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Dynamic DNA nanotechnology: toward functional
nanoscale devices

Marcello DeLuca,a Ze Shi,b Carlos E. Castrocd and Gaurav Arya *a

Dynamic DNA nanotechnology involves the creation of nanoscale devices made of DNA whose primary

function arises from their ability to undergo controlled motion or reconfiguration. In the past two

decades, dynamic DNA nanotechnology has evolved to the point where it is now being employed in

devices intended for applications in sensing, drug delivery, computation, nanorobotics, and more. In this

review article, we discuss the design of dynamic DNA nanodevices and the characterization and

prediction of device behavior. We also identify a number of continuing challenges in dynamic DNA

nanotechnology and discuss potential solutions to those challenges.

1 Introduction

DNA nanotechnology is a rapidly growing field that uses DNA as
a material for creating nanoscale structures and devices. DNA is
an attractive candidate for this application for several reasons.
Firstly, DNA is truly nanoscopic. Its smallest structural unit, the
nucleotide, occupies approximately the space of a 0.34 nm wide
and 1 nm long cylinder. One should thus be able to design
structures at a similar resolution, which makes DNA one of the
finest nanoscopic building blocks currently available. Secondly,

DNA is highly programmable. Sequences of DNA bind specifi-
cally to each other via strict base-pairing rules.1 This means
that the lengths, positions, and orientations of the hybridized,
double-helical elements of the structure can be readily and
rationally programmed into the DNA sequence. Lastly, DNA can
be readily synthesized at reasonable cost and its properties are
also generally well understood.

In biology, one major role of DNA is encoding the structure
of proteins, many of which are quite complex, but as far as
DNA’s own structural form is concerned, it is mostly limited to
that of a linear double helix. This raises the natural question as
to whether DNA can encode its own structure in a manner that
produces geometry more complex than the double helix.2 Ned
Seeman addressed this question in the early 1980s when he
proposed the design of an immobile four-way junction with
sticky ends made from four different DNA sequences.3 This
concept represented the first major step towards synthetic DNA
structures spanning two or even three dimensions, marking the
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birth of structural DNA nanotechnology. However, structures
created using junctions alone were not stiff enough to find
practical use except for simple shapes of small length scales.
This problem was solved in 1993 with the invention of the
double-crossover motif,4 which allowed for 2D structures of
large span to be created while maintaining stiffness. Ten years
later, the introduction of DNA origami5 democratized the
design process and enabled the creation of larger and more
complex structures. Further breakthroughs in the design of 3D
shapes6 and curved structures,7 along with technologies
focused on creating larger structures8,9 have enabled the design
of even more complex DNA geometries of sizes ranging from
10 nm up to microns.8,10

Fairly early on in the development of the field, there was
interest in mechanizing DNA nanostructures.11,12 These
so-called ‘‘dynamic’’ structures are defined as structures whose
functions rely upon changing of their conformations. Despite
early interest in the topic of dynamic mechanisms, a vast
majority of progress in DNA nanotechnology focused on enhancing
the size and geometric complexity of static objects, namely,
structural DNA nanotechnology. The past decade, however, has
witnessed a tremendous surge of interest toward dynamic DNA
nanotechnology and DNA-based nanoscale devices,13 resulting
in diverse applications including but not limited to sensors,14–20

molecular algorithms,18,21–23 biological assays,24–26 cargo sorting27

and delivery28–31 devices, tunable plasmonic devices,32–36 and
nanoscale robotic arms.37,38 A pictorial timeline of the progression
of dynamic DNA nanotechnology toward increasingly complex and
useful devices is presented in Fig. 1.

At the macroscale, devices as simple as a pair of tweezers
or as complicated as a gasoline-powered automobile engine
qualify as dynamic. A large span of complexity also exists in
DNA devices, from the first dynamic mechanism which
induced a simple twist in a connected pair of double-crossover
molecules11 to a recent device which performs calculations
given an input and then produces output by conforming DNA

into literal arabic numerals that can be read by atomic force
microscopy.22 Whether simple or complex, the incorporation
of dynamic mechanisms into DNA systems can dramatically
broaden their potential applications. For example, where a
static DNA device might have a unique plasmonic signature,39

a dynamic one might be able to modify that signature between
multiple states for applications in sensing35,36,40 or optics;40,41

and while a static DNA box might be designed to hold mole-
cular cargo, a dynamic one can be designed to open and release
that cargo once the device enters a specific microenvironment
or detects a particular molecule, enabling important functions
like targeted drug delivery.28,29,42

In general, artificial molecular machines and devices can be
designed using two different approaches. One approach treats
these devices as macroscopic machines, which are designed
according to the principles of mechanical engineering, and,
consequently, input to a device will produce a single deterministic
response. Devices can also be designed to mimic biomolecular
machines like enzymes and molecular motors which are inherently
flexible and incorporate some degree of stochasticity into their
function. DNA nanodevices exist at the interface of macroscopic
and biomolecular machines; specifically, these devices can exhibit
many macroscopic device behaviours, but flexibility and thermal
motion are critical to the function of most DNA devices and cannot
be ignored.

Many of the dynamic DNA devices developed so far have
been inspired by macroscopic machines. In general, machines
are made up of a collection of structural elements connected by
kinematic mechanisms such as hinges, sliders, and gears to
produce precise and complex motions. Machines also typically
employ actuation mechanisms to convert an energy source into
useful mechanical work, e.g., the internal combustion chamber
in automobiles that converts the chemical energy stored in
gasoline into translational motion and force of the pistons.
Furthermore, many modern machines carry sophisticated con-
trol elements including sensors and computer chips to sense
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their surroundings and regulate their function. Considerable
effort has been devoted to translating these three fundamental
characteristics of modern machines—kinematic control, actua-
tion, and computation—to DNA nanodevices. Classic examples
of such features implemented in DNA nanotechnology include
a DNA origami crank-slider mechanism that couples linear
and rotary motions (Fig. 1i); a DNA box with a lid that can be
actuated using strand displacement (Fig. 1e); and DNA tiles
that implement complex logical operations like addition and
subtraction (Fig. 1l), respectively.

Whereas the design, modelling, and characterization of
macroscopic machines follows established approaches based
on the principles of kinematics and continuum mechanics,
corresponding approaches for DNA devices are still in their
infancy. The nanoscopic length scale of the devices, the sig-
nificance of thermal fluctuations and associated stochasticity at
this scale, and the flexibility of structural elements and joints
made out of DNA all make the task of modelling, characterizing,
and controlling the structural dynamics of DNA nanodevices
highly challenging. Only in the past few years have molecular-
scale modelling approaches and advanced microscopy techniques

begun to capture the dynamics of DNA nanostructures at high
spatial and temporal resolution.

This review article discusses the latest developments in
dynamic DNA nanotechnology, focusing on the rapidly growing
set of mechanisms being developed to actuate DNA devices and
to kinematically control their motion. We also discuss new
approaches being used to experimentally characterize and
model the dynamics of the resulting DNA devices. We end
the review by identifying major challenges in the field that,
once solved, should allow dynamic DNA nanotechnology to
gather more widespread adoption in science and potentially in
commercial applications. Given the large independent body of
work on DNA computing and its limited implementation so far
towards mechanical devices, the topic of DNA computing will
not be discussed here.

