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Real-time magnetic actuation of DNA nanodevices
via modular integration with stiff micro-levers
Stephanie Lauback1,5, Kara R. Mattioli1,6, Alexander E. Marras 2,7, Maxim Armstrong2,8,

Thomas P. Rudibaugh3,9, Ratnasingham Sooryakumar1 & Carlos E. Castro 2,4

DNA nanotechnology has enabled complex nanodevices, but the ability to directly manipulate

systems with fast response times remains a key challenge. Current methods of actuation are

relatively slow and only direct devices into one or two target configurations. Here we report

an approach to control DNA origami assemblies via externally applied magnetic fields using a

low-cost platform that enables actuation into many distinct configurations with sub-second

response times. The nanodevices in these assemblies are manipulated via mechanically stiff

micron-scale lever arms, which rigidly couple movement of a micron size magnetic bead to

reconfiguration of the nanodevice while also enabling direct visualization of the conformation.

We demonstrate control of three assemblies—a rod, rotor, and hinge—at frequencies up to

several Hz and the ability to actuate into many conformations. This level of spatiotemporal

control over DNA devices can serve as a foundation for real-time manipulation of molecular

and atomic systems.
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The ability to control molecular devices in real-time with
well-defined temporal and spatial control is a central goal
of nanotechnology. Tremendous advances have been made

in the assembly of complex nanodevices from DNA1–4, amino
acid components5–7, colloids8–10, and nanomaterials11–13. In
particular, DNA origami nanotechnology14–16 has enabled
dynamic nanodevices that exhibit complex motion17–19, pro-
grammed conformational changes19–21, long-range motion22, and
tunable mechanical response23, making this a highly attractive
approach for the development of nanomachines. The ability to
control these nanodevices in real-time is a key step to enable
functional robotic systems at the molecular scale. Current
methods to actuate DNA nanodevices typically rely on introdu-
cing strands that bind to or displace components on the structure
to reconfigure a device with response times of ~1 min or
greater18. Other recent developments have introduced changing
buffer conditions such as light or ion concentrations to reconfi-
gure structures24, and recent studies demonstrated actuation
times on the scale of ~10 s via temperature or pH changes19,25.
These actuation approaches generally release or facilitate local
interactions, and hence control is limited to stabilizing one or two
pre-programmed states as opposed to directly and continuously
manipulating the device into a specific configuration with an
applied force. In addition, one recent study demonstrated a sys-
tem where local conformational changes triggered by DNA
binding are propagated throughout a structure26. Although this
system passes through several intermediate states as local con-
formational changes are propagated, it was not possible to
directly manipulate the system into these several intermediate
states. The goal of this work is to establish a robust approach for
the direct real-time manipulation of DNA nanodevices with
precise spatial resolution, sub-second response times, and tunable
applied forces.

While direct manipulation is challenging at the molecular scale,
mechanical control of micro-scale systems is well-established, for
example, through manipulation of micron-sized magnetic parti-
cles via externally applied magnetic fields27–30. The challenge of
translating this approach to directly manipulate molecular scale
devices is that scaling magnetic particles down in size results in
increased thermal fluctuations and decreased forces. For example,
Xu et al.31 measured forces of <1 femtoNewton for super-
paramagnetic nanoparticles with a diameter of 30 nm at magnetic
fields up to 300 Oe. Previous studies have shown the forces and
torques required to reconfigure dynamic DNA origami nanode-
vices to be on the scale of 1 picoNewton or 10–50 pN∙nm18,
respectively, which would require superparamagnetic beads at
least 1 μm in diameter. Therefore, achieving appropriate actua-
tion forces presents the challenge of a large mismatch in length
scales between the actuator and the machine.

In this study, the challenge of bridging microscale manipula-
tion to nanoscale devices is overcome by linking a stiff micro-
scale mechanical lever to the DNA origami nanodevices to make
micro-scale actuated assemblies. The mechanical lever has a high
aspect ratio, where the cross-sectional dimensions are on the scale
of the nanomachines (~25 nm), but the length is on the scale of
the actuator (~1 μm). To effectively couple the motion of the bead
to the nanomachine a highly stiff lever is designed, which allows
nearly rigid mechanical coupling of microscale bead motion to
nanoscale reconfiguration of the DNA device over lever lengths of
at least 1–10 μm. We demonstrate magnetic manipulation of two
prototype DNA origami nanomachines, including a rotor system
that can exhibit continuous rotational motion, and a hinge system
that exhibits a finite range of angular motion. Our approach
allows specific control over the angular conformation with reso-
lution of ±8°, continuous rotational motion up to 2 Hz, and the
capability of applying up to 80 pN∙nm of torque.

Results
Design and fabrication of nanoscale components. Two proto-
type nanomachines were used to demonstrate our manipulation
capabilities, a nano-rotor and a nano-hinge, which are similar to
previously reported DNA origami devices18,32–34. The nano-rotor
(Fig. 1a), our continuous rotational motion prototype machine,
utilizes a rotor anchored to a platform by a rotationally flexible
joint, so steric interactions facilitate in-plane rotations. The nano-
rotor consists of three components: a base platform (schematics
and sample images shown in Supplementary Fig. 1; design
depicted in Supplementary Fig. 2, and list of DNA staple
sequences is provided in Supplementary Table 1), a 56 helix rotor
arm (schematics and sample images shown in Supplementary
Fig. 3; design depicted in Supplementary Fig. 4, and list of DNA
staple sequences is provided in Supplementary Table 2), and a
flexible pivot that connects the rotor to the base platform. The
nano-hinge (Fig. 1b), our finite angular motion prototype
machine, builds on previously published hinge designs18,33,34

with two arms connected along an edge via single-stranded DNA
(ssDNA) linkers that enable relative rotation of the arms over a
finite range of angles. Specifically, the nano-hinge designed in this
study is constructed from two ~30 nm long arms, each containing
36 double-stranded DNA (dsDNA) helices, which are connected
at one edge by eight ssDNA linker connections. One arm contains
an extension on the back side to prevent opening to angles close
to 180o. Schematics and sample images of the nano-hinge are

Nano-
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hinge

56-helix
nano-brick

Microscale lever arm
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d

Fig. 1 Components for actuated assemblies. The prototype nanomachines
include a a nano-rotor composed of two separate constructs, the nano-
brick and a nano platform, which are connected together via single-
stranded DNA (ssDNA) overhang and b nano-hinge consisting of two stiff
nano-rods with 36 double-stranded DNA (dsDNA) helices joined at one
end by 8 ssDNA strand connections. c A 56-helix nano-brick composed of
56 dsDNA helices bundled together was used as a basis for a lever arm. d
The DNA mechanical lever arm for actuation is a 1D array of nano-bricks.
Cylindrical models are shown for each with each cylinder representing a
DNA helix. AFM and TEM images are shown with scale bar 50 nm for
images a–c and 500 nm for image d
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shown in Supplementary Fig. 5; the design is depicted in Sup-
plementary Fig. 6; and the list of DNA staple sequences is pro-
vided in Supplementary Table 3).

For actuation of these two prototype machines, a stiff
mechanical lever was designed with the following primary
criteria: the length of the lever arm should be ≳1 μm for
compatibility with micron beads, and the lever arm should be
mechanically stiff to enable effective coupling of bead motion to
DNA nanomachines. Therefore, a large cross-section composed
of 56 dsDNA helices bundled together to form a nano-brick with
a large bending stiffness was chosen (Fig. 1c and Supplementary
Fig. 3). This nano-brick was connected end-to-end to construct
the mechanical lever (Fig. 1d). For both the nano-rotor and nano-
hinge, the cross-section of the rotor or hinge arm components
was specifically designed to enable connection to the lever arm.

