9:gRNA complex to a sequence complementary region on
a double-stranded DNA (in the natural CRISPR system, the
gRNA is composed of two parts: the crRNA containing part of
the handle and the tracrRNA containing the protospacer). In
addition to sequence-complementarity of the protospacer, a
short protospacer adjacent motif (PAM) is required on the 3’
side adjacent to the binding sequence. Mechanistic studies
have shown that the Cas9:gRNA complex actually first binds at
the PAM sequence, where it melts open the adjacent double-
stranded DNA and then displaces one of the DNA strands by
the RNA protospacer loaded in the complex (which is also
termed “R-loop formation”).**® Thus, the PAM actually plays a
role somewhat reminiscent of a “toehold” for strand invasion,
which in this case is driven by the Cas9 protein.

In typical gene editing applications, Cas9:gRNA is used to
cut at specific locations on the genome and thus create an
artifical double-strand break, upon which a new gene sequence
can be inserted via homology-directed repair. With the use of a
catalytically inactive version of Cas9 (“dead Cas9” or dCas9),

AE

CRISPR can also be used for gene regulation rather than gene
editing (Figure 31, panels B and C). In this application
(termed CRISPR interference, CRISPRi), dCas9:gRNA
complexes are targeted toward the promoter region of genes,
where they either inhibit transcription initiation or block
transcriptional elongation.*'

As CRISPR mechanisms involve short RNA molecules as
their central regulatory components, they are amenable for
modulation via strand displacement or strand invasion
processes. Several groups have already demonstrated the use
of antisense RNA complementary to the gRNA to inhibit
dCas9:gRNA action. In such applications, CRISPRI is used to
suppress the expression of a gene, while anti-gRNA is used to
sequester gRNA and promote its degradation. Tae Seok Moon
and co-workers designed anti-gRNA molecules augmented by
known binding sites for the RNA chaperone Hfq, which
promotes interactions between the small RNAs.*** They could
show that anti-gRNA can be used to recover gene expression of
initially dCas9:gRNA repressed genes and that several such
processes could be operated in parallel. In related work, Miickl
et al.*"? directly used a single-stranded section of the gRNA as
a toehold for strand invasion by a complementary anti-gRNA,
which disrupted the gRNA-handle and thus prevented dCas9
from binding (Figure 31 D). In this work, the antisense strand
invasion concept was used to reversibly switch bacteria into a
filamentous state and back to normal growth by first
suppressing the expression of the cell division protein FtsZ
via CRISPRi and then recovering its expression supported by
anti-gRNAs. More recently, Siu and Chen demonstrated the
related concept of “toehold-gated gRNAs” (thgrNAs), in which
the activity of gRNAs was controlled via a toehold
riboregulator (Figure 31E).**°

Apart from Cas9/dCas9, there is a wide range of other
CRISPR associated proteins, which are of interest in this
context [e.g., Cpfl (with similar function as Cas9),** Cas13a
(whose RNase activity has been used for biosensor
applications**), or Casl-Cas2 integrase for “storage” of
dsDNA sequences],**® opening up many new opportunities
for application of strand displacement techniques in synthetic
biology.
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6.3. Molecular Assembly and Computing via Strand
Displacement in Mammalian Cells

Strand displacement reactions have been successfully em-
ployed for the activation and logical control of cellular
processes inside of mammalian cells. As already mentioned
above, in such applications, the required nucleic acid
components can be delivered to the cells using transfection
agents and do not have to be expressed in vivo. Afonin and co-
workers demonstrated an interesting approach based on RNA-
DNA hybrids****” with single-stranded DNA toeholds
(Figure 32). Two of such hybrids could bind together via
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Figure 32. A strand displacement reaction generating siRNA duplexes
in vivo.**® The DNARNA hybrid duplexes shown at the top are
inactive with respect to RNA interference. Toehold-mediated strand
exchange between the duplexes results in a double-stranded DNA
product as well as a biologically functional siRNA duplex, which has
gene silencing activity in vivo. Reprinted with permission from ref
426. Copyright 2013 SpringerNature.

the DNA toeholds, which initiated a four-stranded branch
migration process that resulted in the formation of an RNA
and a DNA duplex. In one application of this concept, they
assembled siRNA molecules in vivo (consisting of a 21 bp
duplex with 2 nt overhangs at the 3’ ends), which then
successfully silenced the expression of a target gene via RNA
interference (RNAi). Gene silencing was only observed when
the cells were transfected with both types of RNA-DNA
hybrids necessary for formation of the siRNA. Using a slightly
different approach, Groves et al. demonstrated four-way DNA-
strand exchange reactions between double-stranded DNA
species inside of mammalian cells, which could be utilized for
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the execution of simple logical AND or OR gate operations.”
They also demonstrated strand exchange between two RNA
hybrids, which, similar as in the approach by Afonin et al,
resulted in siRNA products that led to gene knockdown. Here,
the highest efficacy was observed for RNA hybrids containing
RNA strands with phosphorothioate bonds and 2-O-methyl-
ribonucleotides, which increased their stability with respect to
nucleases.

