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ABSTRACT: We describe the creation of polymeric microcapsules that can exhibit autonomous motion along deﬁned
trajectories. The capsules are made by cross-linking aqueous
microdroplets of the biopolymer chitosan using glutaraldehyde. A coﬂow microﬂuidic tubing device is used to generate
chitosan droplets containing nanoparticles (NPs) with an iron
(Fe) core and a platinum (Pt) shell. The droplets are then
incubated in a Petri dish with the cross-linking solution, and an
external magnet is placed below the Petri dish to pull the NPs
together as a collective “patch” on one end of each droplet.
This results in cross-linked capsules (∼150 μm in diameter)
with an anisotropic (patchy) structure. When these capsules
are placed in a solution of H2O2, the Pt shell of the NPs catalyzes the decomposition of H2O2 into O2 gas, which is ejected from
the patchy end in the form of bubbles. As a result, the capsules (which are termed micromotors) move in a direction opposite to
the bubbles. Furthermore, the micromotors can be steered along speciﬁc paths by an external magnet (the magnetic response
arises due to the Fe in the core of the NPs). A given micromotor can thus be directed to meet with and adhere to an inert
capsule, i.e., a model cargo. Adhesion occurs due to the soft nature of the two structures. Once the cargo is picked up, the
micromotor-cargo pair can be moved along a speciﬁc path to a destination, whereupon the cargo can be released from the
micromotor. We believe these soft micromotors oﬀer signiﬁcant beneﬁts over their existing hard counterparts because of their
biocompatibility, biodegradability, and ability to encapsulate a variety of payloads.
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attained by such motors can be considerable (100−1000 μm/
s), but it is diﬃcult to control their direction or trajectory. In
contrast to autonomous motion, objects can also be moved by
an external ﬁeld, such as a magnetic ﬁeld,11−14 light,15,16 or
ultrasound.17 The use of a ﬁeld typically provides better control
of the motor’s trajectory.
Many researchers have attempted to make micro- and
nanomotors that can self-propel via a catalytic reaction.1,3,4
Typical catalysts used in studies with motors are platinum (Pt),
copper (Cu), gold (Au), etc. A key requirement for selfpropulsion is that the motor must have an anisotropic structure,
with the metal catalyst located along one-half or a portion of
the overall object (the anisotropy ensures, for example, that gas
bubbles are generated along a speciﬁc direction).7−10
Anisotropic motors have been created typically using complex
lithographic or electrochemical methods. The resulting

INTRODUCTION
Micro- and nanoscale structures that can move autonomously
have been of great interest to researchers over the past
decade.1−4 Futuristic applications for such miniature “motors”
or “swimmers” have been envisioned in the context of
environmental cleanup as well as for medical interventions in
the body.4−6 For example, a swarm of such motors could
potentially maneuver through a body of contaminated liquid,
pick out targets of interest, and transport them to a diﬀerent
destination for storage or cleanup. For the motors to move
autonomously, they must locally convert fuel from the
surroundings into kinetic energy.1,3 Various schemes have
been devised for such autonomous motion, the most popular of
which is via catalytic reaction of a chemical fuel dissolved in the
liquid. For example, a fuel such as hydrogen peroxide (H2O2)
can be decomposed into oxygen (O2) by a metallic catalyst
present on the motor.7−10 If bubbles of O2 are ejected from the
motor along a speciﬁc direction, the motor will be propelled in
the opposite direction.1,3 Such bubble-driven self-propulsion
will continue until the chemical fuel is exhausted. The speeds
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Figure 1. Synthesis of micromotors, that is, capsules having a patch of magnetic/catalytic NPs. (a) First, FePt NPs with an Fe core and a Pt shell are
synthesized by standard methods. (b) The particles are then dispersed in an aqueous solution of the biopolymer, chitosan and this solution is used as
the inner disperse phase in a coﬂow tubing device, with the outer continuous phase being the oil, hexadecane. The output of this device is aqueous
droplets bearing the NPs (c) The droplets are collected in a Petri dish. A micrograph of the droplets is shown in Photo 1. (d) A neodymium magnet
is then placed under the Petri dish for 1 h. During this time, the NPs collect centrally at the bottom of each droplet, as can be seen from Photo 2 (top
view). Next, the crrosslinker (2 wt % GA in oil) is then added to the solution. (e) The GA ﬁxes the droplets into patchy capsules, whereupon they
can be removed, washed, and stored in water. Photo 3 shows a close-up of the ﬁnal capsules.

