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Micrometer-sized molecular robot changes its shape in
response to signal molecules
Yusuke Sato,1 Yuichi Hiratsuka,2 Ibuki Kawamata,1 Satoshi Murata,1 Shin-ichiro M. Nomura1*

Rapid progress in nanoscale bioengineering has allowed for the design of biomolecular devices that act as
sensors, actuators, and even logic circuits. Realization of micrometer-sized robots assembled from these com-
ponents is one of the ultimate goals of bioinspired robotics. We constructed an amoeba-like molecular robot
that can express continuous shape change in response to specific signal molecules. The robot is composed of a
body, an actuator, and an actuator-controlling device (clutch). The body is a vesicle made from a lipid bilayer,
and the actuator consists of proteins, kinesin, and microtubules. We made the clutch using designed DNA mol-
ecules. It transmits the force generated by the motor to the membrane, in response to a signal molecule com-
posed of another sequence-designed DNA with chemical modifications. When the clutch was engaged, the
robot exhibited continuous shape change. After the robot was illuminated with light to trigger the release
of the signal molecule, the clutch was disengaged, and consequently, the shape-changing behavior was suc-
cessfully terminated. In addition, the reverse process—that is, initiation of shape change by input of a signal—
was also demonstrated. These results show that the components of the robot were consistently integrated into
a functional system. We expect that this study can provide a platform to build increasingly complex and func-
tional molecular systems with controllable motility.

INTRODUCTION
Cells can recognize specific signal molecules, process the signals, and
then activate actuator molecules. White blood cells, for example, chase
bacteria by sensing chemical signals and migrating toward the signal
source (chemotaxis) (1, 2). This function is achieved using only bio-
molecules such as DNA, RNA, proteins, and lipids.

Since Drexler suggested the possibility of constructing microma-
chines using biomolecules in 1981 (3), notable progress in the field
of biochemistry and molecular biology has enabled us to modify bio-
molecules and apply them to the construction of sensors, actuators,
and logic circuits (4–10). These molecular devices can be used as the
components of a “molecular” robot (11, 12). The realization of such a
system would lead to a paramount achievement: a bioinspired robot de-
signed on a molecular basis.

The integration of molecular devices is challenging because each
biomolecule requires a particular condition to function, and their be-
haviors can be changed by slight alterations in the conditions (13, 14).
A few nanometer-sized molecular robots made of single molecules to
perform their functions, including locomotion, have been reported
(15). However, their behavior is nondeterministic because of intense
Brownian motion at that scale. We expect that micrometer-sized mo-
lecular robots will be able to overcome this limitation of intrinsic ran-
domness by integrating molecular devices into a compartment (12).
This would be one of the methods to realize “cooperative operation
of multiple molecular devices,” which is difficult in robots composed
of a single molecule. Cells achieve their functions through the integra-
tion of functional parts into a micrometer-sized lipid vesicle.

A cell-sized “giant” liposome, which is a vesicle made from an
artificial lipid bilayer, 5 nm in thickness (16), would be useful as the
micrometer-sized compartment. A few studies have demonstrated cell-
like structures capable of changing their shapes using actuator mole-
cules (17–19). Keber et al. reported that giant liposomes encapsulating

microtubules and kinesins could exhibit filopodia-like protrusions (17).
In addition, Hayashi et al. reported the pressure-dependent shape
change of liposome encapsulating microtubules (18). These works
demonstrate the possibility that such biomolecules can be used as
an actuator for a molecular robot. However, to realize a molecular
robot, the actuators must be controllable and programmable.

Recently, DNAmolecules have gained popularity as programmable
biomolecules to construct structures or computers based on their prop-
erty, whereby they specifically bind to each other depending on their
base sequences (4–10, 20, 21). Not only the DNA but also a combina-
tion of DNA and functional molecules is useful for programming the
dynamic behavior at the molecular level. Wollman et al. reported that
complexes of DNA and kinesin can control the assembly/disassembly
of microtubules by applying the DNA signal in the solution (22). This
research indicates that, if the DNA-modified actuator and actuator-
controlling device are properly integrated, a molecular robot that is
capable of changing shape in response to a specific DNA signal can
be developed.

In this study, we construct amoeba-like molecular robots that are
assembled from biomolecules such as DNA, proteins, and lipids. The
name is inspired from an actual amoeba, which is a unicellular or-
ganism enveloped in a lipid bilayer membrane and changes its shape
by transmitting the force generated by the internal molecular ac-
tuators to the membrane. The robot can initiate and terminate con-
tinuous shape-changing behavior in response to a photoresponsive
signal molecule composed of sequence-designed DNA with chemical
modifications.