2 Kinematic mechanisms

The most basic requirement for a dynamic nanodevice is the
incorporation of movable components that enable the device to

Fig. 1 Timeline of the increasing complexity of dynamic DNA nanostructures over the past two decades. (a) Paired double crossover structure actuated
by the B–Z transition. (b) Toehold-mediated strand displacement (TMSD) based DNA tweezers. (c) pH-Based DNA device. (d) DNA walker. (e) DNA box
actuated by TMSD. (f) DNA beacon which detects biomolecules by changing its conformation. (g) Logic-gated DNA box which detects biomolecules and
displays molecular cargo. (h) DNA structure connected with shape complementarity. (i) DNA-based hinges, sliders, and hybrid mechanisms. (j) Rotary
device made from multiple tightly-fitted components. (k) Gold nanocrystal-mediated slider. (l) Molecular algorithm that executes logic and outputs literal
arabic numerals. (m) DNA box actuated by changing pH. (n) Thermally-actuated nanovalve. (o) Self-regulating DNA nanotubes. (p) Publication trend in
dynamic DNA nanotechnology. (a) Reproduced with permission from ref. 11. Copyright 1999 Springer Nature. (b) Reproduced with permission from
ref. 12. Copyright 2000 Springer Nature. (c) Reproduced with permission from ref. 92. Copyright 2003 Angewandte Chemie. (d) Reproduced with
permission from ref. 173. Copyright 2004 American Chemical Society. (e) Reproduced with permission from ref. 63. Copyright 2009 Springer Nature.
(f) Adapted from ref. 79 under terms of the CC-NC license. Published by Springer Nature Publishing AG, 2011. (g) Reproduced with permission from
ref. 29. Copyright 2012 AAAS. (h) Reproduced with permission from ref. 46. Copyright 2015 AAAS. (i) Reproduced with permission from ref. 45.
Reproduction rights managed by National Academy of Sciences. (j) Reproduced from ref. 49 under terms of the CC BY 4.0 license. Published by AAAS,
2016. (k) Reproduced from ref. 174 under terms of the CC BY 4.0 license. Published by Springer Nature Publishing AG, 2018. (l) Adapted with permission
from ref. 22 Copyright 2019 Springer Nature. (m) Reproduced with permission from ref. 42. Copyright 2019 American Chemical Society. (n) Reproduced
with permission from ref. 30. Copyright 2019 American Chemical Society. (o) Reproduced with permission from ref. 162. Copyright 2019 Springer Nature.
(p) Data obtained from ref. 175 using search terms ‘‘Dynamic’’, ‘‘DNA’’, and (‘‘Nanotechnology’’, ‘‘Nanodevice’’, or ‘‘Device’’).
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change its conformation. For dynamic DNA devices this is
typically achieved by combining the well-defined structure
afforded by programmed DNA base-pairing with strategically
incorporated local flexibility, usually involving single-stranded
DNA (ssDNA). The structural components consist of helices of
double-stranded DNA (dsDNA) or bundles of dsDNA helices.
Since the persistence length of dsDNA is around 50 nm,43 these
components, especially bundles of dsDNA, are rather stiff on
the length scale of typical devices (B10–100 nm). Single-
stranded DNA, on the other hand, has a persistence length of
about 1 nm44 and hence provides an excellent means to
incorporate local rotational or translational flexibility.

These stiff and flexible domains of DNA devices are analogous
to the folded and disordered domains of protein-based molecular
machines. The ability to make structural components of well-
defined shape also enables the arrangement of flexible domains
to make joints that exhibit constrained motion much like joints in
macroscopic machines. For example, a single ssDNA connection
can enable relative motion of two components. If the ssDNA is
short, up to a few nucleotides, there will be little relative transla-
tion, but this connection can provide three rotational degrees of
freedom, similar to a macroscopic spherical joint. Placing two
such connections between stiff components along an edge can
further constrain the motion to primarily a single rotational
degree of freedom.45,46

While using short ssDNA connections allows for primarily
rotational motions, it is challenging to achieve well-defined
translational motions since extending the length of ssDNA
connections leads to random thermal fluctuations. However,
this challenge can be overcome, much like in macroscopic
translational joints, by using complementary geometries, such
as a cylinder inside a tube,45,47,48 where one component can only
move along certain degrees of freedom to avoid interference with
other components. This approach of complementary geometries
has also been used as an alternative strategy to achieve rotational
motion with a cylinder in a hollow tube with translation
constraint49 or a lever that is pinned to a platform.37,38 More
broadly, these kinematic design approaches allow for design of
multi-component devices that exhibit complex motion. Examples
include linkages that combine several rotational joints to generate
straight-line motion,50 convert rotational motion to linear
translation,45,51 or exhibit collapsed to expanded conformation
changes with programmed 3D motion.45,51,52

While these design strategies provide an effective means to
constrain motion primarily along specific degrees of freedom,
the flexible ssDNA and even the stiff dsDNA components are
still subject to thermal fluctuations that can lead to some
motion in unintended degrees of freedom and deviation from
designed motion paths.50,53 One approach to well-defined
structures with reduced thermal fluctuations that can still
undergo conformational changes is to follow a compliant
mechanism design approach.53–55 In compliant mechanisms,
motion is achieved by deformation of compliant components,
usually bending, rather than motion being concentrated at
flexible joints. The advantage of this approach is the mitigation
of thermal fluctuations; however, these structures would likely

require higher energy input to achieve reconfiguration. This
challenge can be overcome by careful design of device energy
landscapes; for example, designing multiple stable conforma-
tions separated by an energy barrier that is on the scale of
thermal energy.56

Overall, these strategies enable design of dynamic devices
that can exhibit programmed structural states, conformational
changes, motion paths, and energy landscapes (conformational
distributions).

3 Actuation mechanisms

Actuation mechanisms harness energy to produce motion.
Actuation is critical to every dynamic device because moving
a device or device component from one position to another in a
deterministic and controllable manner cannot be achieved
passively. Forcing DNA to switch between one state and another
is also nontrivial. DNA nanodevices are typically actuated very
differently from macroscopic machines: transitions are typically
based on a change in the configurational energy landscape of the
device that produces a new globally stable state. There is usually
an energy barrier to this transition that must be overcome
by thermal fluctuations. This stands in contrast to the purely
field-driven transitions of macroscopic mechanical devices
where thermal fluctuations are insignificant and the energy land-
scape is monotonically downhill. With this in mind, the use of
sufficiently strong fields to actuate DNA devices, which will be
discussed further below, shift the configurational energy land-
scape globally to realize transitions without the assistance of
thermal fluctuations, making devices designed using these tech-
niques more akin to conventional macroscopic machines.