In this study, we describe a simple approach for creating
micromotors out of biopolymer capsules. The capsules are
made by cross-linking aqueous droplets of the biopolymer
chitosan using glutaraldehyde (GA).26−28 To function as a
motor, the capsule must have an anisotropic structure and it
must be loaded with a metallic catalyst. For this, we ﬁrst
synthesize nanoparticles (NPs) with an iron core and a Pt shell
(these are referred to from here on as FePt NPs).29 The FePt
NPs have both catalytic properties due to the Pt and also
exhibit a magnetic response due to the Fe portion. We then
devise a scheme by which, during the capsule formation
process, the NPs are collected as a patch on one end of the
spherical capsule. This scheme is shown in Figure 1 and is
discussed in detail below. The resulting “patchy” capsules are
able to serve as micromotors, that is, they exhibit autonomous
motion when placed in a solution of H2O2. Furthermore, their
trajectories can also be controlled by an external magnet. The
combination of ﬁeld-driven and autonomous motion oﬀers new

structures include rods, tubes, or spheres with two or more
distinct portions, of which one portion is the catalyst (Pt or Au)
while the remaining portions could be inert metals or inorganic
solids like silica. Note that, because such motors are solid, hard
particles, they are not likely to undergo biodegradation in
aqueous environments. As an alternative, there have been
recent attempts to design motors using soft materials such as
synthetic polymers, biopolymers, or plant tissue.18−25 However,
the materials and procedures used to produce polymeric
motors are still relatively complex and labor-intensive (e.g.,
layer-by-layer assembly in sacriﬁcial porous templates21), and
thereby not easy to replicate in typical laboratories. The present
study is motivated by the need for a simple, alternative strategy
to fabricate soft, biodegradable motors out of commercially
available materials. Ideally, these micromotors should have the
same functionalities as earlier motors, while possibly also
oﬀering additional capabilities.
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where all the NPs are collected. We will refer to these patchy
capsules from here on as “micromotors”. The above method for
preparing patchy capsules is similar to that in recent reports
(where the focus was on generating patchy magnetic
particles);31,32 to our knowledge, this is the ﬁrst time this
method has been coupled with catalytic NPs to produce
micromotors.
To study the self-propulsion of the micromotors, we placed
individual structures in a Petri dish containing a solution of
H2O2 at a given concentration. All micromotors demonstrated
autonomous motion by the mechanism illustrated in Figure 2a.
This motion was recorded as a movie, and a series of still
images from this movie are provided in Figures 2b−d. As
indicated in Figure 2a, H2O2 molecules diﬀuse into the motor,
where they encounter the Pt in the NP patch. The Pt catalyzes
the decomposition of H2O2 into H2O and O2. The O2 gas gets
ejected in the form of bubbles from the patchy side. This causes
the motor to move in a direction opposite to the bubbles. Note
that motion is contingent on the motor having an anisotropic
structure. If the NPs were present uniformly in the motor, then
bubbles would be generated all around and there would be no
net motion. On the other hand, when the motor has an NP
patch, note from Figures 2b−d that there is a trail of bubbles in
the wake of the motor but no bubbles in front of it.
Interestingly, the bubbles start oﬀ small, but can grow quite
large and can exceed the motor in size. The speed of the motor
in Figure 2, which is in an 8% H2O2 solution, is about 300 μm/
s. Interestingly, diﬀerent trajectories were observed for the same
batch of motors. Most trajectories were either circular or linear,
and circular motion could occur in a clockwise or anticlockwise
direction. Occasionally, a motor would switch between linear
and circular motion, but we did not observe a switch from
anticlockwise to clockwise circular motion (or vice versa). The
stochastic nature of motor trajectories is because they are
propelled by ejected bubbles. Thus, the initial direction of
bubble ejection from the motor (or the initial pinned position
of the bubble on the motor), determines the subsequent path
of the motor. The initial bubble ejection, in turn, depends on
the shape and orientation of the NP patch in the motor.
A key parameter that aﬀects self-propulsion is the
concentration of H2O2. We varied this concentration from 3
to 16 wt % and in each case, we measured the speed of the
micromotors (Figure 3). For this, at each concentration, the
trajectories of 10 motors were analyzed over a period of 60 s.
The instantaneous speed was calculated at 0.1 s intervals and
these values were averaged to obtain the speed of a given
motor. The speeds of 10 motors were averaged to give the
mean values plotted in the ﬁgure, with the error bars
representing the standard deviation about the mean. The data
show a monotonic increase in motor speed with increasing
H2O2 concentration. At the lowest concentration of H2O2
tested (3 wt %), the speed was 200 μm/s, or ∼1 body
length/s. In contrast, at the highest H2O2 concentration (16 wt
%), the motor speed was 2400 μm/s, or 10 body lengths/s.
Thus, a 5-fold increase in H2O2 concentration causes the speed
to increase by an order of magnitude. The higher speed at
higher H2O2 contents correlated with an increase in the
frequency of O2 bubbles being generated and ejected from the
motor.
Next, we discuss the magnetic response of the micromotors.
Because of the ferromagnetic nature of the Fe core in the FePt
NPs, the motors can be manipulated by an external magnet. To
demonstrate this, we placed a permanent magnet near the