RESULTS
Design and preparation of an amoeba-like molecular robot
The molecular robot is composed of a body and two molecular devices:
A giant liposome is the body; a molecular motor is composed of kinesin
and a microtubule, which functions as an actuator; and a control device
switches the shape from spherical to nonspherical and from non-
spherical to spherical (Fig. 1A).
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Fig. 1. Design and microscopic images of amoeba-like molecular robots. (A) Overall schematics of the robots in the inactive (a) and active (b) states; magnified
schematics of the liposomal membrane when kinesins are detached from (c) or attached to (d) the membrane; and schematics of the clutch mechanism (e and f). The
arrows in (b) and (d) indicate the driving force of the kinesin motor. (B and C) Phase-contrast microscopy images of the robots and fluorescence images of microtubules
in the inactive (B) and active states (C). The white arrowheads in (C) indicate microtubules on the membrane. Scale bars, 10 mm.
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A microtubule, polymerized from tubulins, is the most rigid rod-
like structure (about 25 nm in diameter) among cytoskeletal proteins
(16, 23). Kinesin, a double-headed motor molecule, can “walk” on mi-
crotubules toward the “plus” ends, using energy from the hydration of
adenosine triphosphate (ATP) (24). It is well known that microtubules
exhibit a gliding motion on a kinesin-coated substrate surface (25).
In our design, kinesins were set on a liposomal inner membrane via
sequence-designed DNA. The attachment of kinesin to the membrane
can be released by a specific DNA signal through a molecular mech-
anism (Fig. 1A, a to f) named a “clutch.” The clutch is composed of
two units: a “motor unit” and an “anchor unit”; the motor unit con-
sists of kinesin tagged by green fluorescent protein (GFP) and biotin,
neutravidin, and biotinyl-DNA (kinesin-GFP-avitag; hereinafter referred
to as “kinesin”). The anchor unit is composed of linker DNA with three
cholesterol-modified DNAs (Fig. 1A, e and f). Cholesterol-modified
DNAs act as an anchor to the membrane, and the anchor unit trans-
mits the force generated by the motor to the membrane. A tandem triple
cholesterol–modified anchor was adopted to firmly attach the motor
to the membrane (fig. S1). The motor and anchor units can be con-
nected by connector DNA (i.e., engaged) and be released by a releaser
DNA (i.e., disengaged) by way of a DNA strand displacement reaction
(Fig. 1A, e and f) (26). The DNA sequences are given in table S1.

When the clutch is disengaged (Fig. 1A, a and c), the motor unit
and microtubules cannot interact with the membrane; thus, the robot
is spherical and does not exhibit any shape change (inactive state). In
contrast, when the clutch is engaged, it can transmit the force gener-
ated by the motor (Fig. 1A, b and d), and the robot exhibits contin-
uous shape change caused by microtubule gliding on the membrane
(active state).

The robot was constructed using the water-in-oil emulsion transfer
method (27, 28) with some modifications. In our method, all the com-
ponents, consisting of 20 or more molecular species (e.g., motor units,
anchor units, microtubules, antioxidants, ATP, ATP-regenerating mol-
ecules, signal molecules, and a suitable buffer to maintain the condi-
tion), were encapsulated in the inner solution of the liposome. Details
about the composition of the solution and the robot construction
procedure are given in fig. S2 and table S2. The membrane composition
of the giant liposome was 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/
cholesterol/1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)–
polyethylene glycol (PEG) 2000 with a molar ratio of 4:4:1.9:0.1, where
the membrane of the robot is in a phase-separated condition.

Continuous shape-changing behavior of the robot
As the first step, the shape-changing behavior of the robot was con-
firmed with a connector or releaser DNA signal premixed in the inner
solution. The robot in the active state (with the clutch engaged) exhib-
ited an amoeba-like continuous shape change (Fig. 1C and movie S1).
In contrast, the robot in the inactive state (with the clutch disengaged)
did not exhibit any shape change and remained spherical, although it
contained kinesins, microtubules, and ATP (Fig. 1B). Under lack of
ATP, kinesins aggregated around the microtubule on the membrane,
and continuous shape change was not observed (fig. S3). These results
show that the force required for the shape-changing behavior can be
transmitted through the engaged clutch. The detailed signal responsiv-
ity of the robot and the clutch is given in figs. S4 and S5A.