Three assemblies were developed for micro-scale actuation
(Fig. 2). First, the mechanical lever was directly actuated as a test
system to quantify our manipulation capabilities in terms of
position resolution, speed, and force. The mechanical lever is
actuated by affixing one end to the substrate and the other end to
a superparamagnetic bead. Rotation of the lever arm can then be
driven by a rotating magnetic field (Fig. 2a). In the case of the
nano-rotor, two stiff levers are coupled to each end of the 56-helix
rotor arm to form a micro-rotor. A superparamagnetic bead is
added to one of the free ends of the extended lever arm to enable
rotation of the nano-rotor about the central pivot between the
rotor-arm and nano-platform (Fig. 2b). Similarly, in the nano-
hinge system, mechanical levers are connected to both of the
nano-hinge arms to form a micro-hinge. One lever arm is fixed to
the surface while the other is rotated by a magnetic bead attached
to its end (Fig. 2c).

Assembly/fabrication of micron-scale systems for actuation.
The microscale mechanical lever arm was constructed from a 1D
array of nano-bricks connected via ssDNA strands, which con-
nected the right edge of one nano-brick to the left edge of another
(Fig. 3a). These ssDNA strands are referred to as polymerization

strands. The lever arm was constructed in a channel by incu-
bating purified DNA nano-bricks with polymerization strands
(Supplementary Table 4) at a concentration that was five times in
excess of the structure concentration, yielding stiff DNA origami
lever arms ranging in length from 1–5 µm (Fig. 3b). The persis-
tence length of the lever was characterized through analysis of
shape fluctuations in TEM images, as previously done for actin
filaments35, as well as by tracking the bending fluctuations of
fluorescently labeled levers confined between two coverslips
(Supplementary Movie 1), as previously done for actin filaments,
microtubules, and amyloid fibers36,37. Additional details on the
analysis and sample images for both approaches are provided in
Supplementary Fig. 7. These methods revealed persistence lengths
of 22 ± 4 μm (mean ± standard deviation) and 50 ± 30 μm,
respectively. While the methods are in reasonable agreement, the
discrepancy may be due to surface deposition influencing the
conformation of filaments.

The rotor was assembled by first connecting the platform to the
rotor arm (nano-brick) via a single base-pairing interaction
flanked by two ssDNA bases on either side for rotational
flexibility (Fig. 3c). The nano-brick attached to the platform with
an efficiency of ~14% as quantified by gel intensity analysis
(Supplementary Fig. 8). Well-formed nano-rotors were purified
via gel electrophoresis. Pre-assembled lever arms formed in a tube
were then attached to the nano-rotor by incubating the lever arms
with the nano-rotors and polymerization strands that connect the
nano-rotor to the lever arms (Fig. 3d).

The final system, the extended hinge, was assembled by adding
two levers to the nano-hinge to extend each arm to micron-scale
lengths. The lever attachment was carried out in two steps. First, a
single nano-brick was attached to the top and bottom arms of the
nano-hinge (Fig. 3e). To allow specific attachment of a nano-
brick to each arm, we designed a different version of the nano-
brick that has the same design, but distinct sequences available for
binding at the edges of the nano-brick (design depicted in
Supplementary Fig. 4). The DNA staple sequences for folding this
nano-brick that was attached to the bottom hinge arm are
provided in Supplementary Table 5, and the sequences for

Attached end to
surface

Attached in middle
to DNA platform
fixed to surface

Arm fixed to surface

DNA lever system DNA rotor system DNA hinge system

ba c

Fig. 2 Schematic illustrations of three DNA microsystems. a DNA Lever System, b DNA Rotor System, and c DNA Hinge System—were assembled from
DNA nanostructures to actuate three DNA nano constructs—56 Helix nano-brick, nano-rotor and nano-hinge. a The nano-brick was attached to the
surface via biotin-streptavidin affinity while a micro-lever arm attached to the other end. b The nano-platform in the nano-rotor was attached to the surface
via biotin-streptavidin affinity, while two micro-lever arms were attached on both sides of the nano-rotor arm. c Two micro-lever arms are attached to the
nano-hinge. The entire bottom arm of the hinge is fixed to the surface via biotin-streptavidin affinity, while the top micro-arm is free to fluctuate.
Micromagnetic beads are attached to the free end of the micro-lever arm in each system. Rotating in-plane fields apply a torque on the bead, precessing
the nano-rod and nano-rotor, and opening and closing the nano-hinge
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polymerizing this nano-brick are provided in Supplementary
Fig. 6. The specific arm attachment is critical to ensure
only one arm attaches to the surface. This approach also
decreases the number of steps needed to assemble the extended
hinge system by allowing simultaneous attachment of nano-
bricks to the top and bottom arms of the hinge in the first step
and concurrent attachment of top lever arm (composed of top
nano-bricks) and bottom lever arm (composed of bottom nano-
bricks). The first nano-bricks were attached to the top and bottom
arms of the nano-hinge by mixing them together in equal
concentrations with excess polymerization strands (Supplemen-
tary Table 7), resulting in 27% attachment of nano-bricks to
nano-hinges as quantified by gel intensity analysis (Supplemen-
tary Fig. 9). When a single nano-brick is attached to the nano-
hinge, the attachment efficiency is 47% (Supplementary Fig. 9).
The nano-hinge with one brick attached to each arm was gel
purified to remove excess hinge-brick polymerization strands, so
they would not interfere with subsequent attachment of the lever
arms. The micron-scale lever arm extensions were then added by
incubating this assembly with premade micron length rods
(Fig. 3f). This approach yielded micro-hinges with typical arm
lengths of 1–5 µm.

Actuation of lever system. Each of the three systems was actu-
ated using external magnetic fields provided by four orthogonal

electromagnets and a solenoid28,38. To quantify our actuation
capabilities, the lever arm was directly actuated by attaching one
end to a streptavidin functionalized coverslip through a biotin-
labeled strand on the structure and the other end to an anti-
digoxigenin coated superparamagnetic bead (Dynabeads®

MyOne™ Carboxylic Acid) via a digoxigenin labeled strand
on the structure. Continuous 360o rotation of the lever was
driven by applying a weak (<100 Oe) in-plane precessing mag-
netic field (Supplementary Movie 2). A torque is applied to
superparamagnetic beads due to the anisotropic component of
the magnetization, which rotates the bead in a precessing field.
Earlier studies characterizing MyOne Dynabeads have shown that
in low fields (<30 Oe) a small permanent moment exists39, and in
high fields (>150 Oe) an anisotropic component of the induced
magnetization is manifested as an easy axis such that it is
favorable to align according to the local field40. Under bright-
field, beads attached to tethered lever arms are readily
confirmed from their circumferential motion, since detached
beads simply spin on their own axes upon actuation. The cir-
cumferential motion of the bead rotating about a single
point was used as confirmation of a single lever attachment. With
our experimental conditions, it was typical to find ~1 lever
arm with a magnetic bead attached per imaging field
of view (~80 × 80 μm). As illustrated in Fig. 4, it was thus possible
to rapidly rotate the lever arm and to tune its speed of actuation
up to rotation rates of several Hz with an in-plane precessing field

a

b c d

e f

++

+ + +

Fig. 3 Assembly of systems. a ssDNA connecting two structures (polymerization strands) were designed with a u-shaped motif where half have a higher
affinity to attach to one side of the interface while the other half have higher affinity to the other side of the interface. b Stiff micro levers are assembled by
attaching 56 helix nano-bricks end-to-end using polymerization strands. AFM and TEM images show micro-levers. Scale bar is 1 μm. c The nano-rotor is
assembled by attaching a nano-platform to a nano-brick via a single ssDNA overhang. AFM and TEM images show the nano-rotor construct. Scale bar is
50 nm. d Stiff micro-levers are formed off the arm of the nano-rotor using polymerization stands to connect the nano-arm to micro levers. AFM and TEM
images show the assembled micro-rotor. Scale bar is 100 nm. e A single nano-brick is attached initially to the top and bottom of the nano-hinge using two
separate sets of polymerization strands for top (green-blue) and bottom (red-blue). AFM and TEM images show the hinge with top and bottom nano-
bricks attached. Scale bar is 50 nm. f Stiff micro-levers are formed off the initial nano-bricks by attaching top nano-rods (green) and bottom nano-rods
(red) using two separate sets of polymerization staples for the top (green) and the bottom (red). Zoomed out image of AFM and TEM image show a
polymerized nano-hinge (scale bars are 500 nm, left and right). Zoomed in image of the nano-hinge from in the AFM image (scale bar is 50 nm, middle)