capabilities. We show that a given micromotor can be directed
to pick up an inert microcapsule, move it to a diﬀerent location,
and release it at that location. This capability is made possible
because the micromotor is a soft structure that can physically
adhere to other soft structures. In addition to the motive
capabilities, another attractive feature of our micromotor
capsule is that it can store payloads inside its core. For
example, the capsule could be used to store chemicals that ﬁght
toxins, or drugs that ﬁght diseases.30 Thus, on the whole, we
believe these soft micromotors oﬀer signiﬁcant beneﬁts over
their existing hard counterparts.

■

RESULTS AND DISCUSSION
Our procedure for fabricating capsules containing a patch of
FePt NPs is shown schematically in Figure 1. We ﬁrst
synthesized the FePt NPs, which have both magnetic and
catalytic capabilities from their Fe core and Pt shell,
respectively. The procedure (detailed in the Materials and
Methods section) involves the thermal decomposition of iron
pentacarbonyl (Fe(CO)5) and subsequent reduction of
platinum acetylacetonate in the presence of oleic acid and
oleyl-amine.29 The average diameter of the NPs was measured
to be 96 nm by dynamic light scattering (DLS) and the
structure was veriﬁed by X-ray diﬀraction (XRD) (see Figure
S1). In addition to being magnetic and catalytic, the core/shell
structure of the NPs provides the beneﬁt of reduced material
cost as opposed to using pure Pt NPs.
We then used a capillary coﬂow device to make droplets of
the biopolymer, chitosan bearing FePt NPs (Figure 1b) (photo
provided in Figure S2). First, 0.01 wt % FePt NPs were
dispersed in a 2 wt % chitosan solution. This aqueous solution
served as the dispersed phase, and it was sent through the inner
capillary. The oil phase was hexadecane containing the nonionic
surfactant, Span 80 (2 wt %) and it was injected through the
outer tubing as the continuous phase. Both ﬂow rates were
controlled by syringe pumps, with typical values of 10 μL/min
(outer) and 1 μL/min (inner). The droplets generated by the
tubing device were then collected in a plastic Petri dish (Figure
1c). Photo 1 shows that the droplets were nearly monodisperse,
with a diameter ∼150 μm. Next, the Petri dish was placed on
top of a neodymium magnet (Figure 1d). Within 1 h, all of the
FePt NPs were concentrated as a dense patch at the bottom of
each droplet (i.e., the side closest to the magnet). Photo 2,
which is a top view, conﬁrms this localization of the NPs, and
we note that the droplets form an ordered array at this stage.
Next, a solution of 2 wt % GA in hexadecane was added
dropwise to the Petri dish (Figure 1d). GA is a dialdehyde that
forms covalent cross-links between chitosan chains. Thus, GAinduced cross-linking converted the liquid droplets into solid
capsules with a patch of NPs. Within 10 min of GA addition,
the patch was ﬁxed; thereafter, the NPs remained localized in
their patch even if the magnet was removed. The capsules were
left overnight in the Petri dish, during which time, the crosslinking continued and the capsules hardened. Then the capsules
were washed with decanol and ethanol and redispersed in
water. The washed capsules were then ﬁltered using 160 μm
Nylon ﬁlters to remove any coalesced structures. The ﬁnal
patchy capsules are relatively monodisperse and discrete
(Figure 1e). Their average diameter is ∼100 μm, which is
about 30% smaller than the diameter of the original droplets
(such decrease in size is typical of GA cross-linking18,19). Photo
3 shows a close-up of individual capsules, and it clearly reveals a
patch of 15−30 μm in diameter on one end of each capsule
15678
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Figure 3. Eﬀect of H2O2 concentration on micromotor speed. At each
concentration, the trajectories of 10 motors were sampled over a
period of 60 s, and the mean speeds were thereby computed and are
shown. Error bars represent standard deviations about the mean.