To evaluate the inactive and active states of the robot, we analyzed
its circumferential shape by using a laser scanning confocal micro-
scope (Fig. 2, A and B). For both states, the distribution of r/rmax along

q was plotted as a color map with respect to time (Fig. 2, C to F). Here,
r, rmax, and q denote the distance from the center of mass to the mem-
brane, the maximum value of r during observation, and the angle as
illustrated at the bottom of Fig. 2 (C and F), respectively. The robot in
the inactive state remained spherical, and r/rmax showed a constant
value of about 0.9 during observation (Fig. 2, C and D). The robot
in the active state exhibited a continuous shape change with microtu-
bules and kinesins at the membrane (Fig. 2E and movie S1). The value
of r/rmax during the active state continuously fluctuated between 0.6
and 1.0, and the color map showed a slant stripe pattern (Fig. 2F).
This indicates that the robot exhibited rotational shape change owing
to the rectilinear gliding motion between the kinesins and microtu-
bules. Although there was no significant difference between the statis-
tical mean values of r/rmax of robots in the two states under a field of
microscopic view (inactive, 0.92 ± 0.03; active, 0.91 ± 0.03) (fig. S6), a
difference was identified through individual analysis of the robot, as
shown in Fig. 2.

We determined the membrane composition that (i) effectively en-
capsulates all components into the liposome body and (ii) efficiently
transmits force from kinesin to the microtubules (see figs. S7 to S9).
Particularly, the composition, including DPPC, was important for the
continuous shape change. In the field of soft matter physics, it has
been reported that mixtures of lipids with different phase transition
temperatures (Tm) can form micrometer-sized “rigid” domains on the
membrane within a disordered phase (29, 30). In the composition that
we obtained, the domain of DPPC (Tm = 41°C) could be formed in the
disordered phase of DOPC (Tm = −17°C). We considered that the
DPPC domain could act as a foothold that efficiently transmits the force
from kinesin. The difference in membrane fluidity and phase separation
on the membrane may be considered to be factors affecting the shape-
changing behavior.

Switching the shape by signal molecules
To switch the shape of the robot, we used a photoresponsive DNA
(prDNA), which is a hairpin-shaped DNA with photocleavage sites
(fig. S10). Two types of signal DNA were designed to switch from in-
active to active and from active to inactive. The two prDNA signals
have the same sequence domain as the connector and releaser DNA
(table S1). With the prDNA signals, the connector or releaser DNA
can be produced in the robot after ultraviolet (UV) irradiation because
of the fragmentation of the photocleavage sites (Fig. 3, A and B). As a
result, the clutch is engaged or disengaged depending on which prDNA
signal is contained in the robot. In the switching experiment, the robot
was irradiated with UV light for 10 s. Fragmentation of the photoclea-
vage sites and engagement or disengagement of the clutch were con-
firmed by gel electrophoresis (fig. S5B).

To confirm the switching from the inactive to the active state, we
mixed the connector prDNA signal into the inner solution of the ro-
bot with the clutch disengaged. Before UV irradiation, the robot was
spherical and inactive. After the input of the connector signal (t = 300 s),
the attachment of the microtubules on the membrane was observed at
t = 770 s, and the robot initiated its shape change (Fig. 3C). The color
map showed that the r/rmax value was about 0.8 before the input of the
signal and then fluctuated between 0.6 and 1.0 after the input of the
signal (Fig. 3D).

To confirm the switching from the active to the inactive state, we
mixed the releaser prDNA signal into the inner solution with the
clutch engaged. Before UV irradiation, the robot exhibited the shape
change (Fig. 3E). Localization of the microtubules on the membrane
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was observed at t = 60 s. After the input of the releaser signal (t = 300 s),
the robot became spherical (Fig. 3E). The r/rmax values shown in the
color map indicated that the robot gradually stopped its shape change
after the input of the signal (Fig. 3F). Before the input of the releaser
signal, r/rmax fluctuated between 0.6 and 1.0, whereas after the input,
the value decreased and settled around 0.8. These switching function-
alities are also shown in fig. S11 and movies S2 and S3.

The activity of the robot was evaluated using the SD of its radius
from the center of mass with respect to time (Fig. 4). Figure 4A shows
a comparison of the deviation between the inactive and active state of
the robots, as shown in Fig. 2 (C and E). The value in the active state
was about 0.05, as opposed to 0.02 in the inactive state (Fig. 4A).