DNA device actuation was first demonstrated using a con-
nected pair of double-crossover molecules that rotated 1801
relative to each other upon exposure to environmental condi-
tions that induce a B–Z transition in the DNA.11 While this
approach is not ideal for actuating DNA devices, as it could
disturb the entire structure, this work nevertheless provided
inspiration for future mechanical devices made of DNA. A
variety of actuation strategies have since been developed, which
may be broadly grouped into three classes: molecular binding-
based actuation, environmental cues-based actuation, and
field-induced actuation. While most devices incorporate a
single actuation mechanism, some devices make use of multi-
ple actuation mechanisms to react to multiple classes of input
and cooperatively enhance response kinetics in the presence of
multiple triggering conditions.31,57 A comparison of the various
kinds of actuation mechanisms in terms of response times,
specificity, and tunability is provided in Fig. 2.

3.1 Molecular binding

This class of mechanisms actuates devices based on the binding
of an external molecule. The most popular method is the toehold-
mediated strand displacement (TMSD) method,12,58,59 which uses
DNA strands for actuation. As illustrated in Fig. 3a and b, an
‘‘incumbent’’ DNA strand X hybridized to a single-stranded region
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Y of the DNA device is displaced by an ‘‘invading’’ strand Z which
can bind more strongly to Y. This displacement process is

initiated at a short unhybridized region or ‘‘toehold’’ on Y. In a
variant of TMSD known as toehold exchange, strand Z does not
bind to the entire length of Y, but leaves a small region still bound
to X. Subsequent thermal dissociation of X then completes the
displacement reaction, affording more control over the overall
kinetics of strand displacement.60 The dissociation of X also
leaves a new toehold in place of the original one, allowing for
further displacement reactions to be carried out. The energy
needed for actuation through TMSD is provided by the difference
in the free energies of hybridization of the incumbent and invader
strands.61 The kinetics of TMSD60,62 can be controlled by the
length of the toehold, up to a length of about 5 to 7 nucleotides
(nt) beyond which the rate constant becomes independent of
toehold length.60 For a 15 nt-long sequence Y comprising of a 7 nt
toehold domain and a 8 nt hybridization domain, for example, the
rate constant is on the order of 106 M�1 s�1; below the critical
toehold length specified above, a 1–2 orders of magnitude
reduction in rate constant is observed for each nucleotide that
is removed from the toehold domain.60 Practically speaking, using
TMSD to control devices leads to typical response times of
minutes to tens of minutes.27,63,64

The high specificity of DNA-based actuating molecules
(invader strands) combined with the ease with which a DNA-
based binding domain (toehold and hybridization domains)
can be incorporated into DNA structures have made TMSD a
highly popular approach for actuating DNA devices.29 It should
thus come as no surprise that devices utilizing this approach

Fig. 2 Compromises and advantages of different actuation mechanisms.
The three axes represent the timescale of actuation, the actuation
mechanisms’ tunability (whether devices using each class of actuation
can achieve a continuum of conformations, only two conformations, or
some intermediate number of conformations), and their specificity
(whether the actuation types will disturb all DNA-based devices in the
system, will only affect very specific structures, or lie somewhere in the
middle). These shapes approximately represent data from the many
different actuation mechanisms in literature; they are not meant to be
exact, but rather to convey some of their overall differences.

Fig. 3 Molecular binding-based DNA device actuation. (a) TMSD mechanism. (b) First application of TMSD to make a pair of ‘‘tweezers’’ which close and
open with the addition of fuel (F) or antifuel (F-bar) strands, respectively. (c) Description of aptamer function. (d–f) This device is held together by DNA
base pairing (d). Upon the introduction of a protein matching the aptamer formed by the blue strand, the blue strand tends to dissociate from the orange
strand and bind the target (e). When this happens on both sides of the DNA device, it is no longer held shut and spring energy drives the device open (f). (a)
Adapted with permission from ref. 176. Copyright 2018 American Chemical Society. (b) Reproduced with permission from ref. 12. Copyright 2000
Springer Nature. (c) Adapted from ref. 177 under terms of the CC BY 4.0 license. Published by the Society for Neuroscience, 2017. (d–f) Adapted with
permission from ref. 29. Copyright 2012 AAAS.
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are plentiful.12,18,21,63 Device applications of TMSD include
precisely-controlled DNA walkers,27,65,66 biologically-inspired
linear actuators,67 drug-containing boxes which release drugs
upon exposure to DNA sequences that are known markers of
diseases,63,68 and detection of single-nucleotide polymorphisms
by using the expected sequence at the site of the polymorphism as
the key for a toehold mechanism.14,64 TMSD is also the most
popular technique for computational devices as it can be used to
instigate a cascading signal. User-inserted DNA ‘‘keys’’ each
displace a strand or multiple strands from one device; those
displaced strands can be used to actuate another device or
devices whose displaced strands will actuate another device,
etc., analogous to an electrical circuit. A complete basis set of
logical elements can be created21 with the order of actuation
simply designed into the displaced and key strands, allowing
logical operations to be executed with DNA ‘‘circuits’’ in
solution. Indeed, some pioneering work in DNA computing,
much of which can be leveraged in nanoscale machines to
program the order in which events occur, was achieved long
before we could assemble complex multi-component machines
out of DNA.27,69,70 Another implementation of this concept of
controllable and ordered signal transduction involves the
design of a unique interconnected structure that effectively
passes signals hundreds of nanometres mechanically from a
single input location to globally reconfigure itself.71 Recent
work has also leveraged the sequence specificity of DNA to
actuate dynamic devices with multiple degrees of freedom
where the order of actuation was also critical to achieve the
desired conformation changes.72

Aptamer binding provides another approach for actuation,
with the primary advantage being that aptamers can interface
with proteins and small molecules. Aptamers are oligonucleo-
tides which bind specifically to proteins and a range of other
targets.73 An illustration of their function can be found in
Fig. 3c–e. The versatility of aptamers comes from the availability
of a vast sequence space, which can provide tertiary structure and
charge distribution compatible with the binding pocket of a
protein or a small molecule. The challenge in designing aptamers
lies in efficiently sorting through the multitude of possible
sequences and finding the one with the best binding affinity.
Fortunately, powerful techniques like systematic evolution of
ligands by exponential enrichment (SELEX)74 exist, and many
aptamers for common proteins and small molecules have already
been discovered and documented.75 This provides an opportunity
to interface DNA devices with a wide variety of other molecules
and also to design devices that detect the presence of bio-
molecules other than nucleic acids, which provides exciting
potential in sensing and diagnostics applications.15,29,35,41,76

Since most aptamers are made of DNA or RNA, their
integration into DNA devices is usually quite straightforward.
The aptamer’s sequence can be designed as an overhang, a
single-stranded section that protrudes from the body of the
device.77 Several aptamer-activated DNA devices that actuate upon
contact with protein targets have been developed.15,29,78,79 The
first such device was a beacon designed for the detection of
proteins;15 another application used an aptamer to hold two arms

of a spring-loaded hinge in closed position. Upon introduction of
the binding target, the aptamer dissociated from one of the arms
and bound instead to the target, causing the hinge to open
(Fig. 3f).29 Such a mechanism could be very useful in biomedical
settings, and has also found use in DNA computing.23

A major disadvantage of aptamer-based actuation is that it is
usually not reversible. However, one can add reversibility via a
hybrid TMSD–aptamer approach.80

3.2 Environmental factors

So far, we have discussed actuation of DNA devices based on
DNA strands or proteins. While versatile and easy to imple-
ment, actuating devices using large molecules is very slow,
often requiring minutes to hours to complete. Environmental
cues such as pH,31,42,81–85 ionic concentration,11,46,86 light,87

temperature,30,46 and hydrophobicity88 can also be used to
actuate DNA devices, often on a faster timescale and with fewer
waste products than molecule-based methods. Furthermore,
such approaches may also be useful for sensing changes in the
local environment.

