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E
ngineering artificial micro/nano-
machines which catalytically harness
the chemical energy in their environ-

ment to move autonomously has recently
attracted considerable interest.1�5 Potential
applications of thesemicro/nanomachines in-
clude targeted drug delivery, separation, bio-
sensing, fabrication of active biomimetic sys-
tems, and other emerging applications.6�10

Whitesides et al. first demonstrated the con-
cept of an autonomous motor in 2002. They
prepared macroscopic plates capable of con-
verting chemical energy into autonomous
motion because of the momentum of bub-
bles generated at the platinum (Pt) catalyst
sites.11 Since then, a number of excellent
studies have been published on the design
of powerful artificial motors on the micro-
andnanoscale such as bimetallic nanorods,12,13

metallic and dielectric particles,14,15 and
tubular catalytic microengines.16�21 De-
pending on the systems, several mechan-
isms were proposed to explain the motor
motion, such as bubble propulsion, interfacial
tension gradients, self-electrophoresis, self-
diffusiophoresis, and Brownian ratchet.22�26

These chemicallypoweredman-mademotors
can be used to pick up, transport, and release

various cargoes including polymer par-
ticles,27�29 nucleic acids,30 cancer cells,18

bacteria,31 and liposomes32 via electro-
static, chemical, or magnetic interactions.
Inmany cases, extra functionalities ofmicro/
nanomotors have to be made (e.g., mag-
netic properties, special chemical modifica-
tions, or treatment) in order to pick up or
release cargoes. Despite these advances in
man-made chemically catalytic motor sys-
tems, there are still many inherent limitations,
such as complex preparation technology, ex-
pensive equipment, difficulty of surfacemod-
ification, and poor biocompatibility or bio-
degradability. Particularly, these motors need
the postmodification or complex operation
for loading various cargoes and delivering
functional components, but cannot encapsu-
late targeted substances by themselves in an
easy and controllableway. Therefore, the easy
loading anddelivery of cargo or integration of
autonomous motor and smart cargo into a
smart system remains a big challenge.
For such a smart system, layer-by-layer

(LbL) self-assembled polyelectrolyte hollow
capsules should be excellent candidates.33�39

They can be readily prepared by the con-
secutive adsorption of alternating layers of
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ABSTRACT We demonstrate the first example of a self-propelled Janus

polyelectrolyte multilayer hollow capsule that can serve as both autonomous

motor and smart cargo. This new autonomous Janus capsule motor composed of

partially coated dendritic platinum nanoparticles (Pt NPs) was fabricated by using

a template-assisted layer-by-layer (LbL) self-assembly combined with a micro-

contact printing method. The resulting Janus capsule motors still retain out-

standing delivery capacities and can respond to external stimuli for controllable

encapsulation and triggered release of model drugs. The Pt NPs on the one side of the Janus capsule motors catalytically decompose hydrogen peroxide

fuel, generating oxygen bubbles which then recoil the movement of the capsule motors in solution or at an interface. They could autonomously move at a

maximum speed of above 1 mm/s (over 125 body lengths/s), while exerting large forces exceeding 75 pN. Also, these asymmetric hollow capsules can be

controlled by an external magnetic field to achieve directed movement. This LbL-assembled Janus capsule motor system has potential in making smart

self-propelling delivery systems.
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positively and negatively charged polyelectrolytes
onto sacrificial colloidal particles. It was shown that
the LbL-assembled capsules possess outstanding de-
livery capacities and can respond to various stimuli for
controllable encapsulation and release of drugs or
other components,40�47 but until now not in connec-
tion with autonomous motor systems. Herein, we
expect that the first demonstration of highly efficient
and controllable autonomous LbL-assembled capsules
will open the door to powerful vehicle systems, per-
forming drug encapsulation and release, and active
transportation without the need of external resources.
In this study we choose the catalytic decomposition

of hydrogen peroxide fuel to oxygen and water, pro-
viding power for new LbL-assembled capsule motors.
Platinum nanoparticles (Pt NPs) are used as catalyst
because they could function as protein mimics and
have relatively high stability and catalytic efficiency.48

In view of this, a key step to effectively power these
LbL-assembled capsule motors is to generate the uni-
directional resultant forces through an asymmetric
modification of catalysts. This asymmetricmodification
of catalysts on the capsule surface enables control of
the speed anddirection of the capsulemotormotion in
a defined manner. In this case, the microcontact print-
ing technique can easily be employed to prepare Pt
NP-functionalized capsules with controllable anisotro-
py (patchiness) (i.e., so-called Janus structure). We here
show that these resulting Janus capsules can self-
propel at a high speed of more than 1 mm/s (over 125
body lengths/s) at 30% H2O2 and can move at a very
low fuel level down to 1% H2O2. The ultrafast motion
of capsule motors reflects the enhanced catalytic
decomposition of the dendritic Pt NP functionalized
surface.