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03601-5

4 NATURE COMMUNICATIONS |  (2018) 9:1446 | DOI: 10.1038/s41467-018-03601-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


of 40 Oe (Supplementary Movie 2). We further verified that lever
arms did not respond directly to a magnetic field when no
magnetic bead was attached (Supplementary Movie 3). For
magnetic fields (40 Oe) rotating at frequencies beyond 2 Hz, some
beads did not consistently track synchronously with the field due
to their different magnetic content[40]. The inset in Fig. 4b

displays the circumferential path from a representative trajectory
of a single bead attached to a lever and actuated at frequencies of
0.1, 0.5, 1 and 2 Hz for 10 s. Levers with lengths ranging from 0.5
to 2 μm were actuated at these frequencies with highly consistent
motion. Although the magnetic moments differ from bead to
bead40, the trajectory vs. time plots of 17 individual beads with
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Fig. 4 Actuation of micro-lever. a Images of the micro-lever rotated over 360 degrees at 1 Hz shown rotating 90° every fourth of a second corresponding to
0, 0.25, 0.5, 0.75, and 1 s. Scale bar is 1 μm. b Levers were actuated at four frequencies 0.1, 0.5, 1, and 2 Hz (black, blue, green and red) with rotation traces
overlaid for 17 different beads. Inset: Representative tracking of one micro-bead attached to the micro-lever. c External in-plane magnetic fields were
applied in four orthogonal directions to reorient the lever. d Representative tracking of bead fluctuations in an in-plane external magnetic field oriented in
the +y direction with strengths 10, 20, 30, 40, 50 and 100Oe (black, blue, green, red, yellow, and cyan). The asterisk indicates the origin. The standard
deviation of the e in-plane and f out-of-plane fluctuations of 13 lever arms, each tested at four orthogonal orientations at every field strength (each color
indicates a different lever arm-bead construct, and error bars indicate s.d. over four orientations). Insets show the average and standard deviation of the e
in-plane and f out-of-plane angular fluctuations across all 13 micro-levers (black trace), and the red traces represent the average of the four longest micro-
levers. g The in-plane angular distribution of the bead shown in purple in e and f shows greater confinement at 100 Oe (cyan in d) compared to 10 Oe
(black in d). h The free energy landscape assuming Boltzmann weighting was calculated from the probability distributions for the same bead at 10 Oe and
100 Oe. i The torque on the same magnetic bead was also calculated at 10 Oe (purple circles) and 100 Oe (purple diamonds) by differentiating the free
energy landscapes
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varying extension lever lengths, which overlay nearly identically
for rotation versus time, demonstrates the reproducibility of each
bead rotating synchronously with the field (Fig. 4b).

In addition to driving continuous rotation, it is also possible to
hold the lever arm at specific orientations by applying a constant
in-plane magnetic field (Fig. 4c). Supplementary Movie 4
illustrates two examples of directly manipulating a lever arm
into several different orientations with user-defined control. To
quantify our position resolution, 13 lever arm constructs were
each restrained at four distinct orthogonal angles under six
different magnetic field strengths (10, 20, 30, 40, 50, and 100 Oe).
A representative trace of the angular fluctuations of one bead
linked to a lever arm constrained to a given orientation is shown
in Fig. 4d. For each micro-lever, the in-plane angular fluctuations
were measured at four orthogonal locations by tracing the center
of the bead in each frame along the circumferential path. Since
the lever is highly stiff, radial changes seen in the projections from
the bead tracking were interpreted as out-of-plane fluctuations.
The standard deviation of the in- and out-of-plane fluctuations
for each micro-lever was averaged over the four orthogonal
positions, and these measurements were repeated for all thirteen
lever-bead constructs at the six field strengths. Figure 4e-f
illustrates the in-plane and out-of-plane angular fluctuations for
several beads as a function of field strength where each trace
represents the behavior of an individual bead-lever construct. The

traces show the average angular fluctuations (standard deviation
in angle) for the lever arm across four orthogonal orientations,
and error bars indicate the variation (standard deviation) of the
angular fluctuations across the four orthogonal orientations. The
fluctuations in both cases were more confined at higher field
strengths. The degree of confinement varied from bead to bead,
likely due to the differences of the anisotropic magnetic moment
of each bead40. The standard deviation of the in-plane angular
fluctuations for the 13 lever-bead constructs ranged from ±42° to
±10° at a low field of 10 Oe (Fig. 4e) with out-of-plane
fluctuations between ±12° to ±6° (Fig. 4f). However, at larger
fields of 100 Oe, the Brownian fluctuations are more suppressed
and the standard deviation of in-plane angular fluctuations
decreased to lie between ±15° to ±3° with out-of-plane
fluctuations between ±9° to ±3°. The inset of Fig. 4e-f show the
variability in behavior across all 13 levers (black) and for a subset
of 4 longer micro-levers. These results suggest that longer micro-
levers may provide improved control and reduced variability
between beads, although the differences are only notable at the
lowest field strength. However, there is still significant variation
across multiple beads even with the subset of longer filaments,
suggesting the differences in strength of the magnetic moment
and possibly the orientation of the bead relative to the lever also
contribute to the variability between beads. On average, including
all 13 micro-levers, this approach provides orientation control

t = 2.2 st = 2 st = 0.4–1.8 st = 0.2 st = 0 s

t =1 st = 0.75 st = 0.5 st = 0.25 st = 0 s

a

b

Fig. 5 Actuation of prototype nanomachines. a Actuation of nano-rotor. Fluorescence images of nano-rotor magnetically actuated in a flow channel via the
micro-lever arm attached to micro-magnetic beads. The nano-platform is falsely colored in blue and arms in red with overlapping positions in white. The
nano-rotor is rotated by 360 degrees with a frequency of 1 Hz and rotates by 90° every fourth of a second corresponding to video time frames at 0, 0.25,
0.5, 0.75 and 1 s. b Actuation of nano-hinge. Fluorescence images of nano-hinge magnetically opened and closed in a flow channel using the extension of
micro-lever arms attached to micro-magnetic beads. The nano-hinge is falsely colored in blue and arms in red with overlapping positions in white. Video
time shots of the hinge closing (0, 0.2, 0.4 s) and reopening (2, 2.2 s) such that the hinge was left closed from 0.4–1.8 s before being reopened. Scale bars
are 1 μm
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within ±8o with applied field strengths of 100 Oe, suggesting the
constructs can be held in many distinct configurations. This
demonstrates a clear advantage over other actuation
approaches18–20, which are largely limited to switching between
one well-defined conformation and another freely fluctuating
state.

The extent of the Brownian fluctuations and spread in
confinement angles also enables characterization of the strength
of magnetic traps at a given field strength. For the bead
corresponding to the dataset shown in purple in Fig. 4e-f, the
probability distribution was used to calculate the free energy of the
trap assuming a Boltzmann probability distribution, and the
angular variation of the free energy differentiated to determine the
corresponding torque that acts to confine the bead (Fig. 4g-i)18.
The spread in the probability distribution of the bead held at 10
Oe is greatly reduced when confined at 100 Oe (Fig. 4g). By
increasing the magnetic field strength, the trap stiffness, and
similarly the torque that acts to confine the bead, can be tuned
(Fig. 4h-i).

