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Osmotic-engine-driven liposomes in microfluidic
channels†

Kan Shoji *ab and Ryuji Kawano *a

Self-propelled underwater microrobots that locomote without external sources of energy have potential

application as drug carriers and probes in narrow spaces. In this study, we focused on an osmotic engine

model, which is a migration mechanism, and applied it as a negative chemotaxis mechanism to induce

liposome displacement. First, we confirmed the osmotic flow across the lipid bilayer and calculated the

osmotic flow velocity to be 8.5 fL min−1 μm−2 when a salt concentration difference was applied to the lipid

bilayer. Next, we designed and fabricated a microchannel that can trap a giant liposome and apply a salt

concentration difference to the front and rear of the liposome. Then, we demonstrated the movement of

the liposome by flowing it to the microchannel. The liposome successfully moved in the direction of the

lower ion concentration at a speed of 0.6 μm min−1 owing to the osmotic pressure difference. Finally, we

visualized the inner flow in the liposome by encapsulating microbeads in the liposome and observed the

movement of the microbeads to verify that an osmotic flow was generated on the liposome. As a result,

we observed the circulation of the microbeads in the liposome when the concentration difference was

applied to the front and rear of the liposome, suggesting that the movement of the liposome was driven

by the osmotic flow generated by the osmotic pressure difference. These results indicate that the osmotic-

pressure-based migration mechanism has the potential to be utilized as the actuator of molecular robots.

Introduction

Bio-integrated robots combining biological objects and
mechanical components, such as bioactuators1–3 and cyborg
insects,4–8 have the exclusive abilities of chemical energy
driving, self-renewal capability, biocompatibility, and soft-
ness, and they can potentially be used as intracorporeal
microrobots and environmental monitoring robots. Since
conventional robotic systems have not yet provided these abil-
ities, bio-integrated robots have attracted attention as novel
robots. However, differences between biological objects and
machines, such as materials, communication methods, and
energy sources, prevent the development of fully integrated
biorobots. To overcome this issue, interfaces connecting
biological and mechanical objects should be designed and
developed. For example, we previously reported a biofuel cell
that generates electric power from insect hemolymph for the
energy source of a mounted radio sensor.7,8

On the other hand, the concept of molecular robots
whose components are artificially designed from the molecu-
lar level and assembled by bottom-up approaches has re-
cently been proposed,9,10 where a molecular robot is defined
as a microorganism-imitating microrobot. To realize such ro-
bots, three essential components are required: sensors,11–15

intelligence,16 and actuators,17–20 and they can be integrated
into a unitary compartment21–26 formed by a giant liposome,
gel, and a DNA-based capsule. This cell-imitating micro-
robots would offer potential not only as a microrobot driving
inside a body for drug delivery and diagnosis but also a bio-
mimetic model of living cells. Molecular robots which can
sense chemical signals and migrate to the chemical source
by chemotaxis would show cell-like behaviors. In this way,
molecular robots constructed by synthetic biology should
also attract attention as a biomimetic application. Regarding
the development of actuators, there are two different ap-
proaches. One is the use of molecular motors. Molecular mo-
tors, such as kinesin and myosin, are capsuled in a giant li-
posome and deform the liposomal membrane. For example,
filopodium-like protrusions were exhibited by a giant lipo-
some encapsulating microtubes and kinesins.27 Furthermore,
a controllable and programmable actuator that responses to
a specific DNA signal has been developed by linking single-
strand DNAs to a lipid membrane as an anchor of molecular
motors.19 Although these cell-imitating and molecular-motor-
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driven actuation mechanisms have potential as biomimetic
aspects of cell migration systems in synthetic biology, it is
still challenging to completely imitate their structures and
functions.

Another actuation mechanism is a self-propelled mecha-
nism that induces the migration of droplets by converting
external energy to mechanical motion.28–30 These self-
propelled robots are driven by either an asymmetrical chemi-
cal reaction at the leading and ending edges of the robot or
the Marangoni effect caused by a surface tension gradient.
These driving mechanisms are straightforward and provide
stable movement compared with that for the above molecular
motor systems. However, few self-propelled mechanisms
using an osmotic pressure gap have been reported because a
closed space must be prepared to maintain a static chemical
gradient for a long time.31

