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T
he development of smart artificial
machines1�7 is fast and, by now, they
have been used in various biochem-

ical assays for transportation and release of
cells,8,9 molecules,10 or even for integration
into the human body for targeted (drug)
delivery.11,12 Among the large family of
man-made engines, self-propelled catalytic
motors capable of transforming chemical
energy into mechanical power at the micro-
and nanoscale are one of the most dynami-
cally developing classes of synthetic
machines.5,6,13�19 Currently available catalyt-
ic motors spanning from nanorods13�15 and
plates,16 tubular jet-engines,17,18,20 to metal-
lic and dielectric particles21,22 are asymme-
trically decorated with a catalyst that triggers
the decomposition of hydrogen peroxide
intowater andmolecular oxygen and, in turn,
induces the autonomous motion of the
particles.
Colloidal microbeads are very attractive

for the field of artificial machinery, as they
have already found numerous in vitro and
in vivo applications, for example, for immu-
noassays,23,24 biodetection,24,25 and targeted
drug delivery,12,26 and have a great potential
to be used for efficient cancer treatment.27

The advantages of this type of catalytic en-
gines are intriguing: they are easy to fabri-
cate; their production is cheap; and the prop-
erties of these objects can be tuned via

functionalization.26 Furthermore, such spheri-
cal particles can acquire catalytic properties
that allows them to act as synthetic self-
poweredmicromotors.27,28Themotionof Janus
particles is strongly influenced by Brownian
diffusion.21,28 Although the self-propulsion
of such catalytic motors has already been
reported, their directed motion, which is
required for delivery applications, has not
been achieved so far.

A deterministic motion of catalytic engines
can be obtained by applying an external mag-
netic field.28,29 Interestingly, the approach de-
scribed in literature for guiding magnetic
catalytic motors (nanorods and microtubes)
consisting of materials with in-plane easy axis
ofmagnetization (e.g., Fe orNifilms) cannot be
applied to spherical Janus particles due to their
high symmetry. The fixed orientation of the
magnetic moment of all known catalytic en-
gines relies on the magnetic shape anisotropy
of tubular29 or rodlike objects.30 To produce
such objects, complex multistep fabrication
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ABSTRACT

We fabricated self-powered colloidal Janus motors combining catalytic and magnetic cap

structures, and demonstrated their performance for manipulation (uploading, transportation,

delivery) and sorting of microobjects on microfluidic chips. The specific magnetic properties of

the Janus motors are provided by ultrathin multilayer films that are designed to align the

magnetic moment along the main symmetry axis of the cap. This unique property allows a

deterministic motion of the Janus particles at a large scale when guided in an external

magnetic field. The observed directional control of the motion combined with extensive

functionality of the colloidal Janus motors conceptually opens a straightforward route for

targeted delivery of species, which are relevant in the field of chemistry, biology, and

medicine.
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procedures have to be applied involving lithography or
porous membranes used as templates.
Here, we go beyond the well-known fabrication

methods of spherical catalytic Janus particles provid-
ing themwith special magnetic cap structures capable
of acquiring directed motion. This new concept relies
on the specific properties of ultrathin magnetic multi-

layers deposited onto the spheres, but not on the
shape of the motor. The deterministic behavior of the
motors in an applied magnetic field is guaranteed as
long as the magnetic film possesses a well-defined
perpendicular magnetic anisotropy (magnetic mo-
ment points perpendicular to the sample surface) in
contrast to the usually applied layers with in-plane

magnetic easy axis.29,30 Magnetic materials with
perpendicular anisotropy are known and widely
applied to conventional magnetic data storage.31�33

Among them, [Co/Pt(Pd)]N multilayer stacks are the
most attractive for our purpose, since they exhibit
the required magnetic properties when grown at
room temperature on virtually any substrate.34�37 In
this respect, it was reported that [Co/Pt(Pd)]N stacks
reveal perpendicular magnetic anisotropy even
when deposited on arrays of spherical particles with
sizes ranging from 50 nm to 5 μm.38�42

We demonstrate the autonomous propulsion of the
magnetically modified catalytic Janus particles when
soaked in hydrogen peroxide solutions as well as their
precise steering inmicrofluidic channels for themanipula-
tion (uploading, transportation, and delivery) of micro-
objects.28,29,43,44 We further show that the motion can be
stopped on demand via spatially changing the magnetic
field orientation. Moreover, the Janus motors are suffi-
ciently powerful to carry large loads andmultiple particles.