Figure 4B shows the transitions of the deviation during the switching
in the robot shown in Fig. 3 (C and E). When switching from the in-
active to active state, the value increased from 0.03 to 0.06 after the
input of the signal. In contrast, when switching from the active to in-
active state, the value decreased from 0.06 to 0.02 after the input.
These results show that the transition of the robot’s state occurs in
accordance with the signal. The conversion point of the transition
appears at about t = 700 s. The switching completed after t = 1000 s
(700 s after the input of the signal).

In these experiments, 700 s were required to complete the switching
after the input of the signal. The DNA strand displacement reac-
tion in the giant liposome can be completed within 300 s, which is
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Fig. 2. Analysis of continuous shape change in inactive and active robots. (A and B) Schematics of a robot and the clutch in the inactive (A) and active state (B). (C) Image
sequences of a robot in the inactive state, as visualized by a laser scanning confocal microscope: Green and magenta show kinesins and microtubules, respectively. Scale bar,
20 mm. (D) Color map of r/rmax of the inactive robot shown in (C): The radius was defined as the distance from the center of mass to the periphery, as shown in the image at t =
900 s; the gray arrowheads on the right side of the color map indicate the times at which the images shown in (C) were captured. (E) Image sequences of a robot in the active
state visualized by laser scanning confocal microscope: The white arrowheads in the images at t = 100 and 700 s indicate microtubules on the membrane. Scale bar, 20 mm.
(F) Color map of r/rmax of the active robot shown in (E): The values were measured using the same method as that in (D); the gray arrowheads on the right side of the color
map indicate the times at which the images shown in (E) were captured.
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considerably faster than the switching (fig. S12). This time difference
may be caused by the complexity in the environment in the liposome,
such as the difference in the diffusion velocity and electrostatic inter-
action among proteins, DNAs, and the membrane. The DNA mole-

cules in the clutch are connected to proteins such as kinesin and
neutravidin, that is, the effective molecular weight increases, which
can decrease diffusion velocity. In addition, in the strand displacement
reaction, signal DNA has to interact with the DNA in the anchor unit
immobilized on the membrane. Moreover, kinesin and microtubules
have positive and negative charges, respectively, and the lipid bilayer
membrane has electrostatic potential.

Estimation of the amount of energy used for the
shape change
In our robot, the microtubules and kinesins on the liposomal mem-
brane act as an actuator that induces the shape change by using the
energy of ATP hydration. Typically, liposomes are spherical because it
is the most stable shape, forming when the surface tension under the
influence of the osmotic pressure of the inner and outer solutions
balances. For the shape change, the microtubules and kinesins must
generate a force to overcome the stability of the spherical shape.

The stability of the lipid membrane is described by Helfrich’s equa-
tion, in which the bending energy of the membrane is calculated from
the difference between the local curvature and the spontaneous curva-
ture (31, 32). In the switching experiment, we compared the difference
between the curvature of the spherical and the nonspherical shapes.
The estimated bending energy of the robot shows that the difference
between the energy in the active and inactive states was about 0.1 ×
10−18 to 1 × 10−18 J (see the Materials and Methods and fig. S13). This
value is apparently equal to or smaller than the energy in the cellular
membrane, when deformed by an optical tweezer (33), and much
smaller than the energy used for cell migration (see the Materials
and Methods for details of the estimation method) (34).

The estimated energy used for the shape change may represent the
energy required to continue the shape change. We observed that the
continuous shape change in a few robots abruptly stopped generating
microtubule protrusions, although no signal DNA was applied (fig.
S14 and movie S4). In addition, the robots with microtubule protru-
sions show no motion (fig. S15). This suggests that, in our robot, an
exceedingly large shape change, such as the generation of protrusions,
may stop the continuous shape change. A plausible mechanism is as
follows. When a large shape change occurs, such as a protrusion, the
microtubules can move toward the direction of the elongation of the
protrusion. As the microtubules push on the membrane, the tension
of the membrane will increase. Eventually, the force generated by the
motor and the surface tension will attain equilibrium, and as a result,
the robot does not exhibit any motion.