In this study, we focus on the osmotic engine model32

reported by Stroka and coworkers as the cell migration
model. In this model, a polarized cell in which a spatial
gradient of ion channels and pumps in the cell membrane is
established creates a net inflow and outflow of water and
ions at the cell leading and trailing edges, respectively. The
net flows create net cell displacement even when the poly-
merization of actin in the cell is inhibited. By applying this
model to a liposome, we demonstrate the emergence of
chemotaxis for liposomes and propose its potential as a
biomimetic model of cell migration by chemotaxis. Specifi-
cally, the semipermeability of the lipid bilayer provides net
flows of water passing through the lipid bilayers owing to
osmotic pressure differences at the membranes caused by
the salt concentration differences between the inner and
outer solutions. Although the salt concentration differences
at the membranes induce osmotic flows, the salt concentra-
tion differences should be generated on the front and rear of
liposomes to demonstrate the chemotaxis (the constant
displacement of liposomes). Therefore, we utilize micro-
fluidic techniques of cell trapping and gradient generation to
trap liposomes and generate a salt concentration difference
at the front and rear of liposomes (Fig. 1). We propose that
the osmotic-pressure-based propulsion mechanism can
potentially be applied to the engine of molecular robots by
demonstrating liposome displacement induced by an osmotic

pressure difference. Furthermore, this osmotic-pressure-
driven liposome would be also useful as a simple cell migra-
tion model by chemotaxis.

Experimental
Reagents and chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar
Lipid), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)
(DOPS; Avanti Polar Lipid), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (Rhod PE; Avanti Polar Lipid), cholesterol
(chol; Avanti Polar Lipid) and liquid paraffin (Wako Pure
Chemical Industries, Ltd.) were used for liposome formation.
DOPC and n-decane (Sigma-Aldrich) were used for the prepa-
ration of lipid bilayers for the observation of lipid bilayer
deformation. Potassium chloride (KCl; Nacalai Tesque) and
3-morpholinopropane-1-sulfonic acid (MOPS; Nacalai Tesque)
were used as aqueous solutions. The MOPS solution was
prepared using ultrapure water from a Milli-Q system (Merck
Millipore Corp.). Calcein (Tokyo Chemical Industry Co. Ltd.)
was utilized as a dye for the fluorescence observation of
liposomes. Fluoresbrite plain microspheres (diameter; 1.0
μm, Polysciences, Inc.) were used to observe the inner flow of
liposomes. SU-8 3025 (MicroChem Corp.) was used as a
photoresist. Polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning Toray Co., Ltd.) was used for the microchannel
material.

Observation of membrane deformation due to osmotic
pressure difference

First, we observed the membrane deformation induced by
the osmotic pressure difference acting on lipid bilayers. We
prepared lipid bilayers by a droplet contact method
(DCM)33–35 and observed them under a microscope. In this
method, a lipid bilayer is formed at the interface between
two droplets in contact with a lipid/oil mixture. We prepared
a chamber with the shape of an infinity symbol, in which two
circular wells with an inner diameter of 2 mm overlapped.
Lipid bilayers were prepared by inserting 2.7 μL of aqueous
solution into each well, which had previously been filled with
4 μL of DOPC/n-decane (10 mg mL−1) or DOPC : chol = 7 : 3

Fig. 1 Liposome-based osmotic-pressure-driven microrobot. The liposome trapped in the microchannel migrates in the direction of the lower salt
concentration owing to the osmotic flow generated by the osmotic pressure difference.
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(molar ratio)/n-decane solution. We observed and compared
the membrane deformation with and without an ion concen-
tration difference at each droplet. The observation was
performed using an inverted microscope (AXJ-5300TPHFL,
WRAYMER Inc.) mounted with a microscope digital camera
(FLOYD, WRAYMER Inc.). The water volumes passing
through the lipid bilayer were calculated by measuring the
volume of droplets by image analysis (ImageJ).

Design and fabrication of the microchannel for liposome
trapping and gradient generation

To generate an ion concentration difference at the front and
rear of the liposome, we designed a microchannel satisfying
the following requirements. First, the liposome should be
tightly fixed in the microchannel to clear the gap between the
liposome and the channel walls. Second, solutions with dif-
ferent ion concentrations must flow on both sides of the
trapped liposome. Therefore, we proposed a microchannel in
which strategies of a droplet-trapping microchannel36,37 for
single cell trapping and a concentration gradient micro-
channel38 are combined.