RESULTS AND DISCUSSIONS

Fabrication of Catalytic Magnetic Janus Particles. The fab-
rication of catalytic Janus motors includes two steps:
bottom-up self-assembly of microscopic particles and
the deposition of the magnetic layer system. The
resulting colloidal structures exhibit high symmetry,
while the procedure is simple and cost efficient. Large
arrays of spherical silica colloids (diameter of 5 μm,
Bangs Laboratories) are conventionally prepared by
dripping the suspension onto a clean glass substrate,
followed by slow evaporation of the solvent under
ambient conditions.45 Afterward, the samples with the
particle array are introduced to the vacuum chamber
(base pressure of 1� 10�7mbar). The deposition of the
magnetic multilayer stack consisting of [Co(0.4 nm)/
Pt(0.6 nm)]5 is carried out at room temperature (Ar
sputter pressure, 8 � 10�3 mbar) by means of dc
magnetron sputtering. To improve the growth condi-
tions of the [Co/Pt]5 multilayers, a 2-nm-thick Pt buffer
layer is sputtered prior to themultilayer stack. Finally, a
15-nm-thick Pt layer is deposited to protect the

multilayer stacks from oxidation and to preserve the
catalytic nature of the particles toward the decomposi-
tion of H2O2. The scanning electron microscopy (SEM)
micrograph in Figure 1a shows the monolayer of
particles after the metal layer stack was deposited.
The metal film forms caps on top of the silica particles
(inset in Figure 1a). The fabrication of large arrays of
catalytic Janus particles can be easily realized without
using expensive patterning technologies.46 Further-
more, the fabrication technique can be applied to both
micro- and nanoscopic spherical particles, which substan-
tially extends the size range of produced catalytic engines.

The magnetic properties of Janus particles were
investigated at room temperature with the aid of
a superconducting quantum interference device
(SQUID) in the range of (70 kOe. The magnetization
reversal processes were measured for both in-
plane and out-of-plane magnetic fields revealing per-
pendicular magnetic anisotropy for [Co/Pt]5 multi-
layers grown onto ensembles of spherical particles
(Figure 1b). The coercive field of the magnetic sample
(blue arrow in Figure 1b) is about 600 Oe. After being

Figure 1. (a) Scanning electronmicroscopy image revealing
an array of self-assembled spherical particles (diameter,
5 μm). The inset shows the coating of the Janus particles
with metal film assuring their catalytic (topmost Pt layer)
and magnetic properties ([Co/Pt]5 multilayer stack). (b) Mag-
netic characterization using SQUID magnetometry of an
array of spherical Janus particles covered by the [Co/Pt]5
multilayer stack. Measurements are carried out in an in-
plane and out-of-plane magnetic field. Coercive field and
remanent magnetic moment are indicated with blue and
red arrows, respectively. The inset shows schematically the
distribution of magnetic moments in the cap at remanence
after magnetic saturation. The resulting magnetic moment is
oriented along the main symmetry axis of the cap structure.
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exposed to an out-of-plane magnetic field, the sample
preserves high remanent magnetization (red arrow in
Figure 1b). This property is used to ensure a well-
defined magnetization of each sphere by magnetic

saturation of the sample before detaching from the
substrate. The inset in Figure 1b schematizes the
distribution of magnetic moment in a cap after satura-
tion (remanent state). The orientation of the average
magnetic moment of the cap coincides with its main
symmetry axis. Consequently, the direction of the
motion of catalytic Janus motors can be controlled at
large scale by an external magnetic field. Changing the
orientation of the magnetic field with a magnitude
smaller than the coercive field, results in a rotation of
the whole Janus particle but not in a reorientation of its
magnetic moment.