the basis of the magnet size and position relative to the motors,
we expect the motors to be exposed to a constant magnetic
ﬁeld. For a given orientation (i.e., polarity) of the magnet, the
motors move in unison toward the magnet. When the polarity
of the magnet is reversed, the motors collectively move away
from the magnet. This indicates that the motors have
magnetization with deﬁned polarity, allowing them to selfalign relative to the applied magnetic ﬁeld and move in a
direction opposite to the magnetic ﬁeld vector.13 We
hypothesize that the polarity is induced during capsule
synthesis (Figure 1), that is, the neodymium magnet orients
the magnetic domains of the FePt NPs in the patch within the
capsule. This ensures that the magnetic moments from
neighboring NPs add up rather than cancel each other.
We then attempted to clarify the eﬀect of the magnet on
micromotor propulsion. Does the magnet aﬀect both the
direction and the speed of the motors? For this, we studied
several (n = 5) motors in 8% H2O2 and recorded their
trajectories for two cases: ﬁrst, when they were propelled by
bubble ejection alone, and then when they were also under the
inﬂuence of an external magnet. For the two cases, we
computed the total distance traveled over 6 s by adding up the
distances (step sizes) traversed every 0.1 s. In addition, we also
calculated the end-to-end distance, that is, the net distance
traveled by each motor from its initial origin to its ﬁnal
destination. The results are averaged and shown in Figure 4b.
We note that the total distance traveled is virtually identical
with and without the magnet. This means that the magnet has
no inﬂuence on the speed of the motors. In other words, the
propulsion of the motors is due to the bubbles alone and not
due to the magnetic ﬁeld. This is why the motors always move
in a direction opposite to the bubbles. Also, if there is no H2O2
in the solution, the magnet alone cannot propel the motor. The
utility of the magnet is in steering, that is, in providing
directionality to the self-propelling motors. In the absence of
the magnet, the motors move in random, irregular paths.
However, if a magnet is present, the motors move in a speciﬁc
direction. This is why the end-to-end distance in Figure 4b is 3
times higher (p < 0.05) with the magnet than without. Similar
observations have been made in previous studies.
Magnetic steering of micromotors is further demonstrated by
Movies 1 and 2). In Movie 1, we focus on a motor that is
moving anticlockwise in the absence of a magnet. Then, we

Figure 2. Self-propulsion of micromotors in H2O2 solution. (a)
Schematic of the propulsion mechanism. The motor has a patch of
FePt NPs. The Pt in the NPs catalyzes the decomposition of H2O2 to
generate O2 gas in the form of bubbles. The bubbles are ejected from
the side with the NP patch, which propels the motor in the opposite
direction. (b−d) Still photos from a movie demonstrating the
propulsion of the motor. The reference bubble on the right side of
the photos provides a convenient way to visualize how far the motor
has traveled in a given length of time. Note that the motor moves
opposite to the direction in which the bubbles are ejected. The scale
bar in each image represents 300 μm.