Actuation of prototype nanomachines via stiff micro-levers. A
similar framework was used to actuate the first prototype nano-
machine, the nano-rotor. Micro-rotor assemblies were immobi-
lized to a glass coverslip via biotin-labeled strands attached to the
bottom of the platform (Fig. 2b). Superparamagnetic beads were
added to the ends of the lever arm via a digoxigenin labeled
strand at the end of the lever that binds to an anti-digoxigenin
coated bead. By applying a weak (40 Oe) in-plane precessing
magnetic field, the rotor pivots about the attachment point to the
platform and rotates through 360° as illustrated in Fig. 5a. Sup-
plementary Movies 5 and 6 show two examples of the micro-rotor
actuated through continuous rotation at 1 Hz. These results
illustrate continuous control over the rotational motion of the
micro-rotor. The actuation was repeatable up to 1 Hz. Rotors
were actuated up to 2 Hz, but did not track consistently with the
rotating field at rotation frequencies higher than 1 Hz (Supple-
mentary Movie 7). This is distinct to the direct actuation of the
micro-levers, which could be actuated repeatably at 2 Hz. The
different behavior of the micro-rotors may be due to interactions
between the lever and platform or enhanced interaction between
the lever or bead with the surface.

To enable actuation of the nano-hinge, the bottom lever arm
(red arm in Fig. 3f) was attached to a coverslip surface via biotin-
labeled ssDNA strands so the opening and closing of the hinge
occurred parallel to the plane of the coverslip (Fig. 2c) for easy
visualization. The lever arm extension on the mobile arm of the
hinge was functionalized with a magnetic bead to allow opening
and closing of the hinge by the in-plane external magnetic field
(Fig. 5b, two examples are shown in Supplementary Movies 8 and
9). In addition, we demonstrated the ability to hold the hinge at
fixed configurations including open, closed, and intermediate
angles (Supplementary Movie 10). To estimate the torque
required to open or close the hinge, we measured the angular
distribution of nano-hinges in the absence of a magnetic field
from TEM image analysis. The angular conformations range from
~10° to 165° (Supplementary Fig. 10). A Gaussian distribution fit
to the data suggest the equilibrium angle of the hinge is 74° ± 30o

(mean ± standard deviation). The free energy was calculated from
the probability distribution assuming a Boltzmann distribution
(Supplementary Fig. 10) and the torque required to open and
close the hinge was calculated as the derivative of the free energy
versus angle (Supplementary Fig. 10). These results show that the
torque needed to open or close the hinge (e.g., 15 pN∙nm∙rad−1)
is smaller than the magnetic torque (e.g., 20 pN∙nm∙rad−1)
supplied by the bead attached to an extended lever arm in a low

external field (10 Oe) as shown in Fig. 4i. Therefore, it is possible
to actuate the hinge with applied magnetic fields as low as 10 Oe
(~20× Earth’s magnetic field). Direct magnetic actuation revealed
the hinge can be opened beyond 90° in agreement with the TEM
angular distribution (Supplementary Fig. 10).

Discussion
This work demonstrates control of DNA nanodevices via hier-
archical assembly of distinct nanoscale DNA origami constructs
into microscale assemblies that can be functionalized with
micron-sized magnetic beads for direct manipulation via an
externally applied magnetic field. The ability to effectively couple
the microscale motion of the bead to the nanoscale reconfigura-
tion of the DNA nanodevice is achieved by designing a highly stiff
micron-scale mechanical lever arm. While DNA is generally a
flexible polymer, bundling many dsDNA helices into a large
cross-section yields a filament with bending stiffness comparable
to actin36. In order to facilitate attachment to these stiff lever
arms, the DNA nanodevices were designed with compatible large
cross-sections. In the case of the nano-rotor, the same cross-
section was used for the rotating component that attaches to the
lever. In the case of the hinge, a smaller cross-section was used
that connects to 36 of the helices in the lever cross-section, which
resulted in a structurally stable attachment. While even smaller
cross-sections could attach to the lever, further reducing the
number of helices in the nanodevice components could lead to a
weak lever attachment or deformation at the device-lever
interface.

Here we focus on driving rotational motion, which allows
relatively large movement of micromagnetic beads to be de-
amplified to motions on the scale of the nanomachines via the
mechanical lever arm. The ability to hold the position of the bead
within a standard deviation of ±15o to ±3o at field strengths of
100 Oe suggests our current direct manipulation assemblies could
control the position of molecules with resolution as precise as ±2
nm (with ± 3o angular standard deviation) at the ends of the
nano-hinge arms, or even more accurately if the molecules were
positioned closer to the vertex. This is comparable to the typical
position resolution of molecules statically immobilized on DNA
origami nanostructures41. A prior study demonstrated the ability
to position molecules with angstrom-scale resolution using a
DNA nanodevice, but this structure was static34. Our approach
allows direct manipulation of DNA origami nanodevices with
nanometer scale precision with sub-second response times and
torques ranging from ~20 to 80 pN∙nm∙rad−1 at magnetic fields
of ~10–100 Oe. The ability to apply tunable torques could enable
these platforms to be used for mechanical testing. For example,
while the current rotor design contains a highly flexible ssDNA
swivel connection, alternative versions could integrate one or
more dsDNA helices as the swivel connection to test their tor-
sional response.

We demonstrate continuous rotation of a nano-rotor and
oscillating opening and closing of a nano-hinge. Continuous
rotation up to 750 radians of rotation (~120 complete rotations)
was achieved, which corresponds to 750 μm of bead motion for a
1 μm lever arm. Here we establish continuous rotation of the
rotor as the relevant mode of motion. However, based on the
quantification of the lever arm control, the rotor could also be
held in many distinct conformations. Assuming the average
behavior of a micro-lever bead construct (angular control of ±8o

illustrated in Fig. 4e), the rotor could be positioned in up to 45
distinct configurations (360o/8o, i.e., separated by one standard
deviation of the fluctuations). Similarly, given an approximate
maximum angle of 120o (Supplementary Fig. 10), the micro-
hinge could be positioned in up to 15 distinct configurations
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(120o/8o, separated by one standard deviation). This illustrates
the advantage of direct magnetic manipulation relative to pre-
viously established approaches that typically actuate between one
fixed and one freely fluctuating state18,19 or between a couple
stable states20. In addition, previous approaches are typically
limited to actuation response times of on the scale of minutes or
greater18,21,42. A couple of recent studies demonstrated actuation
response time of ~10 s based on temperature changes19,25, and
recent work quantified inherent conformational dynamics of
DNA origami nanodevices at ~0.1–1 s timescales43,44. One prior
study integrated DNA origami bundles onto magnetic particles to
act as artificial flagella to propel the bead45; however, the mag-
netic actuation was not used to control the origami, rather the
origami was used to propel directional motion of the bead. To our
knowledge, this is the first demonstration of actuation with direct
control over a large range of conformations with sub-second
response times.

Given recent advances in DNA origami nanotechnology, the
manipulation capabilities established here could be integrated
into applications such as controlling enzyme function by bringing
an enzyme and co-factor together46, probing the conformation
and stability of nucleosomes33, or to detecting biomolecules in
solution via structure closing47. In addition, our magnetic
actuation approach is amenable to control over more complex
devices18, which we envision can serve as a foundation for nano-
or micro-scale robotic systems based on DNA origami assemblies.
Importantly, our manipulation can be carried out using a low-
cost platform with off-the-shelf electromagnets costing ~$10
each, meaning the platform could be economically adapted to a
wide range of applications. Moreoever, the micro-levers devel-
oped here could be integrated with a variety of nanodevices to
enable low-cost platforms for real-time manipulation of a wide
range of dynamic DNA assemblies. Furthermore, an additional
advantage of magnetic actuation is the possibility of actuating
multiple magnetic beads in parallel. For example, prior work has
demonstrated the ability to guide the motion of several magne-
tically labeled cells simultaneously30,38,48. While the focus of this
work was to develop methods for actuating individual nanode-
vices, the experimental conditions used here resulted in some
cases where multiple assemblies could be actuated in the same
field of view. Supplementary Movies 3 and 11 show examples of
actuating two lever arms and two rotors in parallel, respectively,
exhibiting the potential for parallel actuation. However, the
constructs may rotate out of phase with our current assembly
conditions since the magnetic moment of the beads may be
orientated in different directions. Nevertheless, the ability to
simultaneously actuate multiple devices opens additional possi-
bility to multiplex the control of molecular interactions or
nanomachines, and more complex magnetic manipulation plat-
forms49 could be used to overcome the different orientations of
magnetic moments of the beads on different assemblies.