To confirm the functions of the microchannel of lipo-
some trapping and gradient generation, hydrodynamic sim-
ulations of the flow velocity and salt concentration were
conducted with COMSOL Multiphysics 4.2a (COMSOL Inc.)
using the microfluidics module. The density and viscosity
of the aqueous solution were set to 1.0 mg mL−1 and 1.0
mPa s, respectively. The diffusion coefficient was set to 1.0
× 10−9 m2 s−1.

The microchannel was fabricated by standard photolithog-
raphy techniques with SU-8 3025 which was used as the
vmaster photoresist. Chromium masks were fabricated with a
maskless exposure system (Nano System Solutions Inc.) as
the photomasks. A mask aligner (SUSS MA6/BA6 SPEC TU,
SUSS MicroTec AG) was used for UV exposure. The micro-
channel consists of three different layers. The first and
second layers were fabricated on a single silicon wafer, and
the third layer was fabricated on another silicon wafer. The
channels were fabricated by PDMS molding, where PDMS
was cured for 2 h at 95 °C. Each channel layer was bonded
using plasma etching equipment (FA-1, Samco Inc.).

Liposome preparation and trapping in the microchannel
with a salt gradient

Giant liposomes were prepared by a water-in-oil emulsion
centrifugation method.39,40 1.0 M KCl and 0.5 mg mL−1

calcein solution (10 mM MOPS, pH 7.0) were contained in
the liposomes. See the ESI† for further details of the forma-
tion of the giant liposomes. 1.0 M KCl solution (10 mM
MOPS, pH 7.0) with liposomes and 0.1 M KCl (10 mM
MOPS, pH 7.0) without liposomes flowed at 2.0 and 1.0 μL
h−1 from inlets 1 and 2, respectively, with syringe pumps
(YSP-202, YMS Co., Ltd.). We observed a liposome trapped
in the narrow channel every 30 s using a fluorescence
microscope (AXJ-5300TPHFL, WRAYMER Inc.) with a

mounted microscope digital camera (FLOYD, WRAYMER
Inc.). Then, the movements of the liposome membrane and
the center of mass were measured by image analysis
(ImageJ).

Observation of the inner flow with liposomes including
beads

To observe the osmotic flow generated in liposomes, we
prepared liposomes with fluorescent beads inside them and
observed the behavior of the beads. Polystyrene fluorescent
beads with a 1 μm diameter (Polysciences, Inc.) were
included in the liposomes at a density of 10 beads per pL.
We conducted the microfluidic experiments under the same
conditions as in the above section and tracked the bead
behavior.

Results and discussion
Concept and displacement mechanism of liposomes

The displacement of liposomes is based on the osmotic flow
across the lipid bilayer. The semipermeability of the bilayer
(water can permeate the lipid bilayer, but ions cannot) causes
the osmotic flow via the osmotic pressure difference between
inside and outside of the liposome. The osmotic pressure dif-
ference, ΔΠ, is expressed as ΔΠ = Πin − Πout = RT(cin − cout),
where cin and cout are the ion concentrations inside and
outside of the liposome, respectively. When solutions with
different ion concentrations are separated by a single lipid
bilayer, the water flows from the lower to the higher ion
concentration owing to the osmotic pressure difference. As a
result of the volume change of the solutions, the lipid bilayer
moves toward the side with the lower ion concentration
(Fig. 2a). Next, the case that solutions with different ion
concentrations are separated by the liposome with the inner
solution having an ion concentration between them is shown
in Fig. 2b. Osmotic pressure is generated at the front and
rear membranes of the liposome, and water flows from the
lower to the higher ion concentration owing to the osmotic
pressure difference at both ends of the liposome. Both
membranes move in the direction of the lower ion concentra-
tion as a result of the volume change of the solutions.
Finally, the liposome is transported by the shear force gener-
ated by the flexure of the membrane and migrates in the
direction of the lower ion concentration.

