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ABSTRACT Track-walking nanomotors and larger systems integrating these motors are ‘engine’ motif

important for wide real-world applications of nanotechnology. However, inventing these (contraction-extension)

nanomotors remains difficult, a sharp contrast to the widespread success of simpler switch- -

like nanodevices, even though the latter already encompasses basic elements of the former s 4 leg’ motif

such as engine-like bistate contraction/extension or leg-like controllable binding. This
conspicuous gap reflects an impeding bottleneck for the nanomotor development, namely, lack of a modularized construction by which spatially and
functionally separable “engines” and “legs” are flexibly assembled into a self-directed motor. Indeed, all track-walking nanomotors reported to date
combine the engine and leg functions in the same molecular part, which largely underpins the device—motor gap. Here we propose a general design
principle allowing the modularized nanomotor construction from disentangled engine-like and leg-like motifs, and provide an experimental proof of
concept by implementing a bipedal DNA nanomotor up to a best working regime of this versatile design principle. The motor uses a light-powered
contraction—extension switch to drive a coordinated hand-over-hand directional walking on a DNA track. Systematic fluorescence experiments confirm the
motor's directional motion and suggest that the motor possesses two directional biases, one for rear leg dissociation and one for forward leg binding. This
study opens a viable route to develop track-walking nanomotors from numerous molecular switches and binding motifs available from nanodevice research
and biology.
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key to advance the present nano-
technology toward wide real-world
applications is to move from simple,
switch-like nanodevices to integrated nano-
machines' ™ of extended functionalities.
Self-propelled, self-directed track-walking
nanomotors® '® may play a strategic role
in this transition in a parallel to macroscopic
heat engines and locomotives in the Great
Industrial Revolution two centuries ago.
More than a dozen track-walking nano-
motors®~'® have been reported to date,
the majority of which are burn-the-bridge
motors that gain a direction by either dam-
aging the traversed track or denying an ex-
ternally administered strand linking the part
of track to a motor. Development beyond
the first wave of burn-the-bridge motors is
largely stagnant at present; only a few track-
intact motors'""'>'%17 have been reported,
and their performance is far from compar-
able with biological nanowalkers'®~2'
that inspire the artificial counterparts. A
hard reality at the present stage is that the
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invention of track-walking nanomotors and
related machine systems remains a difficult
field accessible only to a small number of
laboratories over the globe, which is a sharp
contrast to the widespread research of bi-
state nanodevices that are switched be-
tween two well-defined states including
different binding sites, 2226 Iengths,27’32
molecular  conformations,®*7¢  binding
affinity, 3”32 etc.

The gap between the motors and switch-
ing devices is conspicuous since many of
these devices already qualify as nanoscale
engines: they consume energy to generate
a back-and-forth motion that in turn can
drive other molecular processes. It is unclear
how the many engine-like switching de-
vices can be integrated with leg-like binding
components to make motors in any gen-
eral way, especially for motors beyond the
burn-the-bridge ones. Virtually all artificial
track-walking nanomotors®~'® reported to
date use their leg-like components not only
for track-binding and gait control, but also
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Figure 1. Design principle. (A) Three size-controlled modes of a symmetric bipedal nanomotor interacting with a periodic
track of asymmetric binding sites. The motor and track are schematically illustrated in cyan and black; the underlying blue
lines show the binding free energy between a motor leg (empty circle) and the binding sites (empty rectangles). A leg-site
binding is asymmetric in that it is broken more easily when the leg is pulled by a force toward one end of the track than the
other end. This asymmetry amounts to a binding free energy that changes more steeply along one edge than the other. As an
example, the two edges are shown here as harmonic oscillator potentials with a lower elastic constant for the edge near the
track's plus end as indicated. The size of a motor limits its leg-track interaction to different modes: a short motor (compared to
the binding site period) explores the two inner edges of adjacent sites (contracted mode); along motor explores the two outer
edges. The same internal tension (f) of a two-leg bound motor causes more displacement along the less steep edge and does
more work to raise the free energy, resulting in a lower barrier hence a higher rate for leg dissociation along this edge than the
other one (higher rates indicated by larger size for bold, filled arrows). But the dissociated leg accesses the less steep edge
more easily too, and binds the track along this edge by a higher rate. The dissociation and binding have opposite preference
within either mode, yielding no net direction (detailed balance). (B) Multiple regimes for a unidirectional motor by switching it
between the modes. The empty arrows indicate the operation cycles: A1—B1— C1— D1— A1 forregimes R1,A2—B2—C2
—D2— A2forR2,B1— C1— C2—B2— B1 for R3, and the reverse cycle for R4. For R1 and R2, the ending states of their cycles
(A1, A2) are shown to have the motor in a different position from the starting states in order to reflect the motor's net
direction. The leg binding forming the ending state (D1 — A1, D2 — A2) can occur either forward or backward by equal

reset

+

chance; the motor's net direction comes from the bias in the leg dissociation (B1 — C1, B2 — C2).

for energy consumption and force generation. But a
single molecular component concentrating nearly all
the technical requirements remains extremely difficult
to make at this stage, hence the gap between the
motors and devices. A modular design method is desir-
able by which a motor may be flexibly assembled from
two functionally and spatially separable modular com-
ponents: an engine or switch component responsible
for energy consumption/force generation and a leg
component responsible for track-binding and motion
control. This modular design should be capable of
rectifying back-and-forth motion of an engine or switch
into continuous directional motion of a motor along
its track. Such a modular design potentially opens a
route to develop nanomotors from many switching
nanodevices.