Methods
Design and fabrication of nanoconstructs. All of the DNA origami nanos-
tructures were designed in caDNAno50. The 56 helix bundle (also referred to as the
nano-brick) has 56 dsDNA helices connected together in a honeycomb lattice
formation creating a cylindrical construct that is about 40 nm in length with a
cross-sectional diameter of ~24 nm (Fig. 1c). Schematics and sample TEM and
AFM images are shown in Supplementary Fig. 3. The design is shown in Sup-
plementary Fig. 4, and DNA staple sequences are provided in Supplementary
Table 2. Several different modification overhangs can be incorporated into the
nano-brick to customize its use. A single ssDNA overhang conjugated with biotin is
incorporated on the end for surface attachment of the lever arm (Supplementary
Fig. 3g). An additional five ssDNA overhangs can be integrated into the side to fix
one of the hinge lever arms to the surface (Supplementary Fig. 3h). One ssDNA
overhang complementary to a ssDNA overhang on the nano-platform is located on
the side of the nano-brick for assembly of the nano-rotor (Supplementary Fig. 3i).
Two ssDNA overhangs conjugated with digoxigenin are incorporated on the

opposite end of the biotin overhang for bead attachment (Supplementary Fig. 3j).
Lastly, 10 ssDNA overhangs that are complementary to ssDNA conjugated with a
fluorophore are attached to the structure for visualization under Total Internal
Reflection Fluorescence (TIRF).

Most versions of the nano-brick were folded16 with 1× FoB (Folding Buffer: 1
mM EDTA, 5 mM NaCl, 5 mM Tris), 18 mM MgCl2, 200 nM working stock (oligo
solution) and 40 nM 7249 Scaffold. However, the nano-brick with the ssDNA
overhang for the nano-rotor fabrication is folded with 22 mM MgCl2. Structures
were folded in an annealing ramp where the folding reaction was initially heated to
65 °C for 15 min, followed by a constant incubation at 52 °C, 51 °C, and 50 °C for 4
h each and then finally cooled to 4 °C. Two versions of the nano-brick were
assembled which have the same structure design (Supplementary Fig. 4), however,
the scaffold was shifted by 31 bases in order to create a distinguishable set of
polymerization staples for the second version. The polymerization staples for top
and bottom nano-brick provided in Supplementary Table 4 and Supplementary
Table 6, respectively. Both nano-brick versions were purified via 2% agarose gel
electrophoresis16 in 0.5× TAE with 4 mM MgCl2 (Supplementary Fig. 3k-l). Gel-
purified structures were used to polymerize the lever arm. The primary version of
the nano-brick (design shown in Supplementary Fig. 4 and staple sequences
provided in Supplementary Table 2) was folded with ~70% yield as quantified by
gel intensity analysis (representative gel results shown in Supplementary Fig. 3k
and Supplementary Fig. 8, lane 4). This analysis compared the intensity of the
folded band versus the full intensity of the rest of the lane. Analysis was performed
on three separate gel experiments, and yield results did not vary more than ±5%.
The second version of the nano-brick (design shown in Supplementary Fig. 4 and
staple sequences provided in Supplementary Table 5) folded with approximately
50% yield as quantified by gel intensity analysis (representative gel results shown in
Supplementary Fig. 3l and Supplementary Fig. 9, lane 5). The difference in yield is
likely due to the differing DNA sequences. Alternative folding protocols could
likely increase the yield of the second nano-brick, but we optimized folding for the
first version and maintained the same protocols for the second version. Additional
representative images of the nano-bricks are provided in Supplementary Fig. 3.

The base nano-platform used in the assembly of the nano-rotor is composed of
32 dsDNA helices arranged into a two-layer rectangular shape with dimensions
~ 60 × 27 × 6 nm. Schematics and sample TEM and AFM images are shown in
Supplementary Fig. 1; the design is depicted in Supplementary Fig. 2; and DNA
staple sequences are provided in Supplementary Table 1. A single ssDNA overhang
was incorporated on the top of the platform for attachment to the nano-brick to
form the nano-rotor (Supplementary Fig. 1e), and 22 ssDNA overhangs were
included on the bottom that could bind to either a ssDNA conjugated to a Cy3
fluorophore for visualization or biotin protein for surface attachment
(Supplementary Fig. 1f). The nano-platform was folded with 1× FoB (Folding
Buffer: 1 mM EDTA, 5 mM NaCl, 5 mM Tris), 18 mM MgCl2, 200 nM Working
Stock, 20 nM 7560 Scaffold (Supplementary Fig. 1g). Structures were folded in a 2.5
half day annealing ramp with initial heating to 65 °C and slow cooling from 65 °
C–62 °C at 1 °C/1 h, 61 °C–59 °C at 1 °C/2 h, 58 °C–46 °C at 1 °C/3 h, 45 °C–40 °C
at 1 °C/1 h, 39 °C–25 °C at 1 °C/30 min and 24 °C–4 °C at 1 °C/1 min. The
structures were gel purified as previously described, and gel intensity analysis
revealed a 57% yield of folding (representative gel results shown in Supplementary
Fig. 8, lane 5).

The nano-hinge is comprised of two 36hb honeycomb lattice bundles that form
the arms, which are connected to each other through 8 ssDNA scaffold
connections. Schematics and sample TEM and AFM images are shown in
Supplementary Fig. 5; the cadnano design is depicted in Supplementary Fig. 6; and
the DNA staple sequences are provided in Supplementary Table 3. On the bottom
arm of the hinge, six ssDNA overhangs are incorporated which bind to ssDNA
conjugated to biotin for surface attachment. Additionally, eleven ssDNA overhangs
which bind to ssDNA conjugated to an Alexa 488 fluorophore were integrated into
the structure for visualization under TIRF. The nano-hinge was folded with 1× FoB
(Folding Buffer: 1 mM EDTA, 5 mM NaCl, 5 mM Tris), 16 mM MgCl2, 100 nM
Working Stock and 20 nM 8064 Scaffold (Supplementary Fig. 5e-f). Staples near
the ends (Neighbor staples in Supplementary Table 5) of the structures were left
out of the folding reaction leaving long scaffold loops which, in turn, reduce base
stacking between structures (Supplementary Fig. 5g-l). To fold the hinge, it
underwent the same 2.5 day annealing ramp that was used in folding the nano-
platform. The nano-hinge was also purified via 2% agarose gel electrophoresis in
0.5× TAE with 4 mM MgCl2, and gel intensity analysis revealed a folding yield of
approximately 60% (representative gel results shown in Supplementary Fig. 9,
lane 6).

Assembly of extended systems. All of the polymerization strands connecting the
nano-bricks to each other and the nano-bricks to the nano-hinge were designed
with a u-shaped motif (Fig. 3a). The DNA staple sequences for polymerizing the
top nano-brick are provided in Supplementary Table 4. The DNA staple sequences
for polymerizing the bottom nano-brick are provided in Supplementary Table 6.
The DNA staple sequences for attaching the nano-bricks to the nano-hinge arms
are provided in Supplementary Table 7. To form the levers (Fig. 3b), gel purified
nano-bricks at ~5 nM concentration were incubated with neighbor and poly-
merization staples in 5 times excess in an assembly buffer containing 8 mM MgCl2
and 0.2% of the surfactant NP40 (to reduce filament aggregation) at a constant
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temperature of 37 °C for 16–18 h when formed in a channel. When fabricated in a
tube, the mixture underwent a thermal ramp starting at 45 °C and decreased by 2 °
C every hour until it reached 4 °C for 2 cycles. Additional sample images of micro-
levers are provided in Supplementary Fig. 7a-b. This approach yielded micro-levers
with lengths ranging from several hundred nanometers up to approximately 5 µm.
Manual measurements of lengths from TEM and AFM images (sample images
shown in Supplementary Fig. 7a-b) gave an average length of 1.2 ± 0.7 µm. This
suggests that on an average ~30 nano-bricks are contained in the micro-levers,
given each nano-brick is 40 nm long. Hence, a typical concentration of micro-
levers would be ~160 pM (5 nM nano-bricks divided by 30 nano-bricks per lever).