Hoogsteen base pairing31,33,89,90 and i-motifs81–85,91–95 can
be leveraged to actuate devices in response to changes in pH
(Fig. 4d–g).85 Hoogsteen base pairing occurs when the dihedral
angle of bases changes from the anti to the syn conformation,
which is promoted under low-pH conditions. This allows base
pairing to occur between three bases at once, causing the
formation of a DNA triplex. This means that a single-stranded
DNA end can be designed to float freely in high-pH conditions
and then Hoogsteen-pair to a duplex under low-pH conditions.
This has formed the basis for DNA cargo transport devices
which open and close reversibly in response to pH change.31,42

i-motifs are single-stranded motifs primarily consisting of
cytosines. At neutral or high pH, the cytosines do not interact
with each other. However, under low-pH conditions, some
cytosines become protonated and C–C+ binding becomes highly
favourable at a base pairing energy of about 170 kJ mol�1,96

much stronger than canonical base pairing (C–G and A–T pair
at energies of 97 kJ mol�1 and 68 kJ mol�1). This binding ties
the motif into an intercalated structure, causing the length of
the DNA to be reduced substantially, which can be used to drive
actuation. A dynamic device utilizing i-motifs to shorten and
lengthen a DNA nanostructure in response to pH change can be
found in Fig. 4.

The first actuatable DNA device11 was based on ionic
concentration, specifically that of Co(NH3)6Cl3, which causes
a B–Z transition in the paired double-crossover structure dis-
cussed earlier around a critical concentration of 0.25 mM.
Several other ion-based actuation mechanisms have since been
proposed. One mechanism86 involves placing several mutually
complementary loose single strands of DNA (overhangs) on the
two freely rotatable arms of a DNA hinge. In high-salt condi-
tions, hybridization of the overhangs becomes favourable, the
arms come together, and the device becomes ‘‘closed’’; in low-
salt conditions, the strands are driven apart by unshielded
backbone repulsion and the device maintains the ‘‘open’’
configuration (Fig. 4c). Two other actuation mechanisms
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involving ionic concentration97–99 are summarized in Fig. 4a.
So far, ion-mediated actuation in most devices, except one,46

involves two states: one which is closed, and another that is
open and moves freely. This simple two-state behaviour is
already quite useful for many applications, especially those in
the biomedical sciences where this mechanism could be used
to deliver drugs inside cells as a result of changing ionic
conditions when DNA devices are uptaken.

Light can also be used to actuate DNA devices. One approach
involves incorporation of an ortho-nitrobenzyl moiety into the
DNA origami;87 light at a wavelength of 302 nm induces a
conformational change in the moiety and detaches it from DNA
at one end, thereby allowing any DNA connected by this moiety
to separate. Such an approach was used to open a DNA
nanocontainer (Fig. 4i and j)87 and to probe the interactions of
nanomotors.24 Another approach involves attachment of azo-
benzene to the DNA backbone100–104 via a chemistry that is now
well-established.105 Azobenzene undergoes isomerization from
the trans to cis conformation upon exposure to UV light and
returns to the trans conformation when exposed to visible light.

Since azobenzene-fused DNA duplexes exhibit different melting
temperatures depending on the isomeric form of azobenzene, this
difference has been exploited to stabilize or melt DNA duplexes
based on exposure to UV or visible light. One disadvantage
of light-based actuation is that it is relatively slow; devices
using ortho-nitrobenzyl and azobenzene actuation have been
observed to switch between states on timescales on the order of
minutes,87,101 although a different approach utilizing photocaged
trigger strands can operate on much shorter timescales.106 Never-
theless, actuating devices using light is relatively non-invasive and
has great potential for use in cancer therapy.

Thermally-actuated devices have also been developed.46 One
such device is a nanovalve30 that opens or closes a membrane-
embedded DNA origami pore at temperatures above or below a
threshold (Fig. 5a). This was achieved via a short, hybridized region
of DNA that keeps the pore blocked at low temperature but
dissociates above its melting temperature to open the pore. Another
thermally-actuated device relies on poly(N-isopropylacrylamide),
or pNIPAM,107,108 which undergoes an extended-to-collapsed coil
transition at a tunable temperature depending upon the length of

Fig. 4 (a) Salt-based actuation mechanisms based on MgCl2 and KCl, respectively. (b) First salt-actuated nanomechanical device made of DNA. (c) Salt-
actuated device exhibiting reversible actuation with response time on the order of hundreds of milliseconds. (d–f) i-motif based device which
compresses into an intercalated structure in low-pH conditions and associated AFM images of device operation. (g and h) Hoogsteen base pairing-based
box whose overhangs form a triplex and close in low-pH conditions. (i and j) ortho-Nitrobenzyl functionalized DNA capsule which opens upon exposure
to light. (a) Reproduced with permission from ref. 99. Copyright 2018 IUPAB and Springer-Verlag GmbH. (b) Reproduced with permission from ref. 11.
Copyright 1999 Springer Nature. (c) Reproduced with permission from ref. 86. Copyright 2018 American Chemical Society. (d–f) Reproduced with
permission from ref. 81. Copyright 2017 American Chemical Society. (g) Reproduced with permission from ref. 178. Copyright 2014 American Chemical
Society. (h) Reproduced with permission from ref. 42. Copyright 2019 American Chemical Society. (i and j) Reproduced with permission from ref. 87.
Copyright 2015 Royal Society of Chemistry.
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the polymer. It is worth mentioning here that latched devices that
move via Brownian motion (thermal fluctuations) have also been
created.49,109 These devices could be engineered in the future to
undergo more directed motion with the input of energy from an
external source. Furthermore, the temperature-dependence of DNA
base stacking interactions can be used to actuate structures. Base
stacking combined with the idea of shape complementarity
inspired from biomolecular complexes has allowed for the devel-
opment of multi-part devices46 and even large assemblies10 which
connect with stacking bonds rather than direct base pairing.110

Increasing the temperature of devices with these connections
provides the ability to reversibly create and break stacking
bonds,46 thus allowing for temperature-sensitive adjustability.
These base stacking interactions can also be controlled using
ionic concentration due to the shielding of electrostatic repulsion
between the interacting components.46

3.3 Externally applied fields

Both molecular-based and environment-based mechanisms
inherently rely on thermal fluctuation-dependent molecular