Hence lack of a modular motor design for separable
and modularized engine- and leg-like components is a
common impeding bottleneck at this early stage of
nanomotor development. The highly tangled engine-
leg is a feature largely borrowed from biological
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nanowalkers of kinesin'® and myosin®® families. How-
ever, another family of biological nanowalkers called
dynein®' keep the engine-like component distantly
away from the track-binding component, and the
same fuel-consuming engine component drives many
nanomachines of diverse functions in living cells,
suggesting possibility of modular designs for nano-
motors. In the present study, we propose and experi-
mentally demonstrate a versatile modular design prin-
ciple by which walking nanomotors free of bridge
burning may be flexibly formed from functionally
and spatially separable leg-like components and bis-
tate switches as the engine.

RESULTS

A Versatile Design Principle. The design principle, sche-
matically illustrated in Figure 1, applies generally to
nanomotors with two identical legs and tracks with
periodic binding sites. A major requirement is an
asymmetric leg-site binding: a track-bound leg is dis-
sociated more easily (i.e., with a higher rate) by a force
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pulling the leg toward one end of the track (henceforth
called plus end) than toward the opposite end (minus
end). Then a symmetric motor can exploit the track’s
asymmetry in three distinctly different modes depend-
ing on the motor's size (Figure 1A, panels I—Il).

When the motor's size (i.e, its average leg-to-leg
distance) matches the track's binding site period, a
relaxed mode occurs in which the two-leg bound
motor has a low internal tension. Then the motor's
two legs have equal chance for dissociation by thermal
fluctuation regardless of the track's asymmetry. When
the motor's size is smaller than the binding site period,
a contracted mode occurs in which the two-leg bound
motor develops an inward tension to pull the leg near
the plus end (called front leg henceforth) backward but
pull the other leg (rear leg) forward. The opposite
pulling dissociates the rear leg preferentially (ie., a
higher dissociation rate for the rear leg than the front
leg). When the motor is longer than the binding site
period and is rigid, an expulsive mode occurs instead in
which the motor's internal tension becomes outward
to dissociate the front leg preferentially. Within each of
the three modes alone, the motor has zero net direc-
tion as the detailed balance dictates that any site-
selective preference for dissociation is balanced by
an opposite preference for subsequent spontaneous
binding of the dissociated leg. Hence the leg binding is
preferred forward, backward and equal for both direc-
tions for the expulsive, contracted and relaxed modes,
respectively. How the dissociation and binding prefer-
ence can arise from a leg-site binding is explained in
Figure 1.

Multiple regimes exist for making unidirectional
motors by switching between the three modes to
break the detailed balance. Four regimes are schema-
tically illustrated in Figure 1B (marked from R1 to R4).
For regime R1, alternately switching between the
relaxed and contracted modes, e.g., by changing the
motor's size between two values, makes a repeatable
cycle, in which the preference for rear leg dissociation
in the contracted mode cannot be entirely compro-
mised by the equal binding in the relaxed mode. This
breaks the detailed balance to make a motor with a net
direction toward the plus end. A motor with an oppo-
site net direction is likewise made by switching be-
tween the relaxed and expulsive modes, e.g., by
changing the motor's rigidity. This is regime R2. The
R1, R2 regimes have a directional preference for leg
dissociation but not for leg binding. Alternately switch-
ing between the contracted and expulsive modes
leads to two new regimes with double preference for
both dissociation and binding. If the motor's two-leg
bound state in the expulsive mode (B2 in Figure 1B) is
more stable than that in the contracted mode (B1), itis
more likely that the switch from the expulsive to
contracted mode induces leg dissociation and the
reverse switch induces leg binding. Alternating both
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switches then automatically selects regime R3 in which
the operation cycle is a preferred rear leg dissociation
followed by a preferred forward leg binding. If instead
the two-leg state in the contracted mode is more
stable, the same alternating switches select regime R4,
resulting in a reversed operation cycle and an opposite
direction of the motor. We note that regime R1 was
previously discussed in a theoretical paper.>®

Construction of a DNA Motor-Track Implementing the Mod-
ular Design Principle. All the four regimes allow construc-
tion of nanomotors from functionally and spatially
separable “legs” and “engines”: the former are a pair
of identical legs responsible for an asymmetric binding
with the track; the latter are a bistate switch changing
the interleg bridge between two values of length or
rigidity. Such a modular design is implemented in a
light-powered DNA nanomotor, which is schematically
illustrated in Figure 2.