RESULTS AND DISCUSSION

Five bilayers of polystyrene sulfonate (PSS)/polyally-
lamine hydrochloride (PAH) were deposited on the
surface of 8 μm silica particles via the LbL assembly
according to the procedures previously reported (see
Supporting Information (SI)).33,49 Next, a PDMS stamp
loaded with a dendritic Pt NP ink was placed on top of
the (PSS/PAH)5-coated particle monolayer for several
seconds (Figure 1A). After removal of the silica tem-
plates, hollow asymmetric capsules modified with Pt
NPs were obtained. Transmission electron microscopy
(TEM, Figure 1B, SI Figure S1F), scanning electron
microscopy (SEM, SI Figure S1B and S1E), and atomic
force microscopy (AFM, SI Figure S1C) reveal the
successful preparation of dendritic Pt NP-functiona-
lized asymmetric capsules. The dendritic Pt NPs with a
diameter of about 200 nm are mainly distributed on
one side of the capsules. The presence of both carbon
(from polyelectrolytes) and Pt in the resulting asym-
metric capsules was also confirmed by energy-dispersive
X-ray (EDX) spectroscopy (SI Figure 1G).

We and other researchers have proved that LbL-
assembled polyelectrolytemultilayer capsules are smart
cargoes which could encapsulate and release targeted
materials in a controlled manner.33�40,49,50 For instance,
chemical (ionic strength, pH, electrochemical and solvent),
physical (temperature, laser light, electric and magnetic
field, ultrasound, andmechanical action), and biological
(enzymes and receptors) stimuli of as-assembled cap-
sules have been widely studied.41�47 As a test, we per-
formed the encapsulation and release of a model
component, fluorescein isothiocyanate-dextrans (FITC-
dextran), using anorganic solvent to selectively tune the
permeability of LbL-assembled capsules.42 So they can
be observed in a fluorescence microscope, the capsules
were assembled using Rhodamine-labeled PAH, and
thus the red circles in the confocal laser scanning
microscopy (CLSM) image (Figure 2A,D) represent the
capsule wall. When FITC-dextran was incubated with
(PSS/PAH)5 capsule solution, the capsule wall remains in
a closed state and is not permeable for FITC-dextran. In
contrast, the capsule wall remains in an open state after
the addition of ethanol, and the FITC-dextran can enter
into the capsule. Green fluorescence of the interior of the
capsules in Figure 2B confirms the successful encapsula-
tion of the model compound FITC-dextran. Following
a similar mechanism, FITC-dextran could be released
rapidly by adding ethanol as illustrated in Figure 2D,E,F.
The autonomous movement of dendritic Pt NP-

modified asymmetric capsule motors was recorded
by optical microscopy. Typical time-lapse images are
shown in Figure 3A,C and their original videos (SI videos
1 and 2). Correspondingly, Figure 3B,D show the tracking
trajectories of two capsule motors. One can see that the
capsule motors rapidly swim by bubble propulsion, and
have two typical kinds of moving trajectories, circular
(Figure 3A, SI video 1) and spiral (Figure 3C, SI video 2)
motion in a 15% H2O2 solution at a speed of about
140 μm/s (18 body lengths/s) and 110 μm/s (14 body
lengths/s), respectively. The different trajectories are
presumably due to the different size and shape of the
adsorbed Pt NP patches as well as the LbL assembled
capsules. Similar moving trajectories were previously
reported for large rolled-up microengines,10 electro-
synthesized polyaniline/Pt microtubes,20 and Pt NP-
loaded polymersomes.51 It is important to note that the
speed of the capsules' motion is very rapid along a

Figure 1. (A) Schematic representation of the fabrication
of Pt NP-modified asymmetric polyelectrolyte capsules
via microcontact printing. (B) TEM image of dendritic Pt
NP-functionalized (PSS/PAH)5 capsule after the removal of
the template.
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linear path but obviously decreases once they change
the movement direction as shown in Figure 3B,D. In

addition, these self-assembled capsule motors in the
aqueous H2O2 solution can continue their movement

Figure 2. Confocal laser scanning microscopy (CLSM) images of LbL-assembled (PSS/PAH)5 capsules (A,B,C) encapsulated
with and (D,E,F) released a model component FITC-dextran. (A,D) FITC channel; (B,E) TRITC channel; (C,F) overlap of FITC
channel and TRITC channel. The outer polyelectrolyte shell of the (PSS/PAH)5 capsule is TRITC-PAH; the insidewas loadedwith
FITC-dextran.