DISCUSSION
In this work, the components of a robot, that is, a molecular motor and
a control device, were integrated into a body, which can be regarded as
being a molecular robotic system. Experimental results showed that the
gliding motion between the microtubules and kinesins, connected at
the inner membrane, could induce the continuous shape change in
the liposomal membrane (Fig. 2B). Moreover, the clutch could switch
the robot behavior from active to inactive, and vice versa, in accord-
ance with specific DNA signals produced by UV irradiation (Figs. 3
and 4). On the other hand, there are still limitations in the functions
of the robot. For example, the switching of robot behavior is not re-
versible. The shape change is not directional and as yet not possible for
complex tasks, for example, locomotion. However, to the best of our
knowledge, this is the first implementation of a molecular robot that
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can control its shape-changing behavior in response to specific signal
molecules.

In Feynman’s talk entitled “There’s plenty of room at the bottom,”
he mentioned the possibility of creating a small structure that is com-
parable with a living organism (35). In biology, artificial cell models
that can reconstruct or mimic a biological system have been studied
by packing biomolecules into a compartment (36–38) to understand
the fundamental mechanisms of living organisms. From a robotics
point of view, we believe that designing molecular devices and inte-
grating them into a system will be an important means of realizing a
programmable and controllable function for engineering applications.
The findings of the present study provide a fundamental method for
realizing the controllable motion of a molecular robot in response to a
specific signal molecule using molecular actuators controlled by mo-
lecular computers.

As the next step, the repetitive control of switching of the shape
should be challenged by using a DNA molecule containing the artifi-
cial base, which can reversibly hybridize/denature through UV irradiation
at two different wavelengths (39). For directional motion of the robot,
introducing asymmetricity in the body (40) could be one of the methods.
Moreover, combining other molecular devices would lead to the realiza-
tion of a molecular robot with advanced functions. For example, artificial
nanopores, such as an artificial channel composed of DNA (41–44),
could be used to sense signal molecules in the surrounding environments
through the channel. In addition, the behavior of a molecular robot could
be programmed by DNA computing devices, such as judging the condi-
tion of environments (7, 8). These implementations could allow for the
development of molecular robots capable of chemotaxis, such as white
blood cells, and beyond.

In addition, we found that our molecular robot could be frozen and
continued to function after thawing. Therefore, our robot could be dis-
tributed to other laboratories by mail. Mailed robots showed similar
shape-changing behavior in another laboratory (movie S5). Researchers
can design their own original molecular devices and install them into
the prototype thatwe developed.Webelieve that the results of this study
provide a useful platform for the development of molecular robotics.

MATERIALS AND METHODS
Reagents
DOPC, DPPC, and DSPE-PEG2000 were obtained from NOF Corpo-
ration. With the exception of the prDNAs, the DNAs were obtained
from Eurofins Genomics. The prDNAs were obtained from Tsukuba
Oligo Service. Glucose, trehalose, glucose oxidase, catalase, dithiothreitol,
Taxol, ATP, cholesterol, and liquid paraffin were obtained from Wako
Pure Chemical Industries. Neutravidin was obtained from Thermo Fisher
Scientific. Creatine phosphate was obtained from Sigma-Aldrich, and
creatine kinase was obtained from Oriental Yeast Corporation.

Purification of tubulin and kinesin-GFP-avitag
Fluorescent tubulin was prepared using a standard method (45).
Polymerized porcine brain tubulin (~2 mg/ml) (46, 47) was reacted with
10 mM 5-(and-6)-carboxytetramethylrhodamine, that is, succinimidyl
ester (Invitrogen; C1171) in 100mMHepes-KOH (pH 8.6), 1 mMMgCl2,
and 1 mM EGTA at 37°C for 10 min. After the reaction was stopped by
adding 100 mM potassium glutamate, the unreacted dye was removed by
centrifugation. The fluorescent tubulins were frozen in liquid N2 and then
stored at −80°C. Kinesin-GFP-avitag was prepared from Escherichia coli
that expressed recombinant protein K465-GFP-avitag, a fusion protein

of kinesin with C-terminal truncation, GFP, and avitag (48). To en-
hance the biotinylation yield, we added 5 mM biotin to a culture me-
dium to promote the protein expression.

Microtubule polymerization
Rhodamine-labeled tubulin, at a concentration of 2 to 3.5 mg/ml, was
mixed into a polymerization buffer containing 1 mM guanosine tri-
phosphate, 0 to 20% glycerol, 80 mM Pipes-KOH (pH 6.9), 4 mM
MgCl2, and 1 mM EGTA. Glycerol and tubulin concentrations were ad-
justed to control the microtubule length at an average of about 9 mm.
The mixture was incubated for 50 min at 37°C. After incubation, Taxol
was added to the mixture to obtain a final concentration of 10 mM to
prevent depolymerization of the microtubules.