The nano-rotor was formed in an overnight incubation at 37 °C by attaching
PEG-purified nano-bricks to PEG-purified platforms via a single ssDNA overhang
on each structure that base-pair to connect the side of a nano-brick to the top of
the platform (Fig. 3c). Well-formed nano-rotors formed at a yield of 14%, based on
gel intensity analysis, and were gel purified for lever arm attachment in the next
step (Supplementary Fig 8a, last 4 lanes are repeats). Supplementary Fig. 8b shows
a TEM image of gel-purified nano-rotors illustrating nearly all the gel purified
structures are properly formed. The lever arms were connected to the gel purified
nano-rotors by attaching them to premade micron length levers, which were
incubated in 10-fold excess to the nano-rotors and with 5-fold excess
polymerization staples relative to nano-brick in a thermal ramp that repeats three
cycles of cooling the sample from 45 to 4 °C by decreasing the temperature at a rate
of 2 °C every hour (Fig. 3d). Lever arms were attached to nano-rotors at high
efficiency, where nearly all the well-formed nano-rotors contained at least one
micro-lever. Some free platform structures were observed that were likely leftover
from the purification process and a number of free micro-levers were also observed,
consistent with the excess micro-levers added. Supplementary Fig. 11 shows a
sample TEM images of micro-rotor assemblies.

To form the extended hinge, the initial PEG-purified nano-bricks were attached
to the top and bottom arms of the PEG-purified nano-hinge by incubating them
together in equal concentrations with polymerization staples that were in 5× excess
to the hinge concentration and neighbor staples that were in 2× excess to the hinge
concentration (Fig. 3e). This mixture of nano-bricks and hinges was subjected to a
thermal ramp starting at 45 °C and decreased by 2 °C every hour until it reached 4 °
C. The mixture was then gel purified to extract well-formed nano-hinge-brick
constructs that formed with an efficiency of 27% based on gel analysis
(representative gel results in Supplementary Fig. 9, lane 9). Gel purification resulted
in excellent efficiency of properly formed nano-hinges containing a single nano-
brick on each arm as illustrated in a zoomed-out AFM image in Supplementary
Fig. 9b. Next, the stiff micro-lever extension arms were connected to each arm of
these initial nano-brick-hinge units adding each micro-lever arm, top and bottom,
at 2-fold excess, using the same thermal ramp. In this case, the cycle was repeated
two additional times since the concentration of the structures was much lower than
in attachment of the first unit (Fig. 3f), especially since the two levers (top arm and
bottom arm) are at a low concentration. Nearly all hinge-brick constructs
contained micro-levers attached, although some nano-hinges (<10%) with only a
micro-lever on one arm where observed. In addition, a small number of unbound
levers were observed. Micro-hinge assemblies were sparse on TEM images and later
in the actuation assays because of the dilution that resulted from combining three
components, two of which were the lever arms at low concentration. Some
additional sample micro-hinge assemblies are shown in TEM images in
Supplementary Fig. 12.

Surface attachment and bead labeling. To prepare the structures for actuation,
each system had to be fixed to the surface in a channel. Nonspecific binding was
reduced by initially cleaning the coverslips with piranha solution and coating with
unmodified and biotin-modified PEG (10% biotin-PEG) following previously
described protocols51. 20 μL of free streptavidin (0.1 mg∙mL−1) mixed with BSA
(0.1 mg∙mL−1) was added to the channel and incubated for 5 min to allow for
attachment of Streptavidin to the biotin-PEG on the surface. Excess streptavidin
and BSA was removed by washing 120 μL of 0.5× TAE with 4 mM MgCl2 through
the channel, and then biotin-labeled structures were flowed into the channel and
attached to the surface. For lever arm actuation experiments, a single nano-brick
with a biotin overhang on one end was attached initially to the surface by flowing
in 20 μL of 500 nM nano-bricks with the end biotin overhang and incubating at
room temperature for 10 min. Excess nano-bricks were removed by washing 120 μL
of 0.5× TAE with 4 mM MgCl2 through the channel. Subsequently, 20 μL of
solution containing 5 nM of nano-bricks without biotin, 25 nM polymerization
staples and 0.2% NP40 (NP40S SIGMA TERGITOL™ solution) was introduced into
the channel to enable nano-bricks to attach end-to-end. The channels were placed
in sealed containers with a reservoir of buffer to prevent evaporation from the
channel and incubated for 18–20 h at 37 °C to allow micro-lever polymerization.
20 μL of 1 mg∙mL−1 of casein dissolved in 0.5× TAE with 4 mM MgCl2 was flowed
into the channel to prevent the beads from sticking to the surface and incubated for
10 min. Excess casein was removed by washing 120 μL of 0.5× TAE with 4 mM
MgCl2 through the channel. Then 20 μL of 0.01–0.1 mg∙mL−1 of super-
paramagnetic beads (Dynabeads® MyOne™ Carboxylic Acid) functionalized with
anti-digoxigenin were flown into the channel and incubated for 5 min. Excess
beads were removed by washing with 120 μL of 0.5× TAE with 4 mM MgCl2 and
60 μL of 0.5× TAE with 4 mM MgCl2. This yielded ~3–10 micro-levers properly

attached to by one end to the coverslip per imaging field of view (80 × 80 µm) with
~1–3 having properly attached beads. While protocols could have been optimized
to improve surface immobilization and bead labeling, we deemed this sufficient for
effective characterization of the lever arm manipulation.

For rotor and hinge actuation experiments, the fully extended rotors and hinges
were flown into the channel and incubated for 10 min before washing out excess
structure with 120 μL of 0.5× TAE with 4 mM MgCl2. Finally, superparamagnetic
beads (Dynabeads® MyOne™ Carboxylic Acid) functionalized with anti-
digoxigenin are attached to the overhangs on the ends of the free lever arms of each
structure. To prevent the beads from sticking to the surface, 20 μL of 1 mg∙mL−1 of
casein dissolved in 0.5× TAE with 4 mM MgCl2 was flowed into the channel and
incubated for 10 min. Excess casein was removed by washing 120 μL of 0.5× TAE
with 4 mM MgCl2 through the channel. Then 20 μL of 0.01–0.1 mg∙mL−1 of anti-
digoxigenin labeled beads were flown into the channel and incubated for 5 min.
Excess beads were removed by washing with 120 μL of 0.5× TAE with 4 mMMgCl2
and 60 μL of 0.5× TAE with 4 mMMgCl2. This yielded similar results for the nano-
rotor with ~2–5 properly attached rotors in an imaging field of view with 1–2
rotors containing a magnetic bead. The micro-hinge assemblies were formed at
lower concentrations since they contained three components, including two micro-
levers, both of which were at lower concentrations. We typically only observed
~1–3 micro-hinges per field of view, and it was unusual to see more than one
micro-hinge assembly in a single field of view with a magnetic bead attached.

Anti-digoxigenin bead functionalization. Carboxyl coated beads (Dynabeads®
MyOne™ Carboxylic Acid, Catalog # 65011) were labeled by initially washing and
resuspending in 15 mM 2-(Nmorpholino) ethanesulfonic acid (MES) buffer (pH
6.0). Next, the beads were affixed with 1-Ethyl-3-(3dimethylaminopropyl) carbo-
diimide (EDC) by incubating with 10 mg∙mL−1 of EDC for 2 h on a rotisserie
followed by a wash step to remove the excess EDC. Then, the beads were incubated
on the rotisserie overnight with 2 mg∙mL−1 of anti-digoxigenin suspended in 15
mMMES buffer. Last, the excess anti-digoxigenin was removed and resuspended in
0.5× TAE with 4 mM MgCl2.