Fig. 5 Thermal and field-based actuation. (a) Reversible thermally-actuated DNA nanovalve with bulk response time on order tens of minutes. (b) Switching
DNA origami device actuated by electric fields with response on order hundreds of microseconds. (c) Electric field-actuated robotic arm which is controllable
on order hundreds of milliseconds. (d) A magnetically-actuated DNA device whose rotational speed can be adjusted by changing the frequency of the
magnetic signal and has a response time on the order of hundreds of milliseconds. (a) Reproduced with permission from ref. 30. Copyright 2019 American
Chemical Society. (b) Reproduced with permission from ref. 111, Copyright 2017 American Chemical Society. (c) Reproduced with permission from ref. 37,
Copyright 2018 AAAS. (d) Reproduced from ref. 38 under terms of the CC BY 4.0 license. Published by Springer Nature Publishing AG, 2018.
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processes such as diffusion and binding for actuation. Hence, the
actuation response times for these mechanisms are limited by
the timescales of these processes, which can range from
hundreds of milliseconds86 to minutes.87 Actuation via electric
and magnetic fields offers a faster alternative given the instan-
taneous manner in which the field permeates a structure and
exerts force on its electrically- or magnetically-responsive elements
to directly produce motion. Indeed, the use of fields has enabled
response times as short as B100 ms to be achieved.111 Furthermore,
while environmentally actuated systems are typically designed to
exist in two states,12,28,29,63,86,92 and for molecular binding-based
actuation, a distinct chemical key must be designed for each state
and careful design of the transitions between states must be
performed,18 field-based methods offer the opportunity to induce
alignment of components in DNA devices with the field enabling a
continuum of states to be achieved.

An electric field can be used to actuate devices through
electrostatic forces acting on the negatively-charged backbone
of DNA.37,111 Such an approach has been used to actuate an
origami nanolever, which is tethered via one of its ends to a
surface, between horizontal and vertical orientations by apply-
ing positive or negative voltage to the surface (Fig. 5b).37,111 In
another study, an intricate cross-shaped electrophoretic setup
was used to switch the electric field sequentially between four
mutually orthogonal directions and actuate semi-continuous rota-
tion of an end-tethered origami arm (Fig. 5c).37,111 However,
actuating one DNA-based component with an electric field will
affect all DNA-based elements in that system, which could present
a challenge in more complex implementations where separate
components might need to respond to separate stimuli.

Magnetic actuation offers a promising alternative. Systems
leveraging magnetic beads can be designed such that only a
subset of components are actuated upon the application of a
magnetic field. The use of magnetic fields to actuate DNA devices
is still relatively new, with the first published work regarding this
technique released in 2018.38 In this implementation, a DNA
origami rod was functionalized with a magnetic bead and locked
onto a platform with flexible linkers. By applying a rotating
magnetic field, the rod could be rotated in a continuous manner
at frequencies on the order of 1 Hz (Fig. 5d). The obvious
disadvantage to this technique is that it requires the functionali-
zation of DNA with magnetic beads, a process that adds complex-
ity and bulk. Nevertheless, functionalization with magnetic beads
enables field-based actuation with more specificity than electric
field-based methods.

4 Characterizing device dynamics

The effective development of dynamic devices requires validation
of their structure, motion, dynamics, and mechanical properties.
The structure and motion of the devices are evaluated using
typical characterization methods for visualization, namely atomic
force microscopy (AFM) and transmission electron microscopy
(TEM) (Fig. 6e). These methods allow characterization of the basic
structure and the range of conformations.45,46,112 In addition,

quantification of the conformational distribution (i.e., probability
as a function of key coordinates such as angle or length), also
allows for determination of the underlying free-energy landscape
of the device, and hence its stiffness along that coordinate. This
has been used to quantify the torsional properties of rotational
devices25,26,38,45 and extensional properties of translational
devices.45,113 Imaging methods also allow characterization of the
actuated conformations of DNA devices.32,45,46,79 However, these
imaging methods are largely limited to capturing 2D, or planar,
snapshots of structures. While cryo-electron microscopy (cryoEM)
has been used to determine the 3D structure of DNA devices,114

this requires averaging over many structures and hence is more
suitable for static DNA structures. To address this challenge,
individual particle electron tomography (IPET), where 3D confor-
mations are determined for individual particles,115,116 has been
used to study the 3D conformations of a dynamic DNA device
(Fig. 6f).52 This approach enables determination of structure
at low resolution (B5–10 nm). Although this resolution is
not sufficient to reveal molecular details, it is an excellent
approach for determining the overall conformation of dynamic
DNA devices, especially DNA origami devices with thick bundle
components.

In addition to characterizing structure and motion via static
imaging methods, validating and studying the dynamic properties
requires methods that quantify conformations in real time. While
there have been significant efforts towards enabling TEM imaging
in liquids,117 this has primarily been used to study electron-dense
systems like nanoparticles that give very high contrast. In contrast,
AFM imaging in liquids, especially high-speed AFM,118,119 has
provided a useful tool to study dynamic DNA devices (Fig. 6a). In
particular, this approach has been used to quantify local98 and
global conformation changes of DNA devices, motion of DNA
walkers,120 binding of biomolecules to DNA structures,79 and
higher order assembly of DNA nanostructures.121 However, the
time resolution is still limited to seconds or longer and the AFM
approach requires adsorption to a surface, which could influence
motion and dynamic behaviour.

To enable direct measurement of conformational changes in
solution, researchers have widely turned to fluorescence methods,
especially fluorescence quenching122 or Förster resonance energy
transfer (FRET)123 methods (Fig. 6b–d). In these approaches, the
relative separation between two molecules (fluorophore and
quencher or donor and acceptor fluorophores) is quantified by
measuring the intensity of one fluorophore (fluorescence quenching)
or the relative intensities of two fluorophores (FRET). While these
approaches are limited to providing a single separation distance
between two points on the structure, they can still provide a readout
of the overall conformation (e.g., open versus closed, or latched versus
freely fluctuating). While the time resolution of fluorescence meth-
ods is insufficient to measure inherent dynamics (i.e., thermal
fluctuations), bulk fluorescence methods have been widely used to
measure the actuation and response times of actuating DNA
devices.45,46,63,112 Since the time resolution of bulk methods is
typically on the order of seconds, single-molecule fluorescence
methods have been employed to quantify dynamics of individual
DNA devices at faster timescales. In particular, single-molecule
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FRET has revealed that actuation can occur at millisecond
timescales,37,86 and this is likely still limited by the time resolu-
tion of detection methods. In addition, single-molecule fluores-
cence has been used to probe the conformational dynamics of
DNA devices that transiently transition between discrete states
due to thermal fluctuations.46,124 In addition to fluorescence
methods, the incorporation of gold nanoparticles, especially gold
nanorods, allows for probing DNA device conformations by
circular dichroism, which has been used to quantify the actuation
of DNA devices.32,33,56,104

Another recently applied technique used to capture informa-
tion about conformational changes is small-angle X-ray scattering
(SAXS). This technique allows for distinction between multiple
conformational states through the interpretation of devices’ X-ray
scattering profiles in each state.125 Time-resolved SAXS provides
rich information about the timescales of these transitions on the
order of milliseconds and can be used to obtain reaction rate
constants for large conformational changes without introducing

large dye molecules which can affect device conformation and
thus bias the rate constant.126 Additional applications of SAXS
for DNA origami characterization have included global twist
measurement127 and measurement of the position accuracy of
attached particles used to functionalize DNA origami.128 The
major disadvantage of this technique is that it cannot be used
to characterize local conformational changes like FRET. This
technique instead provides more globally relevant information
such as the radius of gyration, which is useful but can potentially
be misinterpreted if non-predicted conformational behaviour
arises and might not be as useful when measuring relatively small
conformational changes in a large structure.