Preparation of lipid-in-oil solution
DOPC, DPPC, cholesterol, and DSPE-PEG2000 were dissolved in
chloroform in a glass tube in a ratio of 4:4:1.9:0.1 mole percent (total
50 mM). DSPE-PEG2000 was added to prevent nonspecific adhesion
between proteins and the membrane. The solution was dried under
argon gas and subsequently under vacuum; then, it was mixed with
liquid paraffin. The final concentration of the total lipid mixture was
5 mM in the oil phase. The mixture was vortexed and sonicated at
50°C for at least 120 min.

Determining suitable lipid composition for the robots
To construct the amoeba-like molecular robot, we determined a mem-
brane composition that satisfies the following requirements: (i) effec-
tive encapsulation of all components into the liposome body and (ii)
efficient transmission of force from kinesin to the microtubules. When
the lipid composition was DOPC/cholesterol/DSPE-PEG2000 = 8.9/1/
0.1, the liposomes formed efficiently; however, we could not observe
dynamic shape change in the robots (fig. S7). When the lipid
composition was DOPC/cholesterol/DSPE-PEG2000 = 8/1.9/0.1, a
few liposomes exhibited dynamic shape change (fig. S8). In the current
lipid composition containing DPPC, which can separate into liquid-
ordered (Lo) and liquid-disordered (Ld) phases (fig. S9), the yield of
the robots that exhibited continuous shape change improved.

It has been reported that increase in cholesterol molar ratio reduces
fluidity of the membrane (49). In addition, the difference in phase
changes the fluidity by several orders of magnitude (50). Therefore,
we considered that membrane fluidity and phase separation in the
membrane might affect the continuous shape change in the robot.

Robot production
The liposome’s inner solution was composed of proteins, DNAs, ATP,
ATP-regenerating components, and reagents to prevent depolymerization
of the microtubules and photobleaching during fluorescence observa-
tion. The composition of the liposome’s outer solution was the same
as that of the inner solution, except for the DNAs and protein. To
prepare the inner solution, we mixed kinesin-GFP-avitag, biotinyl-DNA,
and neutravidin in a test tube and incubated it on ice for more than
10 min. The mixture, containing kinesin biotinyl-DNA, neutravi-
din, cholesterol-DNA, linker DNA, connector DNA (and/or releaser
DNA), glucose, trehalose, and a solution for antioxidation and anti-
depolymerization of microtubules, which was composed of glucose,
glucose oxidase, catalase, dithiothreitol, and Taxol, was mixed with a
Pipes buffer (80 mM Pipes, 1 mM EGTA, 4 mMMgCl2, pH 6.9, which
was adjusted using KOH) in a test tube as a precursor to the inner so-
lution. Last, this precursor solution, ATP, creatine phosphate, creatine
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kinase, and the microtubules were mixed in a test tube to give a final
volume of 20 ml. In the switching experiment, the photoresponsive con-
nector or releaser DNA was mixed in this final step. To prepare the
outer solution, we mixed glucose and the solution for antioxidation
and anti-depolymerization of the microtubules with a Pipes buffer in
a test tube as a precursor to the outer solution. This precursor solution,
ATP, creatine phosphate, and creatine kinase were mixed in the test
tube to obtain a final volume of 300 ml. The chemical compositions
and preparation procedure are described in more detail in fig. S1 and
table S2. Next, 20 ml of the inner solution was added to 300 ml of the
lipid mixture in a glass tube and then vortexed for 15 s to obtain a water-
in-oil emulsion. The emulsion oil solution was gently poured onto 300 ml
of the outer solution in a test tube and subsequently centrifuged at 8000g
at room temperature for 15 min. The precipitated liposomes were
collected from the bottom and then dispersed by pipetting. Following
this protocol, the overall yield of the structures was about 104 to 105

structures per milliliter, and about 10% of them exhibited the robotic
shape-changing behavior. Robots exhibiting continuous shape-changing
behavior were still visible more than 80 min after preparation.