After fabrication, capped particles are detached
from the glass substrate by sonication and suspended
in an aqueous solution of hydrogen peroxide. Further,
200μL of this colloidal suspensionwith 10wt%of H2O2

is dripped onto a previously cleaned glass substrate.
Since the particles settle fast due to the gravity and
perform the motion only at the glass substrate, we
consider their motion as quasi 2-dimensional.47 The
moving particles were observed while exposed to an
applied magnetic field using video-microscopy and
recorded with a high-speed camera (Zeiss AxioCam
HSm).

Characterization of the Motion of Individual Janus Particles.
In the following, we present a quantitative analysis of
the self-propulsion of such catalytic particles, caused
by the decomposition of hydrogen peroxide on the
metal caps, which is attributed to a self-diffusiophoretic
mechanism.48,49 We will further demonstrate the pos-
sibility to control the motion of such catalytic motors
by applying a weak external in-plane (parallel to x- or
y-axis) or out-of-plane (along z-axis) magnetic field.
Figure 2 illustrates the studies of the dynamic proper-
ties of free, single catalytic particles in an external in-
plane magnetic field (xOy plane). First, we investigate
the dependence of the velocity Vmean of the catalytic
Janus spheres on the concentration of the fuel mol-
ecules in the solution (Figure 2a). Themean value Vmean

is determined from instantaneous velocities ÆV(t)æ of
six catalytic particles (details on evaluation and statis-
tical analysis, including velocity distribution are in the
Supporting Information). The velocity of the particles
increases and tends to saturate for higher concentra-
tions of H2O2, representing the gradual saturation of
the catalytic centers at the surface of a cap.

The application of a small external magnetic field
below 10Oe is sufficient to alignmagneticmoments of
the caps with respect to themagnetic field via physical
rotation of the spheres. Note that the strength of the
field used for particle manipulation is substantially
smaller than the measured coercive field (about 600
Oe), which is required to switch the orientation of the

magnetic moment of a cap. The reorientation of the
particles in the applied field is visualized by tracing the
contrast between nontransparent metal cap and trans-
parent silica side (insets in Figure 2a,b). The magnetic
field is applied in an alternatingmanner along the x- or
y-axis, which leads to a corresponding reorientation of
the direction of motion as revealed by square-like
trajectories in the inset of Figure 2a and shown in
Supporting Information, Movie 1. The applied mag-
netic field eliminates the rotational diffusion of Janus
particles, and their motion becomes directionally de-
terministic. Interestingly, the magnetically controlled
Janus motors can not only change the direction, but
also stop their motion on demand, as shown in
Figure 2b, when the orientation of the external mag-
netic field is alternated between y or z-axis (Supporting
Information, Movie 2). For demonstration, catalytic
Janus particles were suspended in 10 wt % aqueous

Figure 2. Catalytic properties and control of the motion of
the Janus engines. (a) Dependence of the mean velocity of
the Janus motor upon the concentration of H2O2 fuel in the
solution. Additional statistical analysis is provided in the
Supporting Information. The inset shows the determinis-
tic motion of the catalytic magnetic Janus motor when
guided using an external magnetic field. Trajectory of the
capped particle as well as orientation of the magnetic
field is indicated. (b) Controlled motion of the Janus
particles can be achieved by orienting external magnetic
field either in-plane (deterministic propulsion with a
certain velocity, regions 1 and 3) or out-of-plane
(particle stops, region 2).
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solution of hydrogen peroxide. The in-plane (y-axis)
magnetic field orients the magnetic cap of the sphere
parallel to the substrate (snap 1 in Figure 2b) allowing
its catalytic motion with a velocity of about 8 μm/s. On
the contrary, applying the magnetic field along the
z-axis (i.e., perpendicular to the glass plane) aligns the
magnetic cap perpendicularly to the substrate (snap 2
in Figure 2b) that causes a complete stop of the
particle. Further application of the in-plane field leads
to the reorientation of the particle (snap 3 in Figure 2b)
and recovery of its initial motion.