Persistence length from shape variance in TEM images. TEM images of levers
were analyzed using MATLAB (Mathworks, Natick, MA, USA). To discretize the
shape of the lever, points along the trajectory were manually selected (~every
50–100 nm along the filament path) by clicking on the image (Supplementary
Fig. 7a). These selected points were used to fit a cubic spline of the trajectory
coordinates every ~100 nm along the filament path to obtain fine resolution of the
curvature. Only filaments that were at least 1 μm in length were considered for the
shape fluctuation analysis. Configurational distributions were obtained by aligning
the filament trajectories so that they started at the origin and initially pointed in the
horizontal direction (Supplementary Fig. 7b). Isambert et al.35 derived a relation
between the filament persistence length (LP) and the average transverse fluctua-
tions, ⟨[D(s)]2⟩, or essentially, the splay width for the configurational distributions
previously described:
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The average transverse fluctuations were determined as a function of arc length
from the filament configurational distributions. Only the first 1 μm of all filament
trajectories was used for this analysis to avoid averaging transverse fluctuations
over a smaller number of filaments for larger arc lengths.

The LP of the lever arm was characterized by calculating the average of the
transverse fluctuations squared from the configurational distributions and fitting
Eq. (1). Supplementary Fig. 7c shows the model fits compared to the data, which
resulted in LP of 22 ± 4 μm, based on the fit with R2= 99.9%. As expected the
fluctuations decrease for larger, or equivalently stiffer, cross-sections. The dashed
gray lines show the standard error of the mean when calculating the mean of the
transverse fluctuations squared as a function of arc length. The uncertainty in the
persistence length was determined by fitting Eq. (1) to these dashed gray lines to
determine persistence length for transverse fluctuations up to one standard
deviation from the mean.

Persistence length from imaging thermal fluctuations. An alternative method
for calculating the persistence length was implemented from measuring the ther-
mal fluctuations from TIRF images of the lever arm sandwiched between two
coverslips. Initially, 20 μL of 1 mg∙mL−1 of casein dissolved in 0.5× TAE with 4
mM MgCl2 were incubated between two coverslips for 10 min followed by a wash
with ddH2O. Then 0.5 μL of the DNA lever, prepared as previously described and
labeled with fluorophores, was sandwiched between the coverslips for imaging.
TIRF images were recorded at 5 Hz up to 300 frames. Bending fluctuations were
evaluated by calculating an arc length vs. tangent angle trace for each frame. This
trace was fit to a Fourier series to determining the bending mode amplitude
coefficients, an , which are related to the persistence length, LP , by the equation:
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� 	2D E
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p
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where a0n corresponds to the average shape, kB is Boltzmann’s constant, T is
absolute temperature, n is an integer corresponding to the bending mode, and LC is
the contour length. This method was previously used to determine properties of
actin filaments, microtubules, and amyloid fibers36,37. Results for 10 lever arms give
a persistence length of 30 ± 20 μm. Additional details are provided in Supple-
mentary Fig. 7.

AFM and TEM imaging. Nanostructures were imaged using a Bruker AXS
Dimension Icon AFM (Bruker, Billerica, MA). DNA nanostructures were fixed
onto a 12 mm Mica Discs (Ted Pella, Inc., Redding, CA). By removing a strip of
double-sided tape adhered to the mica substrate, a mono layer of mica was formed.
Next, 5 µL of structures at 1 nM were incubated on the mica substrate for 2 min
and washed off with 1 mL of ddH2O. The substrate was quickly dried using an air
gun and filter paper. The structures were imaged on the AFM in Scanasyst Air
mode. TEM imaging samples were prepared as previously described16. The samples
were imaged on a FEI Tecnai G2 Spirit TEM.

Magnetic manipulation. External magnetic fields were applied using four ortho-
gonal electromagnets, which provided in-plane magnetic fields and a central
solenoid which provided out-of-plane magnetic fields. The magnetic setup was
designed for an inverted microscope which utilized small electromagnets (1.25
inches long, 1.25 inches in diameter, OP-1212, Magnetech Corp) and for an
upright microscope which utilized larger electromagnets (2.5 inches long, 2 inches
in diameter, OP-2025, Magnetech Corp).

Data availability. The nanostructure designs and all relevant data generated
during and analyzed during the current study are available from the corresponding
authors on reasonable request.

Received: 14 August 2017 Accepted: 25 February 2018

References
1. Linko, V. & Dietz, H. The enabled state of DNA nanotechnology. Curr. Opin.

Biotechnol. 24, 555–561 (2013).
2. Veneziano, R. et al. Designer nanoscale DNA assemblies programmed from

the top down. Science 352, 1534–1534 (2016).
3. Kearney, C. J., Lucas, C. R., O’Brien, F. J. & Castro, C. E. DNA origami: folded

DNA nanodevices that can direct and interpret cell behavior. Adv. Mater. 28,
5509–5524 (2016).

4. Cha, T. G. et al. A synthetic DNA motor that transports nanoparticles along
carbon nanotubes. Nat. Nanotech. 9, 39–43 (2013).

5. Astier, Y., Bayley, H. & Howorka, S. Protein components for nanodevices.
Curr. Opin. Chem. Biol. 9, 576–584 (2005).

6. Matson, J. B., Zha, R. H. & Stupp, S. I. Peptide self-assembly for crafting functional
biological materials. Curr. Opin. Solid State Mater. Sci. 15, 225–235 (2011).

7. Huang, P. S., Boyken, S. E. & Baker, D. The coming of age of de novo protein
design. Nature 537, 320–327 (2016).

8. Sacanna, S., Irvine, W. T. M., Chaikin, P. M. & Pine, D. J. Lock and key
colloids. Nature 464, 575–578 (2010).

9. Ortiz, D., Kohlstedt, K. L., Nguyen, T. D. & Glotzer, S. C. Self-assembly of
reconfigurable colloidal molecules. Soft Matter 10, 3541 (2014).

10. Goodrich, C. P. & Brenner, M. P. Using active colloids as machines to
weave and braid on the micrometer scale. Proc. Natl Acad. Sci. 114, 257–262
(2017).

11. Zhang, Y. et al. Selective transformations between nanoparticle superlattices
via the reprogramming of DNA-mediated interactions. Nat. Mater. 14,
840–847 (2015).

12. Klinkova, A., Choueiri, R. M. & Kumacheva, E. Self-assembled plasmonic
nanostructures. Chem. Soc. Rev. 43, 3976 (2014).

13. Kim, K., Guo, J., Xu, X. & Fan, D. L. Recent progress on man-made inorganic
nanomachines. Small 11, 4037–4057 (2015).

14. Rothemund, P. W. Folding DNA to create nanoscale shapes and patterns.
Nature 440, 297–302 (2006).

15. Douglas, S. M. et al. Self-assembly of DNA into nanoscale three-dimensional
shapes. Nature 459, 414–418 (2009).

16. Castro, C. E. et al. A primer to scaffolded DNA origami. Nat. Methods 8,
221–229 (2011).

17. Castro, C. E., Su, H. J., Marras, A. E., Zhou, L. & Johnson, J. Mechanical design
of DNA nanostructures. Nanoscale 7, 5913–5921 (2015).

18. Marras, A. E., Zhou, L., Su, H. J. & Castro, C. E. Programmable motion of
DNA origami mechanisms. Proc. Natl Acad. Sci. 112, 713–718 (2015).

19. Gerling, T., Wagenbauer, K. F., Neuner, A. M. & Dietz, H. Dynamic DNA
devices and assemblies formed by shape-complementary, non-base pairing 3D
components. Science 347, 1446–1452 (2015).