5 Modelling dynamic DNA devices

Over the past two centuries, success achieved in the design of
macroscopic devices and machines has largely been attributable

Fig. 6 Characterization methods for obtaining information about the dynamics of DNA devices. (a) High-speed AFM scans of a device undergoing a
dynamic transition between two states. (b) DNA based device using several arrays of FRET donor and acceptor fluorophores to create a large response
upon opening. (c) AFM images of the device in the closed and open states. (d) FRET curve of the devices allows for the characterization of kinetics. (e)
TEM images of the various conformations of a DNA device. (f) IPET images of a device’s conformations. (a) Reproduced with permission from ref. 98.
Copyright 2010 American Chemical Society. (b–d) Reproduced with permission from ref. 16. Copyright 2018 American Chemical Society. (e) Reproduced
from ref. 112 under terms of the CC BY 4.0 license. Published by Springer Nature Publishing AG, 2016. (f) Reproduced from ref. 52 under terms of the CC
BY 4.0 license. Published by Springer Nature Publishing AG, 2018.
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to our ability to quantitatively predict macroscale mechanical
behaviour. For example, understanding the dynamics of auto-
motive suspension has allowed us to design vehicles which ride
smoothly yet do not feel wayward. It would be wonderful to have a
similar level of understanding of the dynamics of DNA nano-
devices, but there is still much progress to be made. Many
challenges inhibit our understanding of these devices, first and
foremost that DNA nanodevices are much more susceptible to
deformation by thermal fluctuations than, for example, a steel
beam. We are thus forced to evaluate these structures in statistical
terms. Even predicting equilibrium (minimum energy) conforma-
tions of DNA nanostructures has proven challenging. The reality
of DNA’s mechanical behaviour is much more complicated than
that of a linearly elastic rod. Furthermore, while the environment
around macroscopic machines plays a relatively small role in their
overall function (with the exception of extreme conditions such as
those in space), interactions as simple as those of DNA with
magnesium ions, while very common, have a severe effect on
device conformation and function and are still poorly understood.
Most of this lack of understanding comes from the complex,
quantum-mechanical nature of molecular interactions, which
we are still struggling to pragmatically incorporate into device
models. Nevertheless, substantial progress has been made in
modelling these devices by applying similar ideas to those
employed in the relatively more mature fields of protein folding,
colloidal physics, and polymers. As a result, dynamic DNA

nanodevices can now be studied at many length and time scales,
from the coarsest models which apply continuum mechanics and
equilibrium statistical mechanics to the finest techniques which
model every single atom in a system (Fig. 7a).

5.1 Molecular simulations

An ideal approach to modelling dynamic DNA nanostructures
is all-atom molecular dynamics (MD) simulations.129 In this
approach, each and every atom of the device and surrounding
solvent and ions is modelled (Fig. 7b), interaction forces
between all atoms are calculated explicitly, and their dynamics
are propagated using Newton’s equations of motion over femto-
second time steps. All-atom simulations provide the most
detailed and arguably the most predictive description of device
motion and may be necessary to gain a mechanistic under-
standing of device behaviour.130,131 Unfortunately, this approach is
heavily size- and timescale-limited, and all-atom MD is practically
applicable only to the scale of hundreds of thousands of atoms and
microseconds of device motion.132 All-atom simulations of DNA
structures have therefore typically been restricted to studying local
structural features of devices rather than entire devices and their
atomic-scale dynamics at equilibrium configurations rather than
global motions and transitions.132–134

The most common approach for addressing this limitation
and thus enabling modelling of slow processes such as strand
displacement, self-assembly, and structural transitions that

Fig. 7 Three current approaches for modelling dynamic devices. (a) 12 base pairs of DNA visualized at the three different levels of simulation detail. (b)
Image of an all-atom simulation trajectory output. (c) Direct simulation of DNA origami assembly in a small system using OxDNA coarse-grained
molecular dynamics. (d) Left: caDNAno schematic of a gear-shaped device. Middle: Equilibrium conformation of the device produced from the
schematic as determined by CanDo. Right: TEM image of the executed design. (a) Coarse-grained model image reproduced with permission from
ref. 135. All-atom representation prepared with UCSF Chimera.179 Reproduction rights managed by Journal of Chemical Physics. (b) Reproduced with
permission from ref. 132. Reproduction rights managed by National Academy of Sciences. (c) Adapted with permission from ref. 141. Copyright 2016
American Chemical Society. (d) Reproduced with permission from ref. 148. Copyright 2011 Springer Nature.
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underlie dynamic DNA nanotechnology is coarse-graining.135–140

This approach involves redefining the molecular structure of DNA
in terms of a smaller number of representative particles (beads) in
place of atoms. In most cases, three representative beads are used
to define a nucleotide in place of the 430 atoms that define a
nucleotide in an all-atom model. Undoubtedly, the most popular
implementation of coarse-graining in DNA nanotechnology has
been oxDNA.135–137 This model coarsens DNA to three rigidly-
connected beads per nucleotide, and the dielectric and electro-
static screening effects of solvent molecules and ions are treated
using continuum electrostatic models, although this can also be
done in all-atom simulations to reduce computational burden.
With these two simplifications, the number of particles to be
simulated is cut down by multiple orders of magnitude, leading to
similarly drastic improvements in the timescales accessible by
simulation, from microseconds132 to milliseconds, or even
seconds in case of small systems.141 With access to such time-
scales, researchers have begun to computationally study
origami assembly,141 strand-displacement based actuation,142

and other moderate-timescale phenomena138 directly on small
DNA nanostructures (Fig. 7c).

However, to study the structural dynamics of DNA devices
at even longer timescales, additional coarse graining of the
structures might be required. Alternatively, approaches based
on polymer and colloid physics, statistical mechanics, and
continuum mechanics can provide access to phenomena at
long timescales.

5.2 Continuum mechanics

Solid mechanics, which treats DNA as a continuum elastic body
rather than a discrete collection of connected or interacting
atoms or particles (Fig. 7d), can be very effective for modelling
the equilibrium conformation and small-deformation mechanical
behaviour of DNA devices at large length scales. A finite elements-
based approach and its accompanying software, CanDo, which
use effective moduli reflecting the mechanical properties of
DNA,103,143–147 have been developed to predict equilibrium con-
formations of DNA structures.148 Predictions from this approach
have found generally good agreement with experiments carried
out in conditions of structure assembly. The wormlike chain
model149 is another example of continuum approximation, albeit
one based on statistical mechanics, that has found use in model-
ling force-extension behaviour of ssDNA elements in DNA
devices.150 Unfortunately, each of these continuum approaches
are still static, and one must rely on more complex methods for
prediction of nonequilibrium behaviour. Furthermore, these
models do not capture changes in DNA form (e.g., B–Z transition),
salt- and pH-dependent effects, sequence specificity, and other
molecular effects that are better captured in all-atom simulations.