Targeted Cargo Delivery. Here, we show the ability of
the catalytic Janus motors to perform advanced tasks,
that is, targeted cargo delivery (Figure 3). In this
experiment, a solution containing cargo beads
[chemically inert superparamagnetic spherical parti-
cles (Sigma Aldrich)] of 10 μmdiameter is mixed with a
suspension of magnetic capped Janus motors. Manip-
ulation of the cargo (uploading, transportation, and
delivery) is realized by applying an external magnetic
field that plays in this case a dual role: (i) it reorients the
magnetic caps, enabling the directed motion of Janus
particles, and (ii) induces a net magnetic moment for
the superparamagnetic cargo beads. The targeted
delivery is possible due to manipulation of the mag-
netic dipole�dipole interactions between the mag-
netic moments of the cargo and the Janus particles.
This interaction can be switched from attractive to
repulsive and back by changing the orientation of
the external magnetic field. In particular, when the
magnetic field is applied in the plane, the interaction
between magnetic moments m1 and m2 of the Janus
particle and the superparamagnetic cargo, respec-
tively, is attractive. This ensures a simple procedure
to upload and transport the cargo using Janus motors.
By applying an out-of-plane magnetic field (along z-
axis), the dipolar magnetic moments m1 and m2 align
perpendicularly to the substrate. The resulting repul-
sive interaction leads to a release (delivery) of the cargo
from the magnetic particle.

The transport of the superparamagnetic chemically
inert cargo by means of catalytic magnetic Janus
particles is analyzed by comparing the time evolution
of the velocities of both particles (Figure 3). The
experiment is performed in a 10 wt % hydrogen
peroxide solution in an applied magnetic field with a
magnitude of 40 Oe. A stronger magnetic field com-
paredwith previous experiments is required in order to
ensure a sufficiently large magnetic moment of the
superparamagnetic cargo for the cargo-motor compos-
ite to be firmly attached during transportation. Three
regions are clearly identified with respect to the values
of velocity in Figure 3: (i) approach of the Janus particle
to the cargo; (ii) upload and transportation; and (iii)
release of the cargo. At the first stage (region:
Approach), the single Janus particle moves with a
velocity of about 6 μm/s. This value is close to that

measured for free single Janus particle (Figure 2a). The
velocity of the superparamagnetic bead during the
approach stage is close to zero, which is expected for a
particle that is not catalytically active and undergoes
thermal fluctuations. When the Janus particle is in the
vicinity of the cargo, the magnetic attractive interac-
tion leads to sticking of the two particles; that is,
uploading of the cargo takes place. After uploading,
the bead moves with the Janus particle as a single
object. This results in a substantial decrease of the
velocity of the Janus particle down to 2 μm/s (region:
Upload þ Transport), which is maintained during the
whole transportation stage (Supporting Information,
Movie 3). Once the cargo is transported to the
desired location, it is released by turning the mag-
netic field normal to the substrate. At this stage, both
particles stop their motion: the cargo stops, because
it is chemically inactive, and the Janus particle stops,
because its catalytic cap is aligned perpendicularly
to the substrate (region: Release, and Supporting
Information, Movie 4). Thus, the complete scheme
of targeted delivery is demonstrated using catalytic
Janus engines.