Estimation of osmotic pressure by observing deformation of
the lipid bilayer membrane

To predict the velocity of moving liposomes, the water flux
passing through lipid bilayers was calculated from the defor-
mation of the planar bilayer lipid membrane (pBLM) formed
by the DCM (Fig. 3a). Because of the symmetric salt condition
of 0.5 M : 0.5 M KCl in each droplet, the pBLM did not bend
since it was formed with droplets of an isotonic salt solution
and the osmotic pressures from both sides were equal
(Fig. 3b). By contrast, the pBLM formed with droplets having
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the asymmetric salt condition of 1.0 M : 0.1 M KCl moved in
the direction with the lower salt concentration because the
water flowed from the lower to the higher salt concentration
owing to the osmotic pressure difference at the pBLM
(Fig. 3c, Movie S1†). We also observed the osmotic flow when
the pBLM was formed by the lipid composition of DOPC and
chol to imitate the liposomal membrane used in the
liposome experiments. Although we obtained the membrane
deformation with the DOPC/chol membrane, the magnitude
of the deformation is smaller than that of the DOPC
membrane (Fig. S1†). That is because the stiffness of the
liposomal membrane increased41 and the osmotic water
permeability across the lipid bilayers decreased42 by adding
chol to the lipid membrane. From these results, we calcu-
lated the time dependence of the volume of permeated water
passing through the pBLM from the volume change of the
droplets (Fig. 3d). The permeated water volumes with the
asymmetric salt condition of 1.0 M : 0.1 M KCl linearly
increased with time in the DOPC and DOPC/chol
membranes, and the flow rate of water passing through the
pBLMs was calculated to be 4.9 and 3.3 nL min−1,
respectively.

Next, we estimated the maximum chemotaxis speed of
liposomes by calculating the volume of permeated water per

unit area passing through the pBLM. We assumed a rectan-
gular shape for the pBLMs formed by the DCM.29 The height
of the pBLM was calculated to be 600 μm by the volumes of
the chamber and the aqueous solution added to the cham-
ber. The width of the pBLM was confirmed from the micros-
copy image and measured by ImageJ in each experiment. As
a result, we confirmed that the permeated water volume per
unit area also linearly increased with time, and the flow rate
per unit areas with the DOPC and DOPC/chol membranes
were calculated to be 12.1 and 8 fL μm−2 min−1, respectively
(Fig. 3e). Assuming that a liposome is trapped in a micro-
fluidic channel with a 10 × 10 μm2 cross-sectional surface,
and a concentration difference with concentrations of 1.0
and 0.1 M KCl on the inside and outside of the liposome,
respectively, the maximum displacement speeds of the
liposomes exhibited by the DOPC and DOPC/chol
membranes were estimated to be 12.1 and 8.5 μm min−1,
respectively. These results indicate that osmotic-flow-driven
molecular robots can potentially migrate faster than
molecular-motor-driven living cells, which have a migration
speed of around 1 μm min−1 even in a microchannel.43

Fig. 2 Mechanism of the liposome movement. a) The case that the
lipid bilayer is formed in a closed chamber. An osmotic flow passing
through the pBLM from the lower to the higher salt concentration is
generated when a difference in the salt concentration is generated
across the lipid bilayer. Then, the lipid bilayer moves in the direction of
the lower salt concentration as a result of the increased volume of the
solution with the higher salt concentration. b) The case that the
liposome is trapped in a closed chamber and a phased salt
concentration difference is generated between the front, the inside,
and the rear of the liposome. The front and rear membranes move in
the direction of the lower salt concentration owing to the osmotic
pressure difference, as in the case with a single lipid bilayer. Then,
traction force is generated at the membrane as a result of membrane
bending. Finally, the liposome migrates in the direction of the lower
salt concentration.

Fig. 3 a) pBLMs prepared by the DCM. pBLMs are formed by
contacting lipid monolayers formed around the W/O emulsions.
Microscopy images of membrane deformation b) without and c) with a
salt concentration difference at each droplet. In the case of a salt
concentration difference, the pBLM moves in the direction of the
lower salt concentration. In contrast, the pBLM formed with isotonic
droplets remains at the initial position. d) Time courses of the
permeated water volume calculated by image analysis. The permeated
volumes can be linearly fitted, and the flow rate is 4.9 and 3.3 nL min−1

with DOPC and DOPC/chol membranes. e) Time courses of the
permeated water volume per unit area, which can also be linearly
fitted, and the flow rate per unit area is 12.1 and 8.5 fL μm−2 min−1,
respectively.
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Hydrodynamic simulations of the microchannel for liposome
trapping and generation of concentration difference

Details of the design and the designed values of the micro-
channel are shown in Fig. 4a. The microchannel is composed
of long and short main channels with a narrow channel
connecting the two main channels. The narrow channel is
divided into two parts, one is a liposome-trapping part and
the other is a liposome migration part. The widths of the
liposome-trapping (W1_1) and the liposome migration parts
(W1_2) are designed to be 20 and 10 μm, respectively. The
length and height of the narrow channel are 100 and 10 μm,
respectively. The width and height of both main channels are
designed to be 40 and 25 μm, and one of the main channels
is 30 mm longer than the other so that the liposomes can
flow into the narrow channel by the difference in the channel
resistances between the long main channel and the narrow
channel.