5.3 Secondary structure prediction algorithms

Even before the inception of DNA nanotechnology, there was
interest in predicting the secondary structure of nucleic acids.
The earliest methods performed brute-force calculations of the
free energies of all possible base-pairing combinations of an
RNA sequence and chose the binding arrangement with the

lowest free energy as the stable structure.151 The main issue
with this strategy is that the total number of base-pairing
combinations increases exponentially with sequence length,
making structure determination computationally expensive
for long sequences. Furthermore, base stacking free energies
and the effects of bulges were not considered, and ensemble
effects were not properly addressed. Subsequent improvements
have sought to more methodically search the configurational
space,152,153 account for bulges, and incorporate nearest-
neighbour interactions to account for base stacking.61,153,154

Eventually, server-based solutions were created which allowed
for rapid determination of the secondary structure of oligo-
nucleotides thousands of units in length.155–157 Such algo-
rithms can be useful for determining the free energy change
of toehold-mediated strand displacement used to drive
dynamic mechanisms in DNA nanotechnology.62 However,
because these algorithms do not account for the 3D geometry
of nucleic-acid structural elements and the steric and energetic
interactions between such elements, they are not suitable for
predicting the 3D conformation of DNA origami devices. Thus,
structural and dynamical modelling of such devices is best left
for approaches like MD simulations that inherently account for
geometry and intermolecular interactions.53,132,134,141

5.4 Statistical mechanics

The theory of statistical mechanics158 stipulates that physical
systems display an ensemble of configurations whose statistics
at equilibrium follow specific probability distribution functions
governed by the thermodynamic state of the system (e.g.,
systems held at constant temperature follow the Boltzmann
distribution). The experimentally measured properties of the
system are then simply given by the average values, which are
appropriately weighted based on the distribution function of
those properties over the ensemble. While statistical mechanics
has been used extensively in physics for modelling a wide
variety of phenomena ranging from phase transitions to polymer
dynamics and also forms the basis of all molecular simulations, it
has only recently found application in DNA nanotechnology. In
particular, statistical mechanics was used for modelling the salt-
induced actuation of DNA origami hinges between open and
closed states.86 This involved deriving the partition functions of
the hinge in the two states, taking advantage of predictions of
DNA hybridization free energies readily available from secondary
structure prediction algorithms. The relative magnitudes of these
partition functions determine the proportion of time spent in
each state, and the dependence of their relative magnitudes on
salt concentration then enables prediction of the critical salt
concentration value that will induce an open–closed transition.
This approach offers a computationally inexpensive way of
modelling thermodynamic transitions that underlie most of the
actuation mechanisms in dynamic DNA devices.

5.5 Kinetic models

This is a common approach used for modelling the behaviour
of a system of reacting chemical species, or interacting components
transitioning between distinct physical states;159 the behaviour
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usually sought is the variation in species concentrations or state
probabilities with time. In this approach, individual reaction or
transition rates are described in terms of simple rate laws and rate
constants, and the time evolution in concentrations or probabilities
are written down in terms of ordinary differential equations (ODEs).
A system containing several interdependent reactions is fully
described by the set of ODEs; solving the system of ODEs then
provides the overall time-resolved behaviour of the system, which
can be obtained at equilibrium or in response to perturbations. In
the context of DNA nanotechnology, kinetic models have been used
to predict and design the dynamical behaviour of systems
composed of multiple interacting DNA strands encountered in DNA
walkers160 and self-regulating systems.161–163 One caveat is the
requirement for additional experimentation to determine and
measure the rate laws and rate constants for each and every
reaction in the system. However, once the kinetics of individual
reactions are established, kinetic models can be very powerful
tools for predicting the dynamic properties of DNA systems
undergoing several different interdependent reactions.162,163

While predicting rate constants from scratch has proven difficult,
a recent study has produced a substantial dataset describing the
kinetics of DNA origami assembly,164 which should aid computa-
tional efforts to efficiently model these kinetics by providing a
reference against which new models can be tested.

6 Grand challenges

Significant challenges still inhibit the development of func-
tional dynamic DNA devices. Many of these challenges arise
because DNA presents an entirely new type of a building block
for constructing devices—one that exposes a new horizon in
nanoscale functions, but also one that we have limited experience
with in using as a material. In contrast, macroscopic machines
have been modelled, characterized, and refined for hundreds of
years, and proteins, which represent nature’s most efficient
nanoscale machines, have undergone their own brand of refine-
ment through evolution for billions of years. With DNA nano-
technology, scientists were faced with the challenge of starting
from scratch. Forty years down the line, we have achieved an
enormous amount of progress, but there is far to go. Some of the
most pressing issues deal with precision and control of DNA
devices that are prone to stochasticity due to thermal fluctuations.
Other challenges have to do with the speed and size limitations of
these devices, and their integrability with other materials and
platforms, key to making these structures practically useful.

6.1 Achieving fast actuation

Real-time actuation of DNA devices is critical to many of their
proposed applications, especially in sensing, computation, and
robotics. While TMSD remains by far the most popular method
for actuation because of its ease of implementation, robustness,
and specificity, the kinetics of TMSD are prohibitively slow.
Hence, one fruitful direction of research is to improve its kinetics.
The use of polar solvents, where up to a 28-fold improvement in
the TMSD rate constant was achieved,165 provides one such

promising strategy. If found to not interfere significantly with
device function, this strategy could cut reaction time from hours
to minutes in almost all TMSD-based devices, improving their
usefulness in various applications. Efforts to develop entirely new
actuation methods should also continue. Amongst these, field-
based methods37,38 provide some of the most responsive mechan-
isms for actuation, though these methods require significant
external instrumentation and have not yet been widely implemen-
ted. With continued development, field-based methods could
enable applications such as: drug delivery, where they could
non-invasively induce drug release via an already-existing device
like a magnetic resonance imaging machine, or improvements to
DNA computation, where inputs could take the form of electrical
or magnetic pulses instead of DNA strands. Cooperativity between
mechanisms provides another way to improve device speed. This
can take the form of multiple actuation mechanisms that speed
up kinetics when multiple triggering environmental conditions
are present at the same time,31 or a set of adjacent mechanisms
on a single device that synergistically improve actuation
speed, e.g. through a ‘‘zippering’’ action.86 Further advances
in cooperative-mechanism design may provide additional
speed-up when other techniques fail.