motors as they were moving randomly in an 8% H2O2 solution.
This scenario is shown schematically in Figure 4a. The magnet
was a powerful neodymium piece (1 in. cube) with a surface
ﬁeld strength of 0.57 T and it was placed 1−2 in. away from the
motors (which were in a Petri dish containing the solution). On
15679
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place the magnet near the system, whereupon the motor starts
moving in a linear trajectory toward the magnet. Next, the
magnet is brieﬂy removed, whereupon the motor resumes its
original anticlockwise motion. The corresponding trajectories
are shown in Figure S3. Finally, the magnet is placed again with
its polarity reversed, and the motor reverts to a linear trajectory,
but in the opposite direction, that is, away from the magnet. In
Movie 2, the magnet is used to steer the motor in a
predescribed path that follows a “ﬁgure-8”, and the
corresponding trajectory is also shown in Figure S3. Overall,
we have shown how a magnet can be used to steer the motor
toward a speciﬁc location in the sample.
Finally, we demonstrate the ability of our soft micromotors
to pick up and transport cargo. As a model cargo, we use
chitosan-GA capsules that do not contain any NPs (these were
made by the same procedure as in Figure 1, but without the
NPs). We made these capsules at a diameter of 250 μm, which
is larger than the motors (100 μm); the diﬀerence in size allows
the two to be distinguished easily. The cargo-transport
experiment is shown in Movie 3, and still photos from this
movie are shown in Figure 5. Schematics for the diﬀerent steps
are also included in the ﬁgure. First, we direct a bubblepropelled motor toward the cargo that is stationary in the ﬂuid
(Figure 5a). This is done using the external magnet, as
described above. Next, we induce a head-on collision between
the motor and the cargo (Figure 5b). Because both are soft
structures, the two adhere together when they are forced into
contact. This allows the motor to “pick up” the cargo, and it
continues its motion at the same speed with the cargo attached.
Interestingly, the adhesion is strong enough so that the cargo
remains attached even when the magnet is removed. The
magnet is then brought back and used to guide the motor-cargo
pair to a target location. At this point, a ﬂick of the magnet in
the opposite direction to the motor’s path causes the motor to
slide oﬀ the cargo and thereby release it. Thus, the cargo gets
“dropped oﬀ” at its destination.
Overall, Figure 5 demonstrates new capabilities for our
motors, leveraging both their catalytic and magnetic properties.
In addition, the “soft” nature of the motors is crucialthis
property allows the motors to easily adhere to cargo that is also
soft. When the motor and cargo meet, their soft shells are
expected to get compressed, allowing adhesion to take place
over an extended zone rather than at a discrete point. No
special functionalization of the two capsules is necessary for this
adhesion to occur. Also, note that the cargo capsule can be
completely inert; it does not need to have magnetic particles or
any other speciﬁc payload in it. With regard to cargo size, note
that ﬂow at the microscale corresponds to low Reynolds
numbers, that is, it is dominated by viscous rather than inertial
eﬀects. Thus, the size and weight of the cargo should not
impede the motion of the motor−cargo pair; the only factor
limiting their motion would be viscous drag.

Figure 4. Magnetic control of micromotor trajectory. (a) Schematic of
the process. The FePt NPs in the motors make them responsive to
magnetic ﬁelds. When the motors are moving in an H2O2 solution
(propelled by O2 bubbles), placing an external magnet near them
induces a net magnetic moment in each motor. As a result, the motors’
trajectories can now be controlled by the magnet. For a given polarity,
the motors move toward the magnet, while reversing the polarity
causes the motors to move away from the magnet. (b) The eﬀect of
the magnetic ﬁeld on the trajectories is quantiﬁed for motors (n = 5)
in 8% H2O2 over a duration of 6 s (60 frames).The magnet has no
eﬀect on the total distance traveled (and hence on the speed) of the
motors. However, the end-to-end distance traveled is 3× greater under
the inﬂuence of the magnet (p < 0.05), that is, the magnetic ﬁeld
reduces the randomness in the trajectory and enhances the directional
motion of the motors.