To trap the liposome in the microchannel and generate a
concentration difference between the front and rear of the
liposome, solutions with higher and lower salt concentra-
tions and with and without liposomes were made to flow

from inlets 1 and 2, respectively. The liposome from inlet 1
flows into the narrow channel because of the difference in
the channel resistances between the main channel and the
narrow channel. Then, the liposome is trapped in the narrow
channel because its cross-sectional area (10 × 10 μm2) is
much smaller than the size of the liposomes (20 μm diame-
ter). To confirm the functions of the microchannel of lipo-
some trapping and the generation of a concentration differ-
ence between the front and rear of the trapped liposome, we
calculated the flow velocity and salt concentration in the
microchannel by hydrodynamic simulation.

The simulation results for the flow velocity in the micro-
channel are shown in Fig. 4b. In the simulation to obtain the
flow velocity, the solutions flowed from inlets 1 and 2 at flow
rates of 2.0 and 1.0 μL s−1, respectively. The color indicates
the flow velocity and the red arrows show the direction and
magnitude of the flow. The solution injected from inlet 1
mainly flowed to the narrow channel, indicating that the
liposome should also flow to the narrow channel. The
liposome should also be trapped in the middle of the narrow
channel since its diameter is expected to be around 20 μm.
The simulation results of the salt concentration in the
liposome-trapped and -untrapped microchannels are respec-
tively shown in Fig. 4c and S2.† The salt concentrations of
solutions injected from inlets 1 and 2 were 1.0 and 0.1 M,
respectively. When the liposome is not trapped in the narrow
channel, a linear concentration gradient is generated in the
narrow channel. By contrast, the salt concentrations at the
front and rear of the trapped liposome are almost the same
as those of the injected solutions because the narrow channel
is divided by the liposome. These results indicate that the
microchannel can trap the liposome in the narrow channel
and that a concentration difference can be generated between
the front and rear of the trapped liposome.

Liposome displacement induced by the osmotic pressure
difference

The microscopy image of the fabricated microchannel is
shown in Fig. 5a. A solution of 1.0 M KCl (10 mM MOPS, pH
7.0) with liposomes and a solution of 0.1 M KCl (10 mM
MOPS, pH 7.0) without liposomes were flowed to channels 1
and 2, respectively. The liposome flowing in channel 1
entered the narrow channel owing to the difference in the
channel resistance between the narrow channel and channel
1. Then, the liposome which has a sufficiently larger size
than the migration channel (10 × 10 μm2) was trapped in the
narrow channel (Fig. 5b, Movie S2†). Specifically, liposomes
with a diameter of 15 μm or more were trapped, whereas the
others passed through the narrow channel to channel 2 or
were briefly trapped in the narrow channel before flowing to
channel 2. After the liposomes were trapped in the narrow
channel, about 50% of them ruptured or untrapped in the
first 30 s. Although we first prepared liposomes formed by
DOPC and attempted to trap them in the microchannel, the
liposomes ruptured when they were trapped in the narrow

Fig. 4 a) Design of the microchannel used for liposome trapping and
gradient generation. The microchannel consists of two main channels
with a narrow channel connecting them. Results of the hydrodynamic
simulation of b) flow velocity and c) salt concentration. Liposomes
flowing in channel 1 enter the narrow channel because the resistance
of the narrow channel is lower than that of channel 1. After the
liposome is trapped in the narrow channel, a concentration difference
is generated between the front and rear of the liposome.
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channel. Hence, we formed liposomes composed of DOPC,
chol, and DOPS to improve their mechanical properties (Fig.
S3†).41 Furthermore, there was no significant difference
between the success rate of liposome trapping with and
without the osmotic pressure, indicating that osmotic
pressure did not influence the rupture of liposomes (Fig.
S3†). Also, we did not observe specific membrane transforma-
tions when we applied osmotic pressure differences at the
front and rear of liposomes although lipid vesicles formed
with PC and cholesterol transform their shape from sphere
to prolate, tube, pear, discocyte, and starfish shapes by apply-
ing a constant osmotic pressure difference.44 We indicated
that is because the osmotic pressure differences were not
applied on the whole liposomes but limited membranes of
liposomes (front and rear). From these results, we concluded
that the stress by the flow pressure induced the rupture of
liposomes due to the softness of liposomes. To improve the
capture rate of liposomes, in the future, we will trap the
liposomes in the microchannel with other manipulation
methods such as optical tweezers.