20. Zhou, L., Marras, A. E., Su, H. J. & Castro, C. E. Direct design of an energy
landscape with bistable DNA origami mechanisms. Nano Lett. 15, 1815–1821
(2015).

21. Kuzyk, A. et al. Reconfigurable 3D plasmonic metamolecules. Nat. Mater. 13,
862–866 (2014).

22. List, J., Falgenhauer, E., Kopperger, E., Pardatscher, G. & Simmel, F. C. Long-
range movement of large mechanically interlocked DNA nanostructures. Nat.
Commun. 7, 12414 (2016).

23. Zhou, L., Marras, A. E., Su, H. J. & Castro, C. E. DNA origami compliant
nanostructures with tunable mechanical properties. ACS Nano 8, 27–34
(2014).

24. Kuzyk, A. et al. A light-driven three-dimensional plasmonic nanosystem that
translates molecular motion into reversible chiroptical function. Nat.
Commun. 7, 10591 (2016).

25. Kuzyk, A., Urban, M. J., Idili, A., Ricci, F. & Liu, N. Selective control of
reconfigurable chiral plasmonic metamolecules. Sci. Adv. 3, e1602803 (2017).

26. Song, J. et al. Reconfiguration of DNA molecular arrays driven by information
relay. Science 357, 3377 (2017).

27. Donolato, M. et al. On-chip manipulation of protein-coated magnetic beads
via domain-wall conduits. Adv. Mater. 22, 2706–2710 (2010).

28. Vieira, G. et al. Transport of magnetic microparticles via tunable stationary
magnetic traps in patterned wires. Phys. Rev. B 85, 174440 (2012).

29. Rapoport, E. & Beach, G. S. D. Dynamics of superparamagnetic microbead
transport along magnetic nanotracks by magnetic domain walls. Appl. Phys.
Lett. 100, 082401 (2012).

30. Lim, B. et al. Magnetophoretic circuits for digital control of single particles
and cells. Nat. Commun. 5, 3846 (2014).

31. Xu, H., Jones, S., Choi, B. C. & Gordon, R. Characterization of individual
magnetic nanoparticles in solution by double nanohole optical tweezers. Nano
Lett. 16, 2639–2643 (2016).

32. Ketterer, P., Willner, E. M. & Dietz, H. Nanoscale rotary apparatus formed
from tight-fitting 3D DNA components. Sci. Adv. 2, e1501209 (2016).

33. Le, J. V. et al. Probing nucleosome stability with a DNA origami nanocaliper.
ACS Nano 10, 7073–7084 (2016).

34. Funke, J. J. & Dietz, H. Placing molecules with Bohr radius resolution using
DNA origami. Nat. Nanotech. 11, 47–52 (2016).

35. Isambert, H. et al Flexibility of actin filaments derived from thermal
fluctuations. Effect of bound nucleotide, phalloidin, and muscle regulatory
proteins. J. Biol. Chem. 270, 11437 (1995).

36. Gittes, F., Mickey, B., Nettleton, J. & Howard, J. Flexural rigidity of
microtubules and actin filaments measured from thermal fluctuations in
shape. J. Cell. Biol. 120, 923–934 (1993).

37. Castro, C. E., Dong, J., Boyce, M. C., Lindquist, S. & Lang, M. J. Physical properties
of polymorphic yeast prion amyloid fibers. Biophys. J. 101, 439–448 (2011).

38. Vieira, G. et al. Magnetic wire traps and programmable manipulation of
biological cells. Phys. Rev. Lett. 103, 128101 (2009).

39. Ranzoni, A., Janssen, X. J. A., Ovsyanko, M., van IJzendoorn, L. J. & Prins, M.
W. J. Magnetically controlled rotation and torque of uniaxial microactuators
for lab-on-a-chip applications. Lab. Chip. 10, 179–188 (2010).

40. van Oene, M. M. et al. Biological magnetometry: torque on superparamagnetic
beads in magnetic fields. Phys. Rev. Lett. 114, 218301 (2015).

41. Bai, X. C., Martin, T. G., Scheres, S. H. W. & Dietz, H. Cryo-EM structure of a
3D DNA-origami object. Proc. Natl Acad. Sci. 109, 20012–20017 (2012).

42. Andersen, E. S. et al. Self-assembly of a nanoscale DNA box with a
controllable lid. Nature 459, 73–76 (2009).

43. Kilchherr, F. et al. Single-molecule dissection of stacking forces in DNA.
Science 353, aaf5508 (2016).

44. Hudoba, M. W., Luo, Y., Zacharias, A., Poirier, M. G. & Castro, C. E. A
dynamic DNA origami device for measuring compressive depletion forces.
ACS Nano 11, 6566–6573 (2017).

45. Maier, A. M. et al. Magnetic propulsion of microswimmers with DNA-based
flagellar bundles. Nano Lett. 16, 906–910 (2016).

46. Liu, M. et al. A DNA tweezer-actuated enzyme nanoreactor. Nat. Commun. 4,
2127 (2013).

47. Kuzuya, A., Sakai, Y., Yamazaki, T., Xu, Y. & Komiyama, M. Nanomechanical
DNA origami’single-molecule beacons’ directly imaged by atomic force
microscopy. Nat. Commun. 2, 449 (2011).

48. Henighan, T. et al. Manipulation of magnetically labeled and unlabeled cells
with mobile magnetic traps. Biophys. J. 98, 412–417 (2010).

49. Chen, A. & Sooryakumar, R. Patterned time-orbiting potentials for the
confinement and assembly of magnetic dipoles. Sci. Rep. 3, 3124 (2014).

50. Douglas, S. M. et al. Rapid prototyping of 3D DNA origami shapes with
caDNAno. Nucleic Acids Res. 37, 5001–5006 (2009).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03601-5

10 NATURE COMMUNICATIONS |  (2018) 9:1446 | DOI: 10.1038/s41467-018-03601-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


51. Luo, Y., North, J. A. & Poirier, M. G. Single molecule fluorescence
methodologies for investigating transcription factor binding kinetics to
nucleosomes and DNA. Methods 70, 108–118 (2014).

Acknowledgements
We thank the Castro Lab and Sooryakumar Lab for feedback on this work. This work
was supported primarily by the U.S. Army Research Office under Contract No.
W911NF-14-1-0289. The work was also supported in part by the National Science
Foundation under awards CBET-1351159 and CMMI-1536862. We also thank the
Campus Microscopy and Imaging Facility and the NanoSystems Laboratory at The Ohio
State University.

Author contributions
R.S. and C.E.C. designed and guided the overall research project. S.L. designed and
performed the actuation experiments. S.L. and K.R.M. did the DNA origami fabrication,
the actuation system assembly, aided with DNA origami structure design and performed
imaging. A.E.M. supported the DNA origami design and fabrication and performed
imaging. M.A. performed the DNA origami structure design and supported the fabri-
cation. T.P.R. performed imaging and analysis to measure the mechanical lever arm
stiffness and supported the actuation system assembly. S.L., R.S., and C.E.C. wrote the
manuscript with feedback from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-03601-5.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03601-5 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:1446 | DOI: 10.1038/s41467-018-03601-5 | www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-018-03601-5
https://doi.org/10.1038/s41467-018-03601-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Real-time magnetic actuation of DNA nanodevices via modular integration with stiff micro-levers
	Results
	Design and fabrication of nanoscale components
	Assembly/fabrication of micron-scale systems for actuation
	Actuation of lever system
	Actuation of prototype nanomachines via stiff micro-levers

	Discussion
	Methods
	Design and fabrication of nanoconstructs
	Assembly of extended systems
	Surface attachment and bead labeling
	Anti-digoxigenin bead functionalization
	Persistence length from shape variance in TEM images
	Persistence length from imaging thermal fluctuations
	AFM and TEM imaging
	Magnetic manipulation
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