The motor has two identical single-stranded legs
connected by a light-switchable double-stranded
bridge. Specifically, the bridge is a four-way junction
between two engine-like hairpins embedded with
light-responsive azobenzene and two spacer duplexes
separating the engine and the legs. Alternating visible
light and UV irradiations close and open the hairpins,
thereby causing contraction and extension of the
bridge. Such a light-controlled hairpin opening and
closing have been demonstrated in ref 37, from which
the sequence for the two 8-bp-long stems of one
hairpin is taken. To immobilize the four-way junction
for the motor's structural stability, the stem sequence
for the other hairpin has a modified order for the same
nucleotide and azobenzene contents. The track sup-
ports identical binding sites that each contains two
overhangs for leg binding (Figure 2B). The motor and
tracks with two or three binding sites were assembled
from DNA strands by an annealing procedure (Materials
and Methods), which largely follows previous studies '
of DNA motors. The gel analysis of the annealed pro-
ducts yields one prominent band that is identified as
the assembled motor or tracks (Figure 2C).

The asymmetric binding comes from the design
feature that the two adjacent overhangs at a site, a
10-nt D1* overhang and a 20-nt D2*-plus-D1* over-
hang with the latter leading toward the track's plus
end, compete to bind the motor's leg with comple-
mentary D1, D2 sequences (Figure 2D). A leg may
hybridize simultaneously with both overhangs into
D1-D1* and D2-D2* duplexes (both 10-bp long) as
allowed by the length of the overhangs. But the duplex
at the long overhang can grow to weaken the D1-D1*
duplex at the short overhang. The D1-D1* weakening is
decelerated or accelerated when the leg is pulled
backward or forward via its D1 segment linking to
the motor's main body. This gives rise to a preferential
rear dissociation when a visible irradiation closes both
hairpins to shrink the motor into a contracted mode.
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Figure 2. A bipedal DNA motor implementing a best regime (R3) of the design principle. (A,B) Construction of the motor and
track. The nanomotor has two identical single-stranded legs and a pair of interleg hairpins capable of light-powered
extension—contraction. The motor is made of two DNA strands embedded with light-responsive azobenzene moieties; the
track is a long template strand hybridized with three strands for binding sites, and with two more strands for intersite spacers
(arrow along a DNA strand for 3’ end, “nt” for nucleotides and “bp” for base pairs). D1*, D2* in the binding sites are
complementary sequences to the leg sequences D1, D2. The track is labeled with fluorescent dyes site-specifically, and the
motor is labeled with quenchers (BHQ-1) for characterization. (C) Gel images obtained using native PAGE (polyacrylamide gel
electrophoresis) of the fabricated motor and tracks. Lanes L are DNA ladders. Lanes |, V are the annealed products for the
motor and the three-site track. Lanes Il—IV show stepwise assembly of a truncated two-site track (Lane Il is truncated
template, lll is the annealed product of the template with the 55-nt spacer strand, IV is the full track). (D) Asymmetric leg-track
binding. Schematically illustrated are the motor's rear and front legs under opposite pulling by the interleg bridge. The rear
leg is dissociated along the forward edge of the binding site (corresponding to the less steep edge in Figure 1A) and the front
leg along the backward edge (the steeper edge), hence preferential rear leg dissociation. (E) Possible states of the DNA motor
under alternating visible and UV irradiation. States ii—v may be matched to states B1, C1, C2, B2 of regime R3 in Figure 1B

The contracted mode subjects the rear leg to a forward
pull to break its D1-D1* duplex preferentially (Figure 2E,
panel i). The remaining duplex is readily unzipped base-
by-base by the motor's inward tension generated by the
double-hairpin engine, while a simultaneous shearing of
multiple base pairs is required to break the D1-D1* duplex
at the front leg (panel ii). Indeed it is well-known that the
shearing force is nearly two times*° the unzipping force.

Hence the visible irradiation dissociates the rear leg
preferentially (panel iii). An ensuing UV irradiation
opens the two hairpins to release two antiparallel
strands (each ~54-nt long, including 12 azo-moieties
that add to the backbone length similar’” to extra
nucleotides). With noncomplementary sequences the
two strands cannot form a standard B-DNA helix. But
their close proximity allows many hydrogen bonds to
form, likely leading to an unconventional DNA duplex
of unknown extension (probably longer than B-DNA
helices). If the UV-switched engine reaches an exten-
sion equivalent of ~2.5 turns of standard helices, the
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motor is near a relaxed mode for the dissociated leg to
form the D2-D2* duplex at the front or back site. The
motor then realizes regime R1 under repeated alter-
nating visible-UV irradiations. If the UV-switched en-
gine reaches an extension equivalent of 4 helical turns
or more, the motor's bridge (engine plus two 10-bp
spacers and two 4-nt linkers) is beyond the binding site
period (70 bp). If the motor is so long that it bends to
approach the back site from the outer, steeper edge for
the D2-D2* duplex formation, the dissociated leg will
bind the front site preferentially over the nearer back
site (panels iv, v). The motor then accesses the expul-
sive mode, and realizes regime R3 under alternating
visible-UV irradiations. A preferred forward binding is
possible too if the track-bound leg is dragged forward
to the less steep edge by the growing D2-D2* duplex
(panel vi). Whether the motor can access R1 or a better
regime depends on unknown size of an unconven-
tional DNA structure, and can only be answered by
experiments at this stage.
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Figure 3. Plus-end directed motility of the motor along a three-site track. (A) Fluorescence from an equimolar mix of motor-
track sample under six cycles of alternating visible light and UV irradiations (10 min per irradiation). Shown is the fluorescence
signal calibrated against a bare-track control experiment for the same operation. The blank intervals are the time of UV
irradiations when no fluorescence is collected. (B—D) The change of occupation probability for the three binding sites of the
track extracted from the fluorescence in panel A. The symbols are the data obtained after a 4 h incubation of the operated
sample. The occupation change directly attributed to the motor's intersite motion is shown in panel D, which is obtained by