Switching the shape-changing behavior by prDNA signal
prDNAs were designed as described in table S1. The prDNAs were
annealed in a Pipes buffer for 70 min across a temperature range of
95° to 25°C at a rate of −1°C/min (Mastercycler, Eppendorf). It should
be noted that the prDNAs were not exposed to light. The annealed
prDNAs were stored at 4°C and used within a week after annealing.
In the switching experiment, the robot was irradiated with UV light
using a 60× oil immersion objective lens (UPlanSApo, Olympus), filter
cube (WU, Olympus), and mercury lamp.

Confirmation of the function of clutch and prDNA signal
through polyacrylamide gel electrophoresis
Polyacrylamide gel was composed of 12% bis-acrylamide, 0.1% tetra-
methylethylenediamine (TEMED), and 1% ammonium persulfate
(APS) in a tris-acetate-EDTA (TAE) buffer. Each DNA sample was
mixed in a TAE buffer containing 4 mM MgCl2. Electrophoresis
was performed at 100 V for 100 min at room temperature with light
shielding. The gel was stained with SYBR Gold and imaged using a gel
imager (ChemiDoc, Bio-Rad). The experimental results are shown in
fig. S3. Samples containing prDNAs in lanes 4, 6, 8, and 10 in fig. S3B
were irradiated with UV light for 10 s. Engagement/disengagement of
the clutch in response to the DNA signals (fig. S3A) and the prDNAs
(fig. S3B) was observed.

Preparation of observation chamber
Glasses and coverslips, measuring 30 × 60 mm and 22 × 22 mm, respec-
tively, with a thickness of 0.17 mm, were coated with polyacrylamide to
prevent adsorption of the vesicle onto the glass. First, the glasses and slips
were rinsed and sonicated with 0.5% Triton X-100 solution at 50°C for
15 min; then, they were washed with distilled water. Second, the glasses
and slips were rinsed and sonicated with ethanol solution at 50°C for
15 min and then washed with distilled water. After air-drying, they
were treated with plasma (SEDE-GE, Meiwafosis) to produce a hydro-
philic surface. They were soaked overnight in a room temperature so-
lution of fresh 2% (w/v) acrylamide, APS (0.7 mg/ml), and TEMED
(0.35 ml/ml) (51). Last, the glasses and slips were stored at 4°C in the
acrylamide solution. Each slide was rinsed with distilled water before
use. An observation chamber was built from the glasses and slips using
a double-sided tape.

Observation and analysis of shape-changing behavior
The sample solution was inserted into the observation chamber. The
robot was observed using either a fluorescence microscope (Olympus,
IX71) with a 40× objective lens (LUCPlanFLN and UPlanSApo, Olym-
pus) or a laser scanning confocal microscope (Olympus, FV1000) with
a 60× oil immersion objective lens. To analyze the shape-changing be-
havior of the robot, we analyzed image sequences obtained using the
confocal microscope using an ImageJ plug-in [LEAP (Leading Edge
Analysis Plugins) and JFilament] to measure the r (t, q) values (50).

Measurement of DNA strand displacement velocity
in giant liposome
The velocity of the DNA strand displacement reaction in the giant
liposome was measured using a photoresponsive releaser DNA signal,
connector DNA, Cy3-modified DNA, and BHQ-2–modified DNA.
Cy3- and BHQ-2–modified DNAs were purchased from Eurofins
Genomics. These DNAs were encapsulated into the giant liposome.
Figure S12A shows schematics of the measurement method. Before
the input of the signal (i.e., UV irradiation), Cy3 fluorescence is quenched
by the BHQ-2 molecule, and the liposome shows weak fluorescence
(fig. S12A, left). After the input of the signal, the liposome will show
high fluorescence because Cy3- and BHQ-2–modified DNAs are
separated by the strand displacement reaction (fig. S12A, right). The
velocity of the reaction was measured from the fluorescence intensity
of the liposome.

Figure S12 (B and C) shows experimental results of confocal images
(fig. S12B) and normalized fluorescence intensity (fig. S12C). Confocal
images were obtained at 10-s intervals. The fluorescence intensity was
measured from the liposome at the locations indicated by the white ar-
rowheads in fig. S12B. UV light was irradiated for 10 s at t = 300 s.
Although there was a delay of a few seconds when light sources were
changed between UV and excitation light, the fluorescence intensity
rapidly increased after the input of the releaser signal, and then the
value reached its maximum value at about t = 600 s.