Sorting of Microscopic Objects in the Microchannel Structure.
Catalytic magnetic Janus motors can be utilized
for diverse applications in lab-on-a-chip technol-
ogies.50−52 They perform advanced tasks like transpor-
tation of the molecular species to relevant places and
serve for the sorting of microobjects, particles, cells,
and emulsion droplets. In the following experiment, we
bring the catalytic particles into amicrofluidic chip and
demonstrate their performance for the following ap-
plications: (i) manipulation of the free catalytic parti-
cles; (ii) transportation of the cargo particles through
the channel; (iii) sorting of the particles between the
channels (Figure 4). For this purpose, we produce
microfluidic channels by structuring the glass slides

Figure 3. Targeted delivery of a superparamagnetic cargo
particle: time evolutionof the velocity of an individual Janus
engine and a “Janus particle�cargo” pair. The velocity of
the Janus particle drops after cargo is uploaded. Release of
the cargo is realized by changing the magnetic field orien-
tation from in-plane to out-of-plane.
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with negative SU-8 resist and UV lithography. The
designed structures consist of a reservoir that expands
into channels, as required for particle selection
(Methods). Next, a 100-nm-thick SiO2 film is deposited
onto the resist to protect the patterned channel struc-
ture from the H2O2 action. The width of the channels
varies from 40 to 200 μm depending on the applica-
tion, while the height is fixed to 20 μm. Afterward, we
prepare mixtures of catalytically active magnetic Janus
particles in the 10 wt % aqueous H2O2 solution with
inert cargo particles: (i) plain silica with a diameter
of 5 μm (Figure 4a,b) or (ii) fluorescent superpara-
magnetic beads with a diameter of 8 μm (Figure 4c,
right panels). Thereafter, 20 μL of the suspension is
dripped onto the patterned glass substrate and
finally covered by the thin glass slide. A small ex-
ternal magnetic field (3 Oe) is applied to manipulate
the motion of the catalytic particles. Figure 4a dis-
plays the corresponding optical microscope images
of the Janus motors located in the microreservoir
(snaps 1 and 2). By changing the orientation of the
magnetic field, the particles were further trans-
ported toward selected channels (Supporting Infor-
mation, Movies 5 and 6), as depicted by the
trajectories. The controlled transport of the spherical
cargo in microfluidic channels using catalytic Janus
motors is demonstrated in Figure 4b. While snap 1
visualizes the pulling of attached silica particles by
the catalytic spheres, snaps 2 and 3 demonstrate the
ability to perform more complex tasks, that is, a
transport of the superparamagnetic bead (Supporting
Information, Movie 7), and pushing of the colloidal
assembly through the narrow channel (Supporting
Information, Movie 8).

The combination of manipulation and transport of
objects using catalytic Janus particles allows the

possibility to sort the microobjects between different
channels (Figure 4c). Snap 1 demonstrates the sorting
of a single particle, performed by a Janus motor from
the upper channel to the lower one. This concept
is applied in the following to sort the green and
pink-colored fluorescent particles into different chan-
nels (snap 2). The first image (indicated “BEFORE”)
illustrates the initial state of randomly distributed
fluorescent particles in the structure, while the second
one (indicated “AFTER”) shows their final distributions
after the sorting procedure is completed. The sorting
is realized by selective transportation of the green-
colored fluorescent beads to the lower channel. The
upload and release of the particles is realized according
to the previously described approach (Figure 3). The
experiments were performed using multichannel fluo-
rescent module incorporated into the inverted
microscope.

CONCLUSION

We fabricated catalytic Janus motors with specially
designed magnetic properties of the cap structure
exhibiting a well-defined magnetic easy axis that
coincides with the symmetry axis of the cap. This
magnetic configuration allows full control over the
motion of the Janus particle and provides a direct
manipulation of the cargo (upload, transport, deli-
very) by applying spatially varying magnetic fields.
The capabilities of the magnetic Janus particles were
demonstrated by employing them for manipulation,
transportation, and sorting of microobjects in micro-
fluidic channels.
This concept can be extended to perform various

tasks including application-relevant cleaning of multi-
component or contaminated fluids. Using catalytic
engines for transport and sorting of species is also of