subtracting the data in panel B by those in panel C.

Computational Support for the Asymmetric Binding. We
ran the oxDNA*' package to simulate evolution of a
leg-site binding under a forward or backward pull
through the leg's D1 segment. The leg initially forms
D1-D1* and D2-D2* duplexes with both overhangs of
the site. 40 runs of simulations (~380 ns evolution time
per run) are done for each of the three scenarios:
forward pull of 9.7 pN, backward pull of the same force,
and no pull. The simulations yield 5.7, 0.6 and 1.7 bp,
respectively, for the average number of extra base pairs
added to the D2-D2* duplex at the end of the simula-
tions. The results support acceleration and decelera-
tion of D1-D1* breaking by the forward and backward
pull respectively, hence the binding asymmetry.

Fluorescence Measurement of Motor Motility. The motor's
motion under the irradiation operation is monitored by
detecting the fluorescence of different dyes that are
tethered to the track site-specifically and subject to
quenching by the motor-carried quenchers. Incubated
motor-track samples of equilibrated motor-track bind-
ing (verified by constant fluorescence) are used for the
operation experiments so that the motor's motion
toward the plus end is signaled by a dropping fluores-
cence from the plus-end dye and a concomitant rising
fluorescence from the minus-end dye. Each operation
experiment on a motor-track mix is accompanied by a
control experiment in which the same irradiation
operation is applied to an equal amount of bare tracks
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without any motor. The fluorescence of the operated
motor-track mix divided by that of the bare tracks is the
real signal for the motor's operation largely free of dye
optics. Such a control-calibrated fluorescence yields
reliable information on site occupation by the motor
and its binding/dissociation preference by further ex-
ploiting the nearly 100% efficiency®? of contact quench-
ing for the present motor (Materials and Methods).

Plus-End Directed Motion of the Motor. Figure 3A shows
the control-calibrated fluorescence signal of the motor
operating on a three-site track for six visible-UV irradia-
tion cycles. The fluorescence from the plus and minus
ends drops and rises respectively, signifying a net
transfer of the motor's population from the minus
end to the plus end. Figure 3B shows the increasing
occupation probability at the plus end and the de-
creasing probability at the minus end. The occupation
probability change averaged over the plus, minus and
middle sites decreases with the operation cycles and
flattens at a low value (~ —5%) (Figure 3C), suggesting
that the motor mostly remains on the track during the
operation-induced motion. The average occupation
decrease is caused not by the entire derailment of
the motor off track but by the operation-induced
transition from two-leg binding states to single-leg
states, because the operation cannot further derail
the motor from a single-leg state due to the engine-
leg separation.
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The ~5% average decrease of occupation probabil-
ity is recovered by a 4 h incubation of the sample after
the six-cycle operation. The recovery occurs for all the
three sites as their fluorescence all drops over the
postoperation incubation (Figure 3A). This postopera-
tion recovery is largely due to an incubation-induced
recovery of the trans—cis ratio of the azo-moieties back
to the preoperation, equilibrated value. Because the
directional transfer of the motor's population should
be evaluated against the equilibrated motor-track
sample before the operation, the fluorescence signals
immediately after the operation underestimate the
motor's plus-end accumulation and overestimate the
minus-end decumulation (Figure 3B). The real occupa-
tion change at each site caused by the motor's intersite
motion is obtained by subtracting the average change
during the operation. The results better match the
postincubation signals, which show >10% occupation
increase and decrease at the plus and minus ends, and
a near-zero change at the middle site (Figure 3D).

The motor's speed is not directly measured in the
ensemble fluorescence experiments, but has to be
deduced from the fluorescence data in a model-
dependent way. Realistic dynamic modeling of DNA
motors remains difficult; a previous attempt'” reports
qualitative but not quantitative agreement with ex-
periments. A rough comparison of the plus-end fluo-
rescence drop induced by this motor and by another
light-driven DNA motor'” on a similar three-site track
suggests comparable speeds for this motor and the
previous one. The upper limit for the present motor is
one forward step per irradiation cycle, but its real speed
is apparently lower than the upper limit. The three-site
track used in this study supports two consecutive steps
of the motor maximally, since the motor might start
from a single-leg state at the minus end prior to the
operation (under visible light). However, the motor is
potentially able to make many consecutive steps on a
longer track as suggested by the observed low derail-
ment. The motor's potential for long consecutive run
length is largely due to its engine-leg separation as
discussed above.