The expansion of the front membrane of the liposome
was clearly observed when 1.0 M and 0.1 M KCl were flowed
in channels 1 and 2, respectively. (Fig. 6a, Movie S3†). On the
other hand, the liposome did not move and remained at the

Fig. 5 a) Microscopy image of the microchannel. The widths of the
narrow and main channels are 40 and 10 μm, respectively. b)
Fluorescence image of the microchannel with a liposome trapped in
the narrow channel. The liposome flows from channel 1 to the narrow
channel and clogs the narrow channel.

Fig. 6 Fluorescence images of a trapped liposome a) with and b) without salt concentration difference. With the salt concentration difference, the
liposome moved in the direction of the lower salt concentration. Time course of the displacements of the c) front membrane, d) rear membrane,
and e) center of mass of the liposome. The displacements of the front membrane and the center of mass linearly increase with time, and their
speeds are 1.07 and 0.60 μm min−1, respectively.
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initial position under the isotonic salt conditions (Fig. 6b).
The measured membrane displacements at the front and the
rear of a liposome are shown in Fig. 6c and d, respectively.
The front membrane of the liposome linearly expanded with
a constant rate of 1.0 μm min−1 when the osmotic pressure
difference was applied to the liposomal membrane. Although
the rear membrane of the liposomes also moved in the direc-
tion of the lower salt concentration, the rate of shrinkage was
lower than the rate of expansion of the front membrane. We
also evaluated the displacement of the center of mass of the
liposomes (Fig. 6e). The center of mass also linearly moved
in the direction of the lower salt concentration with a speed
of 0.60 μm min−1. Because the initial salt concentrations of
the front, rear, and inside of the liposome were 0.1, 1.0, and
1.0 M KCl, respectively, an osmotic flow was not initially
induced at the rear membrane of the liposome. Thus, the
osmotic flows at the front and rear of the liposome should
have decreased and increased with decreasing salt concentra-
tion inside the liposome, respectively. Assuming that the
volume of the liposome and the flow rate of the osmotic flow
were 4.2 pL and 0.85 pL min−1, respectively, the time required
to exchange the solution inside the liposome was calculated
to be about 4.9 min. Therefore, the velocity of the front
membrane was greater than that of the rear membrane in
the first 2.5 min. When the front membrane of the liposome
has expanded by about 3 μm (about 2.5 min after the
liposome was trapped in the channel), the liposome slipped
and slid back. We consider that the low adhesive force
between the liposomal membrane and the surface of the
microchannel caused the slip. Although cells generally attach
to a substrate by extracellular matrices, liposomes do not
have this function and therefore slid back as a result of the
traction force acting on the lipid bilayer. To drive liposomes
for a long time, the adhesive force between the liposomal
membrane and the substrate should be increased by electro-
static interaction or by using antibody-modified liposomes.

We visualized the internal flow of the liposomes by encap-
sulating fluorescent microbeads in them, and we confirmed
that they were driven by the osmotic pressure difference
since the liposomes had the potential to move owing to the
pulsations generated by the syringe pumps. Although the
microbeads did not move for a few seconds after the

liposome was initially trapped in the narrow channel, several
seconds after the liposome was trapped, they started to move
and continued to circulate inside the liposome while the lipo-
some was trapped in the narrow channel (Fig. 7 and Movie
S4†). We indicated that this circulating flow was generated as
below. First, an inflow into the liposome was induced at the
front membrane of the liposome by the osmotic pressure
difference. This inflow induced the one direction internal
flow in the liposome. Although the outflow was generated at
the rear membrane of the liposome, the flow rate was slower
than that of the inflow in the first several minutes because
the osmotic pressure difference at the rear membrane of the
liposome was smaller than that of the front membrane. As a
result, the difference between the inflow and outflow induced
the circulating flow in the liposome. Also, the circulation of
the microbeads expanded in the direction of the migration
channel, indicating the expansion of the trapped liposome.
On the other hand, the microbeads did not move and
remained at their initial positions in the case of no osmotic
pressure difference when the liposome was trapped in the
narrow channel (Fig. S4†) or before trapping, indicating that
there is no residual flow in liposomes. In addition, since
there is no significant difference between the fluorescence
decay rates in the trapped liposomes with and without the
osmotic pressure difference, there are no holes and leakage
from liposomes that might induce some flows. From these
results of the microbead observation, we conclude that the
osmotic flow is generated at the liposomal membrane by the
osmotic pressure difference, and the liposome is moved by
the osmotic engine mechanism.