Figure 3. High-speedmotion of the (PSS/PAH)5 capsule motors at 15%H2O2. Consecutive time frames obtained in an optical
microscope displaying (A) circular motion and (C) spiral motion. (B,D) Trajectories of the two typical kinds of capsule motion.
Here, the white dot means capsule motor and the dark bubbles after the white dot represent the oxygen bubble tails.
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without obvious deceleration beyond 30min, traveling
distances greater than 30 cm.
Furthermore, the velocity of the catalytic capsule

motors can be readily modulated through a change
in the concentration of the hydrogen peroxide fuel.
Figure 4 shows histograms representation of the speed
distribution of Pt NP-functionalized LbL-assembled
capsulemotors in different fuel concentrations ranging
from 1% to 30%. We can see that the average speed
of the capsule motors increases from ∼50 μm/s at
1% H2O2 (over 6 body lengths/s, see SI video 3) to
∼480 μm/s at 30% H2O2 (60 body lengths/s, see SI
video 4). More interestingly, dendritic Pt NP-functiona-
lized asymmetric capsule motors at low H2O2 concen-
tration (below 3%) display a much faster speed than
the Pt-coated asymmetric silicamicroparticlemotors.52

Furthermore, the capsule motors can self-propel at a

top speed of about 1 mm/s (125 body lengths/s) under
aqueous 30% H2O2 solution (Figure 4E), and obviously
move faster than the reported Janus silica or rolled-
up tubular microengines in a similar H2O2 fuel con-
centration.10,52 The average rate of the LbL-assembled
capsule motors significantly increases with the in-
crease of the H2O2 concentration over a 1�30% range
without the presence of any other surfactants, indicat-
ing a substantial enhancement of the fuel consump-
tion rate and reflecting the high catalytic activity of
dendritic Pt NPs toward hydrogen peroxide decom-
position. Such pronounced speeds should be derived
from the asymmetric distribution and high catalytic
efficiency of dendritic Pt NPs on the surface of LbL-
assembled capsules. It has been proved that the
dendritic structure of Pt NPs has a larger specific sur-
face area and a higher catalytic reactivity compared to

Figure 4. Histograms and Gaussian fit curves of the velocity (V) of the (PSS/PAH)5 capsule motors for different fuel
concentrations: (A) 1%; (B) 3%; (C) 10%; (D) 20%; (E) 30% H2O2. (F) Comparison of average speed distribution of the motors.
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smooth Pt films.53 Hence, our active assembled sys-
tems only need a small fraction of Pt component to
catalytically drive the rapid motion of the capsule
motors, and thus could move in a roughly controllable
speed which is based on the dependence of the
capsule motor speed upon the fuel concentration.
Assuming that the forces exerted by the asymmetric

capsule motors are equal to the hydrodynamic drag
forces at a steady state, the driving force of single
spherical capsule motor is thus approximately propor-
tional to its velocity at small Reynolds numbers and can
be estimated using the Stokes law.54

Fdrag ¼ 6πμrv

where v is the capsule velocity, μ is the fluid viscosity,
and r is the radius of the capsule. The Stokes drag force
for one capsule running at a maximum velocity of
1 mm/s is thus calculated to be about 75 pN. It means
that a capsule could be loadedwith amaximumquality
of about 7.65 ng. In other words, these LbL-assembled
capsule motors can indeed serve as both powerful
motor and smart cargo because these capsule motor
systems are inherently multifunctional as demonstrated
in Figure 2. Furthermore, Supporting Information,
Figure S2 and its corresponding video (SI video 5) show
the rapid transportation of a FITC-dextran loaded cap-
sule motor in a 15% H2O2 solution. As expected, these
capsules show pronounced movement without leak-
ing of FITC-dextrans and subsequently FITC-dextrans
could be released from capsules in several seconds by
adding ethanol.
Theabove-mentionedcapsulemotorsmove randomly;

it is also possible to guide them magnetically by assem-
bling negatively chargedmagnetic nanoparticles into the
capsulewall. Time-lapse pictures of themotion of a single
capsule motor under a magnetic field in 15% H2O2

solution are shown in Figure 5 (taken from SI video 6).
One can see that the capsule started to swim toward the
direction of an external magnetic field. Furthermore, the
guided motion of a swarm of capsule motors was also
provided in SI video 7. The magnetically guided direc-
tional motion of capsule motors can be conveniently
performed and is of significant importance for the design
of more powerful nanomachines.

CONCLUSIONS

We have developed a dendritic Pt NP-functionalized
asymmetric capsule motor through the LbL self-as-
sembly combined with microcontact printing. These
autonomous capsule motors could be rapidly pro-
pelled by oxygen bubbles and only need a small
number of dendritic Pt NPs with high catalytic effi-
ciency. More importantly, our assembled capsules can
thus serve as both efficient catalytic motor and smart
cargo. This makes them extremely attractive especially
toward the design of more powerful nanomachines
and diverse biomedical applications.