Directional Preference for Leg Binding. The motor's leg
binding is induced by a UV irradiation that drives a
transition from a single-leg state to a two-leg state.
For the motor's operation on the three-site track, the
fluorescence signals before and after a UV irradiation
from the plus and minus ends yield the rate ratio for
forward and backward binding of the dissociated leg of
the single-leg state at the middle site. The rate ratio
extraction is free of any complication from the single-
leg states at the plus-end and minus-end sites as the
leg binding from both states affects only the fluores-
cence from the middle site. The extracted ratio indi-
cates a higher rate for forward binding than backward
binding for all the six irradiation cycles (Figure 4A). The
preference for the forward binding decreases with
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Figure 4. Directional biases of the motor on the three-site
track. (A) Rate ratio of UV-induced leg binding to the plus-
end site over the minus-end site from the operation experi-
ment of Figure 3. The shown ratio per cycle is for the
average binding rates during a cycle's UV irradiation, which
are estimated from the control-calibrated fluorescence data
immediately before and after the UV irradiation. Since the
fluorescence drop from the minus-end dye is near zero for
the first four cycles (see the data in Figure 3A), this would
yield an infinite ratio. We instead use the average of the
larger fluorescence drop of the other two cycles to estimate
a lower ratio limit for the first four cycles (indicated by
upward arrows). (B) The control-calibrated fluorescence sig-
nal over a single elongated visible light irradiation (30 min,
done 4 h after the six-cycle operation experiment of
Figure 3). (C) Rate ratio of leg dissociation from the minus-
end site over the plus-end site estimated from the data in
panel B. The shown ratio is for the average dissociation rates
from the start of the visible irradiation to a later time as
indicated by the time axis.

consecutive cycles; the same trend was previously
observed for another bipedal DNA motor'” in a similar
ensemble fluorescence measurement. In both cases,
the motor moves on short tracks containing a few
binding sites. The operation cycles send the motor to
the plus end where the motor becomes stalled and
does not contribute to the forward bias signal any-
more. But the available motor population supplying
the plus end and contributing to the signal is reduced,
hence the observed decrease of the bias signal in this
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Figure 5. Directional biases of the motor on truncated two-site tracks under an elongated single-cycle operation. (A) Control-
calibrated fluorescence signal for a two-site track labeled with dyes FAM and TYE. The operation is a 30 min visible light
irradiation plus a 30 min UV irradiation. The fluorescence was collected before and after the UV irradiation. (B) Dissociation
rate ratio estimated from the fluorescence data in panel A. The shown ratio is for the average dissociation rates from the start
of the operation to a later time as indicated by the time axis. (C,D) The same as panels A and B but for different dye labeling

(CY5, TYE) and a longer visible light irradiation (77 min).

study. The motor's real forward bias does not necessa-
rily decrease when the motor moves on a long track
with the same periodic binding sites.

Directional Preference for Leg Dissociation. The motor's
leg dissociation is induced by a visible light irradiation
that drives a transition from a two-leg state to a single-
leg state. For the motor's operation on the three-site
track, the fluorescence signals from the plus and minus
ends collected during an elongated visible irradiation
indicate a higher rate for leg dissociation from the
minus end than the plus end (Figure 4B,C). We note
that the detected dissociation events at the two sites
are from different two-leg bound motors on the three-
site track.

To detect any leg dissociation preference for the
same motor, we conduct operation experiments on
truncated two-site tracks in which the dissociation
events at the plus and minus end are unambiguously
related to the same motor's front and rear legs. To
better expose any preference, a single-cycle operation
of elongated visible and UV irradiations is applied. The
data show clearly a higher dissociation rate for the rear
leg than the front leg for the same motor (Figure 5).

Dissociation and Binding Preferences Independent of Fluor-
escent Labels. The signals for both preferences are
based on the control-calibrated fluorescence that lar-
gely removes any dependence on optical properties of

LOH ET AL.

the used dyes. As a further confirmation, the single-
cycle operation experiments are done for two different
dye labeling schemes: the initial quenching is higher
for the minus end than the plus end in one case
(Figure 5A), but becomes opposite in another case
(Figure 5C), yet the same preference for rear leg
dissociation is observed in both cases (Figure 5B,D).
Besides, the single-cycle operation experiments in
both cases show that the UV-induced decrease of the
control-calibrated fluorescence signal is more for the
plus end than the minus end, further confirming the
preference for forward leg binding (Figure 5A,C).
Dependence on Light Operation. A completely parameter-
free comparison of the motor's performance for
different durations of the visible and UV irradiations
may be done for a track labeled with multiple dyes
using the percentage change of control-calibrated
fluorescence signals against the initial preoperation
signals of the equilibrated motor-track mix. Following a
previous study,'” the percentage change of the minus-
end dye minus that of the plus-end dye reflects the
motor's directional intersite motion, and the average of
percentage change over all dyes on the track reflects
leg dissociation. The direction and dissociation signals
thus defined are obtained for both three-site and two-
site tracks for different irradiation durations (Figure 6).
The signals are not the absolute magnitude of the
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Figure 6. Motor performance versus varied irradiation duration. The direction and dissociation signals are obtained in a
parameter-free way from the percentage fluorescence change of the track-tethered dyes against their preoperation
fluorescence (i.e., Aly/Imo = (Im — Imo)/Imor With Iy, I being a dye's fluorescence at the start of an operation experiment
and immediately after a visible-UV irradiation cycle. Iy, Iv are both calibrated against the bare-track control). The direction
signal (panels A, C) is the percentage change for the minus-end dye minus that for the plus-end dye; the dissociation signal
(panels B, D) is the average of the percentage changes for all the dyes on the track. The dissociation rate ratio in panel E is
estimated in the same way as Figure 5. The two-site track producing the data in panels C, D, E are labeled with dyes CY5 and