■

CONCLUSIONS
We have created chitosan-GA micromotors that have a patch of
FePt NPs on one end. These anisotropic structures were
prepared by a microﬂuidic-assisted technique. Chitosan
droplets bearing the NPs were produced by a microﬂuidic
tubing device, and these were cross-linked ex situ by GA.
During cross-linking, an external magnet was used to pull the
NPs to one side, which resulted in spherical capsules with an
NP patch on one end. The anisotropic structure is crucial to the
motion of these micromotors. They move autonomously in
15680
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Figure 5. Ability of micromotors to pick-up and drop-oﬀ microscale cargo. The entire process is depicted in Movie 3, and still photos from this
movie are shown along the bottom panel. The top panel shows schematics of the various steps. (a) The motor is guided by an external magnet to the
cargo, which is a stationary microcapsule that does not contain NPs. Note that the motor is being propelled by O2 bubbles in an 8% H2O2 solution,
and the magnet is used to control the trajectory. The cargo is slightly larger than the motor. (b) When the motor and cargo collide, they adhere to
each other due to the soft nature of both structures. This allows the motor to “pick up” the cargo and continue its motion. (c) The motor−cargo
complex is then steered via the magnet to a ﬁnal “destination”. At that point, a ﬂick of the magnet causes the motor to suddenly change direction,
thereby releasing the cargo. Thus, the cargo is “dropped oﬀ” at its destination. Scale bars in the photos each correspond to 300 μm.

varying the payload encapsulated in the core of the structures
(as shown, for example, by Figure S4).

H2O2 solution, driven by the Pt-catalyzed generation of O2
bubbles that are ejected from the patchy end. Micromotor
speeds increase with H2O2 concentration and can reach up to
2400 μm/s. The micromotors also have magnetic properties
due to the magnetic core of the FePt NPs. In turn, an external
magnet can be used to guide the trajectory of the motors.
Motors can either move toward or away from the magnet,
depending on the magnet’s polarity. Interestingly, the magnet
does not aﬀect the speed of the motors; it only provides
directionality. The combination of autonomous motion,
magnetic guidance, and the soft nature of the motors is put
to use in a ﬁnal demonstration in our study. Here, we use an
external magnet to direct a given motor on a collision path with
a stationary cargo (i.e., an inert capsule that contains no NPs).
The motor and cargo adhere because of their soft nature and
subsequently move as a pair. We then direct the pair to a
destination, whereupon a ﬂick of the magnet causes the cargo
to be released from the motor. This demonstration highlights
the potential utility of soft motors for targeted delivery of cargo.
We should note that our synthesis scheme for making
micromotors is simple, low-cost, and versatile. No complex
microfabrication steps are necessary, and the procedure can be
implemented in conventional laboratories. Also, additional
functionalities can be imparted to the micromotors by simply