6.4. Future Applications at the Interface of Dynamic DNA
Nanotechnology and Synthetic Biology

As shown in the previous paragraphs, concepts initially
developed in the context of dynamic DNA nanotechnology
have been successfully utilized for the control of gene
regulatory processes both in bacteria and in mammalian
cells. Nucleic acid strand displacement processes are most
naturally applied to RNA-based regulatory mechanisms such as
riboregulators or riboswitches, CRISPR, or RNA interference.
A more widespread application of RNA strand displacement in
vivo is currently hindered by our lack of control of RNA
degradation and RNA hybridization processes. Whereas for the
realization of DNA strand displacement processes in vitro
typically random sequences without any secondary structure
are utilized, the design of dynamic RNA systems in vivo poses
different challenges. On the one hand, RNA without any
secondary structure is degraded rapidly, while on the other
hand, secondary structure slows down hybridization and strand
displacement reactions. Furthermore, undesired interactions
with the plethora of other cellular RNA molecules have to be
avoided, and also the intracellular localization of RNA
molecules has to be considered. We anticipate that specifically
for such applications new design rules can be established that
will improve intracellular stability and hybridization of artificial
RNA molecules and structures, which may also involve the
utilization of RNA-protein interactions. It is also conceivable
that in vivo dynamic RNA systems can be optimized by
adopting molecular evolution techniques to balance hybrid-
ization and degradation techniques as well as intracellular
crosstalk.

Apart from simple riboregulators, so far there have been no
attempts to generate and operate RNA-based molecular
machines inside of cells. However, based on recent advances
in RNA origami,”® it is conceivable that more complex
molecular devices can be generated by gene expression, which
could further be actuated by RNA strand displacement or
related processes. As also mentioned above, implementation of
dynamic processes in fast-growing bacteria poses challenges
such as a rapid dilution of components in the cell and the
complex superimposition of bacterial growth effects with the
dynamics of the artificial system. Slow-growing bacteria or
eukaryotic cells may therefore turn out to be better chassis for
dynamic RNA or DNA nanotechnology, as they represent a
more constant biochemical background. It is then also possible
to “transfect” all the components of a dynamic DNA or RNA
system and to utilize chemically stabilized nucleic acids.

7. CONCLUSION

Nucleic acid strand displacement reactions are the key
processes of dynamic DNA nanotechnology. Initially devel-
oped in the context of artificiall DNA-based molecular
machines,’ the technique has found widespread application
in various fields of research over the past 18 years. As
extensively discussed in this review, toehold-mediated strand
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displacement, strand exchange, and strand invasion processes
enable sequence-programmable, reversible, isothermal switch-
ing of nucleic acid based or nucleic acid functionalized
components between different functional states. This has been
used for the operation of nanomachines, the realization of
molecular computers and robots, and the assembly and
actuation of a wide variety of nanomaterials. Remarkably,
strand displacement processes have found particularly wide-
spread application in biosensing. Ingenious sensor schemes
based on the hybridization chain reaction (HCR), catalytic
hairpin assembly, and a variety of strand displacement
recycling schemes have led to the realization of a huge
number of sensors for nucleic acids, proteins, and other
analytes; approximately 40% of all references provided in this
review are sensor-related!

Several emerging trends in dynamic DNA can be clearly
discerned from the more recent publications. First, researchers
attempt to integrate multiple functions, sensing, computation,
actuation, into single devices, which will ultimately lead to the
development of molecular robotics. As strand displacement
processes play a key role in all of these functions, they will also
have a major part to play in this context. Unfortunately,
bimolecular hybridization and strand displacement can be
relatively slow in solution, which may be undesirable for many
applications. However, several strategies have been developed
to speed up the operation of nucleic acid reactions and devices.
This involves, most notably, the realization of substrate-
localized strand-exchange processes, in which the DNA strands
participating in the displacement reactions are at a much
higher local concentration. Also strand displacement may be
combined with other actuation mechanisms for better control
and higher speed.

A major trend is the operation of nucleic acid based devices
inside of biological systems; this comprises the realization of
DNA-based drug delivery systems and containers and the
evaluation of molecular patterns by molecular computers in
vivo. Still, in this context issues like extra- and intracellular
stability, toxicity, and immunogenicity have to be resolved, but
considerable progress has been made in packaging and delivery
of nucleic acid based devices and also the use of chemically
modified nucleic acids. In the context of sensing and
diagnostics, a variety of “real world” applications are emerging,
and at least one strand displacement-based approach for
genetic mismatch detection is being commercialized.

The omnipresence of RNA-based regulatory mechanisms in
biology provides a wide range of opportunities for an
application of strand invasion processes also in this context.
Among others, this has already led to the rational design of
artificial riboregulators with unprecedented ON/OFF ratios.
We therefore anticipate a much more widespread application
of dynamic DNA techniques in synthetic biology in the future.
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