FAM at the minus and plus ends.

motor's direction and leg dissociation, but reflect the
motor's relative performance under differing opera-
tion. The results show that the motor's direction and
leg dissociation signals are both reduced drastically
when the irradiation cycle is shortened from 10 min
visible light and 10 min UV to 1 min visible light, and
further to 5 min UV. Besides, the preference for rear leg
dissociation is observed again for a third dye labeling
scheme (Figure 6E). The dissociation rate ratio of the
rear leg over the front leg rises and then flattens under
consecutive cycles of irradiations. A similar pattern was
previously reported for another DNA motor."”

DISCUSSION

The DNA Motor as a First Experimental Demonstration of the
Modular Design Principle. The DNA bipedal motor evi-
dently implements the two major requirements of
the modular design: an interleg bridge containing an
engine-like switchable component (hairpins) that is
located distantly from the legs yet is able to dissociate

LOH ET AL.

the leg from the track; and a leg-track binding compo-
nent that is asymmetric to allow preferential breaking
along one direction of the track than the oppo-
site direction. Leg dissociation and binding by the
switched interleg hairpins are confirmed by the fluo-
rescence rise and drop induced by the visible and UV
irradiations, especially in the single-cycle experiments
shown by Figure 5 (for two-site tracks) and Figure 4C
(for three-site tracks). The asymmetric leg-track bind-
ing is confirmed straightforwardly by the preferential
rear leg dissociation found for the motor on a two-site
track (Figure 5, Figure 6E), because the two track-
bound legs in this case are pulled by a force of equal
magnitude but opposite direction when the inter-
leg bridge is shortened by a visible light irradiation.
Although the preference is quantitatively weak, the
effect is qualitatively clear and underpins the signals
for the motor's directional motion (Figure 3). Thus, we
can conclude that the present motor achieves the
modular design in that an optical switching operation
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on a pair of hairpins but not directly on the leg-track
binding dissociates the legs from a distance and makes
a unidirectional bipedal motor.

Moreover, the motor also possesses a preference
for forward leg binding as found for the motor operat-
ing on three-site and two-site tracks (Figure 4A,
Figure 5A,C). The detailed molecular mechanisms are
not clear at this stage, largely due to unknown length of
an unconventional DNA structure that exists transiently
under the UV irradiation. Nevertheless, the observed
signals for the binding preference suggest that the motor
achieves a best regime of the modular design principle.

Characters of the Modular Design Principle. The present
DNA motor exemplifies some characters of the under-
lying design principle. First, the motor demonstrates a
molecular mechanism that rectifies back-and-forth
extension/contraction inside the motor into its sus-
tained directional motion. This character differentiates
the present motor from all previously reported artificial
track-walking nanomotors. Second, the motor and its
underlying design principle also differ from previous
theoretical proposals**~*” of nanomotors by length
change: the latter are all inchworm motors moving
either forward or backward along the motor's initial
orientation; the former are hand-over-hand motors of a
unidirectionality intrinsically decided by motor-track
binding asymmetry. Third, the design principle allows
integration of a bias for rear leg dissociation and a bias
for ensuing leg binding forward. This mechanistic
integration is important for a motor to gain a high
directional fidelity>**%9 (i.e., high chance of successful
forward motion per operation) and a high efficiency.”®
How to implement directional biases'”*' 8 is a central
problem in the development of nanomotors in general.
Fourth, no damage of the track in wake of a motor's
motion (i.e.,, burn-the-bridge method) is required to
rectify the motor's direction. Overall, the modular de-
sign principle leads to a new class of nanomotors.