EXPERIMENTAL SECTION
Materials. The silica spheres with the diameter of 8 μmwere

obtained from Microparticles GmbH, Berlin, Germany. Poly-
(styrenesulfonate) sodium salt (PSS, Mw = 70 000), poly-
(allylamine hydrochloride) (PAH, Mw = 70 000), poly(diallyldi-
methylammonium chloride) (PDDA, 20 wt % in water, Mw =
100 000�200 000), fluorescein isothiocyanate-dextran (FITC-
dextran, average molwt 3000�5000), tetramethylrhodamine-
isothiocyanate (TRITC), and fluorescein isothiocyanate (FITC)
were purchased from Sigma-Aldrich. Chloroplatinic acid
(H2PtCl6), sodium chloride (NaCl), hydrofluoric acid (HF), and
hydrogen peroxide (H2O2) were obtained fromBeijing Chemical
Works, China. TRITC-modified PAH (TRITC-PAH) was prepared
through labeling PAH with TRITC according to the literature.49

All commercial materials were usedwithout further purification.
Preparation of Dendritic Pt NP-Functionalized Asymmetric LbL-As-

sembled Capsules. (PSS/PAH)5-coated particles were first pre-
pared by the layer-by-layer assembly of polyelectrolyte layers
on the surface of SiO2 particles with a diameter of 8μm. The SiO2

particles were suspended in 2 mg/mL PAH solution containing
0.5 M NaCl for 15 min under continuous shaking. Excess
polyelectrolytes were removed by centrifugation and washing
three times using 0.1 M NaCl. The PAH-adsorbed silica particles

were then suspended in 2mg/mL PSS solution containing 0.5 M
NaCl for 15 min under continuous shaking, followed by three
repeated centrifugation/washing steps. The (PSS/PAH)5-coated
silica particles were obtained by repeating the above deposition
procedure and the outer layer was PSS. Citrate-stabilized mag-
netic iron oxide nanoparticles (negative charged) and PDDA-
stabilized dendritic platinum particles (positive charged) were
synthesized according to previous reports.55 Next, dendritic Pt
NPs were assembled on the top surface of (PSS/PAH)5-coated
particle monolayers by using microcontact printing.45 The silica
cores were then dissolved by treatment with 1 M HF (Caution:
HF is extremely toxic and can penetrate the skin!). The Janus
capsules were purified by three centrifugation/water washing
steps. To magnetically operate the movement direction of the
capsule motors, citrate-stabilized magnetic iron oxide nanopar-
ticles with an average diameter of 15 nm were assembled into
the multilayer of the (PSS/PAH)5-coated particles before the
assembly of Pt NPs by using amicrocontact printingmethod. All
obtained capsule solutions were stored at 4 �C.

Encapsulation and Release of a Model Drug. A solvent-controlled
precipitationmethodwas used for the encapsulation of amodel
drug, fluorescein isothiocyanate-dextrans (FITC-dextran).42 At
first, dendritic Pt NP-modified hollow capsules were exposed to

Figure 5. Control of the direction of (PSS/PAH)5 capsulemotor
movementbyapplyinganexternalmagneticfieldat15%H2O2.
A ferromagnet was placed on the right side of the motors.
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a FITC-dextran-containing (10 mg/mL) water/ethanol mixture
(1:1, v/v) which made the capsule shell permeable toward FITC-
dextran molecules. Then excess FITC-dextran and ethanol was
washed out with water and the FITC-dextran molecules were cap-
tured inside the polyelectrolyte capsules. Correspondingly, the en-
capsulatedFITC-dextranwas rapidly released in several secondsonce
the capsules were exposed to a water/ethanol mixture (1:1, v/v).

Analysis of the Motion of Capsule Motors. Movement studies were
performed by adding equal volumes of diluted Janus micro-
motor solution into hydrogen peroxide fuel solution with
different concentration (v/v, 1�30%), and actual videos were
taken after 2 min. To magnetically operate the capsule motor,
an external weak magnetic field was applied by placing a small
magnet at 10 cm away from the glass slide without changing
the distances. All optical microscope images of the micromotor
movement were tracked using the Metamorph tracking mod-
ule, and the results were analyzed using Origin Pro 7.5 software.

Characterization. An Olympus BX53 fluorescence microscope
was employed to record the motion of capsule motors. For SEM
(Hitachi S-5200) and AFM (Agilent 5400AFM) observation, a
drop of sample solution was dropped onto a silicon wafer with
sequential drying at room temperature overnight. TEM was
performed using a Tecnai G2 F30 microscope. Copper grids
sputtered with carbon films were used to support the sample.
Fluorescence images were obtained using a Leica TCS SP5 II
CLSM. The excitation wavelength was 488 and 532 nm.
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