■

MATERIALS AND METHODS

Materials and Chemicals. Chitosan (medium molecular weight,
190−310 K; degree of deacetylation ∼80%), the nonionic detergent,
sorbitan-monooleate (Span 80), hexadecane, glutaraldehyde (GA)
solution (grade I, 70% in water), dibenzyl ether, iron pentacarbonyl,
Pt(II) acetylacetonate, and oleylamine were obtained from SigmaAldrich. Oleic acid was purchased from Alfa Aesar. All chemicals were
used as received without further puriﬁcation. The magnet used in our
experiments was a neodymium magnet in the shape of a cube (1 in.)
and was obtained from K&J Magnetics (part no. BX0X0X0). It has a
surface ﬁeld strength of 0.57 T.
FePt Nanoparticle Preparation and Characterization. Particles were made by a procedure described in the literature.29 1 mmol
(196 mg) of iron pentacarbonyl was combined with 100 mL of
dibenzyl ether in a 500 mL 3-neck ﬂask. The solution was degassed for
1 h before heating to 260 °C under a nitrogen blanket with vigorous
stirring for 10 min. Then, 1 mmol (317 μL) of oleic acid, 1 mmol of
oleylamine (365 μL), and 0.5 mmol (196 mg) of Pt acetylacetonate
were dissolved in 2 mL of dibenzyl ether and injected into the ﬂask.
The solution was heated under reﬂux at 245 °C for 1 h and then left to
cool to room temperature. At this point, the NPs were formed in the
ﬂask. The NPs were centrifuged and washed with toluene and hexane,
and these puriﬁed NPs were stored in hexane. NP sizes were measured
15681
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by dynamic light scattering on a Photocor-FC instrument (5 mW laser
at 633 nm, 90° scattering angle, logarithmic correlator).
Solution Preparation. For preparing capsules using the microﬂuidic tubing device, several diﬀerent solutions were ﬁrst prepared.
First, 2 wt % chitosan was dissolved in a 0.2 M acetic acid solution.
Next, approximately 10 mL of FePt/hexane solution was vacuum-dried
overnight, which yielded 0.003 g of dry FePt NPs. To the dry NPs, 5 g
of 2 wt % chitosan was added, and the mixture was vortexed and
sonicated for 30 min before use. This mixture serves as the aqueous
dispersed phase. The oily continuous phase was prepared by dissolving
2 wt % of Span 80 in hexadecane. Finally, the incubation phase was a
solution in hexadecane containing 2 wt % of Span 80 and 2 wt % of
GA. This solution was vortexed and sonicated for 30 min before use.
Microﬂuidic Tubing Device Fabrication. To prepare the coﬂow
tubing device (see photo in Figure S1a), capillary 1, a round glass
capillary (from Fiber Optics Center, Inc.) with a 50 μm inner diameter
(ID), 80 μm outer diameter (OD) was inserted into capillary 2, a glass
capillary (Polymicro Technologies) with a 100 μm ID, 360 μm OD,
and sealed with epoxy. The glued set of capillaries was then threaded
into Tygon tubing (Cole-Palmer) with a 1/32 in. ID × 1/16 in. OD
through an extruded hole in the middle of the tubing. The tip of
capillary 1 was slightly recessed within the Tygon tubing. A PTFE
special sub-light wall tubing with 0.004 in. I.D. was then threaded onto
the tip of capillary 1 and also encased within the main PTFE tubing.
Finally, all the openings were sealed with epoxy, with the end of
capillary 2 connected to a syringe ﬁlled with the aqueous continuous
phase, and the end of the Tygon tubing connected to a syringe with
the oily dispersed phase.
Patchy Capsule Preparation. Capsules were prepared by
generating aqueous droplets through the coﬂow tubing device and
cross-linking these droplets by GA. The ﬂow rate of the aqueous
dispersed phase was 1 μL/min whereas the oily continuous was ﬂowed
at 10 μL/min. The droplets generated at the output of the tubing
device were collected in a plastic Petri dish containing the continuous
phase (Figure 1). After collection, the Petri dish was carefully placed
on top of the neodymium magnet for 1 h until all of the FePt NPs
were concentrated to a point at the bottom of each aqueous droplet.
Then, the incubation phase with GA was carefully added to the Petri
dish. After about 10 min, the anisotropy was ﬁxed and the Petri dish
could be removed from the magnet and allowed to further cross-link
overnight. The cross-linked capsules were then puriﬁed by purging
with nitrogen gas overnight, followed by washing with decanol and
ethanol. The puriﬁed capsules were ﬁnally resuspended in deionized
water.
Image Analysis. Bright-ﬁeld optical images and movies of the
capsules and motors were taken with a Nikon Eclipse LV-100
Proﬁlometer Microscope. Capsule sizes (length and radius) were
determined using the Nikon Microscope software. Mean speed and
distance traveled were analyzed using ImageJ’s MTrackJ plug-in,
averaged over at least 10 s of recorded video.
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Figure S1. Characterization of FePt nanoparticles (NPs). (a) The photo shows that the NPs in dispersion are pulled towards an
external magnet. (b) Size distribution from DLS. The average hydrodynamic diameter is estimated to be 96 nm. (c) Data from XRD
on an aqueous dispersion of the FePt NPs. The peaks correspond to those for FePt NPs in the work of Yamashita et al. (Ref. 29).
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Figure S2. Schematic (left) and photo (right) of the co-flow tubing device used to prepare the micromotors. The dispersed phase
is the aqueous solution of chitosan with FePt NPs and it is flowed through a capillary in the inner PTFE tubing. The continuous phase
is oil (hexadecane with surfactant) and it is flowed through the outer Tygon tubing.
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Figure S3. Trajectories of specific micromotors extracted from Movies 1 and 2 (SI). (a) to (c) Trajectories of a micromotor from
Movie 1. (d) Trajectory of a micromotor from Movie 2.
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Figure S4. Solute encapsulation and release from chitosan-GA microcapsules. A model solute, i.e., a cationic dye, methylene blue
is encapsulated in microcapsules formed by crosslinking chitosan with glutaraldehyde (GA). The dye is subsequently released by
diffusion as time progresses, as seen in the above images obtained by optical microscopy.
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