A Divide-and-Conquer Strategy to Lower the Technical Barrier
for Nanomotor Development. Multiple regimes exist for
implementing the modular design principle up to
various levels of mechanistic integration and perfor-
mance. Two major technical requirements shared by all
the regimes are an asymmetric binding mechanism for
motion control and a bistate contraction—extension
switch for energy consumption and force generation.
The two components need not be done by a single
molecular part as for previous motors; they instead
may be separately implemented and optimized into
“modular” molecular parts, and then assembled flex-
ibly into nanomotors of many versions. This amounts
to a “divide and conquer” strategy that is expected to
lower the technical difficulty for nanomotor develop-
ment and render this by-far small and difficult field
accessible to the much larger community of nanode-
vice researchers. The engine-like switch may be done
by polymer winding or expulsion, by switch of contour
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24,25,28,34,37 PH

length or rigidity, by means of light,
change,®3®> temperature change?*** chemical
stimuli,?>?5%73! molecular binding?®3%3%38 etc.; many
of these methods are already demonstrated in devices
built from DNA, peptides or synthetic polymers. The
asymmetric binding has been demonstrated in many
devices'""'®"7 too. Other candidates for the switch and
binding modules are many proteins that are known for
asymmetric binding®>®® with DNA helices or protein
filaments, and for modulating®'®? length/rigidity of
peptides and DNA. Following the present design prin-
ciple, new nanomotors might be constructed from
some of the switching and binding modules. This
might lead to new DNA motors, protein motors or
motors of synthetic polymers from switching and
binding modules of the same molecular type for sake
of compatibility. Hybrid motors are possible too, e.g., by
use of DNA-binding proteins and covalent protein—
DNA linkages.®® Therefore, the modular design princi-
ple potentially enables a big variety of nanomotors
with rich variations in molecular systems (DNA, pro-
teins, synthetic polymers or their hybrids) and driving
methods (light, fuels, PH change, ligand binding, etc.).

The modular design principle also offers some
advantages for improving nanomotor performance.
With the engine-leg separation, a common engine
may drive dissimilar motors, and a certain leg-track
combination befits multiple interchangeable engines.
This versatility might help motors to access different
working regimes of the design principle for a better
performance. For example, the leg and track of the
present DNA motor might be combined with a pre-
viously reported DNA duplex—quadruplex switch?® for
a new motor of different performance, although the
specific leg-track binding is not easily integrated with
switches of protein or synthetic polymers. Besides, the
engine-leg separation of the present motor potentially
allows it to make many consecutive runs on a longer
track, because the energy consumption (ie., light
operation) does not weaken a track-bound leg after
the other leg's dissociation like other reported bipedal
motors. This renders the present motor a suitable
candidate for applications involving long-range trans-
port, a possibility worth future study.

CONCLUSION

We have proposed a new design principle for track-
walking nanomotors and provided a first experimental
demonstration by implementing the design principle
in a light-powered symmetric DNA bipedal nano-
motor. As exemplified by the motor, the design prin-
ciple allows modularized assembly of self-directed and
self-propelled nanomotors from spatially and function-
ally separated engine-like bistate switch motifs and
leg-like binding motifs, and up to mechanistic sophis-
tication necessary for high-performing nanomotors.
The modular design principle possesses rich variations
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for implementation and presents a viable route to
develop a big class of new nanomotors from numerous

MATERIALS AND METHODS

DNA Strands and Sequences. The motor is made of two 97-bp
strands: MS1 = BHQ-1-5'-53-D2-D1-S1-B1-H1-B2-52-3' and MS2
= BHQ-1-5'-53-D2-D1-S1-B2*-H2-B1*-S2-3' with the asterisk
marking complementary sequences. The strands each contain
a 20-nt leg segment (D2-D1), a 42-nt hairpin embedded with 12
azo-moieties in the nucleotide backbone, two 10-nt segments
(B1, B2) for double-stranded spacers separating the leg and
hairpin, and three linker segments (S1, S2, S3 of 4, 9, and 2 nt,
respectively) for flexibility. Below are the nucleotide sequences
for the segments (from 5’ to 3'):

D1 = TGGAATGACT, D2 = GTGATTGTAG;

S1 = ACCA, S2 = ATGTCGCCT, S3 = CG

B1 = ATGGACGATC, B2 = CGCATGCTAG;

H1 = CTXTTXAAXGA(TTT)CTXTTXAAXGA(TTTT)TXCTX-
TAXAAG(TTT)TXCTXTAXAAG;

H2 = GAAXATXTCXT(TTT)GAAXATXTCXT(TTTT)AGXAAX-
TTXTC(TTT)AGXAAXTTXTC (X represents azo-moieties; brackets
mark loop sequences of the hairpins).

The three-site track is made of three strands for binding sites
(TS1, TS2, TS3, 45 bp each, carrying dyes TYE, CY5 and FAM,
respectively), two identical spacer strands (TS4, 55 bp) and a
long template (TS5, 155 bp). Below are the sequences for the
strands (from 5’ to 3'):

TS1 = 5/-D1*-B3*-D1*-D2*+4TYE with B3* = CAACAGCAAT-
GTTCG;

TS2 = 5/-D1*-B4*-D1*-D2*+CY5 with B4* = TTACAATCCG-
TCGTG;

TS3 = 5'-D1*-B5*-D1*-D2*+FAM with B5* = AGCGATTACT-
TGTGG;

TS4 = 5'-B6*-3" with

B6* = AGCTAGTCCAAGGGGATCGTAGTATTTTGCATGACA-
AAGCCCCAGCCATTATAGG;

TS5 = 5'-B5-B6-B4-B6-B3-3'.