Next, we compared the estimated and observed speeds of
the liposome. Although the liposome formed by the DOPC
and chol membrane has the potential to move at 8.5 μm
min−1, its actual speed was about eight times lower than the
estimated value. We consider that the actual speed was
mainly influenced by the friction force between the liposome
membrane and the channel walls. Although the estimated
speed was calculated by the water permeability passing
through the lipid bilayer prepared by the DCM, there is no
friction force between the chamber walls and the droplets
because there is an oil layer between the droplets and the
chamber walls. By contrast, the liposomes completely

Fig. 7 a) Fluorescence images of a microbead in a liposome trapped in the narrow channel. b) Result of a tracking microbead in a liposome when
a salt concentration difference is applied. The microbead circulates in the liposome, indicating an osmotic flow is generated in the liposome by the
osmotic pressure difference.
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attached to the channel walls, and the friction force was
generated to the membrane. As a result, the expanding speed
of the liposomal membrane became slower than the
estimated value.

Although the velocities of conventional self-propelled
robots driven by the Marangoni effect or chemical engines
are faster than our osmotic-pressure-driven liposome in the
order of 1–100 μm s−1,45,46 our osmotic-pressure-driven lipo-
some can move by simply applying a salt concentration dif-
ference between its front and rear without any chemical reac-
tions. Furthermore, our method can be easily applied to
liposome-based molecular robots owing to the semiperme-
ability of their compartments. Also, the speed of our osmotic-
pressure-driven liposome is almost the same as that of living
cells, which is around 1 μm min−1,43 suggesting that our
driving mechanism has the potential to develop cell-like
molecular robots.

To improve the speed of liposomes, in the future, we need
to optimize the channel dimensions, the size of liposomes and
the adhesion force between liposomes and channel walls. The
speed of liposomes would be influenced by the channel dimen-
sions because the traction force applied to the membrane
relates to the distance of the liposomal membrane expansion
and the cross-sectional dimensions of the migration channel.
In this experiment, however, optimizing the channel dimen-
sions are very difficult because we cannot completely control
the size of liposomes prepared by the water-in-oil emulsion
centrifugation method, which were from 5 to 30 μm in diame-
ter (Fig. S5†). To improve the size control of liposomes, we will
prepare liposomes with microfluidic techniques which can
produce much uniformly sized giant liposomes.47,48 In
addition, when the trapped liposome was deformed, the elastic
energy of the liposomal membrane, which tended to pull the
liposome back to its initial position, increased. To overcome
the energy barrier, the adhesive force between liposomes and
channel walls should be controlled by surface modification on
the channel walls, by electrostatic interaction, or using
antibody-modified liposomes.

Conclusions

We proposed the application of an osmotic engine model to
the actuator of liposome-based molecular robots. To demon-
strate osmotic-pressure-driven-liposomes, we utilized the
microfluidic technologies of particle trapping and gradient
generation to generate a salt concentration difference
between the front and rear of liposomes. As a result, we
successfully induced the displacement of liposomes by the
osmotic pressure difference.

To increase the speed, working time, and displacement of
the liposome, we will increase the osmotic flow of water
passing through the liposomal membrane by the reconstitu-
tion of an aquaporin into the liposomal membrane and
control the interaction between the liposome and the
channel walls by surface modification in the channel or
electrostatic interaction.

For the further development of liposome-based molecular
robots, the combination of osmotic-pressure and molecular-
motor-driven mechanisms will enable the realization of
molecular robots with advanced behavior. For example, a
molecular robot that can deform its shape using molecular
motors to fit a pathway and chemotactically migrate along
the pathway will be developed. In addition, the reconstitution
of membrane proteins and their functionalization13,14 will
also lead to the control of the osmotic-pressure-based actua-
tion mechanism. We believe that the osmotic-pressure-driven
actuation mechanism will become a breakthrough in the
development of liposome-based molecular robots. Moreover,
our liposome-based chemotaxis system has potential as the
cell migration model to imitate the chemotaxis mechanism.
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