6.2 Hybrid actuation mechanisms

The luxury of having a variety of actuation mechanisms to
choose from not only gives us the ability to design dynamic
devices for a wide range of solution conditions and tasks, but
also carry out functions not possible by a single mechanism
alone. For example, one might want a substantial amount of a
chemical to be released upon contact with a biological target
that is only present in small quantities. An aptamer-based
actuation would be an obvious choice here, but the small
quantity of target may only be able to produce a tiny signal.
One potential solution to this problem, commonly used in
other fields,166 is signal amplification. In particular, a set of
DNA devices could be actuated by the target to release many
DNA keys that help amplify the target’s signal, while another set
of devices could be actuated by the keys from the first device
and release the chemical. This would produce a much larger
response than similarly sized devices actuated only by the target.
The ability to integrate multiple mechanisms thus offers enormous
opportunities for carrying out sophisticated functions.

Another issue with existing DNA device designs is that they
often do not offer satisfactory control over the exact condition
for triggering actuation. For example, salt-actuated devices can
usually only be designed to actuate via large changes in salt
concentration, and the critical ionic concentration that triggers
the response is not very tunable. We can leverage hybrid bio-
electrical control devices to solve this problem. For example, an
electrically actuated DNA nanovalve coupled to a salinity sensor
via a microcontroller would provide finely adjustable actuation
at a wide range of salinity values. This would provide the speed,
modularity, and tunability of electronics with the flexibility and
ease of nanoscale design of DNA devices. Many other fields
have solved the problems that we are currently addressing
here – with a relatively clear path to hybrid device implementation
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through the use of field-based actuation, there are clear opportu-
nities to translate these solutions to DNA-based devices.

Furthermore, the ability of DNA devices to harness chemical
energy remains limited, especially compared to evolved protein
machines that often use energy from ATP hydrolysis. Incorporat-
ing such mechanisms that generate processive motion or rotation
with the structural precision of DNA origami could be a highly
promising direction for future dynamic hybrid biomolecular
systems. A shorter-term goal could also leverage the chemical or
catalytic function of some RNA constructs, which may be easier to
integrate with DNA-based devices.

6.3 Developing larger structures

The largest assembled DNA origami structure contains around
2 million nucleotides and spans about a micron in size—truly
impressive but tiny compared to the human genome of
B3 billion nucleotides and to the size of most mammalian
cells.167 If we are to design dynamic DNA devices that interface
with the human body or other microscale-to-macroscale objects,
much larger structures are desirable. Consider for instance the
newly developed DNA nanotubes that exhibit controllable
assembly-disassembly dynamics akin to cytoskeletal fibres.162

Further advancements in the scale of such devices (and in their
control, complexity, and bio-integration) could one day make
autonomous regulation of cell structures a reality. Large assem-
blies of devices will likely also be required to achieve high signal-
to-noise ratio in sensing applications or high throughput in
applications such as nanomanufacturing. Enormous strides are
currently being made in expanding the size scale of static DNA
structures. Translating some of those ideas to dynamic devices
would be the most fruitful approach to creating microscopic and
perhaps even macroscopic assemblies with dynamic properties.
However, this will likely come with new challenges, namely in
ensuring that individual devices retain their dynamic functionality
within assemblies, having control over the behaviour of individual
devices, and leveraging possibilities for cooperative dynamic
function of many devices.

6.4 Interfacing multiple devices

In mechanical engineering, one might employ a nut and bolt to
rigidly connect two components; no such universal interface exists
within DNA nanotechnology, although shape-complementarity46,110

may begin to fill this role in the near future. Furthermore, the
interaction between dynamic DNA devices is poorly controlled
because most of these devices float in solution. While this works
for DNA computing, devices which interface mechanically need to
be positioned relative to each other in order to cooperate. It also
might be desired to assemble the machines in a way that allows
their absolute position to be known. Progress has been made in
interfacing DNA origami with lithographically-defined substrates in
order to achieve precision placement,168 but only one species of
device can currently be used to populate a substrate. Placing many
devices at high density where the devices can possibly interact in a
pre-programmed way remains a challenge. Being able to make DNA
nanomachines containing several different components or collec-
tions of nanomachines which lock onto a substrate would enable

the development of miniature manufacturing floors or nanoscale
gear trains. Similarly, while recent work has demonstrated the
ability to connect multiple rigid elements and joints into larger
assemblies to achieve complex motions,45 creating even larger
assemblies of these components remains a challenge. Incorporating
independent sensing and control elements within each such
mechanism as a route to creating robust, self-regulating machines
also presents a worthwhile but challenging endeavour.

6.5 Mesoscopic modelling of DNA devices

All-atom and coarse-grained MD simulations are now relatively
established approaches for modelling the dynamics of DNA
nanostructures (though force-field refinement efforts will and
should continue). However, these methods cannot access meso-
scopic length and time scales (4100 nm and 41 ms) relevant
to many of the DNA structures being currently developed. There
is a clear need to develop mesoscopic models of DNA nanos-
tructures, as no such approaches currently exist. One strategy
would be to borrow ideas from mesoscopic models developed
in biophysics for studying macromolecular complexes. For
instance, the dynamics of chromatin fibres could be efficiently
described by using flexible bead-chain models to treat compo-
nents like DNA linkers that play a dominant role in the large-scale
motion of the fibres and rigid-body models to treat less flexible
components like nucleosomes.169–172 The fibre dynamics could
then be simulated using Brownian dynamics approaches that
afford significantly larger time steps. A similar philosophy could
be used for modelling DNA devices where connected bundles of
DNA may be treated as rigid bodies while the more flexible ssDNA
and dsDNA portions may be treated using flexible bead-chains of
appropriate resolutions. Analytical models or more computation-
ally tractable models based on statistical mechanics, colloid and
polymer physics, and fluid mechanics may also be leveraged to
predict transition rates, diffusive behaviour, and hydrodynamic
effects on these larger DNA structures. These theoretical
approaches are prevalent in biophysics, but they have not yet
been applied in DNA nanotechnology. Lastly, multi-scale or
hybrid approaches that integrate particle- and continuum-
based models may enable predictions for large structures
governed by fast and local phenomena.

6.6 Work output of DNA devices

While there have been significant efforts to study and speed up
the actuation response time of dynamic DNA devices, still little
is known about the capacity for these devices to perform work.
Performing mechanical work requires the generation of a force,
the characterization of which remains largely unexplored for
DNA devices. While TMSD may not directly be suitable for
generating force, it is certainly possible that DNA devices can be
locked into energetically unfavourable states that effectively
store mechanical energy. Hence, actuating the DNA device
could then release that stored energy in the form of work. This
or other mechanisms that exploit distinct energy sources could
serve as a basis for DNA motors that drive the function of
mechanical DNA devices or even couple to drive other nano- or
micro-scale devices or material systems.
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7 Conclusion

In this review, we have outlined recent progress in the field of
dynamic DNA nanotechnology, focusing on the diverse dynamic
mechanisms that have been created to actuate structures and
control their motion. Approaches to experimentally characterize
and computationally model the motions and conformations of
these complex dynamic structures have also been discussed. We
conclude by identifying several key challenges that must be over-
come in order to realize the enormous potential of dynamic DNA
nanotechnology in applications ranging from medicine to robotics.
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