Estimation method of energy required for shape change
To estimate the bending energy, we considered the robot to be a cyl-
inder rather than a sphere. This was because when the robot showing
shape change is visualized as a three-dimensional (3D) image, the en-
tire shape cannot be visualized accurately owing to the differences in
the shape in each frame. Therefore, we estimated the energy from
cross-sectional images visualized by a confocal microscope. The vol-
ume of the robot in the active and inactive states and during switching
is assumed to be constant.

In this estimation method, the pixel coordinates of the circumference
of the robot were first measured by the JFilament of the ImageJ plug-in
(52). The pixel coordinates were averaged by the binomial weighted av-
erage method to eliminate noise. The local curvature at each point was
calculated using three points: points i and i ± n. Last, the energy E at
each time point was estimated using the following equation:

E ¼ l � V0

S

� �
� k

2
∑
N

i¼1
ðCi � C0Þ2

where l, V0, S, k, N, Ci, and C0 are the length of the circumference, the
volume of the robot obtained from the averaged radius value in the cross-
sectional image when the inactive robot was assumed to be spherical, the
cross-sectional area, the bending rigidity of the lipid membrane, the local
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curvature at each point, and the spontaneous curvature (i.e., average cur-
vature for the inactive robot), respectively. Here, k is 20 kBT, which is a
typical value for membrane rigidity (32). In this estimation method, kB
and T were 1.38 × 10−23 J/K and 298 K, respectively.

DE was calculated from the differences between each time point
and the final time point during observation. Typical results of the var-
iation in DE as a function of time are shown in fig. S13. The difference
between the energy required for shape change for the active and the
inactive robot was estimated by averaging the DE values before the
input of the signal. The values of five robots were 0.6 × 10−18, 0.4 ×
10−18, 0.5 × 10−18, 0.7 × 10−18, and 0.7 × 10−18 J.

Estimation of energy required for live cell membrane
deformation and for cell migration
The energy required for the deformation of the cell membrane of a red
blood cell was studied using an optical tweezer (33). In the literature,
when a cell membrane was pulled by a force of about 10 pN, the di-
ameter of the cell changed by less than 1 mm. On the basis of these
data, the energy required for cell membrane deformation was esti-
mated to be of the order of 10−18 J.

To estimate the energy required for cell migration, we adopted fish
keratocytes as an established model for single-cell motility with an
amoeba-like shape change. Lee et al. (34) reported that the traction
forces produced by keratocytes could be detected by the 2D displace-
ment of small beads embedded in the plane of an elastic substratum.
They concluded that the cell generates a maximum force of about 2 ×
10−8 N for the migration. On the basis of these data, the energy re-
quired for a migration of 1 mm was determined to be 2 × 10−14 J.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/2/4/eaal3735/DC1
Fig. S1. Single cholesterol–modified anchor encapsulated in the liposome.
Fig. S2. Flow chart of preparation methods for inner and outer solutions of one sample.
Fig. S3. Confocal images under the condition of 0 mM ATP.
Fig. S4. Signal responsiveness of robot and clutch function confirmed by premixing DNA signals.
Fig. S5. Polyacrylamide gel electrophoresis.
Fig. S6. Statistical mean values of r/rmax in active and inactive robots under a field of
microscopic view.
Fig. S7. Confocal microscopic images of the liposomes under the condition of DOPC/
cholesterol/DSPE-PEG2000 = 8.9/1/0.1.
Fig. S8. Confocal microscopic images of the liposomes under the condition of DOPC/
cholesterol/DSPE-PEG2000 = 8/1.9/0.1.
Fig. S9. Atomic force microscopy images of the lipid bilayer membrane on a mica surface.
Fig. S10. Structural formula of a photocleavage site denoted by -X- in table S1.
Fig. S11. Switching function of clutch induced by prDNA signals.
Fig. S12. Measurement of DNA strand displacement in giant liposome.
Fig. S13. Variation in energy required for shape change (DE) as a function of time.
Fig. S14. Transition from active to inactive states of robot without DNA signal.
Fig. S15. Microtubule protrusions from robot.
Table S1. DNA sequences.
Table S2. Final concentration of each chemical species in inner and outer solutions for robot.
Movie S1. Continuous shape change in robot with clutch engaged.
Movie S2. Switching of the shape of the robot from inactive to active states using
photoresponsive connector DNA signal.
Movie S3. Switching of the shape of the robot from active to inactive states using a
photoresponsive releaser DNA signal.
Movie S4. Rotational 3D view of robot with microtubule protrusions.
Movie S5. Shape-changing behavior in robots after freezing and thawing.
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