The two-site tracks use a short template truncated from TS5
as 5'-B5-B6-B4-3', 5'-B5-B6-B3-3’ or 5'-B4-B6-B3-3'. The resultant
tracks carry two dyes, namely, CY5-FAM, TYE-FAM, or TYE-CY5,
respectively, from minus to plus end.

Motor-Track Fabrication. The methods for motor-track assem-
bly and gel analysis largely follow our previous studies on
DNA motors (see refs 16, 17 for details). The DNA strands are
purchased from commercial suppliers (azobenzene-tethered
strands from Nihon Techno Service Co., Ltd., other strands from
Integrated DNA Technologies, Inc.) To assemble the tracks, the
strands were mixed stoichiometrically in a buffer containing
1.5 M NaCl, 10 mM Tris, 1 mM EDTA buffer (pH 8). The mixed
sample was annealed at 95 °C for 20 min, and then cooled down
to 25 °C over 4 h. The motor was assembled by the same
annealing procedure in the same buffer (except for 2 M of NaCl).
The annealing products were analyzed in a 10% native PAGE gel
against a low molecular weight DNA Ladder (purchased from
New England BioLabs, Inc., with 25-bp and 766-bp as the lowest
and highest band, respectively).

Operation Experiments. The motor-track mix was incubated
12 h before an operation experiment. Both the incubation and
later operation were done at 25 °Cin a buffer containing 15 mM
sodium acetate, 9.5 mM Tris, 1T mM EDTA. The motor/track
concentration was kept low (~5 nM) for all the operation
experiments shown in this study to suppress possible cross-
linking of multiple tracks by a motor. The irradiation operation
and fluorescence measurement were both done using a
RF-5301PC spectrophotometer (150 W xenon lamp, Shimadzu
Corp.). For each round of irradiation operation, the motor-track
sample was first irradiated by visible light for a defined duration
(kinetic mode scanning wavelengths 495 nm, 549 nm, 648 nm
over 5 nm slit width each) followed by another period of UV
irradiation (360 nm over 5 nm slit width). The fluorescence was
collected during the visible irradiation, which was also the

molecular switches and binding motifs from the fields
of nanodevices and molecular biology.

excitation for the three dyes (excitation/emission wavelengths:
495 nm/520 nm for FAM, 549 nm/563 nm for TYE, 648 nm/
668 nm for Cy5).

Computer Simulation of Binding Asymmetry. The software used is
a simulation package based on a coarse-grained DNA model
(see ref 41 for details). The simulation was done for a leg (45-nt
D1-D2 segment) bound with the middle binding site with the
latter located at the middle of a 25-bp duplex truncated of the
track backbone. To exert a pulling force to the leg with the track
at rest, we applied two harmonic traps to immobilize the two
terminal nucleotides of the truncated template strand. The traps
are 7.6 nm apart to match the 25-bp track (with an elastic
constant of 5.7 pN/nm). A Monte Carlo simulation was done to
construct an initial configuration in which the D2-D2* duplex
and the noncontiguous D1-D1* duplex are fully hybridized.
Then a Langevin dynamics was used to evolve the configuration
(15 fs per step). Both the Monte Carlo and Langevin dynamic
simulations were done for room temperature relevant to the
experiments.

Extracting Occupation Probability and Rate Ratios from the Fluores-
cence Data. Following a previous study,'” the probability for a
site to be occupied by a motor is related to the fluorescence of
the dye tethered to the site as P(t) = [1 — Iyr(t)/+(t)]/y. Here Iy+(t)
is the fluorescence collected from an operated motor-track
sample at a time t, (t) is the fluorescence of an equal amount
of bare tracks from the accompanying control experiment. y is
the quenching efficiency of the dye by the motor-carried
quencher. Hence the control-calibrated fluorescence Iy(t) =
Int(t)/I(t) yields the probability as P(t) = [1 — Iu(®)]/y. The
average rate for leg dissociation from time t; to a later time t,
is ka = [P(t1) — P(L))/(tz — t1) = [Im(tz) — In(t))/y(t2 — t1). The rate
ratio for leg dissociation from the minus-end site over the plus-
end site is kq_/kqr = (yo/y) X Un_(t2) — In_(t)V/Umo(t) —
Im(t1)], in which (4) and (=) mark the plus and minus ends.
Similarly, the average rate for leg binding from t; to t; is kp1 =
[Py (t2) — Py (t)V/(t2 — t7) = [Ina(ty) — Ine (R)/yo(t; — ). The
rate ratio for leg binding to the plus-end site over the minus-end
site is kp ko = (Y_/y.) X Umy(ty) — Iny (6 IIm_(t1) — Im_(t2)].
The leg-track binding of the present motor ensures a contact
quenching of near 100% quenching efficiency*? for the three
dyes used, i.e, y & 1 and y./y_ = 1 for a good approximation.
Thus, the probability P(t) and rate ratios kq_/kq., kb /kp— can be
extracted directly from Iy(t). The control-calibrated fluores-
cence also removes any influence of photobleaching (a slight
effect for the present motor).
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