Figure 4. Janusmicromotors onmicrofluidic chip: (a) manipulation of singlemagnetic Janusmotors bymeans of application
of an external magnetic field; (b) catalytic motors transport the colloidal cargo through the microfluidic channel (snap 1
transportation of single particle; snap 2 transportation of the superparamagnetic bead; snap 3 transportation of the colloidal
assembly); (c) sorting concept of the particles (snap 1 plain silica and snap 2 superparamagnetic beads) between the channels
is demonstrated.
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interest inmany life-science-related areas, for example,
development of drug delivery agents12 and bio-
sensors.53,54 Nevertheless, the system in its current
state has a number of limitations. All approaches re-
ported on catalytically driven artificial motors still suffer
from incompatibility of the H2O2-based reaction with
biological systems, since hydrogen peroxide is a strong
oxidizing agent and harmful for most of biological

tissues and living cells at these working conditions.
Thus, the substantial decrease of the working concen-
trations of hydrogen peroxide,55 using more efficient
catalysts like enzymes18 or switching to other fuel
sources is necessary to meet the requirements of
biocompatibility. Finding the optimal conditions to
use the catalytic artificial engines for biological purposes
still remains a challenging task for future applications.

METHODS

Self-Assembled Monolayers of SiO2 Particles. Preparation of non-
magnetic particle monolayers was carried out following the
procedure initially proposed by Micheletto et al.45 In this case, a
droplet of a particle/water solution is deposited onto a cleaned
thermally oxidized Si(100) wafer. The cleaning involves ultra-
sonication in acetone, ethanol, and purified water followed by
treatment in oxygen plasma for 4 min. Afterward, the droplet
evaporates in a small and tilted box, leading to the self-
assembling of the particle monolayers. By varying the concen-
tration of particles in the colloid solution, the tilting angle and
the size of the droplet, a sufficient coverage of the substrate
with particle monolayers is possible.56,57

Deposition of Metal Films. [Co/Pt(Pd)]N multilayers is a conve-
nient model system as their magnetic anisotropy can be easily
varied by adjusting the individual Co layer thickness. Perpendic-
ular magnetic anisotropy occurs in a certain range of Co
thickness where the interface anisotropy is sufficiently large
to overcome the shape anisotropy.58 The deposition of the
multilayer stacks and magnetic materials was done by using
magnetron sputtering at a base pressure of 1 � 10�7 mbar. Co
and Pt were sputtered in an Ar pressure of 8 � 10�3 mbar at a
rate of 0.5 Å/s. No postannealing of the samples was applied.
After deposition, the samples were magnetically saturated in
the out-of-plane direction resulting in a well-defined orienta-
tion of magnetic moment along the main symmetry axis of the
cap.

Fabrication of Microfluidic Channels. First, a 20-μm-thick film of
the negative SU-8 2010 photoresist (MicroChem) was prepared
on the glass slides by spin-coating with a constant speed of
4000 rpm. Microfluidic channels were further produced by
patterning the photoresist film using UV lithography. To protect
the organic photoresist from the destructive action of the
hydrogen peroxide, a 100-nm-thick SiO2 film was deposited
onto the polymeric film. The oxide was deposited by means of
electron beam vapor deposition at a base pressure of 1 � 10�6

mbar.
Reagents. Aqueous solution of hydrogen peroxide was pre-

pared by subsequent dilution (volume/volume) of the stock
solution of hydrogen peroxide (30 wt %, Sigma Aldrich) with
deionized water.

Characterization of the Motion of Catalytic Particles. The mean
velocity Vmean in Figure 2a is determined as follows: (a) trajec-
tories of the moving particles are recorded; (b) the instanta-
neous velocity along the trajectory is obtained as the time
derivative of the arc length, and shows a fluctuating behavior
around a value ÆV(t)æ; (c) the mean velocity Vmean (Figure 2a) is
derived by averaging the velocities ÆV(t)æ corresponding to the
various recorded trajectories (six for each concentration). The
error bars indicate the deviation from this average.
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